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Abstract

Insights into Dioxygen Activation by Biomimetic Alkyl Thiolate-Ligated Iron Complexes

Maike N Blakely

Chair of the Supervisory Committee:
Professor Julie A. Kovacs
Department of Chemistry

Dioxygen activation by non-heme thiolate-ligated Fe-enzymes, such as isopenicillin N
synthase (IPNS) and cysteine dioxygenase (CDO) are believed to proceed through several
intermediates, including an Fe-superoxo, -hydroperoxo, and high-valent oxo. Thiolate (RS-)
ligands are predicted lower the activation barrier to Oz binding, facilitate peroxo O-O bond
cleavage via the formation of highly covalent Fe"'-SR bonds, and H-atom abstraction reactions.
There are few reported examples of well-characterized RS-Fe-superoxo, or -hydroperoxo
intermediates. This dissertation describes a new structurally characterized alkyl thiolate-ligated
Fe'' complex, [Fe"(S2Me2N3(Pr,Pr)], which reacts with dioxygen (O2) to form an unprecedented
example of a reactive RS-Fe''-superoxo intermediate The kinetics of formation of the thiolate
ligated Fe''-superoxo intermediate [Fe''(S2Me2Ns3(Pr,Pr)(02)] formed via the addition of O, to

[Fe"(S2Me2N3(Pr,Pr)], and the addition of potassium superoxide (KO2) to [Fe''(S2Me2N3(Pr,Pr)]",



are presented. This RS-Fe'"

-superoxo intermediate goes on to cleave strong C-H bonds converting
to a second observable intermediate, proposed to be an Fe''-hydroperoxo, en route to a rare
example of a crystallographically characterized #?-coordinated sulfenate (RSO-) complex. A look
into the mechanism of the formation of the rare stable sulfenate was carried out using oxo atom
donors added to the oxidized [Fe'"'(S.M®2N3(Pr,Pr)]*. The formation of oxo atom donor adducts is
observed in these reactions at low temperatures, which then convert to the singly oxygenated
sulfenate. This implicates a metal-mediated pathway for sulfur oxygenation, as opposed to direct
attack at the sulfur, and possibly an unobservable FeV-oxo as the active oxidant. Finally, synthetic

routes to new alkyl-thiolate ligated Fe complexes are discussed due to their potential to expand

our understanding of how thiolates influence reactivity.
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Chapter 1. Introduction to Iron Thiolate Metalloenzymes and

Biomimetic Models

1.1  Bioinorganic Chemistry

First row transition metal ions such as: manganese, iron, cobalt, nickel, copper and zinc are
employed by nature to carry out a wide variety of functions essential to life. The specific activity
of the metal is due to the unique environments of the metal within the metalloenzymes.? These
functions include, but are not limited to, cell replication, O transport, water oxidation, tumor
suppression, biosynthesis of neurotransmitters, photosynthesis and the degradation of toxic
radicals.>* Thus, metalloenzymes play important roles in our health, the development of
sustainable energy and green chemistry. Our understanding of the roles of metalloenzymes in
biology is of great importance and the focus of bioinorganic chemistry field.

Bioinorganic chemistry encompasses, but is not limited to, enzymology, biochemistry,
coordination chemistry and spectroscopy. This multifaceted approach is used to elucidate the
functions and mechanisms of metalloenzymes, which can be challenging to study directly since
critical biological intermediates in catalytic cycles are short-lived and highly reactive. In addition
to life-time constraints of intermediates, the large size, complexity, temperature and solubility
constraints of proteins provides additional difficulties when examining intermediates. Catalysis
often occurs at the metal ion, which, along with the nearby amino-acids in the primary and
secondary coordination sphere, is referred to as the “active site”.

To augment the study of proteins, small molecule models of the active sites can be powerful

in identifying remarkable reactions occurring in the biological systems. Models have the capacity
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to mimic the coordination sphere of the active site and can be tuned to observe reactive
intermediates within key fundamental steps in the metalloenzymes reactivity. The knowledge of
chemical and physical properties of biomimetic models provides insights into biological pathways

and can inspire the design of earth-abundant catalysts.

1.2 Iron Metalloenzymes with Mixed Nitrogen/Sulfur Ligation

Iron is commonly incorporated into many metalloenzymes for O activation due to its
accessibility of multiple redox states and the availability of the metal within the earth’s crust. These
enzymes containing iron can be classified as heme or non-heme. The term heme comes from
hemoglobin and describes an Fe ion in a redox active porphyrin ligand environment. Hemoglobin
transport of Oz through the body has been well studied. Cytochrome P450, which breaks down
~70% of pharmaceuticals in the body, contains a heme and a coordinated cysteine (Cys) as well .
The cysteine has been shown to increase reactivity and allow for the cleavage of strong C-H bonds
in hydrocarbons.

Non-heme iron enzymes typically contain a 2-His-1-carboxylate triad coordination
environment.® However, there are several examples that break from this trend and contain Cys in
the coordination sphere, and/or a tris-His triad. Cysteine plays a significant role in the activation
of dioxygen by lowering the activation barrier of O binding and stabilizing a subsequent the Fe'"'-
superoxo intermediate.” This is due to the covalent Fe-S bond formed between the cysteinate and
Fe'''ion. Modeling these types of specific active sites present challenges since thiolates are difficult
to manipulate and coordinate to Fe. Thiolates are prone to oligomerization or auto-reduction
forming a disulfide therefore fewer cysteinate ligated Fe biomimetic models exist. Yet this dearth
of models limits the understanding of many enzymes which would impart significant importance

to the fields of health care and industry. The focus of this thesis will be on understanding the
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complexities of reactive intermediates with small molecule iron complexes that contain thiolates

in the coordination environment.

1.3 Nitrile Hydratase

1.3.1 Background

The metalloenzyme, nitrile hydratase (NHase), is one of the first biocatalysts successfully
used by industry due to the catalyzation of nitriles to high-value amides (Figure 1.1).8° Currently,
NHase produces more than 95 kilotons of acrylonitrile amide per year making up 25% of
worldwide output, while nicotinamide, 5-cyanovaleramide and several more high-value amides
can be produced by NHase from the corresponding nitriles.!® The NHase-mediated hydration of
amides occurs in neutral aqueous environments at ambient temperatures. These mild conditions
coupled with efficient product purification and high reaction yields contrasts traditional methods
requiring high temperatures and pressures, and strongly acidic/basic solutions. The applications of
NHase goes beyond the commercial production of amides and has shown potential in the
bioremediation of toxic nitriles from pharmaceutical and industrial waste water, shale oil, and
contaminated soils. 1% Many nitriles including acrylonitrile are neurotoxic, carcinogenic, and
mutagenic compounds. 1272 The utilization of NHase by industry to carry out important organic
reactions under mild conditions and the potential application for environmental clean-up has made

it the focus of intense study.
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Figure 1.1. Conversion of nitriles to amides by NHase. A protein-derived oxygen is the source of

the amide oxygen.™

1.3.2 Structure of Nitrile Hydratase

The structure of the NHase active site plays a large role in its catalysis. NHase has an
unusual active site that contains a low-spin metal ion (Fe'"' S =1/2 or Co'' S = 0) coordinated to
three cysteine residues, and the peptide backbone, via two amide-type nitrogen atoms from Ser113
and Cys114 residues. The active form of nitrile hydratase is generated by post-translational
modification through the oxidation of two cysteine residues to a Cys-sulfinate (RSO2") and Cys-
sulfenate (RSO") acids but significantly leaves the third axial cysteine unmodified (Figure 1.2).1
The selective oxidation of two equatorial cysteine residues is critical for hydratase activity and
over oxygenation of Cys-SO results in loss of function.!”*® The reasons proposed for these
modified thiolates include modulation of Lewis acidity of the Fe-ion,'®2! facilitation of reversible
nitric oxide (NO) bonding?*?® and activation of H,O by the more basic RSO".24% The exact role
of the Cys-SO™ sulfenate has been greatly debated, and new experimental and computational work

is beginning to elucidate its critical role in the hydrolysis of nitriles.
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Figure 1.2. Depictions of the active site of NO bound NHase based off the crystallographically
determined structure (PDB ID: 2AHJ)!® and tert-butylisonitrile NHase intermediate from time

resolved X-ray crystallography.?’

1.3.3 Mechanism of Nitrile Hydratase

Recent experimental and theoretical calculations support an inner-sphere mechanism
where Cys-SO" functions as a nucleophile attacking the metal-coordinated nitrile.?®2° Heinrich et
al. first proposed that the sulfenate acts as a nucleophile from the study of biomimetic Co-
complexes however, it was through an outer-sphere mechanism.%® This was supported by direct
evidence involving the enzyme, which showed that the source of the carboxamido oxygen in the
amide product comes from the protein-based nucleophilic Cys-SO- oxygen.® More recently, an
inner-sphere mechanism was proposed (Figure 1.3).%2 This mechanism requires the nitrile to bind
to the Fe ion which is in agreement with competitive inhibition studies using butyric acid.®* The
first step after nitrile coordination is the nucleophilic attack by the oxygen atom from Cys-SO"
forming the cyclic intermediate (Annase). Recently, the time-resolved crystal structure of a cyclic

intermediate supports the initial step in the reaction is tert-butylisonitrile binding of to the Fe-ion
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(Figure 1.2).?" Cleavage of the cyclic intermediate occurs through attack of the Cys109 on the
sulfur atom resulting in the cleavage of the S-O bond and the formation of a disulfide bond (BnHase).
Protonation of the nitrogen generates the amide bound intermediate (Cnnase). The amide product
is released (Dnrase). There is little experimental evidence to support the later steps covering the
reformation of the active site (CnHase through Ennase). Additional hybrid quantum
mechanics/molecular mechanics (QM/MM) studies supports a cyclic intermediate and a disulfide
switch in the mechanism but regenerate the sulfenate concurrent to the amide formation.?® The
combined work of enzymatic, biomimetic and computational studies has begun to elucidate the
structure function relationship in this unique protein environment allowing for the catalysis of
amides. However, how this unusual active site is initially formed and the subsequent reaction steps
following nucleophilic attack are still ambiguous. Further work is needed to understand the
structure and function of NHase to advance the use of this metalloenzyme and bio-inspired

catalysts capable of economical and eco-friendly synthesis of amides.
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Figure 1.3. Proposed catalytic mechanism of NHase and active-site regeneration by Hopmann.?®

The doubly oxygenated sulfinate is out of plane to the back and was not labeled for clarity.

1.3.4 Model Chemistry

The void of experimental evidence regarding both the mechanism of formation of the active
site and nitrile hydrolysis by NHase enzymes has greatly motivated studies involving biomimetic,
transition metal-thiolate complexes and Oz or other oxo atom transfer agents, which yield sulfur
oxygenates.®? The majority of reported small molecule enzyme analogues form doubly oxygenated
(sulfinate) or triply oxygenated (sulfonate) products; only a few singly oxygenated (sulfenate)
complexes have been reported.>3 Selective S-oxygenation is synthetically challenging therefore
only a handful of mixed sulfinate/sulfenate complexes have been reported.3*28 Of these only a
ruthenium complex had an open coordination site and was capable of activating nitriles but had
low catalytic activity.3” There has yet to be a functional iron model complex reported. Despite this,

studies on Fe containing mimics have provided insights into the structure and function of NHase.
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Notable mixed N/S ligated Fe complexes that have contributed to the understanding of the

unique active site of NHase are herein described. Mascharak reported a square pyramidal complex
with two aromatic thiolates that readily binds NO at -40 °C (Figure 1.4).*° Non-selective
oxygenation of the thiolates using (1S)-(+)-(10-camphorsulfonyl)oxaziridine produces the bis-
sulfinate (Figure 1.4).3° After this modification the NO photoreleases replicating the
photoactivation of NO-bound NHase observed by enzymatic studies.!’” This suggests S-

oxygenation is essential for the photoregulation using NO of NHase activity.

; |‘N 4 eq
: OO0 ,,O N—Fe W
/| \ R, \N;\S—R 0 Os /| \l/
_N R o N ©

X A

Y

N N
7 N\ 7\

Figure 1.4. Thiolate S-oxygenation of NO-bound synthetic Fe-NHase model using (1S)-(+)-(10-

camphorsulfonyl)oxaziridine at -40 °C.>°

The key role of regulating the electronic properties of the metal ions within
metalloenzymes is often allocated the atoms ligating the metal. The Kovacs group has
demonstrated the key role of thiolates in the modulating the spin state in many first-row transition
metals.?%%6:40-43 One extremely relevant example is a series of modifications to a six-coordinate
bis-thiolate Fe" complex that establishes the importance on the effect of oxygenation of the

thiolates and the impact it will produce on the electronics of the iron. The starting Fe!"' complex,
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[Fe''(ADIT),)]*, was synthesized without an available coordination site allowing for the selective
oxygenation of only one of the thiolate ligands provided electronic insights into the compensatory
effect of the unmodified thiolate. First [Fe'"(ADIT)2)]* underwent S-oxygenation using tert-butyl
N-sulfonyloxaziridine (Figure 1.5). The singly oxygenated [Fe"(ADIT)(ADIT-O)]* was the first
isolated and characterized Fe'"'-sulfenate complex.?° Spectroscopic studies including sulfur K-edge
X-ray absorption spectroscopy (XAS) revealed that the bond between the unmodified thiolate and
Fe ion increased in covalency upon single oxygen atom addition. Addition of a strong acid at low
temperatures results in the protonation of the sulfenate further weakening the Fe-SOH =-bond since
SOH is a poorer ligand. The unmodified thiolate increases its electron donation to the Fe ion
compensating for this modification as well. Whether the sulfenate of NHase is protonated or not
has not been unambiguously determined.** However, the unmodified thiolate is capable of tuning
the electronic properties of the Fe ion thus stabilizing the 3+ oxidation state and the low spin-state

Fe-NHase requires for catalytic activity.
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Figure 1.5. Formation of the singly oxygenated [Fe''(ADIT)(ADIT-O)]* and subsequent

protonation of the sulfenate.?°

While the two examples above demonstrate important aspects of thiolate oxidation, they
do not contain the N2Ss ligand environment which is critical and observed in NHase. Two systems

that better represent the active site are structural isomers reported by Chottard and Kovacs readily
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react with dioxygen (Figure 1.6).*>*> Chottard’s model was the first to undergo S-oxygenation
from Oz which is the likely oxidant that NHase uses for its post translational modification.*® For
both complexes the apical thiolate was oxygenated by O» and the equatorial thiolate donors were
left unmodified. In the latter case the Fe'" starting material was isolated and revealed a long Fe-S
bond for the apical thiolate.*? The regioselectivity for O addition is likely due to the susceptibility
of the apical thiolate. Neither of the monosulfinate complexes bind an additional ligand trans to
the O-bound sulfinate thus do not display catalytic activity. Very little is known about the sequence
of thiolate oxidation needed to create the active site of NHase.*® These examples show there is still
much to learn from small molecule models where synthetic tuning of the ligands is possible to

probe the effects on reactivity.

(0]
I

'S 2-

2-
(0)
o \/zfo /% S:S
Z III\\\ / 11]\\\ < / m\\\N

Figure 1.6. Chottard’s first example of a Fe-sulfinate derived from O (left).** Sulfinate complex

[Fe""'(tame-N2S02)S,M¢2)]% produced from the oxygenation of [Fe'"'(tame-N2S)S,M¢2)]% (right). 42

1.4  Cysteine dioxygenase

1.4.1 Background

Cysteine dioxygenase (CDO) is a non-heme mononuclear iron(ll) enzyme that regulates

the concentration of Cys by utilizing dioxygen to oxidize Cys to cysteine sulfinic acid (CSA) and
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initiates the cysteine catabolism pathway in mammals (Figure 1.7).*” A decrease in CDO activity,
leading to the accumulation of cysteine, has been linked to neurological disorders, including
Parkinson’s, Alzheimer’s diseases as well as autoimmune disorders.*® Recently, a genetic mutation
of CDO has been linked to ~60 % of breast cancers and has an influence on the progression of the
disease and outcome.*® Despite its medical importance, CDO’s atypical active site structure and

the mechanism of sulfur-oxidation are not well understood.
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Figure 1.7. CDO catalyzed conversion of cysteine to sulfinic acid (CSA).

1.4.2 Structure of Cysteine Dioxygenase

Similar to NHase, CDO is one of a small group of non-heme iron oxygenases whose active
sites differ from the 2-His-1-carboxylate triad coordination environment and does not follow either
of the two major reactivity pathways by dioxygenases.®® An extensive study with an X-ray
crystallography structure revealed an Fe' center bound to three neutral histidine residues and a
rare cysteinyltyrosine intermolecular cross-link (Figure 1.8).%! Human CDO was crystallized under
high concentration of cysteine with lower resolution (2.7 A) and showed the binding of cysteine
to the Fe ion (Figure 1.8). 2 However, doubt was initially cast on if Cys-bound Fe'-CDO is an
active species by extended X-ray absorption fine structures (EXAFS) spectroscopy study that

found no evidence of sulfur in the primary coordination sphere.>® Cysteine bound Fe'-CDO
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complex does not have a feature in the visible absorbance spectrum thus cannot be tracked by
electronic absorbance spectroscopy.® Brunold and co-workers reported resonance Raman and
magnetic circular dichroism (MCD) spectra of CDO with features characteristic of thiolate ligation
to Fe ions. >* Jameson and co-workers utilizing Mossbauer spectroscopy showed the emergence
of a quadrupole doublet upon cysteine binding to Fe'' ion with a considerable decrease in the
isomer shift from 1.2 to 0.80 mm s™! consistent with covalent Fe-S bonds.>® Additionally, other
cysteines are critical to enzyme activity as site-directed mutagenesis studies showed the
cysteinyltyrosine (Tyr157-Cys93) cross-link in the secondary coordination sphere is important to
catalytic activity.>>°657 Collectively, these experimental findings provide support for cysteine

binding being the initial step in CDO’s catalytic cycle and the involvement of the Tyr157-Cys93

residues.

His88

Hi586( %ismo

Figure 1.8. The active site of rat CDO with cross link (PDB ID: 2B5H)*! (left) and human CDO-

Cys (PDB ID: 21C1)* (right).
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1.4.3 Mechanism of Cysteine Dioxygenase

For CDO, there are several competing potential mechanisms with limited supporting
experimental evidence. Theoretical calculations have shown that the direct involvement of the
metal ion provides a lower energy pathway to sulfur oxygenation.>®* In proposed pathways, a

cysteine binds to an Fe' ion, which then binds Oz cis to the ©°S", to generate an Fe'"-superoxo

intermediate. Pierce et al. performed a single turnover using CDO-Fe'"

and a superoxide anion to
support the first step of the mechanism is the formation of a Fe'"'-superoxo.%® After this step the
proposed mechanisms diverge. Several purely computational studies from the Visser group using
guantum mechanics/molecular mechanics (QM/MM) calculations modeling CDO and density
functional theory (DFT) on model complexes set out to elucidate if a peroxythiolate bound Fe-
CDO species that has been crystallographically isolated®! is a catalytically active species (Figure
1.9).5962-64 The predicted pathway does not include this species but it can be found on a higher
energy pathway. The QM/MM study predicted mechanism®® begins with an Fe'"'-superoxo (A)
with S = 0 spin state (Figure 1.10). Then the distal oxygen attacks the thiolate forming a four-
membered ring, RS-Fe'-O-O (B). Heterolytic cleavage of the O-O bond is proposed to yield a
singly oxygenated SO~ sulfenate and an Fe'V-oxo (C). A S=O rotation (D) followed by cis-
migration of the oxo affords a doubly oxygenated cysteine sulfinate (E). Thus, the Visser

mechanism proposes a high valent Fe'V species for the second oxidation, which differs from other

proposed mechanisms.>%:62-64
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Another mechanism was developed using nitric oxide (NO) and azide (N3) as analogues

for Oz to mimic the early reaction intermediates of CDO, collecting MCD, electron paramagnetic
resonance (EPR) and electronic absorption spectra of these species to validate computational
methods used. %°%¢ They performed a computational study focusing on the differences in reactivity
between Cys- and selenocysteine (Sec)-bound CDO with O,. The former is the natural substrate
that is oxidized to CSA and the latter is not oxidized by CDO.> They replaced the NO in the
computational models with O to determine the nature of catalytically relevant intermediates and
investigated several spin states for each. Their proposed mechanism begins with a high spin Fe''-
CDO that binds O, forming an intermediate spin Fe''-superoxo (F) that is ferromagnetically
coupled with the superoxide racial (Figure 1.11). They believe a resonance form (‘F) with
substantial radical character on the sulfur is essential for directing the formation of the first S-O
bond. However, their own computational investigations show little unpaired spin density on the
sulfur atom thus it’s a relatively minor contributor. The cysteinyl sulfur’s lone pair attacks the
distal oxygen and the superoxide transfers an electron back to the Fe''' center. This intermediate
(G) possess a high spin Fe'' bound to a persulfenate moiety. Next, a spin-crossover occurs by a
homolytic O-O bond cleavage forms an intermediate spin Fe'"'-oxyl species (H) and sulfur radical
that could recombine to form the second S-O bond. However, this last step was not investigated.
The same mechanism but for the substrate analogue Sec was compared and found the major
differences in optimized geometries for the Fe'"-superoxo species. For the Sec-bound Fe-CDO the
dioxygen adduct is above the Fe-Se bond to a geometry that is nearly identical to the crystal
structure of the persulfenate-bound CDO. Therefore, they suggest the persulfenate-CDO is an off-
reaction-pathway species and formation of a dioxygen adduct is thermodynamically unfavorable.

This hypothesis is consistent with the observation of the same Sec-CDO samples independent of
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an aerobic or anerobic preparation. Brunold’s proposed mechanism favors a step-wise addition of

0> to cysteine rather than a concerted mechanism that a persulfenate species would support.
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Figure 1.11. Proposed CDO mechanism calculated by Brunold et al.%%

Recently obtained X-ray crystal structures of CDO have led to the first proposed
mechanism for the formation of the Tyr157-Cys93 crosslink where the Cys93 is oxidized first and
influenced new computational studies that support a concerted mechanism. Computational studies
based off a crystal structures of NO-bound Fe"-CDO with and without the Tyr157-Cys93 cross-
link.5” The latter structure was isolated by incorporating 3,5-difluoro-L-tryosine at the active site.
In the uncross-linked NO-bound Fe"-CDO structure, Cys93 is positioned only 3.1 A away from
the NO ligand closer than assumed from the previous structures that contained the cross-link

(Figure 1.12). In addition, they calibrated their DFT methods to the g-tensor and **N hyperfine
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tensor values from the EPR spectra of the NO-Fe!"CDO complexes. The proximity of Cys93 to
the Fe center suggests the more reactive cysteine could be oxidized first instead of the Tyr which
has been proposed previously.®®% Cysteine has nearly same one-electron oxidation potential as
Tyr (~0.9 V) but a higher nucleophilic property.’® Upon Cys binding to the Fe center and addition
of O, then an Fe'"'-superoxo (1) forms that abstracts a hydrogen atom from Cys93 forming an Fe'"'-
OOH (J) species (Figure 1.13). The generated thiyl racial then oxidatively attacks Tyr157 forming
a thioether bond and a tyrosyl-like radical (K). This promotes the protonation of the proximal
oxygen in the Fe'"'-OO0H (K) resulting in the creation and release of hydrogen peroxide. The ketone
species (L) then abstracts a cleaves the C-H bond forming the active site of CDO. Now the Tyr157

residue is positioned to enhance the catalytic conversion of cysteine to sulfinic acid.
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Figure 1.12. Depiction of the active site of cysteine, nitric oxide-bound ferrous form of the

crosslinked human cysteine dioxygenase in the anaerobic condition (PDB ID: 6N43)"
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Figure 1.13. Proposed pathway for Tyr-Cys cross-link formation by Liu et al.”

In CDO’s production of cystine sulfinic acid, the Tyr157-Cys93 cross-link plays a large
role by interacting with the first intermediate that forms when O is introduced. Like other
proposed mechanisms the first intermediate is an Fe'"'-superoxo (M) which through interacting
with multiple active site residues (Figure 1.14). The distal oxygen is 2.9 A from the phenolic
oxygen of Tyr157, 3.1 A from His155 and 3.2 A from the sulfur of the Cys93. The Tyr-Cys

cofactor and the His155 residues hold the distal oxygen in place allowing the proximal oxygen to
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oxidize the sulfur (O). Then the attack of the peroxide on the radical thiol leads to the next
intermediate and O-O bond cleavage. This completes the concerted mechanism for oxidation of
cysteine to cysteine sulfinic acid. Their proposed mechanism reopens the possibility of a persulfate
intermediate in the catalytic cycle as first suggest by the crystal structure.5! Future work towards
spectroscopic and structural studies of dioxygen intermediates are needed to provide a better

understanding of CDO’s mechanism.
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Figure 1.14. Proposed CDO pathway with assistance of the Tyr-Cys cross-link by Liu et al.6""

Experimental evidence of CDO intermediates suggesting a specific mechanism is limited.
Thus far only one intermediate has been observed transiently (for ~20 milliseconds) using stopped
flow electronic absorption spectroscopy, which has absorption maxima at 500 nm and 640 nm."2
This species was assigned as the Fe''-bicyclic ring species using TD-DFT and ab initio

(CASSCF/NEVPT2) methods resembling the intermediate D (Figure 1.10). They could not
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conclusively rule out the Fe"'-superoxo as the identity of the transient intermediate from these

_superoxo assignment.’?

calculations and recent small molecule intermediates suggest an Fe
Further attempts to definitively characterize the observed enzyme intermediate were unsuccessful.
Thiolate containing biomimetic models of these dioxygen intermediates may help elucidate the

CDO mechanism and aid in the calibration of theoretically calculated intermediates.3?>°

1.4.4 Model Chemistry

Prior to 2010 there were no reported examples of S-oxygenation of an Fe''-thiolate complex
using dioxygen analogous to CDO’s reactivity. The majority of Fe'' plus O reactions result in the
oxygenation of the Fe ion producing a Fe''>-p-oxo complexes or Fe-oxo clusters and disulfide
products. For example, our group reported that [Fe''(SM®2N4(tren))]" reacts with O, forming a Fe'''-
O-Fe'"' complex despite having a thiolate cis to the O2 binding site.”* The Goldberg lab was the
first to report an Fe'!' complex, [Fe'(LNsS)(OTf)], reacting with dioxygen to produce a sulfonate
(Figure 1.15).” Dioxygen was the sole source of oxygen atoms to produce the sulfonate.” Using
isotope labeling, they found that the first two oxygen atoms were added from the same oxygen
molecule, ”® the same as was found in the 0, isotope studies reported for CDO."® The analogous
Zn"" complex was synthesized and did not react with O,. Emphasizing an inner-sphere mechanism
is responsible for S-oxygenation since O» does not directly react with the thiolates. Later, a
collaborative effort between Visser and the Goldberg groups carried out the first computational
study on a biomimetic model [Fe"(NsLS)(OTf)].%* The calculated mechanism for this system
produces a sulfinate through an analogous pathway to CDO that Visser reported the year

before.>*64 Importantly, dioxygen binding to the Fe ion is energetically favored over direct attack
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of the thiolate.®* Additional work towards a biomimetic CDO model that did not over oxidize to

sulfonates was pursued by several groups.

Figure 1.15. S-oxygenation mediated by [Fe'(LNsS)(OTf)] and O, producing a sulfonate

complex.”™

Successful imitation of the structure and function of CDO was reported by several groups
but these models have yet to reveal characterizable intermediates. The first was a
trispyrazolylborato Fe'' complex, [Fe(CysOEt)("™MeTp)], with cysteine ethyl ether bound in a
bidentate fashion through the sulfur and nitrogen atoms (Figure 1.16). This functional model reacts
with O produced sulfinic acid.”” Shortly after that the first crystallographically characterized Fe-
sulfinate, [Fe'(NsPySO2)(NCS)], was reported (Figure 1.16).” The structure revealed the sulfinate
is bound to the Fe ion through the thiolate and not the oxygen atoms. During the reaction of
[Fe''(NsPyS)(CHsCN)]* with O, a transient green intermediate is observed and the only insight
into the identity of this intermediate can from chemical detection of a sulfenate. Dimedone which
reacts selectively with sulfenic acids, was used to detect by mass spectroscopy the presence of a
sulfenic acid in route to the end-sulfinate.”® In agreement with the calculated mechanisms for CDO,

[Fe''(NsPyS)(CHsCN)]* adds O, through monooxygenase-like steps.”™
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Figure 1.16. Top: [Fe'(CysOEt)(°"™MeTp)] reacts with O to produce a sulfenic acid. 7" Bottom:
The reaction of [Fe''(NsPyS)(CHsCN)]* with O, to make an isolatable sulfinate complex,

[Fe''(NsPySO2)(NCS)].”®

A more in depth look at how the covalency of the Fe-S and its influence on reactivity was
carried out by Fiedler and Brunold.” The high spin Fe' complexes features a ""TIP ligand that
represented the three histidine triad and coordinates bidentate (-cysteine ethyl ester (CysOEt) as
found by X-ray crystallography, electronic absorption and MCD spectroscopies (Figure 1.17).
They compare this system described above used by Limberg, [Fe"(CysOEt)("™MeTp)], using a
combination of kinetic studies of O binding and density functional theory (DFT). The difference

in ligands showed no effect on O binding rates but the ""?TIP-based model had more radical
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character on the thiolate. This potentially aids in the formation of the peroxy-thiolate intermediate
in the enzymatic system, but no intermediates prior to sulfinate formation were observed.
Therefore, the unusual three histidine active site of CDO may be required for the modulation of

the Fe-S bond covalency.

Ph Ph

Figure 1.17. The tris(4,5-diphenyl-1-methylimidazol-2-yl)phosphine (P"2TIP) ligand right and the

trispyrazolylborate (PMeTp) ligand used by Fiedler and Brunold.”

The biomimetic models discussed above provided important information about the
coordination environment and electronic factors needed for sulfinate formation, however no
intermediates were observed en route. Recently, the first example of a thiolate ligated Fe'!-
superoxo representing the proposed first intermediate in CDO’s reaction pathway was reported
(Figure 1.18).” The species was EPR silent and MCD spectroscopy showed it to be paramagnetic
(S > 1). The electronic absorption spectrum features three absorption bands at 490 (eM = 1200),
655 (1800), 860 nm (2200) similar to the stopped-flow electronic absorption spectra of a CDO
intermediate (Amax = 350(sh), 500, 640 nm). Based on these results, Fiedler suggests that the CDO
intermediate was incorrectly assigned as the peroxy-thiolate species and is potentially the superoxo
species. To date no reactivity has been reported for [Fe!"'(O2)(TpMe?)(2-ATP)] and decay of the
species yields a disulfide product. A transition metal superoxo capable of forming a peroxy thiolate

bond has not been reported. An end-on Cr'"'-superoxo complex has been shown to carry out S-
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oxygenation on p-methoxythioanisole in the presence of triflic acid (HOTf).8 The electrophilic

nature of the Cr'"

-superoxo was demonstrated by using a range of para-substituted thioanisoles.
Further examples of transition metal-superoxo complexes and their reactivity will be discussed

below.

Figure 1.18. Reaction of [Fe'(TpM®?)(2-ATP)] with Oz forming an Fe'"'-Superoxo.”

1.5 Isopenicillin N Synthase

1.5.1 Background

Penicillin and other B-lactam antibiotics make up one of the most important classes of
medicinal small molecules. The biosynthesis of the essential B-lactam and thiazoldine rings for
antibiotic activity is carried out by isopenicillin N synthase (IPNS) (Figure 1.19).8! IPNS is one of
only a few enzymes that carries out a four-electron oxidation without any additional cofactors or
co-substrates.®? Instead it uses an Fe' ion which activates Oz forming the Fe'"'-superoxo and Fe'V-
oxo intermediates that are both proposed to cleave the C-H bonds. The latter has been utilized as
Nature’s powerful oxidizer in many enzymatic reactions®*° however, the combination with the

former intermediate to sequentially cleave C-H bonds using only O is of synthetic interest.
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Figure 1.19. The oxidation of §(L-a-aminoadipoyl)-L-cysteinyl-D-valine (ACV) to isopenicillin

N (IPN) catalyzed by IPNS.

1.5.2 Structure of Isopenicillin N Synthase

Key insights into the mechanism of IPNS have been derived from crystallographic studies.
Only the Mn'"-substituted IPNS in the resting state has been crystallized.®* The active site sits in a
hydrophobic cavity of a distorted double-stranded B-helix core. The metal ion is bound to a 2-His-
1-carboxylate facial triad as well as the side chain of GIn330. Under anerobic conditions, the
substrate bound IPNS-ACV-Fe'' was isolated (Figure 1.20). The binding of §(L-o-aminoadipoyl)-
L-cysteinyl-D-valine (ACV) to Fe' through the cysteinyl thiolate displaces GIn330 causing the
rearrangement of the C-terminal region.®?®® The substrate is now held in place via hydrophobic
and electrostatic interactions in the active site and is shielded from side reactions during catalysis.**
From spectroscopic and DFT studies the binding of the cysteinyl thiolate to Fe' is critical to
making O binding energetically favored.” A dioxygen analogue, NO, was bound to IPNS-ACV-
Fe" and crystallized showing the NO is positioned 3.3 A from the cysteinyl-B-carbon of ACV
(Figure 1.20).% This positioning may play a role in why IPNS abstracts a hydrogen atom instead

of sulfur oxidation like CDO.



26

His270 ,ry
i

Asp216 J.

V4

4
/ His214

’

Figure 1.20. The structure of IPNS-ACV-Fe!'! active site (PDB ID: 1BK0)® and IPNS-ACV-Fe!'-

NO (PDB ID: 1BLZ).%

1.5.3 Mechanism of Isopenicillin N Synthase

Oxidative ring closures by IPNS has been examined using crystallographic, kinetic and
spectroscopic studies leading to a consensus on a proposed mechanism that employs an Fe''-
superoxo and Fe'V-oxo as the active oxidants.”® The formation of the p-lactam ring occurs before
the formation of the thiazolidine ring evidenced by kinetics studies on site-specific deuterium-
labeled ACV substrates.®® The reaction is initiated by ACV binding to the Fe'' via the cysteinyl
thiolate making dioxygen binding more favorable. Dioxygen reacts with the Fe' ion and forms an
Fe'''-superoxo (Awns) with the distal oxygen atom positioned to abstract of the hydrogen on the
cysteinyl-B-carbon (B-Ccys-H). This reactive species (Aipns) has been spectroscopically observed
using a combination of transient-state-kinetics, stopped-flow absorption and freeze-quench

Massbauer spectroscopies.®® However, no vibrational data proving the bond order of the O-O bond
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and its level of oxidation was reported. The Aipns intermediate accumulated in higher levels upon
deuteration of the cysteinyl hydrogens implicating the observed intermediate as the oxidant
responsible for cleaving the B-Ceys-H (93 kcal/mol).®” The resulting Fe'"'-hydroperoxo (Biens) is
then reduced by the thiolalkyl radical to an Fe'-hydroperoxo species (Ciens). The heterolytic
cleavage of the O-O bond produces a high-valent Fe'V-oxo (Diens) which abstracts a hydrogen
atom from the valinyl-B-carbon (B-Cva-H). The attack of the valinyl radical (Eipns) on the thiolate

closes the thiazolidine ring yielding the product isopenicillin N bound to the Fe'" ion (Fipns).
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Figure 1.21. The proposed mechanism for IPNS by Baldwin et al.*3
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1.5.4 Model Chemistry

The oxidations IPNS carries out use an Fe'"

-superoxo for the first C-H bond cleavage
followed by and Fe'V-oxo for the more difficult cleavage of the unactivated p bond of valine. The
latter Fe'V-oxo has been shown to be a powerful oxidant and numerous examples of small
molecules models have been reported and reviewed elsewhere. %11 The former, Fe'"'-superoxo,
has been more elusive. In 2014, the first non-heme mono-nuclear Fe'"'-superoxo was reported by
Lee.®2 The Fe'-superoxo was generated by the reaction of O, with a Fe'(BDPP) in
tetrahydrofuran (THF) at -80 °C. Complementary spectroscopic methods, resonance Raman and
Madossbauer, confirmed the oxidation state of the Fe ion and the nature of the dioxygen adduct as
an Fe'"'-superoxo. This species is capable of abstracting a hydrogen atom from dihydroanthracene
(DHA) (Figure 1.22). This supports the predication of an Fe'"'-superoxo carrying out C-H bond

cleavage, but these bonds (78 kcal/mol) were significantly weaker than the B-Ccys-H bond (93

kcal/mol).

A
LA CCC
N

N N
Q \l|7 m” |\ \
~ e\O/ >
o | 70 °C \v

(§)
T (2

Figure 1.22. Hydrogen atom abstraction reaction of [Fe''(BDPP)(O2)] with dihydroanthracene

(DHA) producing anthracene.%?

Shortly after additional examples of non-heme mononuclear Fe'"'-superoxos were reported

by several groups. Hikichi characterized an Fe"'-superoxo, [Fe''(L"")(Tp“¢?)(02)], with a five-
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azole ligand set in THF at -60 °C.1% The electronic absorption features (Amax = 350 nm) and
resonance Raman data (vO-O = 1168 cm™ A 0180 = ()78 cm?) were similar to
[Fe''(BDPP)(O2)]. This species has diamagnetic signals in *H NMR spectra revealing

antiferromagnetic coupling between the low-spin (S=1/2) Fe'"

ion and the superoxide radical.
Reactivity studies revealed [Fe"'(LP")(TpM¢2)(02)] to be a poor oxidant not capable of cleaving
weak C-H bonds (67.9 kcal/mol) but able to abstract hydrogen atoms from 2-hydroxy-2-
azaadmantane (O-H 72.6 kcal/mol) (Figure 1.23). The reaction of [Fe''(LP")(TpM¢?)(05)] with this
substrate yielded another characterizable intermediate, Fe'"'-hydroperoxo (Figure 1.23). The only
crystallographically characterized Fe''-superoxo was isolated from the reaction of Fe!'(TAML)
and potassium superoxide (KO2).1% The superoxide was bound through a side-on interaction. %
The [Fe'"'(TAML)(O2)]* can do both electrophilic and nucleophilic oxidation reactions (Figure
1.23). No reactivity was seen when reacting [Fe'"(TAML)(O2)]% with weak C-H, such as
cyclohexadiene and xanthene. Despite an Fe'!-superoxo being implicated as a key intermediate in

the catalytic cycle of IPNS, the few biomimetic models have not demonstrating the oxidative

power required to activate the 3-Ccys-H of the precursor to penicillin N.
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Figure 1.23. Top: Hydrogen atom abstraction from 2-hydroxy-2-azaadamantane (AZADOL) by
[Fe''(LPM)(TpMe2)(02)].1% Bottom: [Fe"(TAML)(n?-0,)] carrying out aldehyde deformylation of
2-phenylpropionaldehyde to acetophenone (right). [Fe"(TAML)(n2-O.)] activating the O-H bond
of 2,4-di-tert-butylphenol resulting in the production of 2,2’-dihydroxy-3,3",5,5’-tetra

butylbiphenyl (left).1%4

1.6 Concluding Remarks

This introduction provides a brief overview of non-heme iron-thiolate species and their
reactivity with dioxygen or oxo atom donors to carry out important transformations. These
examples demonstrate how small biomimetic models have aided in the understanding of reaction
steps and could potentially add clarity to the active site formation of NHase and deviations in

reactivity of the metalloenzymes, CDO and IPNS. Areas of considerable interest remain in the
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elucidation of the intermediates involved in the formation of S-oxygenation species and emergence

of Fe'''-superoxo intermediates as capable oxidants.
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Chapter 2. Formation of a Reactive, Alkyl Thiolate-Ligated Fe'!-

Superoxo Intermediate Derived from Dioxygen

Components of this chapter were republished with permission of the Journal of the American
Chemical Society, from Formation of a Reactive, Alkyl Thiolate-Ligated Fe"'-Superoxo
Intermediate Derived from Dioxygen, Blakely, Maike N.; Dedushko, Maksym. A.; Poon, Penny
Chaau Yan; Villar-Acevedo, Gloria; Kovacs, Julie A. J. Am. Chem. Soc. 2019, 141, 1867-1870.;

Copyright 2019 American Chemical Society.

2.1 Introduction

Cysteine dioxygenase (CDO) and isopenicillin N synthase (IPNS) are non-heme Fe
enzymes that potentially utilize an Fe'"'-superoxo intermediate for oxidation reactions, such as S-
oxygenation or hydrogen atom abstraction, respectively. 1® The CDO-Fe'!-superoxo intermediate
has potentially been transiently observed using electronic absorbance spectroscopy and has two
distinct features (Amax = 500 nm and 640 nm).” Initially, these features were attributed to a later
peroxy-thiolate intermediate from computational studies. Using TD-DFT and ab initio
(CASSCF/NEVTP2) methods, electronic absorption spectra of the possible intermediates in the
catalytic cycle were generated and the peroxy-thiolate intermediate spectra most closely matched
the observed features.” However, from those studies they could not definitely rule out an Fe''-
superoxo as the observed intermediate.” This CDO-Fe'"'-superoxo selectively oxidzies the cis-

thiolate instead of abstracting a hydrogen atom from a nearby cysteine-cross-linked tyrosine
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residue.® The IPNS-Fe'"-superoxo, was spectroscopically observed with transient electronic
absorption spectroscopy (Amax = ~ 500 nm and ~ 630 nm), however no vibrational data has been
reported to support these assignment.® Transient-state-kinetic and spectroscopic methods with the
specific labeling of the J(L-a-aminoadipoyl)-L-cysteinyl-D-valine (ACV) substrate assigned the
observed spectroscopic features as the B-Ceys-H cleaving intermediate.® This bond is activated by
the heteroatom (Seys) and has a bond dissociative energy of 93 kcal/mol.1° This is believed to be
the potential thermodynamic limit for superoxo intermediates and the strongest bond proposed to
by cleaved by a metalloenzyme superoxo.!!

Despite the important roles of Fe''-superoxo in oxidation reactions, few biomimetic
models have been reported compared to other dioxygen derived intermediates.'>* Non-heme
Fe'll-superoxo model complexes possess short lifetimes even at low temperatures, and their
potential to be silent not only in t-mode EPR spectroscopy but also |-mode hinders
characterization. Therefore, only a few well-characterized examples of non-heme Fe'!'-superoxo
compounds have been reported.’>® Lee demonstrated that a mononuclear Fe''-superoxo,
[Fe'"'(BDPP)(0O2)], can cleave C-H bonds of dihydroanthracene (~78 kcal/mol),*® while other Fe'!'-
superoxo complexes, [Fe"(TAML)(#%-02)] and [Fe"(L°"(Tp“€?)(O2)], are not capable of
cleaving C-H bonds.*®'® The latter’s weak oxidative reactivity was hypothesized to be due to its
low spin state.'® These examples lack a thiolate in the coordination sphere, which have been shown
to have a profound effect on reactivity.?® Recently, the first thiolate-ligated Fe''-superoxo,
[Fe'"'(02)(TpMe2)(2-ATP)], was reported, however the ligand was an aryl thiolate where the
sulfur’s lone pair is tied up in m-bonding to the aryl carbon in one of its resonance forms, which
makes it less donating than an alkyl thiolate.*®> The [Fe''(O2)(TpM®?)(2-ATP)] species eventually

decays to disulfide products and its reactivity towards substrates has yet to be studied.'® This
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thiolate ligated Fe'"

-superoxo was the first to display similar features (Amax = 490 and 655) to the
electronic absorption spectra of CDO and IPNS. Fiedler suggests the presence of two charge
transfer bands above 500 nm may be a characteristic feature of thiolate-coordinated non-heme
Fe'''_superoxo species in small molecule compounds and enzymatic environments.* Providing
spectroscopic handles from well characterized models can aid in the assignment of transient

metalloenzyme intermediates and additional thiolate ligated models that use Oz to form Fe''-

superoxo intermediates would further the understanding of the mechanisms of CDO and IPNS.
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Figure 2.1. Reversible binding of azide (N3°) to 2 generating 3.

Herein, the synthesis of an alkyl thiolate-ligated [Fe'(S2M*2Ns(Pr,Pr)] (1) and the
spectroscopic characterization of intermediates derived from 1 and dioxygen is reported.
Previously, our group reported the oxidized derivative, [Fe''(S2Me2Ns(Pr,Pr)]* (2), was capable of
binding azide (N3 between S(1) and N(2), forming [Fe'"'(S2M*?Ns(Pr,Pr)(Ns)] (3), (Figure 2.1).
Azide is commonly used to probe enzymatic superoxide binding sites since azide has similar

frontier orbitals and the same charge as superoxide (027).3?%%2 Thus, the ability to bind azide
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suggested that the formation of a thiolate-ligated Fe'"-superoxo intermediate could be feasible

from the reaction between reduced 1 and O, and/or oxidized 2 and KOs,.

2.2  Experimental

General Methods. All reactions were performed under an atmosphere of dinitrogen in a glove
box or using a custom-built two-neck solution sample holder equipped with a threaded glass
connector (sized to fit an ATR probe). Reagents purchased from commercial vendors were of the
highest purity available and used without further purification. [Fe''(S:M®2N3(Pr,Pr)]PFs and 3-
methyl-3-mercapto-2-butanone were synthesized as previously described.?® Methylene chloride
(DCM), tetrahydrofuran (THF), diethyl ether (Et20), and acetonitrile (MeCN) were rigorously
degassed, and purified using solvent purification columns housed in a custom stainless-steel
cabinet, dispensed via a stainless steel schlenk-line (GlassContour). 2-Methyltetrahydrofuran (Me-
THF) was distilled under an inert atmosphere from Na/benzophenone and degassed with argon
prior to use. Methanol (MeOH) was distilled from calcium hydride and degassed prior to use. *H
NMR spectra were recorded on a Bruker AV 300 FT-NMR, Bruker AV 500 FT-NMR, or Bruker
AV 700 FT-NMR spectrometer and are referenced to an external standard of TMS (paramagnetic
compounds). Chemical shifts are reported in ppm and coupling constants (J) in Hz. EPR spectra
were recorded on a Bruker EPX CW-EPR spectrometer operating at X-band frequency at 120 K.
The EPR spectra were simulated using EasySpin (version 5.2.23), a computational package
developed by Stoll and Schweiger 2 and based on Matlab (The MathWorks, Massachusetts, USA).
Electrospray-ionization mass spectra (ESI-MS) were obtained on a Bruker Esquire Liquid
Chromatograph-lon Trap mass spectrometer. Cyclic voltammograms were recorded in MeCN

(100 mM NBu4(PFs) solutions) on a PAR 273 potentiostat utilizing a glassy carbon working
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electrode, platinum auxiliary electrode, and an SCE reference electrode. Magnetic moments
(solution state) were obtained using the Evans’ method as modified for superconducting
solenoids.?®?® Electronic absorption spectra were recorded using a Varian Cary 50

spectrophotometers equipped with a fiber optic cable connected to a C-technologies ATR probe.

Synthesis of [Fe''(S2Me2Ns3(Pr,Pr)] (1) 3-methyl-3-mercapto-2-butanone (0.38 g, 3.2 mmol) was
dissolved in 10 ml of MeOH. To this NaOMe (0.172 g, 3.2 mmol) was added and the mixture was
stirring for 10 min then 3,3’-iminobis(propylamine) (0.21 ml, 1.5 mmol) was added. After stirred
for 20 mins at room temperature, this solution of organics was cooled to -40 °C for over 1 hour.
This solution was added dropwise to a solution of anhydrous ferrous chloride (0.19 g, 1.5 mmol)
in 10 ml of MeOH also cooled to -40 °C for over 1 hour. The combined solutions were allowed to
stir for 3 hours at room temperature before being stored in the freezer overnight. The solution was
filtered through a bed of Celite, the solvent was removed by vacuum. The resulting crude black
powder was dissolved in a minimal amount of cooled MeCN and the undissolved salts were then
removed by filtering through a bed of Celite. The solvent was removed by vacuum then <4 ml of
THF was added and layered with 15 ml of pentane and cooled at -40 °C for ~12 h to afford 0.438
g (1.13 mmol, 76 %) of green-brown micro-crystalline solid. Electronic absorption (THF): Amax (e,
M cm™) =420 nm (1509). IR v(cm™): 1636 (imine). Cyclic Voltammertry: E1, (MeCN) = -425
mV vs SCE. Solution magnetic moment (298 K; MeCN): ueit = 2.63 ug. *H NMR (THF-ds): 6 242,

210, 84, 74,59, 57, 44, 38, 3.0, -4.0, -19.

Synthesis of Anhydrous °’FeCl2 from 5’Fe powder. Under N2 atmosphere, 38-250 mg of Fe was

weighted out in a Schlenk flask. Concentrated HCI (1.5-10.1 ml) was added and carefully warmed
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up to 90 °C (at RT it takes a very long time to dissolve the Fe). The iron pellets/powder dissolved
after some minutes and gas release is observed, stir the solution for 30 min at 90-100 °C. Cooled
to room temperature, N2 gas was bubbled through the solution for at least 30 minutes. In a round
bottom flask, H.O was removed under vacuum and reduced pressure until a light green paste
(ferrous chloride tetrahydrate) was obtained. On a Schlenk line, the paste was dried under vacuum
while heated to 120°C for over 48 hrs. (The tetrahydrate loses 2 H.O molecules at 105-115 °C.
The dihydrate loses 2 H,0 molecules at 120 °C).2” The resulting powder is a tan color and will
readily oxidize. Yield 0.115 grams (88%). Mdssbauer Spectroscopy: Anhydrous FeCly: 6 = 1.21
mm/s, AEq = 1.03 mm/s, FeCl2e2H20: 8 = 1.26 mm/s, AEq = 2.60 mm/s, FeCl2+4H20: 6 = 1.40

mm/s, AEq = 3.29 mm/s.

Mossbauer Spectroscopy. Mdssbauer spectra were recorded with a spectrometer using Janis
Research (Wilmington, MA) SuperVaritemp dewars that allow studies in applied magnetic fields
up to 8 T in the temperature range from 1.5 to 200 K. Isomer shifts are quoted relative to iron metal
at 298 K. Mdssbauer spectral simulations were performed using the WMOSS software package
(SEE Co, Edina, MN) and SpinCount software, and all the spectral figures were prepared by using

SpinCount software.?®

Formation of [Fe'''(S2Me2N3(Pr,Pr)-02] (6) via the addition of O2 to 1. A 0.238-0.476 mM
solution of 1 was prepared in MeOH, THF or DCM under an inert atmosphere in a drybox. The
resulting solution was transferred via gastight syringe to a custom-made two-neck vial equipped
with a septum cap and threaded dip-probe feed-through adaptor that had been previously been

purged with argon for at least 30 minutes. This solution was cooled in an acetone and dry ice bath
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to -73 °C. Argon stream was removed from the vial and a stream of Oz gas or 5 ml of pure O gas
was bubbled through the solution over the course of 30 seconds, resulting in the formation of
metastable 6. The same process in an NMR tube was used to produce a 6 mM solution of 6 for *H

NMR spectroscopy at -73 °C.

Formation of [Fe''"(S2Me2Ns(Pr,Pr)-0O2] (6) via the addition of KO2 to 2. A 0.238-0.476 mM
solution of 2 was prepared in THF under an inert atmosphere in a drybox. The resulting solution
was transferred via gastight syringe to a custom-made two-neck vial equipped with a septum cap
and threaded dip-probe feed-through adaptor that had been previously been purged with argon for
at least 30 minutes. This solution was cooled in an acetone and dry ice bath to -73 °C. A slurry of
1.1-50 equivalents of KO- in the presence of 18-crown-6 in 100 uL of THF was added via a gas

tight syringe resulting in the formation of metastable 6.

Formation of [Fe'"'(S2Me2N3z(Pr,Pr)OOH] (7) via the addition of Oz to 1. A 0.238-0.476 mM
solution of 1 was prepared in MeOH or THF under an inert atmosphere in a drybox. The resulting
solution was transferred via gastight syringe to a custom-made two-neck vial equipped with a
septum cap and threaded dip-probe feed-through adaptor that had been previously been purged
with argon for at least 30 minutes. This solution was cooled in an acetone and dry ice bath to -73
°C. Argon stream was removed from the vial and a stream of O2 gas or 5 ml of pure O2 gas was
bubbled through the solution over the course of 30 seconds, after 40 mins, 6 is fully converted to
7. Alternatively, 7 can be instantaneously generated by addition of 10 equivalents of TEMPOH to

6at-73 °C.
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Hydrogen Atom Transfer (HAT) Reactions. Aliquots of 1 in THF or THF-dg (1 ml of a 0.476
mM solution) were used to generate 6 from O as stated above. Kinetic measurements were started
immediately after generation of 6. Reactions between 6 and H-atom donors were monitored by
electronic absorption spectroscopy and involved pseudo first-order conditions (with respect to Fe)
at -73 °C, with the H-atom donors held in excess (CHD: 47.6 mM; THF: 12.3 M). Pseudo first-

order plots monitored the decrease in absorbance at A= 523 nm.

Resonance Raman Spectroscopy. Resonance Raman (rR) spectra were obtained from frozen
solution samples at liquid nitrogen temperature (77 K) in a backscattering sample geometry. The
visible excitation wavelength at 527 nm is provided by the CW (continuous wave) output of the
second harmonic of neodymium-doped yttrium lithium fluoride (Nd:YLF) laser (Photonics
Industries International, GM-30-527). Laser power at the sample varies from 1.4 to 6.0 mW. The
scattered light from the sample was collected and focused onto a triple spectrograph (Spex 1877)
equipped with a CCD detector (Roper Scientific, Model 7375-0001) operating at -110 °C. Spectra
were calibrated with dimethylformamide and acetone. The laser line of 527 nm was chosen to be
in the proximity of the absorption spectrum of the transient intermediates probed. Sample
concentrations of 5-10 mM 1 in THF, d8-THF or CD.Cl, were added to the quartz EPR sample
tubes. The samples of 1 were capped with rubber septa, cooled to -73 °C and then 1 was generated
by the addition of 2 ml of either %0, or 0, gas to solutions. After 5 minutes, the samples were
cooled in LNz to 77 K. Samples were run at 77 K in a quartz liquid nitrogen finger dewar and hand
spun to minimize sample decomposition during scan collection. Resonance Raman spectra were

processed with Spectragryph software.?®
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H20:2 Detection Assay. Hydrogen peroxide produced from the reaction of 7 with H.SO4 was
determined spectroscopically with titanium(IV) oxysulfate.3*-2 The reaction of 1 and Oz in THF
was monitored to ensure all 6 formed was converted to 7 (Amax = 696 nm). After a single drop of
concentrated H2SO4 was added to the solution, distilled water (10 ml) and CH2Cl, (20 ml) were
added. To the separated aqueous layer, 0.1 ml of commercially available Ti'VO(SOa,) solution (15
% in sulfuric acid) was added. The concentration of the hydrogen peroxide was spectroscopically
measured from the absorption at 408 nm. The calibration curve was derived from the absorbance
measurements of 0.12 mM to 2.42 mM solutions of urea H20: in distilled water after addition of

0.1 ml of TiVO(SO4) solution.
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Figure 2.2. Calibration curve for the determination of the concentration of hydrogen peroxide in

aqueous solution with Ti'VO(SO,).

Spin Quantitation of EPR Spectra. Spectra were collected at 120 K using the following

parameters: 9.28 GHz frequency, 2.0 mW power, 6 x 10* gain, 100 kHz modulation frequency,
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0.2 mT modulation amplitude, and 40.96 ms conversion time. Samples of 6 and 5 for quantification
of spin concentration were prepared as follows. A 1.0 mM solution of 1 was prepared in 98:2
THF:Me-THF under an inert atmosphere in a drybox. 0.5 ml of the resulting solution was then
transferred into EPR tubes, and 2 ml of pure Oz was bubbled through the solution at 293 K over
the course of 30 seconds, and left to react for 10 mins, resulting in the formation of 5. Samples of
7 for quantification of spin concentration were prepared as follows. A 1.0 mM solution of 1 was
prepared in 98:2 THF:Me-THF under an inert atmosphere in a drybox. 0.5 ml of the resulting
solution was transferred into EPR tubes. This solution was cooled to -73 °C in an acetone/dry ice
bath, and 2 ml of pure O was then bubbled through the solution over the course of 30 seconds,
and left to react for 40 mins, resulting in the formation of metastable 7. Quantification of the
unpaired spin concentration within a sample was achieved by comparison of the double integral of
the EPR intensity to that of a standard curve made from solutions of 0.25 mM-1.4mM azide-bound
[Fe'"'(SoMe2Ns(Pr,Pr)-N3] in 98:2 THF:Me-THF. Purity of these standard solutions were

determined by electronic absorption spectroscopy prior to use.
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Figure 2.3. Calibration curve for the double-integral of the S = % EPR signal of azide-bound

3 versus the concentration.
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X-ray Crystallographic Structure Determination. A black green prism, [(Fe'(S2V¢?Ns(Pr,Pr))-
u-(Fe']?* (4), measuring 0.35 x 0.15 x 0.10 mm? was mounted on a loop with oil. Data was
collected at -173 °C on a Bruker APEX II single crystal X-ray diffractometer, Mo-radiation.
Crystal-to-detector distance was 40 mm and exposure time was 240 seconds per frame for all sets.
The scan width was 1°. Data collection was 77.6 % complete to 25° in 0. A total of 31,546
reflections were collected covering the indices, -16<=h<=17, -15<=k<=15, -18<=I<=17. 7405
reflections were symmetry independent and the Rint = 0.0458 indicated that the data was of better
than average quality (0.07). Indexing and unit cell refinement indicated a triclinic lattice. The
space group was found to be P 1 (No. 2).

A yellow green prism, 1, measuring 0.32 x 0.03 x 0.03 mm? was mounted on a loop with
oil. Data was collected at -173 °C on a Bruker APEX II single crystal X-ray diffractometer, Mo-
radiation. Crystal-to-detector distance was 40 mm and exposure time was 180 seconds per frame
for all sets. The scan width was 1°. Data collection was 100 % complete to 25° in 6. A total of
32,245 reflections were collected covering the indices, -23<=h<=23, -11<=k<=11, -25<=I<=25.
3547 reflections were symmetry independent and the elevated Rint = 0.04355 indicated that the
data was of better than average quality (0.07). Indexing and unit cell refinement indicated a
primitive orthorhombic lattice. The space group was found to be Pbca (No. 61).

Data was integrated and scaled using SAINT, SADABS within the APEX2 software
package by Bruker.® Solution by direct methods (SHELXS, SIR97) produced a complete heavy
atom phasing model consistent with the proposed structure.>** The structure was completed by
difference Fourier synthesis with SHELXL.%®3 Scattering factors are from Waasmair and Kirfel.3

Hydrogen atoms were placed in geometrically idealized positions and constrained to ride on their
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parent atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic thermal parameters
Ueq Were fixed such that they were 1.2 Ueq of their parent atom Ueq for CH's and 1.5 Ueq Of their
parent atom Ugq in case of methyl groups. All non-hydrogen atoms were refined anisotropically by

full-matrix least-squares. Final solutions were plotted using ORTEP and POV-Ray programs.3°4°

Table 2.1. Crystal Data, Intensity Collections # and Structure Refinement Parameters for
[(Fe"(S2Me2N3(Pr,Pr))-u-(Fe')]?* (4), and [Fe'"(SMe2Ns(Pr,Pr)] (1).

4 1
Formula C40 H7s F12 Fes Ng O2 P2 S4 CisH31 Fe N3 S»
Molecular Weight 1260.81 385.41
Temperature (K) 100(2) 100(2)
Crystal System Triclinic Orthorhombic
Space Group P1 Pbca
a, (A) 13.2731(8) 19.5588(9)
b, (A) 13.6099(8) 9.3044(5)
c, (A) 16.3002(10) 21.1744(10)
a (deg) 95.064(2) 90
B (deg) 105.476(2) 90
v (deg) 106.629(2) 90
V(A% 2675.6(3) 385.4(3)
Z 2 8
Ri 0.0646° 0.0251°
Ry 0.1614¢ 0.055¢
GOF 1.024 1.021

2 Mo Ko(a,") (A =0.71070 A) radiation; graphite monochromator; -90 °C. ® R = X ||Fo| - |Fel| / Z |Fol- ¢ Rw = [ZW(|Fo|
- |Fe)/ZwWFo2]42, where w = [@Pcount + (0.05 F?)?]/4F2.

Computational Details. Calculations were performed using the ORCA v. 4.0.0 quantum
chemistry package** and employed a polarized triple-zeta def2-TZ VP basis set, the def2/J auxiliary

basis set for Coulomb fitting, and the atom-pairwise dispersion correction of Grimme (D3BJ).*?
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Tight convergence criteria were required for self-consistent field (SCF) solutions. The Grid4
(GridX4) integration grid size, and the conductor-like polarizable continuum model with the
dielectric constant € = 7.25 for tetrahydrofuran solvent (CPCM(THF)), were used for geometry
optimizations.*® Geometry optimizations and analytical frequency calculations were performed
using the PBEO functional, with the resolution of identity (RI) chain-of-spheres (RIJCOSX)
approximation,** and initiated from the crystallographic coordinates when available. Analytical
frequency calculations were performed on all optimized structures to determine whether the
obtained stationary points corresponded to local minima.

Previously reported® crystallographically determined structure of azide-bound
[Fe'"'(S2Me2N3(Pr,Pr)(Ns)] was used as a starting point for the calculated superoxo-bound structure,
[Fe'"'(S2Me2N3(Pr,Pr)(02)]. Specifically, the distal azide nitrogen N(6) atom was deleted, and the
proximal N(4) and middle N(5) atoms were replaced with oxygen atoms. The Fe'"' metal center
was assumed to be in the S = % state. A low spin-state was shown previously to be stabilized with
thiolate-ligated Fe"' complexes due to the thiolate’s nephelauxetic effect.?>4¢*® Based on
optimized bond lengths reported for aryl-thiolate-ligated [Fe''(LN3S(02))],* rre-0 and ro.o were
set to 2.089 A, and 1.290 A, respectively, as a starting point.

Calculations for the Fe''-superoxo complex, [Fe"'(S2Me2Ns(Pr,Pr)(02)] (6) employed the
broken-symmetry formalism to model coupled paramagnetic sites. An SCF calculation was first
performed for the high spin (HS) state of the iron-superoxo complex, Fe'"'(S = %, 1)-02" (S = %,
7). Next, a broken symmetry state was set up with the spin-flip chosen at the iron center (final total
ms = 0) and another SCF calculation was ran to calculate energy of the “broken symmetry” (BS),
Fe'l(S =1, |)-02" (S = Y%, 1), state. Finally, the energies of both HS and BS states were used to

estimate the coupling constant, J, (associated with the phenomenological Hamiltonian H = —
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2J12515%) using the equation J = — (Ens — Egs)/(<S*>ns — <S?>gs), which is valid over the entire
coupling strength regime. Ens and Egs are the energies of the high-spin (HS), and the broken-
symmetry (BS) states, respectively, and <S?> are the expectation values of the squared spin
operator for the HS and BS states.*

Hybrid time-dependent DFT (TD-DFT) calculations employed the RIJCOSX and the
Tamm-Dancoff approximations (TDA).>*2 The Fermi level, i.e. the halfway between the
calculated HOMO and LUMO energies, was set to 0 eV in molecular orbital (MO) analysis.
Excited states from TD-DFT calculations were analyzed using Natural Transition orbitals (NTOs)
and by visualizing their difference densities between the ground and excited states. Canonical
molecular orbital isosurfaces and natural transition orbitals in the TD-DFT calculations were
visualized at an isovalue of 0.05 ao® using UCSF Chimera.*

Gaussian 16> was used to calculate resonance Raman frequencies, and isotope
displacements for [Fe'"'(SoMe2N3(Pr,Pr)(02)]. A UPBE1PBE functional, and a polarized triple- S9
zeta def2-TZVP basis set were employed to calculate analytical vibrational frequencies (freq =
(raman, anharmonic)).  Analytical frequencies of the isotopically substituted
[Fe'"'(S2Me2N3(Pr,Pr)(*302)] complex were performed by specifying the mass (iso = 17.999) of the

oxygen atoms in the geometry input file.
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2.3 Results and Discussion

2.3.1 Isolation and Characterization of [Fe'(SM2N3(Pr,Pr))](1)

Our research group has previously synthesized a series of inorganic model compounds with
bis-thiolate ligands that wrap around the metal ion.>> However, the Fe'' derivative containing gem-
dimethyl adjacent to the thiolates, [Fe''(SM®2N3(Pr,Pr))](1), had yet to be successfully isolated and
characterized. The synthesis of this complex is challenging due to the extra lone pairs of the
thiolate ligand which can form multiple bonds to a single Fe-ion or form bridges to additional Fe-
ions.>®57 In addition to this susceptibility to form dimeric or polymeric structures, the desired
mononuclear complex is extremely oxygen sensitive and predicted have a neutral charge further
complicating its isolation. In initial attempts to synthesis 1, a trimetallic complex
[(Fe"(S2Me2N3(Pr,Pr))-u-(Fe')]** (4), was crystallized (Figure 2.4). After modifications to the
synthetic procedure used for 2 such as lowering the molarity of the reaction mixture, changing the
order of addition of the reagents, and stopping prior to oxidation allowed for the isolation of
reduced [Fe'(S2Me2Ns(Pr,Pr))] (1). Crystallization from a solvent diffusion (THF/pentane) yields
single crystals suitable for X-ray diffraction. The structure showed the Fe'' ion in a distorted
trigonal bipyramidal coordination environment (t = 0.78) (Figure 2.4, Error! Reference source
not found.). The [S.®2N3(Pr,Pr)]? ligand helically wraps around the Fe' ion. Both enantiomers
are present and related by a crystallographic inversion center. UV-Vis spectroscopy has a
characteristic electronic absorption band at Amax = 420 (1260) nm in THF and /max = 385 (1500)

nm in MeOH at 293 K (Figure 2.5).
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Figure 2.4. Displacement ellipsoid plots of [(Fe"(S2M*2Ns(Pr,Pr))-u-(Fe')]?* (4),
[Fe"'(S2Me2Ns(Pr,Pr)]* (2), and [Fe''(SM2N3(Pr,Pr))] (1) with thermal ellipsoids at the 50%
probability level. Counter-ions, solvent molecules and hydrogen atoms have been removed for

clarity.

Table 2.2. Comparison of selected metrical parameters for the five-coordinate oxidized
[Fe'''(S2Me2Ns(Pr,Pr)]* (2), and five-coordinate reduced [Fe''(SMe2Ns(Pr,Pr))](1).2

2 1
Fe-S(1) 2.161(2) A 2.3306(5) A
Fe-S(2) 2.133(2) A 2.3263(5) A
Fe-N(1) 1.967(4) A 2.1556(16) A
Fe-N(2) 2.049(4) A 2.1656(16) A
Fe-N(3) 1.954 (4) A 2.1815(15) A
S(1)-Fe-N(2) 132.3(1) ° 125.70(4) °
S(2)-Fe-N(2) 106.5(1) ° 107.79(4) °
S(1)-Fe-S(2) 121.01(1) ° 126.17(2) °
i 0.76 0.78

a5-coordinate geometry index, = ( — a)/60. B is the largest bond angle observed, and o is the second largest bond
angle.%®
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The structure and geometry of 1, specifically the orientation of the thiolate ligands,
provides insights into the unusual spin-state of 1. In solution, 1 has a magnetic moment of x = 2.63
uB at 298 K in MeCN consistent with a S = 1 spin-state. The zero-field Mdssbauer spectra at 4.2
K on a frozen solution of 0.476 mM 1 in THF produces a quadruple doublet with an isomer shift
6 = 0.86 mm/s and AEq = 3.36 mm/s (Figure 2.5. Quantitative electronic absorption spectra of
0.238 mM of [Fe'"(SMe2N3(Pr,Pr))] (1) in MeOH (red) and THF (blue) at 293 K. Inset: The zero-
field °"Fe Mdssbauer spectra at 4.2 K of a frozen solution of 0.476 mM 1 in THF.). There are few
S = 1 systems and none with similar coordination environments to compare to and isomer shift
valves depend on the coordination environment. The isomer shift of 1 is between the reported
values for thiolate ligated Fe'' complexes with S = 0 (5 = 0.36-0.44 mm/s)**-® and S = 2 complexes
(5 = 0.93-1.08 mm/s)®%%2, This value differs significantly from the oxidized derivative 2 (S = 1/2),
& = 0.21 mm/s and AEqQ = 3.01 mm/s.%® Analysis of the spin-state S = 1, implies there is a large
energy separation between the dz2 and the dxy and dxzy2 orbitals. In addition, it suggests the energies
of dxy and dy.y2 are similar if not degenerate. The Fe''/!"' redox potential of 1 was measured as -425
mV vs SCE, this converts® to -805 mV vs Fc¢/Fc* which is below the redox potential of than the
of -100 mV vs Fc/Fc* required for O reactivity.®® The study of dioxygen activation for S-
oxygenation was 1 promising since it fulfilled the requirement of an open site for O2 binding cis

to the thiolate and a low redox potential.
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Figure 2.5. Quantitative electronic absorption spectra of 0.238 mM of [Fe''(SM*2N3(Pr,Pr))] (1) in
MeOH (red) and THF (blue) at 293 K. Inset: The zero-field >'Fe Mdsshauer spectra at 4.2 K of a

frozen solution of 0.476 mM 1 in THF.

2.3.2 Reactivity of [Fe' (SMe2N3(Pr,Pr))](1) with Dioxygen at Room Temperature

Bubbling dry O gas through a solution of 1 in THF at 25 °C causes an immediate color
change from pale greenish-yellow to watermelon pink, with an associated shift in Amax t0 510 nm
(Figure 2.6). This reaction is not solvent dependent and the same feature (Amax = 510 nm) is
observed in MeOH. This feature in MeOH indicated the product of the reaction of 1 with O> was
the previously characterized [Fe'(52-SMe20)(SMe2Ns(Pr,Pr))]* (5) (Figure 2.7).*® The stable
complex 5 was first synthesized from 3 using oxo atom donors and structurally characterized with
X-ray crystallography.*® Using the reported molar absorptivity, the reaction of 1 and O produced

5in a 94 % vyield. Electron paramagnetic resonance (EPR) spectra of the product showed the
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growth of an intense rhombic signal (g = 2.17, 2.11, 1.98) also consistent with the formation of 5
in 93% yield. Electrospray mass spectroscopy (ESI-MS) of isotopically labeled samples shows
that the oxo of 5 is derived from 80, (Figure 2.8). This is the first example of an isolated and
characterized sulfenate derived from O2. Formation of the sulfenate could occur via adirect attack
on the thiolate by O2 or metal-centered dioxygen activation motivating the search for low-

temperature intermediates to determine the pathway.
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Figure 2.6. Quantitative electronic absorption spectrum of 0.238 mM of [Fe''(SM®2Ns(Pr,Pr))] (1)

(green line) reacting with O to form [Fe'''(4#2-SMe20)(SM2)N3(Pr,Pr))]* (5) in THF at 295 K.
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Figure 2.8. Positive mode ESI-MS spectra of the reaction of 1 with O>. Inset: ESI-MS spectra of

[Fe""'(52-SMe160)(SMe2)N3(Pr,Pr))]* (5) (red line) generated from 1 and *60,. The 0O-derivative,

[Fe""'(5#2-SMe180) (SMe2)N3(Pr,Pr))]*(blue line) indicating the sulfenate is formed from dioxygen
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2.3.3 Reactivity of [Fe"(SMe2N3(Pr,Pr))](1) with Dioxygen at Low Temperature

A new metastable cranberry red O>-derived intermediate is observed en route to singly
oxygenated 5. This intermediate is generated by bubbling dry O through the solution 1 in THF
and has a ty2 = ~20 mins at -73 °C (Figure 2.9). This intermediate display several electronic
absorption features at 409, 523, and 707 nm (Figure 2.9). The latter low-energy feature is
characteristic of six-coordinate, bis-thiolate-ligated Fe'' complexes. From an in-depth
computational and spectroscopic study on the electronic structure of the five coordinate 2 versus
the six-coordinate 3, the appearance of the low-energy feature is attributed to the pure =
interactions between this acceptor orbital and both thiolate donor ligands in the equatorial plane in
the octahedral geometry.®® This metastable intermediate is not solvent dependent and may also be
formed in 2-methyltetrahydrofuran (2-MeTHF), dichloromethane (DCM), or methanol. An

identical low temperature intermediate (6) can be generated from [Fe'"'(SM®Ns(Pr,Pr))]* and an

excess of potassium superoxide (KO3) (Figure 2.10).
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Figure 2.9. Monitoring the low temperature (-73 °C) reaction between 1 (0.238 mM) and excess

O2 in THF by electronic absorption spectroscopy.
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Figure 2.10. Electronic absorption spectra of an identical intermediate forms upon the addition of
excess (50 equiv) KO (solubilized in THF with 18-crown-6) to 0.476 mM of oxidized

[Fe'"'(SMe2Ns(Pr,Pr)]* (2) at -73 °C in THF.
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In the presence of azide at low temperatures the cranberry red intermediate and subsequent
sulfenate 5 cannot be formed the open coordination site of 1 was occupied by an azide anion. The
mechanism of S-oxygenation by CDO occurs via a metal centered reaction and showed by
inhibition by azide.®” This type of inhibition study is commonly used in bioinorganic chemistry.%-
I Upon introduction of an excess of azide followed by bubbling Oz gas through the solution,
results in outer sphere oxidation of the metal to form previously reported azide-bound
[Fe"'(S2Me2N3(Pr,Pr)(N3)] (3) (Figure 2.11).% Azide inhibition of this reaction indicates that O

must bind to the metal ion in order for oxo-atom transfer to occur.
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Figure 2.11. Monitoring the low temperature (-73 °C) reaction between 1 (0.476 mM) and excess

N3 followed by the addition of excess Oz in THF by electronic absorption spectroscopy.
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2.3.4 Characterization of Low-Temperature Dioxygen Derived Intermediate

The assignment of the dioxygen derived intermediate as an Fe''"superoxo was supported
by computational studies and a variety of spectroscopies. The time-dependent DFT (TD-DFT)
calculated electronic absorption spectra replicated the three features in the experimental spectra
well. The superoxo n*(0—0) —dxy(Fe"") charge transfer transitions contribute to the two higher
energy bands, and a RS~ — orbital Fe—O." charge transfer transitions contribute to all three major
features and are responsible for nearly all of the lower energy band (Figure 2.12). The density
functional theory (DFT) calculated structure of [Fe''(S2M2N3(Pr,Pr))(O2)] (6) contains an O
moiety cis to one of the thiolate sulfurs (Figure 2.12), with bond lengths (O—O = 1.289 A), and a
calculated voo stretch (1154 cm™1), consistent with a Fe'!'-superoxo, analogous to the proposed

IPNS and CDO intermediates.
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Figure 2.12. TD-DFT calculated electronic absorption spectrum of superoxo complex
[Fe'"'(S2Me2N3(Pr,Pr))(02)] (6) including natural transition orbitals (NTO) describing the charge

transfer (CT) transitions.
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Experimental evidence confirming the presence of a O moiety bound to 1 was obtained
using ESI-MS spectroscopy and resonance Raman spectroscopy showed the degree of oxygen
activation consistent with a superoxo species. The ESI-MS spectrum of 1 contains a transient (6
s) M + 32 peak at m/z = 417.3, consistent with the addition of two oxygen atoms to the parent ion,
1 (m/z = 385.4). The resonance Raman (rR) spectrum of 6 reproducibly shows a transient feature
(a Fermi doublet) at 1093 and 1122 cm™* (Figure 2.13) in THF that disappears over the course of
30 minutes. Isotope labeling with 80, in THF resulted in the absence of the Fermi doublet, but
the predicted downshifted signals were undetectable under the dominating solvent features. The
corresponding experiment carried out in a different solvent, CD,Cl,, shows a feature at 1093 cm™
that shifts to 1022 cm™* when generated from 80, (Figure 2.14). These values are consistent with

other reported transition metal-superoxo v(O-O) frequencies (Table 2.3).

t=18 min

t=30 min

980 1000 1020 1040 1060 1080 1100 1120 1140
Raman Shift (cm™?)

Figure 2.13. Monitoring the reaction between 1 (5 mM) and Oz in THF at —73 °C by resonance
Raman spectroscopy. Samples were frozen in liquid N2 (77 K) at the time-intervals indicated (Aex

=527 nm; 4.0 mW power; * = solvent peak).
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Figure 2.14. Comparison of the resonance Raman spectra of 10 mM (1), 6 formed with 0O, 6
formed with 805, and the end-product, 5 in CD2Cl, at 77 K (Aex = 527 nm; 6 mW power; *=
solvent peak.). Vertical dotted lines mark the v *80-%80 stretch at 1093 cm™, and the v!80-180

stretch at 1022 cm™.
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Table 2.3. Selected Resonance Raman Stretching Frequencies of First-Row Transition Metal-

Superoxo Complexes.

Complex v(*0-1°0), cm? v(*0-180), cm? A16/18 ref
[(H20)sCr'"(0 )] 1166 1098 68 72
[(Cl)(TMC)CrM(0.)]* 1170 1104 66 73
[(13-TMC)Ni"(0;)]* 1130 1070 60 74
[(14-TMC)Ni"'(0,)]* 1131 1067 64 75
[Cu"(O2)(TMPA)]* 1119 1058* 61 76
[Cu"(O2)(BA)]* 1123* 1059* 64 76
[Cu"(027)(FsBA)* 1126* 1062* 64 76
[Cu"(O2)(MPPA)]* 1130 1067* 63 76
[Mn"'(02)(L)( H20)]?* 1124 1035 89 77
C0'"(0,)(MesTACN)(SSiMey) 1133/1123 1070/1059 64 8
[CoM(LP")(TpM2)(0,)] 1150 1088 62 18
[Fe''(LP")(TpMe2)(02)] 1168 1090 78 18
[Fe'"'(BDPP)(02)] 1125 1062 63 16
[Fe"(TAML)(n2-02)] 1260 1183 77 w7
[Fe(O2)(TpMe2)(2-ATP)] 1135/1105 1055 65 15
[Fe''(Pr,Pr)(02)](6) 1121/1093 1022 71 79

* |Indicates the center of a Fermi Doublet.

The electronic properties of first-row transition metal-superoxos remains unclear since the
degree of charge transfer from the metal to the dioxygen adduct is variable.”®8%82 Formal oxidation
states of an Fe-superoxo may be described as Fe'-O, or Fe''-O,"". The latter, Fe""' complexes are
typically studied using L-mode EPR spectroscopy. The EPR spectra of 6 had no detectable signal
indicating it may be diamagnetic. A superoxo species with S = 0 is expected for this system since
2 was shown to antiferromagnetically coupled with a bound nitric oxide radical producing
diamagnetic signals in the *H NMR spectra.2* When the reaction of 1 and O is monitored by ‘H
NMR spectroscopy at -40 and -70 °C, the paramagnetic signals of 1 collapse to diamagnetic (S =

0) signals upon the addition of O (Figure 2.15). The calculated overlap parameter of T =0.17 and
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coupling constant J®¢ = — 450 cm™ indicate that the two unpaired spins are strongly coupled
antiferromagnetically, consistent with the absence of paramagnetically shifted peaks in the *H
NMR and 1-mode EPR silence of 1 at 117 K. In addition, the vibrational data for 6 supports the
electronic description as an Fe'"' ion coupled to a superoxide radical. The available vo.o vibrational
data for Fe-O> species that forms of trans cysteinate-ligated cytochrome P450 (range vo-o: 1136 -
1151 cm™t), and synthetic trans thiolate-ligated Fe porphyrins (range vo-o: 1140 - 1147 cm'Y), albeit
with fluorinated aromatic thiolates for the latter.®> The lower vo.o stretching frequency (1093 cm-
1) for 6 likely reflects the cis orientation of the thiolate and delocalization of electron density
between the electron donating thiolate and the Fe-O> moiety, which shifts electron density into the
superoxo m*(0O-0) orbital. Altogether, the above data support an electronic description for 6
involving a low-spin Fe ion antiferromagnetically coupled to a superoxide radical, indicating that

an electron is transferred to O, upon binding.
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Figure 2.15. The paramagnetically shifted signals in the *H NMR spectra (500 MHz) of 1 (top)
collapse to diamagnetic signals upon the addition of Oz and formation of intermediate 6 (bottom)

in d®-THF at -40 °C. Inset: Singly occupied molecular orbitals (SOMO) of 6 contain strongly

coupled electrons of opposite spin, one on the superoxo (O2") and the other on the metal ion.

2.3.5 Hydrogen Atom Abstraction by an Fe'"'-Superoxo

In enzymatic systems, Fe''-superoxo intermediates are proposed to be capable oxidants
thus an investigation into the reactivity of 6 was carried out. Ferric superoxo, 6, converts to a
second metastable intermediate, a putative Fe''-hydroperoxo, [Fe''(S2M¢2Ns(Pr,Pr))(OOH)] (7)
(Amax = 696 nm), at =73 °C in THF, at a rate that is dependent on the C—H bond strength of the

solvent or hydrogen atom donor (Figure 2.16 & Figure 2.17). The solvent, THF, has C-H bonds
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that are slightly activated by the lone pair of electrons on the THF oxygen atom to the adjacent C-
H bond.?® This makes the C-H bonds good analogues of the B-Ccys-H bonds of ACV since they are
similarly activated by the adjacent thiolate (BDEg.ceys-h = 93 kcal/mol and BDEthr = 92
kcal/mol).1%8"8 Reaction rates decrease in deuterated THF (Figure 2.17) and the observed
deuterium isotope effect of kH/kD = 4.8 is comparable to that of IPNS (kH/kD = 5.6). This
indicates that superoxo 6 is capable of abstracting hydrogen atoms from strong C—H bonds
(BDE(THF) = 92 kcal/ mol).2® The reaction rate increases upon the addition of a sacrificial

hydrogen atom donor (100 equiv. of 1,4-cyclohexadiene (CHD), BDEc.1 = 76 kcal/mol).

ka ’z}ﬁ
s”J“ oLz, § S,,},u M
OOH

/N o "/N

Figure 2.16. Depiction of hydrogen atom abstraction by 6 to produce 7.
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Figure 2.17. Left: Electronic absorption spectra of the conversion of 6 to a second metastable
intermediate, 7, at -73 °C in THF. Right: Pseudo-first-order kinetic plots associated with the
reaction between 1 (0.48 mM) and THF (12 M), or CHD (48 mM) in THF at —73 °C. Reprinted
with permission from Blakely, M. N.; Dedushko, M. A.; Poon, P. C. Y.; Villar-Acevedo, G.;
Kovacs, J. A. J. Am. Chem. Soc. 2019, 141, 1867—-1870. Copyright 2019 American Chemical

Society.™

Since the product of the reaction of 6 and hydrogen atom donors is believed to be a 7.
Consistent with this, a new rhombic signal grows in after 40 minutes when the reaction between 1
and O2 is monitored by EPR (Figure 2.18). Spin quantitation indicates that the EPR signal of 7
represents 87% of the sample. The remaining 13% can be attributed to 1 and/or 6, both of which
are EPR-silent in L-mode. In addition, the reaction of 6 and the hydrogen atom donor, TEMPOH
(BDEo.+ = 66.5 kcal/mol)®, instantaneously generates an identical rhombic signal and the
TEMPO-e in the EPR spectrum showing the cleavage of the O-H bond (Figure 2.19). When H2SO4
was added to the putative peroxo species the production of 73 = 4 % H>0O. was detected by using

a titanium(lV) oxysulfate. Further characterization is needed to definitively identify the
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intermediate 7 but the EPR spectra and hydrogen peroxide detection are consistent with a Fe'!-
hydroperoxo species. This species once warmed to -40 °C converts to the singly oxygenated

species 5 implying the cleavage of the O-O bond (Figure 2.20 & Figure 2.21). Further discussion

of potential intermediates following the O-O bond will be discussed in later chapters.
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Figure 2.18. CW X-band EPR spectrum (L-mode) of putative hydroperoxo Fe''-OOH (7), formed
from superoxo Fe'''-0," (6) via H atom abstraction (RH = THF, CHD). in 98:2 THF:2-MeTHF

glass at 117 K.
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Figure 2.19. CW X-band EPR spectrum (L-mode) of putative hydroperoxo Fe'"-OOH (7) and
TEMPOe, formed from superoxo Fe''-O," (6) via H atom abstraction from TEMPOH in 98:2
THF:2-MeTHF glass at 117 K. (Experimental spectra (black) and simulations of FeOOH (blue)

and TEMPOe(red)).
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Figure 2.20. Electronic absorption spectra of the conversion of [Fe'"'(S2M¢2N3(Pr,Pr))(O0H)] (7)

to the singly oxygenated, 5, over the course of 110 mins at -40 °C in THF.
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Figure 2.21. Reactivity of 2 with dioxygen to produce 5.

2.4 Conclusion

Herein an alkylthiolate-ligated Fe'' complex was reported that is capable of reacting with
dioxygen to form two metastable intermediates. The first intermediate, identified as an Fe''-

superoxo, is the first example of an alkylthiolate Fe'''-superoxo. Spectroscopic characterization of
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6, along with calibrated DFT calculations, provides additional evidence to support the assignment
of the IPNS and CDO intermediates detected via transient absorption spectroscopy, as cis RS-Fe'"'-
superoxo species. Electronic absorption spectral features of 6 are similar to the reported CDO and
IPNS intermediates. The electronic structure of 6 is described as a S = % antiferromagnetically
coupled to the superoxide racial producing an integer spin (S = 0) species that is EPR silent and
shows diamagnetic signals in the *H NMR spectra. This EPR silent species converts to an EPR

active putative 7 species, requiring the abstraction of a hydrogen atom.

In contrast to the few reported Fe'"-superoxo complexes, alkylthiolate-ligated 6 is capable
of abstracting H atoms from strong C—H bonds, on par with that of the B-Ccys-H bonds of cysteine
(93 kcal/mol).%0 It is plausible that n-back-donation by the electron-rich alkyl thiolate facilitates
this reactivity by increasing the basicity of the distal oxygen. This is the first example of hydrogen
atom abstraction by a thiolate ligated transition metal superoxo demonstrating the oxidative

capabilities of an Fe-""' superoxo.
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Chapter 3. Cryogenic Stopped-Flow Kinetic Studies Involving the

I

Formation of a Thiolate-Ligated Fe'"'-Superoxo

Reproduced in part with the permission of Inorganic Chemistry, from Cryogenic Stopped-Flow
Kinetic Studies Involving the Formation of a Thiolate-Ligated Fe''-Superoxo, Blakely, Maike N.;
Piquette, Marc C.; Greiner, Maria B.; Kovacs, Julie A. Inorg. Chem. Submitted for Publication.

Unpublished work copyright 2020 American Chemical Society.

3.1 Introduction

Dioxygen is a versatile, abundant, and clean oxidant for catalytic oxidation reactions that
is harnessed in Nature by first-row transition metal-containing enzymes.' > Reactions involving
dioxygen are kinetically slow in the absence of a transition-metal catalyst, because they are spin-
forbidden.® Non-heme Fe enzymes, such as isopenicillin N-synthase (IPNS) and cysteine
dioxygenase (CDO), utilize dioxygen in order to carry out processes that are relevant to human
health. The former catalyzes the oxidative bicyclization of a cysteine-containing tripeptide
precursor to penicillin.” The latter, CDO, catalyzes the oxidation of cysteine to cysteine sulfinic
acid.® High levels of cysteine have been linked to neurological disorders, such as Alzheimer’s and
Parkinson’s,® and the metastasis of cancerous tumors.'® Both IPNS and CDO are non-heme iron
enzymes proposed to bind O cis to a cysteinate sulfur to afford a reactive Fe''-superoxo
intermediate.”***2 The high covalency of the IPNS Fe'"'-SR bond was shown by magnetic circular
dichroism (MCD) and density functional theory (DFT) calculations to lower the activation barrier
to dioxygen binding, and stabilize the Fe'"'-superoxo intermediate.'**® The IPNS Fe'"'-superoxo

intermediate has been shown to abstract a p H-atom adjacent to the thiolate sulfur (BDE(C-H)= 93



96
kcal/mol) to afford an Fe'"-hydroperoxo intermediate,!” and with CDO is proposed to attack the

adjacent cysteine sulfur to form a peroxythiolate intermediate (Figure 3.1). Both of these oxidation

steps involve an intramolecular reaction, thus making observation of the Fe''-superoxo
intermediate extremely challenging.
IPNS
H-L (COo, H- " (CHO, H-L COy
H,0 o H,0 H,0 o
HisN 2 HisN < 0___() HisN o—
////""F|e" u o HN N, F:l\\\ g HN HAT I HN
asng?” | N o amg? | N 0 Asl’0/ | ~ S o
Hispy H Hispy H Hispy H
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~R SR SR
CDhO -
H,0 0\
“0,C__Nuy,, i H‘“\\\\NH]s “0,C.__Nuy,, |lll\\\\\NHls N/// Illn\\\Nl-hs
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Figure 3.1. Schematic illustration of the active site of ACV-bound IPNS where the five-coordinate
iron binds O generating an Fe''-superoxo intermediate that abstracts a hydrogen atom (blue)
(top).” Depiction of the active site of cysteine bound CDO where O binds cis to the ®°S", to

generate an Fe'!'-superoxo intermediate (bottom).*2

Generally, non-heme Fe—superoxo intermediates are short-lived even at low temperatures,
and are thus difficult to spectroscopically characterize.!”*® The putative IPNS Fe'"'-superoxo
intermediate is only spectroscopically observed upon deuteration of the cysteinate B-hydrogens,
and even then in only small amounts (14%), using either transient absorption spectroscopy (Amax=

~500 and ~630 nm; t = 2-10 ms), or by rapid freeze quench Mdssbauer spectroscopy (6 = 0.53
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mm/s).}” Vibrational data has yet to be reported. An Fe intermediate, tentatively assigned as an
Fe'''-peroxythiolate based on computational studies, is also transiently observed (~20 ms) during
the catalytic cycle of CDO via stopped-flow absorption spectroscopy (Amax= 500 nm, 640 nm).

However, an Fe''-superoxo assignment was not entirely ruled out.'® Prior to the observation of the

dioxygen-derived CDO intermediate, a putative Fe''-superoxo species was generated via the

chemical-rescue of a catalytically inactive substrate-bound form of Fe'"!

-CDO using superoxide
(027).1° A transient absorption feature associated with this species (at Amax= 565 nm) was attributed
to a putative Fe''-superoxo. This species was also observed via parallel-mode X-band EPR
spectroscopy, and shown to contain a g-value of ~11, consistent with an S =3 ground state, and a
high-spin S= 5/2 ferric ion ferromagnetically coupled to a S= % O radical.® Although the
observation of these intermediates is remarkable, examining the mechanism of formation of these

intermediates would be difficult due to their extremely fast timescales and limitations regarding

accessible temperatures due to the high freezing point of water.

Small molecule analogues of metalloenzyme active sites can be used to study the
mechanism of dioxygen activation and provide insights into the metal-centered intermediate’s
oxidation state and electronic structure.?°?? The first intermediate in dioxygen activation pathways
is a metal-superoxo. The degree of electron transfer is variable and the formal oxidation of first-
row transition-metal superoxo complexes has been debated.?®>?* Only five well-characterized
examples of small molecule, non-heme Fe''-superoxo complexes have been reported.>? For
those generated from O, the reversibility of the reaction was qualitatively evaluated by purging a
solution with an inert gas and monitoring the intensity of the Fe''-superoxo electronic absorption
bands. A decrease in intensity, followed by an increase to its original value upon the re-

introduction of O, over several cycles provides qualitative evidence for reversible Oz binding.
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Using this method, synthetic small-molecule complexes, [Fe"(BDPP)] and [Fe'(L"")(TpV¢?)],
have been shown to reversibly bind O, in tetrahydrofuran (THF) at -80 °C and -60 °C,
respectively.?®2” In contrast, the arylthiolate-ligated complex, [Fe'(TpM®?)(2-ATP)] was
qualitatively shown to irreversibly bind Oz in THF at -80 “C.?® An S = 2 ground state indicates that
the electronic structure of [Fe''(O2)(TpMe?)(2-ATP)] is best described as a high-spin S= 5/2 Fe'!
center antiferromagnetically coupled to a superoxide radical.?® Another example of irreversible O,
binding to a thiolate-ligated first row transition-metal complex, involved
[Co"(MesTACN)(S2SiMe2)]. % Interestingly, EPR and XAS data, as well as DFT computational
studies indicate that the cobalt ion maintains electron density consistent with an oxidation state of
Co'" throughout the reaction suggesting that the bis-thiolate ligand is redox active.*® These
examples illustrate differing metal- and ligand-dependent reactivities with respect to Oz binding
and the transfer of electron density onto the O moiety, however, limited information can be

obtained from qualitative studies.

We recently reported a crystallographically characterized, five-coordinate, reduced alkyl
thiolate-ligated complex, [Fe'(S2M¢2Ns(Pr,Pr)] (1) that reacts with O, to form a well-characterized
ferric superoxo intermediate, [Fe'"'(S2Me2N3(Pr,Pr)(02)] (6).22 Computational studies, vibrational
data, EPR and *H NMR spectroscopic data established that the electronic structure of 2 consists of
a low-spin Fe'" (S = %) ion strongly antiferromagnetically coupled (J “¥°= — 450 cm™) to an S= %
superoxo radical.?® This indicates that the reduced Fe' ion transfers an electron to O, upon
dioxygen binding to the metal ion, to afford a superoxo (Fe" (1) + O,>Fe"-02" (6)).2¢ The study
reported herein explores the mechanism of formation of metastable [Fe''(S2M¢?N3(Pr,Pr)(02)]
(6),28 via two distinct pathways (Figure 3.2): one involving inner-sphere electron transfer, and the

other involving outer sphere electron transfer. Kinetic studies are described in which we
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quantitatively assess the reversibility of, and barrier to, Oz binding to five-coordinate

[Fe'(S2Me2Ng(Pr,Pr)] (1), as well as KO addition to crystallographically characterized

[Fe""'(S2Me2N3(Pr,Pr)]* (2). .

—
H,
7,

111
S NY Fe—

Figure 3.2. Two pathways for the formation of metastable Fe'"'-Superoxo (6).

3.2 Experimental

General Methods. Reagents purchased from commercial vendors were of the highest purity
available and used without further purification. [Fe'(S2M®2Ns(Pr,Pr)] (1) and
[Fe'"'(S.Me2N3(Pr,Pr)]PFs (2) were synthesized as previously described (vide supra).?®3! Methanol
(MeOH) was distilled over calcium hydride and degassed prior to use. Un-stabilized
tetrahydrofuran (THF) was rigorously degassed and purified using solvent purification columns
housed in a custom stainless-steel cabinet, dispensed via a stainless steel Schlenk line
(GlassContour). All manipulations were performed using Schlenk line techniques or under an N>

atmosphere in a glovebox.
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Kinetic Measurements. Preparation of solutions was carried out in a No-filled anaerobic glove-
box ([O2] <1 ppm) and placed in Hamilton gastight® syringes equipped with three-way valves.
Time-resolved spectra (350—820 nm) were acquired at low temperatures using a TgK Scientific
(U.K.) CSF-61DX2 Multi-Mixing CryoStopped-Flow Instrument equipped with a tungsten visible
light source. The stopped-flow instrument is equipped with PEEK tubing fitted inside stainless-
steel plumbing, a 1.00 cm? quartz mixing cell, and an anaerobic kit purged with an inert gas. The
temperature in the mixing cell was maintained to + 0.1 °C, and the mixing time was 2-3 ms. All
flow lines of the instrument were extensively washed with degassed, anhydrous THF before
charging the driving syringes with solutions containing the reactants. The reactions were studied
by rapid scanning spectrophotometry under pseudo-first order conditions with excess oxygen or
superoxide. Saturated solutions of O, were prepared by bubbling dry O2 gas for 15 min into
gastight syringes containing dry THF at 25 °C. The solubility of O, was taken as 7.9 mM in THF
at 25 °C and as 8.5 mM in MeOH at 25 °C.3>* The O, concentration was assumed not to change
upon cooling, given that the system is closed, and the solutions were not in contact with the gas
phase (small variations in the solvent density were not taken into account). Dilutions of the O,-
saturated solvent were performed anaerobically to obtain the desired [O2]. Potassium superoxide
solutions were prepared as described below. All concentrations reported in stopped-flow
experiments refer to the “after mixing” conditions. Experiments were performed in single-mixing
mode, with a 1:1 (v/v) mixing ratio. A series of three or four measurements gave an acceptable
standard deviation (within 10%). Rates reported for the oxygen dependence are the average of at
least three different trials. Data analysis was performed with Kinetic Studio software from TgK

Scientific.3* Data was fit at a single wavelength (523.5 nm) using the following equation:
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A = Ao — (Ao — Ap)e Fobst

Preparation of Potassium Superoxide Solutions. A very fine powder of KO, was weighed out
on an analytical balance, and then 1 eq. Kyrptofix®222 was added to solubilize the KO in THF.
An appropriate amount of BusNPFs ([BusNPFs] = 1.5-11.5 mM (pre-mix concentration)) was
added to maintain an ionic strength of 10 mM (post-mix concentration). These solutions were

vigorously stirred at RT in glovebox for at least 20 mins and used within 6 hrs of preparation.

3.3 Results and Discussion

3.3.1 Kinetic Measurements for O, Binding

Electronic absorption spectroscopy was used to monitor the reaction between
[Fe''(S2Me2Ns(Pr,Pr)] (1) and O, using a cryogenic stopped-flow instrument. The growth of
spectral features associated with [Fe"'(S2M#2Ns(Pr,Pr)(02)] (6) (Figure 3.3) were monitored under
pseudo first order conditions with excess Oz. Saturated solutions of Oz were prepared by bubbling
dry O2 gas into a gastight syringe containing dry THF for 15 min at 25 °C. The solubility of O
was taken as 7.9 mM in THF at 25 °C and as 8.5 mM in MeOH at 25 °C.3>* Dilutions of the O2-
saturated solvent were performed anaerobically to obtain the desired O2 concentration. As
illustrated in the time-resolved absorption spectrum, Figure 3.3, superoxo 6 forms in less than 20

sec. The kinetic trace for the change in absorbance at Amax = 523 nm, can be

Ar = Agy — (A — Ag) e Fobst (1)
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fit to the single exponential of eqn (1) with very small residuals. The general kinetic scheme is

shown in eqns (2) — (4).% The observed rate constant (kobs) Was found to be independent of the

concentration of 1 (Figure 3.4), confirming that the reaction is first-order overall with respect to 1,

consistent with the formation of a 1:1 dioxygen adduct.
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Figure 3.3. Time-resolved spectral changes obtained upon mixing THF solutions of

[Fe"(S2Me2N3(Pr,Pr)](1) and Oz (4.0 mM) at -40 °C. Inset: Kinetic trace (A = 523 nm) showing the

formation of the Fe-O intermediate 6. All reported concentrations are after mixing in the stopped-

flow cell.
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Figure 3.4. Plot of observed rate constants (kobs) for the formation of Fe''-superoxo (6) versus

[Fe''(S2Me2N3(Pr,Pr)](1) concentration at -40 °C in THF. [O2] after mixing = 4.0 mM.

The reaction order with respect to dioxygen was determined by varying the concentration of
dioxygen over the range [O2] = 2.4 mM to 4.0 mM in THF and [O2] = 2.55 mM to 4.25 mM in
MeOH. The observed rate constant, kobs, Was shown to increase linearly with increasing dioxygen

concentration (Figure 3.5 and Table 3.4) consistent with first order dependence on dioxygen. For

on

Fe'l + O, Fe'o, 2)
k(z/ff
d[Fel'0,| = k,, [Fell] 3)
dt

kobs = konlo2] + koﬂ (4)
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a reversible process (egn (1)), kebs would be dependent on both the rate constant for Oz binding
(kon), as well as the dissociation rate constant (kotr). Thus, under pseudo-first order conditions with
excess Oz eq. (3) holds.® Data was collected over a range of [O2] concentrations, and temperatures
(-40 to -10 °C). From Kkons Vs. [O2] plots, the second order rate constant for dioxygen binding (Kon)
to 1, and dioxygen release (koff) from 6 in THF and MeOH were obtained from the slope and
intercept of the straight line, respectively (Figure 3.5). The intercept of these plots for the THF
reaction was found to be close to zero over the temperature-range examined indicating that the rate
constants for dioxygen release (koff) from 1 are essentially zero, and that O, binds irreversibly to
6. In MeOH, the rate constant for dissociation, Ko, increases with increasing temperatures (Figure

3.5) as one would expect for a dissociative process, thus there is reversible Oz binding in MeOH.
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Figure 3.5. Plot of the observed rate constants for the formation of Fe'"-superoxo intermediate

versus O concentration at different temperatures in THF (left) and MeOH (right). Initial

concentration of [Fe''(S2Me2Ns(Pr,Pr)] (1) = 2.5 x 10 M.
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Table 3.4. Experimentally-Measured Temperature-Dependent Rate Constants for the Formation of Fe'"'-Superoxo
(6) in the Reaction Between [Fe'(S:M*?N3(Pr,Pr)](1) and O..

Temperature, °C kon, (M%s) in THF Kon, (M) in MeOH Koff, (s1) in MeOH
0 6.00(43) 4.24(21) x 10°3
-10 1.89(14) x 102 3.15(18) 2.46(51) x 10°
-20 1.184(7) x 102 1.89(13) 1.83(47) x 10°8
-30 7.43(8) x 10 1.04(1) 5.24(79) x 10
-40 4.71(19) x 10

Rate constants for O, binding to 1 and the formation of Fe'!-superoxo 6, kon, were obtained
at four different temperatures in two different solvents (Table 3.4), and activation parameters
(AH*rHF = 21.57% 0.67 kJ mol™!, AS* thr = —118.5 £ 2.7 I mol ! K™ and AH#meon =29.62 + 1.44
kJemol™, AS* meon =—121.1 £ 5.6 J mol™' K™!) were obtained from Eyring plots (Figure 3.6). The
negative entropy of activation, AS*, is consistent with an associative process involving Oz binding,

as opposed to a process involving solvent dissociation.
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Figure 3.6. Eyring plot for O, binding to 1 to form the Fe'"'-superoxo intermediate (6) in THF (left)

and MeOH (right), from which activation parameters were derived.



106

3.3.2 Kinetic Measurements for KO Binding

The reaction between oxidized [Fe"'(SMe2Ns3(Pr,Pr))]* (2) and potassium superoxide (KO)
was monitored using a cryogenic stopped-flow UV-Vis spectrometer. Specifically, the growth of
spectral features associated with [Fe''(S:M2N3(Pr,Pr)(O2)] (6) were monitored, under pseudo 1%
order conditions with excess KO, (Figure 3.7). Kryptofix ® 222 was used to solubilize KO- (5
mM to 10 mM) in THF, and a constant ionic strength was maintained for all reactions using 0.1
mM (post-mix concentration) of BusNPFe. Rates were too fast to measure at temperatures above -
20 °C when a large excess of KO2 was used. Therefore, these experiments were carried out over
the temperature range -50 °C to -20 °C. The observed rate constants (kobs) for superoxide binding
were found to increase linearly with increasing superoxide concentration (Figure 3.8) and were
independent of the concentration of 2, confirming that the reaction is first-order with respect to 2,

consistent with the formation of a 1:1 superoxide adduct.
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Figure 3.7. Time-resolved spectral changes obtained upon mixing THF solutions of
[Fe'"'(S2Me2N3(Pr,Pr)]*(2) and KO2 (2.0 mM) at -30 °C. Inset: Kinetic trace (A = 523 nm) showing
the formation of the Fe-O. intermediate 6. All reported concentrations are after mixing in the

stopped-flow cell.

Second order rate constants, kon, for KO2 binding to 2 were obtained from the slopes of Kops
vs [KO2] plots at four different temperatures (Figure 3.8 and Table 3.5). At warmer temperatures
(-30 to -20 °C) the dissociation constants determined, indicating the O>™ binding reversibly at
higher temperatures although the reaction favors O," binding (Keq > 47.5 M™). For the formation
of 6 from KO, binding to 2, activation parameters (AH* = 39.95 + 5.26 k] mol™! and AS* = -41.47

+ 19.3 J mol™' K™!) were obtained from an Eyring plot (Figure 3.8). The negative entropy of
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activation, AS*, is consistent with an associative process involving KO binding to 2. The smaller
magnitude of AS* is likely due to either solvent rearrangement around the superoxide anion, or,

dissociation of a loosely coordinated THF solvent, required for binding.
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Figure 3.8. Left: Plot of the observed rate constants for the formation of Fe'!'-superoxo 6 versus
KO; concentration at four different temperatures. Initial concentration of [Fe'"'(S.M¢2Ns(Pr,Pr)]*
(2) = 1.0 x 10* M in THF after mixing. Right: Eyring plot for KO binding to 2 to form the Fe'!-

superoxo intermediate (6) in THF, from which activation parameters were derived.

Table 3.5. Experimentally-Measured Temperature-Dependent Rate Constants for the Formation of Fe'"'-Superoxo
(6) in the Reaction Between [Fe"'(S;M*2N3(Pr,Pr)]* (2) and KO, solubilized with Kryptofix ® 222 in THF.

Temperature, °C Kon, (M ) Koff, (54)

-20 1.738(109) x 102 3.66(9)

-30 1.017(163) x 102 5.89(13) x 101
-40 4.646(713) x 10*

-50 1.175(87) x 10*
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3.3.3 Discussion

The kinetics of dioxygen binding to five-coordinate bis-thiolate ligated Fe' (1), and
superoxide binding to Fe'" (2), were investigated in order to determine the mechanism of formation
of Fe"-superoxo (6). These complexes, in the reduced and oxidized states, maintain a vacant
coordination site, thereby avoiding the need to tease out the influence of solvent dissociation versus
O2 binding on kinetic parameters. This has hampered other dioxygen binding studies where solvent
or ligand dissociation is rate-determining, making it difficult to determine the barrier to O
binding.3%%" Fits to the temperature-dependent Kinetics data indicate that the reaction between 1
and O displays first-order dependence on iron and first-order dependence on O over the
temperature range examined. An analysis of the Eyring plots of Figure 3.6 shows that the entropy
of activation, AS*, for O, binding to 1 in MeOH (AS* meon = —128.1 £ 10.4 J mol ! K™!) and THF
AS*tir = —118.5 £ 2.7 I mol™! K™!) is comparable and negative, consistent with an associative
process involving Oz binding, as opposed to solvent dissociation. Thus the study herein provides
new insight regarding solvent-dependent kinetic barriers associated with Oz binding to a five-
coordinate non-heme Fe complex relevant to tumor suppressor enzymes,® and enzymes used for
the synthesis of B-lactam antibiotics.*

The solvent environment has been shown to influence the rate of dioxygen binding to
previously reported iron complexes,*®#! it was essential that we take this into consideration for
comparative purposes.’®*! As shown in Table 3.4, the rate constants for Oz binding to 1, kon, are
consistently and significantly greater in the aprotic solvent, THF, versus the protic solvent MeOH
over the temperature range examined. The enthalpy of activation for O binding to 1 is 7 kJemol™
higher in MeOH (AH#meon =28.52 £ 2.69 kJemol™) versus THF (AH*tur=21.57 £ 0.67 kJemol™).

The blue shift in the electronic absorption spectra for the Fe!' precursor, 1, and Fe'"'-superoxo, 6,
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in MeOH versus THF suggests that hydrogen bonding to the thiolates plays a role in the slower
rates and the higher enthalpy of activation. The nature of this band has previously been shown to
involve a RS —Fe charge transfer transition,'® and H-bonding was previously shown to blue-shift
this band by stabilizing the -symmetry sulfur orbitals involved in this transition.** Evaluating the
kinetics of dioxygen binding in both a protic and aprotic environment expands the comparisons

that can be made to previously reported model complexes and biological systems (Table 3.6).
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Table 3.6. Comparison of Kinetic Parameters for Dioxygen Binding to mononuclear Fe(11), Mn(ll), Co(ll), and
Cu(l) model complexes and biological systems.

T

Pentadentate Model Complexes
[Fe"(S2Me2Ns(Pr,Pr)] (1)  0.78

[Fe(TpP2)BF] 0.65
[Mn'(SMe2(6-MeDPEN)]* 0.59
[Cu(TPA)]*

Co''(acacMeDPT)

Co''(SalMeDPT)
Co''(pXyacacMeDPT)

0.86

Porphyrin Model Complexes
[Fe(Pivs5CIm)]

Biological Systems

Cyt P450-cholestrol bound

FeMb (horse)

Solvent (Temp)

THF (-40 °C)
THF (25 °C)
MeOH (-30 °C)
MeOH (25 °C)
Benzene (30 °C)
MeCN (-40 °C)
THF (25 °C)
Acetone (-50 °C)

Acetone (-50 °C)
Acetone (-50 °C)

Toluene (25 °C)

H,0 (25 °C)

H,0 (25 °C)

Kon, Mgt

4.3(4) x 10!
6.67 x 1032
7.43(8) x 10!
1.89 x 10t2
1.1x 10
7.17(45) x 102
1.3x 10°
1.0(1) x 108

2.10(4) x 10°
1.74(5) x 10°

4.3x108

5.3x1072

1.4 x 107

AH¥, kJ/mol

22(1)

30(1)

25(2)@
26(2)

7.62
5.0

12.7
28

0.75(33)

23

AS#, J/mol

-119(3)

-121(6)

-179(6)°
-76(7)
-45.1
-108

-80
-13

-117(3)

ref

this work
this work
this work
this work
43

44,45

46

47

47,48

47

49

50

51

2 Extrapolation from a different temperature range ® These are composite values, containing several elementary
reactions and care must be exercised in their interpretation. No intermediates were optically observed. ¢ These
values were obtained using flash photolysis methods.

The rate constants for O. binding to 1 are significantly slower than biological oxygen

carriers, even when extrapolated to 25 °C, using the activation parameters obtained (Table 3.6).

The experimentally obtained AH* values for dioxygen binding to 1 fall within the reported range:

0.5 kJ mol™ < AH* < 25 kJ mol* for O, binding to other first row transition metal complexes that

contain open-coordination sites (Table 3.6). The lower range of AH* values are associated with
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transition-metal porphyrin complexes, as well as other five-coordinate transition-metal complexes,
containing a readily accessible open coordinate site (e.g., [Fe(Pivs5CIm)], Co''(acacMeDPT), and
[CU(TPA)]* (Table 3.6). The higher AH* value for the formation of 6 is likely due to a
reorganizational barrier associated with the requisite unwinding of the helical ligand of 6 in order
to accommodate a sixth ligand. The single chain ligand, [S2¢2N3(Pr,Pr)]#, wraps around the Fe
ion in a helical manner placing the metal ion of 2 in a near trigonal bipyramidal coordination
environment (t = 0.78).26 A comparison of the structure of 1 to the DFT geometry optimized
structure of superoxo 6 shows the distortion that is required in order to increase in coordination
number (Figure 3.9).28 The angles most affected by this structural rearrangement are in the
equatorial plane consisting of the thiolates, imine nitrogen, N(2), and the Fe ion. The S(1)-Fe-N(2)
angle opens from 125.70(4)° in 1 to 172.5° in 6. In response to this, the S(1)-Fe-S(2) and S(2)-
Fe-N(2) close from 126.17(2)° to 95.3°, and from 107.79(4)° to 90.5°, respectively. These dramatic
angle changes indicate that the large distortion required in order to accommodate a sixth ligand are
likely the cause for the relatively high AH* for Oz binding to 1. The influence of steric effects on
activation enthalpy, AH*, has been observed previously with a series of five-coordinate Co"
complexes containing pentadentate ligands, in which the bulkiest ligand was shown to have a

considerably larger AH* value for 28 kJ/mol binding.*’
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Figure 3.9. Top: Diagram of the bond angles around the Fe ion in the xy-plane for 6 (right) and 1

(left). Bottom: Space-filling models generated from the X-ray crystallographic determined
structure of 1 (left) and the DFT-optimized geometry of 6 (right) displaying the large amount of

distortion required to bind 02.%

The dissociation of O2 from 6 to convert back to the precursor 1 was found to be solvent
dependent. As mentioned above the solvent environment effects oxygen binding. While it is
difficult to conclusively determine why O binding is reversible in MeOH, one contributing factor
may be the increased solubility of O, in MeOH. At 25 °C, dioxygen saturated THF has an O
concentration of 7.9 mM and MeOH has an Oz concentration of 8.5 mM.32% In enzymatic systems,
the O, pathways to the active site, as well as the active site itself, are often hydrophobic.%? The
IPNS active site, buried deep in “jelly-roll” motif, and the active site of CDO, have hydrophobic
residues lining the active sites.>*>* Therefore, the solvent, THF, best represents the O binding

environment.
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Figure 3.10. Schematic of the possible pathways for the formation of Fe'"'-superoxo (6): outer-
sphere electron transfer from 1 to O, followed by binding of the resulting O2" to the Fe''' center
to produce 6 and binding of O, to 1, followed by inner-sphere electron transfer from Fe'' complexes

to O..

The [Fe(S2M®2N3(Pr,Pr)]%* system afforded the opportunity to study the mechanism of Fe'"'-
superoxo formation from Fe'' and O as well as Fe'"' and O2™. The first of two possible pathways
for Fe'-superoxo formation could be the outer-sphere electron transfer from the
[Fe''(S2Me2N3(Pr,Pr)] to Oz resulting in a superoxide anion which then binds to the now Fe'!' center
forming 6 (Figure 3.10). The second pathway begins with the binding of O to Fe'' followed by
the inner-sphere electron transfer resulting in 6 (Figure 3.10). The rate constants for O™ binding
to Fe''" were similar to those found for O, binding to Fe''. From Arrhenius plots, the activation
energies (Ea) for Oz binding to 1 and O2™ binding to 2 were determined to be 24(1) and 42(3)

respectively (Figure 3.11). The activation energy for O2™ binding is greater than O binding
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combined with an unfavorable Keq for outer sphere electron transfer (1.6x107®), calculated using
the Nernst equation (E2(Fe*?*3®) — E12(02/02™) = -0.46 V vs SCE), thus the above results imply

that the dioxygen reaction involves inner-sphere, as opposed to outer-sphere electron transfer.
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Figure 3.11. Arrhenius plots for the formation of Fe'!-superoxo (6) via the addition of Oz to 1 (left)
and KOz to 2 (right) in THF, from which the activation energies, Ea = 24(1) kJ mol* and E. =

42(3) kJ mol respectively, were obtained.

3.4  Summary and Conclusions

A kinetic study of dioxygen binding to a trigonal bipyramidal Fe'' complex (1) revealed
slower rates of dioxygen binding than natural O carriers. This may be due to the ligand
rearrangement required to accommodate a sixth ligand. In THF, binding of dioxygen was found to
be irreversible like the other reported thiolate ligated Fe'"'-superoxo.?® Electronic structure has been
shown to have a significant effect on O dissociation.®>® Our finding of irreversible binding in
THF and reversible binding that is strongly favored in MeOH supports computational studies

predict covalent bond been RS-Fe-O. stabilized the Fe''' oxidation state, however further
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investigations are required to fully understand the role of the thiolate on favored dioxygen binding.

Additionally, the oxidized complex 2 binds superoxide and the activation energy of this reaction

was found to be greater than that for O binding to 1. Thus, the formation of the Fe

"_superoxo (6)

was found to occur via O binding followed by an inner-sphere electron transfer.
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Chapter 4. Metal-Assisted Oxo Atom Addition to an Fe' Thiolate

Components of this chapter were republished with permission of the Journal of the American
Chemical Society, from Metal-Assisted Oxo Atom Addition to an Fe(lll) Thiolate, Villar-
Acevedo, G.; Lugo-Mas, P.; Blakely, M. N.; Rees, J. A.; Ganas, A. S.; Hanada, E. M.; Kaminsky,
W.; Kovacs, J. A. J. Am. Chem. Soc. 2017, 139 (1), 119.; permission conveyed through Copyright

Clearance Center, Inc.

Components of this chapter were taken from: Blakely, Maike N.; Kovacs, Julie A. “Using Kinetics
to Investigate the Mechanism of Oxo Atom Addition to an Fe(IlI) Thiolate Complex.” In

preparation.

4.1 Introduction

Sulfur oxygenation is an integral part of the post-translationally modified active form of
nitrile hydratase (NHase)'® and the catalytic conversion of cysteine to cysteine sulfenic acid by
cysteine dioxygenase (CDO).* However, there is little known about these transformations. This is
especially true for NHase, where the S-oxygenation occurs either in a metallochaperone prior to
insertion into NHase via “subunit swapping”®® or in the o-subunit of NHase itself.” The active
form of NHase contains three cysteine sulfurs, two are post-translationally modified, one to the
doubly oxygenated sulfinate and the other to the singly oxygenated (RS-O") sulfenate (Figure
4.1).8 The latter is proposed to be directly involved in nitrile hydrolysis while the other
modification is essential for electronic modulation of the Fe center. % The enzyme CDO’s

function is to carry out S-oxygenation and only one CDO intermediate has been transiently
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observed.* Current proposed mechanisms are based almost solely on theoretical calculations.*>?2
Several of these computational studies propose a CDO-persulfate intermediate based off of the
structural characterization of a CDO-Fe persulfenate adduct (Figure 4.2).2° However, persulfate
given as a substrate to CDO did not turn over implying the Fe-persulfenate is an off pathway
species.?* A computational study carried out by Sam de Visser proposed a 4-membered ring

structure of an Fe'"-peroxo intermediate that cleaves the O-O bond heterolytically producing a

sulfenate and an Fe'V=0 (Figure 4.2).2>8 This stepwise oxygen atom addition to the thiolate is
yet to be supported by spectroscopic evidence in the enzymatic system, but there is evidence for a

sulfenate forming prior to sulfinic acid in a biomimetic model system.?®
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Figure 4.1. Depiction of the post-translationally modified active site of NHase containing a singly
oxygenated sulfenate (RS-O) on cysl14, a doubly oxygenated sulfinate on cysl12 and the

unmodified cys109.
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Figure 4.2. Simplified proposed mechanistic pathways for CDO-catalyzed oxidation of cysteine to

cysteine sulfenic acid.

Small molecules can provide insights to the possible routes to sulfenate or sulfinate
formation. A small molecule model, [Fe'(NsPyS)(CHsCN)]", reacts with Oz to produce a doubly
oxygenated sulfinate bound to Fe through the sulfur atom as determined by X-ray
crystallography.?® This complex not only forms the biologically relevant sulfinato product but
provides a glimpse into a possible mechanism. When [Fe''(NsPyS)(CHsCN)]" is reacted with O,
at 25 °C a transient green intermediate is observed by electronic absorption spectroscopy with a
Jmax at 674 nm.? This green intermediate was found to react with the sulfenate-selective trapping
agent dimedone, indicating the presence of a sulfenate.?® This observation demonstrated a
sulfenate is likely to form en route to the sulfinic acid, consistent with the calculated mechanism
for another aryl-thiolate containing model*® and CDO171920 that goes through an Fe'V-oxo and

sulfenate intermediate. There is a sparse amount of experimental data available for the formation
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of S-oxygenation species from dioxygen, thus the pathways that thiolate containing models and

metalloenzymes follow have yet to be fully revealed.

Sulfenates have been proven to be difficult to trap in comparison to sulfinates (RS(=0)(O
) or the over oxygenated sulfonate metal-bound species of which there are many examples.!1:26-31
A strategy to form and study an Fe-bound sulfenate species is to use oxo-atom donors instead of
dioxygen. This approach has been used by our group and yielded the first structurally characterized
Fe'll-sulfenate.! The six-coordinate sulfenate compound, [Fe''(ADIT)(ADIT-O)]*, can be
produced by reacting a potent oxidant, tert-butyl N-sulfonyloxaziridine, with
[Fe'(ADIT)(ADIT)]* (Figure 4.3). The addition of the oxygen atom causes the Fe-S bond
length of the unmodified thiolate to shorten. A combination of S K-edge X-ray absorption
spectroscopy and density functional theory calculations showed the unmodified thiolate
increases its covalent bond strength thus compensating for the loss of @ bonding from the
modified RS-O" fragment.!> These experiments using an oxo atom donor provided an
improved understanding how a mix of oxygenated cysteinates influence the electronic

structure of NHase active sites.

\J

Figure 4.3. Addition of tert-butyl N-sulfonyloxaziridine, with [Fe''(ADIT)(ADIT)]* to produce

a sulfenate.
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Additional work in our lab showed that the bis-thiolate ligated complex
[Fe'"'(S.Me2N(Pr,Pr)]* (2) reacts with the oxo atom donors iodosylbenzene (PhlO) and hydrogen
peroxide at room temperature to form a rare singly oxygenated sulfenate complex, [Fe''(;?-
sMe20)(SMe2)N5(Pr,Pr)]* (5).32 Unlike [Fe!''(ADIT)(ADIT)]*, 2 is five coordinate and contains a
flexible ligand that opens up to accommodate a sixth ligand.* The addition of excess oxidants did
not result in further oxygenation, which is unusual for small molecule metal thiolate complexes.
This implies that sulfur oxygenation requires an accessible open coordination site and/or the low-
spin state and possibly cationic molecular charge. The observed reactivity of 2 with oxo-atom
donors suggests a metal-centered intermediate, such as a Fe'"-oxo atom donor adduct (Fe'"'-OX)
and/or an FeV-oxo, forms en route to the singly oxygenated sulfenate. This unusually stable
sulfenate 5 can also be formed from 1 and O (vide supra).®* The 1 and O, pathway has two
observable intermediates en route to 5. Both intermediates are prior to O-O bond cleavage. If the
0-0 bond cleaves heterolytically then it would afford an FeV-oxo (Scheme 4.2), and OH~. The
FeV-oxo would likely be quickly internally trapped forming the sulfenate. Herein, alternate routes
to an FeV-oxo, via the addition of oxo atom donors (OX) to the five-coordinate Fe'' complex 2 are

explored to examine the mechanism of oxo atom transfer to the cis-thiolate sulfur.
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Fe'l + OX —> Fe'=0 —> Fe''-0

\S/

Figure 4.4. Possible pathways to the singly oxygenated sulfenate, 5. (Oxo atom donors, PhlO and

H>0, are represented by OX.)

4.2  Experimental

General Methods. All reactions were performed under an atmosphere of dinitrogen in a glove
box or using a custom-built two-neck solution sample holder equipped with a threaded glass
connector (sized to fit an ATR probe). Reagents purchased from commercial vendors were of the
highest purity available and used without further purification unless otherwise noted. 3-methyl-3-
mercapto-2-butanone, [Fe'"'(S.Me2NMeN2Mide(Pr Pr)]Y and isopropyl 2-iodoxybenzoate (IBX-
ester) were synthesized as previously described.33353¢ Methylene chloride (DCM), tetrahydrofuran
(THF), diethyl ether (Et20), and acetonitrile (MeCN) were rigorously degassed, and purified using
solvent purification columns housed in a custom stainless-steel cabinet, dispensed via a stainless
steel schlenk-line (GlassContour). 2-Methyltetrahydrofuran (Me-THF) was distilled under an inert
atmosphere from Na/benzophenone and degassed with argon prior to use. Methanol (MeOH) was

distilled from calcium hydride and degassed prior to use. *H NMR spectra were recorded on a
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Bruker AV 300 FT-NMR or Bruker AV 500 FT-NMR spectrometer and are referenced to residual
solvent protons (diamagnetic compounds) or an external standard of TMS (paramagnetic
compounds). °F chemical shifts were set to the known internal standard fluorobenzene (-113.15
ppm). Chemical shifts are reported in ppm. Electrospray-ionization mass spectra were obtained on
a Bruker Esquire Liquid Chromatograph-lon Trap mass spectrometer. Cyclic voltammograms
were recorded in MeCN (100 mM NBus(PFs) solutions) on a PAR 273 potentiostat utilizing a
glassy carbon working electrode, platinum auxiliary electrode, and an SCE reference electrode.
Magnetic moments (solution state) were obtained using the Evans’ method as modified for
superconducting solenoids.®”* Electronic absorption spectra were recorded using a Varian Cary

50 spectrophotometer equipped with a fiber optic cable connected to a C-technologies ATR probe.

Synthesis of lodosylbenzene (Phl1O) and p-Substituted Derivatives. Synthesis adapted from
reference 3 and #°. Caution: Older reported methods for the synthesis of the diacetoxyiodobenzene
precursors are explosive! 4 The precursors diacetoxyiodobenzene (Arl(OAc)2) and p-substituted
derivatives (R = -CFs, -Me) were synthesized as described in reference *°. Further purification of
R-Arl(OAc)2 was required and achieved by stirring the crude residue in 5 mL of ethyl acetate with
sodium acetate (0.328 g, 4 mmol) for 30 mins at room temperature. The solution was filtered
through a fine frit and then concentrated under reduced pressure to produce a white solid. Finely
ground R-Arl(OAc)2 (1-43 mmol) was added to 20 mL vial with a stir bar. Over the course of 5
minutes, 20-100 mL of 3 M aqueous sodium hydroxide added. The solution was stirred vigorously
for 1 hour. The crude product was collected in a fine frit and washed with minimal amounts of DI
water. The solid was allowed to dry on the frit while suction was pulled. Trituration with

chloroform yielded the dried solid in a vial. The solid was dried in a vacuum desiccator overnight
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to produce a light yellow solid. lodosylbenzene: (9.48 g, 43.0 mmol, 98 %) *H NMR (300 MHz,
DMSO-dg) & 8.10-8.07 (m, 2 H), 7.63-7.56 (m, 3 H). IR (nujol) v(cm™): 685, 668, 492. 4-
Trifluoromethyliodosylbenzene: (0.91 g, 3.2 mmol, 68%) *H NMR (300 MHz, MeOD-ds) ¢ 8.24
(d, 2 H), 7.90 (m, 2 H). 4-Methyliodosylbenzene: (0.013 g, 0.05 mmol, 5 %) *H NMR (300 MHz,

MeOD-da) § 7.92 (d, 2 H), 7.40 (d, 2 H), 2.47 (s, 3 H).

Synthesis of lodoxybenzene (PhlOz2). Synthesis adapted from reference 42 and 43. Caution:
Peracetic acid is an especially dangerous reagent and all reactions involving peracetic acid
should be run behind a blast shield. Please review safety procedures before carrying out this
reaction. To a 50 mL three neck flask equipped with a reflux condenser and stir bar iodobenzene
(2.04 g, 10 mmol) was added. Over the course of 30 minutes 32 % weight peracetic acid in acetic
acid (6.5 mL, 30.9 mmol) was added and the solution was then diluted with 8 mL of DI water. The
solution was heated from 35 °C to 100 °C for 45 minutes, foaming was observed. The solution was
cooled, and the white solid was collected on a fine frit and washed with cold DCM and Et.0O.
Drying in a vacuum desiccator overnight afforded a white powder (1.84 g, 7.8 mmol, 78 %). 'H

NMR (300 MHz, DMSO-ds) 6 8.08-8.03 (m, 2 H), 7.72-7.61 (m, 3 H). IR (nujol) v(cm™%): 771 758.

Synthesis of Pentafluoroiodosylbenzene (PFIB). Synthesis adapted from references 42 and 44.
Caution: Older reported methods for the synthesis of the diacetoxyiodobenzene precursors are
explosive!* The precursor (bis(trifluoroacetoxy)iodo)pentafluorobenzene (CeFsl(OACFs)2) was
either purchased from Sigma Aldrich or if unavailable synthesized as described in reference *°.
The precursor (CsFsI(OACFs)2) (1.00g, 1.92 mmol) was stirred in a saturated solution of sodium

bicarbonate (100 ml) open to the air for 24 hours. The resulting solution was filtered to produce a
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white solid. This solid was washed several times with small aliquots (~ 2ml) water. This solid was
then dried under vacuum at room temperature in a vacuum desiccator overnight, to give PFIB as a
very pale-yellow powder, 0.565 g (1.8 mmol, 93 %). Caution: Heating PFIB under vacuum has
been reported to result in an explosion.* Literature reports that PFIB can be stored for up to two
weeks at -20 °C before decomposition to CsFsl was noted. Purity of PFIB was evaluated daily by
19 NMR spectroscopy. PFIB: 1%F NMR (500 MHz, CD2Cl,): 6 -123.5 (2F), -146.6 (1 F), -157.1
(2F), (500 MHz, MeOD-da): -123.2 (2F), -147.9 (1F), -157.7 (2F). CeFsl: (500 MHz, CD2Cl,): &

-119.8 (2F), -152.9 (1 F), -160.0 (2F), (500 MHz, MeOD-ds): -119.3 (2F), -152.8 (LF), -159.9 (2F).

Synthesis of [Fe'''(S2Me2Ns(Pr,Pr)]* (2) Synthesis adapted from reference 33. 3-methyl-3-
mercapto-2-butanone (0.19 g, 1.6 mmol) was dissolved in 10 ml of MeOH. To this sodium
methoxide (NaOMe) (0.086 g, 1.6 mmol) was added and the mixture was stirred for 10 min, after
which 3,3’-iminobis(propylamine) (0.105 ml, 0.75 mmol) was added. After stirring for 20 mins at
room temperature, this solution of organics was cooled to -40 °C for over 1 hour. A chilled (-40
°C) solution of anhydrous ferrous chloride (0.19 g, 1.5 mmol) in 5 ml of MeOH was slowly added
dropwise over a period of 5 minutes to the chilled solution of organics. The combined solutions
were allowed to stir for 3 hours at room temperature before being stored in the freezer overnight.
Next, 1.8 equivalents of Cp2FeBF4 (0.367 g, 1.35 mmol) or Cp2FePFs (0.447 g, 1.35 mmol) in 5
ml of MeCN was added dropwise to the greenish yellow brown solution producing a deep red
brown solution. This solution was immediately placed in the freezer overnight. The following day,
the solution was reduced to ~ 4 ml and filtered through a bed of Celite. The remaining solvent was
removed by vacuum. The resulting solids were placed in a fine frit and washed with 5 ml aliquots

of Et,0 until the Et20 ran clear indicating all the ferrocene had been removed from the powder.
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The solid was dissolved in less than 4 ml of chilled THF and layered with 15 ml of pentane and
cooled at -40 °C for ~12 h to afford [Fe'"'(S.Me2Ns(Pr,Pr)](BF4) 0.198 g (0.42 mmol, 56 %) or
[Fe"'(S.Me2Ns(Pr,Pr)](PFs)  0.260 g (0.49 mmol, 65 %) of deep red micro-crystalline solid.
Electronic absorption (MeOH): Amax (£, Mt cm %) = 316 (6800), 416 (4200), 475 (sh), 774 (440);

(THF): Amax (g, Mt cm™) = 415 (4200), 486 (sh), 770 (319).

Synthesis of [Fe!"'(S2M2NsMe(Pr,Pr)](PFe) (9). Sodium methoxide (NaOMe) (0.13 g, 2.4 mmol)
and 3-methyl-3-mercapto-2-butanone (0.28 g, 2.4 mmol) were dissolved in MeOH (8 mL) and
stirred for 10 minutes. 3,3'-diamino-N-methyldipropylamine (0.19 mL, 1.2 mmol) was added to
the solution of organics and stirred for 20 minutes. Separately, anhydrous ferrous chloride (0.15 g,
1.2 mmol) was dissolved in MeOH (8 mL). The solutions were cooled at -40 °C. The metal solution
was added dropwise over a period of 5 minutes to the solution of organics and stirred for 3 hours
at room temperature. The solution was then cooled at -40 °C overnight. Ferrocenium
hexafluorophosphate (0.40 g, 1.2 mmol) in MeCN (4 mL) was added dropwise and stirred for 30
minutes before returning to the -40 °C freezer overnight. The solvent was reduced to ~ 4 mL under
vacuum and filtered over Celite. All remaining solvent in the filtrate was removed by vacuum. The
solids were recrystallized from THF/pentane layering and the product was obtained as a dark red
solid (0.1823 g, 0.447 mmol, 38% yield). Electronic absorption (MeCN): Amax (¢, Mt cm™) = 318
(4280), 364 (2570), 423 (4710), 559 (437), 768 (353) nm; (THF): Amax (¢, Mt cm™?) = 317 (3900),
366 (2600), 424 (4600), 562 (400), 778 (360) nm. ESI-MS calculated for [FeC17N3SzHas]*: 399.4,

found: 399.3 m/z. pet = 3.48 B.M. Reduction potential (MeCN): E1> =—0.470 V vs SCE.
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Synthesis of [Fe!''(32-SMe20)(SMe2N3(Pr,Pr)](PFe) (5) via the Addition of PhlO to 2. To a
stirred solution of [Fe'"'(S2M2N3(Pr,Pr))](PFs) (2) (275 mg, 0.52 mmol) in MeOH (20 mL) at — 35
°C was added dropwise a 2 mL MeOH solution containing 1.2 equivalents of PhlO (0.137 g, 0.62
mmol). The solution was stirred for 1 hour at —35 °C, and then stored in the freezer overnight.
After filtration, the volume was reduced to 3 mL, layered with 25 mL of Et>O, and cooled to — 35
°C overnight to afford 5 (153 mg, 0.28 mmol, 54%) as a pink crystalline solid. Electronic
absorption (MeCN): Jmax (g) = 333(4410), 510(1540) nm; (MeOH): Amax (g) = 325(4870),
510(1700), 760(248) nm, (THF) Amax (€) = 510(1500) nm. IR (KBr pellet) v(cm™): 1625 (C=N);
1024 (S-0O). Reduction Potential (MeCN): Ep,c = — 0.960 V (irrev.) vs SCE. Solution magnetic
moment (310.2 K; MeOH) peff=1.99 BM. EPR (DCM/toluene glass (1:1), 120 K): g1 = 2.17, g2
=2.11, g3 = 1.98, (MeTHF, 120 K): g1 = 2.17, g2 = 2.11, gs = 1.98, (MeOH/EtOH (9:1): g1 = 2.18,
g2 = 2.12, g3 = 2.00. ESI-MS calculated for [FeC1sN3S2H3:0]": 401.3; found: 401.2. Anal.

calculated for FeC16H31N3OS2-PFs: C, 35.2; H, 5.7; N, 7.7. Found: C, 35.39; H, 5.57; N, 7.77.

Formation of a 3, via the Addition of Azide to 2. A 0.238 mM solution of 2 was prepared in 5
mL of THF under an inert atmosphere in a drybox. The resulting solution was transferred via gas-
tight syringe to a custom-made two-neck vial equipped with a septum cap and threaded dip-probe
feed-through adaptor that had previously been purged with argon and contained a stir bar. This
solution was cooled in an acetone/dry ice bath to -73 °C and 1.5 eq. tetrabutylammonium azide
(100 pL of 14.2 mM in THF) was added. Once 3 was fully formed and no further changes in
absorbance were observed, 2 eq. of IBX-ester (100 uL of 23.8 mM in THF) was added and

monitored for 2 hours.
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Formation of a Green Intermediate, via the Addition of IBX-ester to 2. A 0.238 mM solution
of 2 was prepared in 5 mL of MeOH or THF under an inert atmosphere in a drybox. The resulting
solution was transferred via gas-tight syringe to a custom-made two-neck vial equipped with a
septum cap and threaded dip-probe feed-through adaptor that had previously been purged with
argon and contained a stir bar. This solution was cooled in an acetone/dry ice bath to -73 °C. To
this, 2-10 eq. of IBX-ester (100 uL of 23.8-119 mM) was added, resulting in the formation of a

metastable green intermediate (Amax= 675 nm).

Formation of a Green Intermediate, via the Addition of PhlO2 to 2. A 0.238 mM solution of
2 was prepared in 5 mL of MeOH or THF under an inert atmosphere in a drybox. The resulting
solution was transferred via gas-tight syringe to a custom-made two-neck vial equipped with a
septum cap and threaded dip-probe feed-through adaptor that had previously been purged with
argon and contained a stir bar. This solution was cooled in an acetone/dry ice bath to -73 °C. To
this, 1-4 eq. of PhlO2 (50-200 pL of 23.8 mM solution in MeOH) was added, resulting in the

formation of a metastable intermediate (Amax= 675 nm).

Formation of a Yellow-Orange Intermediate, via the Addition of mMCPBA to 2. The oxidant
mCPBA was purified prior to use as described by reference 6. A 0.238 mM solution of 2 was
prepared in 4 mL of THF or MeTHF under an inert atmosphere in a drybox. The resulting solution
was transferred via gas-tight syringe to a custom-made two-neck vial equipped with a septum cap
and threaded dip-probe feed-through adaptor that had previously been purged with argon and
contained a stir bar. This solution was cooled in an acetone/dry ice bath to -73 °C or in an LN2/n-

pentane bath to -120 °C. To this, a solution of 10 eq. of mCPBA (95.2 mM) and 10 eq. of
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triethylamine (95.2 mM) in THF were added in an aliquot of 100 pL, resulting in the formation of

a metastable intermediate (Amax= 455 nm and Amax= 760 nm).

Formation of a Green Species, via the Addition of Pyridine N-Oxide (PNO) to 2. A 0.238 mM
solution of 2 was prepared in 4 mL of THF or MeTHF under an inert atmosphere in a drybox. The
resulting solution was transferred via gas-tight syringe to a custom-made two-neck vial equipped
with a septum cap and threaded dip-probe feed-through adaptor that had previously been purged
with argon and contained a stir bar. This solution was cooled in an acetone/dry ice bath to -73 °C
or in an LN2/n-pentane bath to -120 °C. To this, a solution of 10 eq. of PNO (95.2 mM) in THF
were added in an aliquot of 100 pL, resulting in the formation of a metastable intermediate (Amax=

702 nm).

Pyridine N-Oxide (PNO) Binding Studies. Pyridine N-oxide binding studies were performed
using freshly prepared solutions of [Fe"'(S.Me2Ns(Pr,Pr)]* (2) and PNO in THF. Equilibrium
constants were determined by monitoring electronic spectral changes at four different temperatures
(-70°C, -60 °C, -50 °C, and -40 °C). Low-temperature electronic absorption spectra were obtained
on a Cary bio-50 UV—vis spectrophotometer equipped with an Unisoku USP-203-B cryostat using
a 1 cm modified Schlenk cuvette. To minimize error in the measurements, electronic spectral data
was collected at the wavelength (650 nm) which displays the least overlap in absorbance for the
two complexes of interest, [Fe''(S2Me2Ns(Pr,Pr)]* (2) vs [Fe"'(S2Me2Ns(Pr,Pr)(PNO)]* (10). The
initial concentration of [Fe"'(S2M*2N3(Pr,Pr)]* (2) ([2]o) was 0.20 mM. Solutions were prepared by
varying the equivalents of PNO (5-100 eq.) so that 20% to 80% of the iron complex was PNO-

bound. This range gave the least amount of error. The 650 nm extinction coefficient of 2 (¢2(650
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nm)) was measured at all four temperatures, and shown to vary from 243 M cm™ at -40 °C to 250
M?® cm? at -70 °C. Extinction coefficients for the PNO-bound species (&),
[Fe'"'(S2Me2N(Pr,Pr)(PNO)]* (10), were obtained using a 1000-fold excess of PNO. Complete
binding under these conditions was confirmed by showing that further addition of PNO had no
influence on the spectrum. The 650 nm extinction coefficient of 10 (¢10(650 nm)) was determined
at all four temperatures and shown to vary from 1098 M cm™ at -40 °C to 1165 M™* cm™ at -70
°C. Equilibrium constants were calculated using equations 1 and 2,4’ and determined to be Keq
(-70 °C) = 1917 + 258 M}, Keq (-60 °C) = 1082 + 147 M, Keq (-50 °C) = 329.1 + 9.6 ML, and
Keq (-40 °C) = 137.1 + 17.3 M. Thermodynamic parameters, AH = -35.92 + 0.38 kcal/mol and

AS =-112.5 £17.5, were determined from a van’t Hoff plot.

[Fe — PNO] = A - ere[Felo (1)

€Fe—PNO—E€Fe

[Fe—PNO] @)
([Felo—[Fe—PNO])([PNO]o—[Fe—PNO])

Keq =

Electron Paramagnetic Resonance Spectroscopy. EPR spectra were recorded on a Bruker EMX
CW-EPR spectrometer operating at X-band frequency at 120 K using the following parameters:
9.28 GHz frequency, 2.0 mW power, 6 x 10* gain, 100 kHz modulation frequency, 0.2 mT
modulation amplitude, and 40.96 ms conversion time. All EPR samples were frozen solutions of
0.476 mM of the respective Fe species (2, 5, or 3) in a glassing solvent (MeTHF) or a glassing
solvent mixture of THF/MeTHF (98:2) in place of THF or MeOH/EtOH (9:1) in place of MeOH.

Solutions of the metastable green intermediate were prepared as described for the electron
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absorption spectroscopy with the change to a glassing solvent (MeTHF) or a glassing solvent
mixture of THF/MeTHF (98:2) in place of THF or MeOH/EtOH (9:1) in place of MeOH. The
solutions were then pipetted in a LN2 chilled pipet from the dip-probe cell into a LN> chilled EPR
tube and hand-quenched in a LN filled dewar. The EPR spectra were simulated using EasySpin
(version 5.2.23), a computational package developed by Stoll and Schweiger *° and based on

Matlab (The MathWorks, Massachusetts, USA).

DFT Calculations. All geometry optimizations were performed utilizing the ORCA v.3.0
quantum chemistry package® and originated from X-ray crystallographic coordinates. A BP86
functional ®°2 with the resolution of identity approximation (RI),> dispersion correction
(D3BJ),>* and zeroth-order regular approximation for relativistic effects (ZORA),> was employed,
using a dense integration grid (Grid4), def2-TZVP basis set,*® and def2-TZVP/J auxiliary basis
set.>® In addition, the conductor-like screening model (COSMO) using acetonitrile (¢ =37.5) as the

solvent,>” was employed.

X-ray Crystallographic Structure Determination. A red prism of, [Fe"'(S;Me2NMeN,(Pr,Pr))]*
(9), measuring 0.15 x 0.08 x 0.08 mm? was mounted on a loop with oil. Data was collected at -173
°C on a Bruker APEX II single crystal X-ray diffractometer, Mo-radiation. Crystal-to-detector
distance was 40 mm and exposure time was 240 seconds per frame for all sets. The scan width
was 1°. Data collection was 99.3% complete to 25° in 3. A total of 32,245 reflections were
collected covering the indices, -15<=h<=15, -12<=k<=12, -16<=I<=16. 2,987 reflections were
symmetry independent and the elevated Rint = 0.1613 indicated that the data was less than average
quality (0.07). Indexing and unit cell refinement indicated a primitive monoclinic lattice. The

space group was found to be P 2/c (No. 13).
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A dark green prism of, [Fe''(S2Me2N3(Pr,Pr)(PNO)]* (10), measuring 0.15 x 0.15 x 0.15 mm?® was
mounted on a loop with oil. Data was collected at -173 °C on a Bruker APEX II single crystal X-
ray diffractometer, Mo-radiation. Crystal-to-detector distance was 40 mm and exposure time was
180 seconds per frame for all sets. The scan width was 0.5°. Data collection was 100% complete
to 25° in 9. A total of 34,896 reflections were collected covering the indices, -11<=h<=11, -
14<=k<=14, -29<=1<=29. 5490 reflections were symmetry independent and the elevated Rint =
0.0839 indicated that the data was near average quality (0.07). Indexing and unit cell refinement

indicated a primitive orthorhombic lattice. The space group was found to be P 212:2; (No. 19).

Data was integrated and scaled using SAINT, SADABS within the APEX2 software package by
Bruker.*® Solution by direct methods (SHELXS, SIR97) produced a complete heavy atom phasing
model consistent with the proposed structure.®®%® The structure was completed by difference
Fourier synthesis with SHELXL.152 Scattering factors are from Waasmair and Kirfel ! Hydrogen
atoms were placed in geometrically idealized positions and constrained to ride on their parent
atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic thermal parameters Ueq
were fixed such that they were 1.2 Ueq of their parent atom Ueq for CH's and 1.5Ueq of their
parent atom Ueq in case of methyl groups. All non-hydrogen atoms were refined anisotropically

by full-matrix least-squares. Final solution plotted using ORTEP and POV-Ray programs.53%4
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Table 4.7. Crystal Data, Intensity Collections? and Structure Refinement Parameters for
[Fe'"'(S.Me2NMeN,(Pr,Pr))]* (9), and [Fe'"'(S2M2N3(Pr,Pr)(PNO)]* (10).

Formula

Molecular Weight
Temperature (K)
Crystal System

Space Group
a, (A)
b, (A)
¢, (A)
a (deg)
P (deg)
v (deg)
V (A%
Z

Ri

Rw
GOF

9

Ci7Has Fe N3 P1 FsS»

544.40
100(2)
Monoclinic
P2/c
11.4498(11)
9.0351(8)
12.4215(12)
90
111.426(6)
90

385.4(3)

2

0.0644"
0.1263¢
1.028

10
CoHs FeNs O1 P1 Fe S
625.48
100(2)
Orthorhombic
P 212121
9.5140(16)
11.9423(18)
23.590(3)
90
90
90
2680.3(7)
4
0.0400°
0.0702°¢
1.016

2 Mo Ko(a,) (A = 0.71070 A) radiation; graphite monochromator; -90 °C. ® R = X ||Fo| - |Fe|| / Z |Fol- ¢ Rw =

[EW(|Fo| - |[Fe)ZEWF2]Y2, where w = [0Zcount + (0.05 F2)2J/4F2.

4.3 Results and Discussion

4.3.1 Comparison of the Reactivity of Carboxamide-Ligated 8 vs. Imine-Ligated Fe Complexes

The first indication that the S-oxygenation of 2 is metal-based came from the comparison

of susceptibility to direct attack and reactivity of derivatives of 2. Initially a more electron rich

complex, [Fe''(SMe2NMeN2mide(pr Pr)]Y (8), was synthesized as a derivative of 2 to better

resemble the structure of NHase and potentially support high-valent Fe species (Figure 4.5).

However, 8 is unreactive with H2O, or PhlO, even when a ~1,000-fold excess of oxidant was used.

Computational studies suggested that the thiolates on 8 have more electron density and would thus
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be more likely to be directly oxidized, this indicates that oxo-atom donor reactivity correlates with
the ligand binding properties of the complexes.®? Even when added in excess, CN~and N3~ do not
bind to the open coordination site of 8. The 5-coordinate geometry index (t) of 8 was found to be
0.56, indicating that the molecular geometry can best be described as halfway between trigonal
bipyramidal and square pyramidal (Table 4.8). This differs from 2, which is closer to a distorted
trigonal pyramidal geometry (t = 0.76) (Table 4.8). Usually a complex with a geometry closer to
square pyramidal would have a more accessible 6™ binding site, however the largest angle is
between the sulfur atoms (Table 4.8). If a sixth ligand binds there it would force the thiolates to be
trans to each other, this is unlikely to occur. Another possibly is the methyl group on the backbone
of 8 inhibits a sixth ligand from binding, since it may sterically clash with the thiolate trans to the
oxo atom. The dissimilarity of 2 and 8 in regards to charge, geometry, sterics, and spin state (S
=1/2 vs. S =3/2, respectively), a new derivative, [Fe''(S;M®2NMEN,(Pr,Pr))]* (9), was synthesized.
The complex 9 is structurally similar to 2, differing in the addition of a methyl group on the amine.
Structural characterization of 9 showed a distorted trigonal bipyramidal geometry (t = 0.73). This
complex is capable of binding N3~ and when reacted with oxo atom donors it does form a stable
sulfenate complex analogous to 5.5 This implies that sulfur oxygenation requires an accessible
open coordination site and/or the cationic nature of 2, and further suggests a metal-bound

intermediate, such as Fe'''-OX and FeV-Oxo.
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Figure 4.5. Displacement ellipsoid plots of  [Fe"'(S.Me2NMeN2Mde(pr Pr)]:  (8),
[Fe''(SoME2NMEN,(Pr,Pr]* (9) and [Fe'"'(SMe2Ns(Pr,Pr)]* (2) thermal ellipsoids at the 50%
probability level. Counter-ions, solvent molecules and hydrogen atoms have been removed for

clarity.

Table 4.8. Comparison of selected metrical parameters for [Fe'"'(S.Me2NMeN,2Mide(pr Pr)]Y-
(8),% [Fe"'(S2MNMeN,(Pr,Pr))]* (9), and [Fe"'(S2M*Ns(Pr,Pr)]* (2).%

8 9 2
Fe-S(1) 2.231(1) A 2.2003(12) A 2.161(2) A
Fe-S(2) 2.210(1) A NA 2.133(2) A
Fe-N(1) 1.934(3) A 1.951(4) A 1.967(4) A
Fe-N(2) 2.212(3) A 2.132(5) A 2.049(4) A
Fe-N(3) 1.924(3) A NA 1.954 (4) A
S(1)-Fe-N(2) 107.14(9) ° 116.8(4) ° 132.3(1) °
S(2)-Fe-N(2) 108.43(9) ° 111.0(4) ° 106.5(1) °
S(1)-Fe-S(2) 144.40(5) ° 132.11(8) ° 121.01(1) °
7 0.56 0.73 0.76

25-coordinate geometry index, T = ( — a)/60. P is the largest bond angle observed, and o is the second largest

bond angle.%®
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4.3.2 Azide Inhibition of Sulfur Oxidation

The mechanism of sulfur oxidation producing 5 likely involves initial coordination of the
oxo atom donor to the metal ion. Consistent with this hypothesis, azide (N3”) was found to
competitively inhibit sulfur oxidation of 2. When 1.5 equivalents of N3 is added to 2 in THF at -
73 °C, the intense band at 415 nm, characteristic of 2, converts into bands at 465 nm and 720 nm,
which are characteristic of the coordinatively saturated azide-bound [Fe'"'-(SM®2N3(Pr,Pr))Ns] (3)
(Figure 4.3).% If following the formation of azide-bound 3 in THF, 2 equivalents of isopropyl 2-
iodoxybenzoate (IBX-ester) are added, no reaction is observed, even after prolonged reaction times
(2 hours) (Figure 4.3). If under the same conditions (-73 °C in THF), 2 equivalents IBX-ester are
added to 2 in the absence of N3", then within minutes a metastable intermediate is observed, which
then converts to the singly oxygenated 5 (Amax= 510 nm (1500 M-cm) (vida infra). Azide inhibits
sulfur oxidation of 2 by preventing the oxo atom donor from binding to the metal ion. In the

absence of N3°, a new metastable intermediate is observed in the oxo atom donor reaction.
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Figure 4.6. Monitoring the addition of 2 eq. isopropyl 2-iodoxybenzoate (IBX-ester) to [Fe'!-
(SMe2N3(Pr,Pr))Ns] (3) in THF at -73 °C vis electronic absorption spectroscopy, showing no

reaction occurs.

4.3.3 Observation of a Metastable Intermediate in the Reaction between 2 and IBX-ester

A new green metastable intermediate is observed in the reaction 2 and hypervalent iodine
oxo atom donors. When the reaction between 2 equivalents of IBX-ester and five-coordinate 2 is
monitored by electronic absorption at -73 °C in MeOH or THF, a green metastable intermediate
with Amax= 677 nm immediately observed (Figure 4.7). When warmed to -10 °C the green
intermediate converts to sulfenate ligated 5 (t12 = 24 min). The observation of an intermediate
provides evidence that sulfur oxidation is assisted by the metal ion and involves the initial binding

of the oxo atom donor to the Fe ion. The new metastable intermediate could possibly be an oxo
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atom donor adduct, Fe''-OX, or an FeV-oxo. Given how rare Fe"'-OX®"%8 and FeV-0x0%" species
are, both possibilities are of great interest. The Amax Of this green intermediate falls within the range
of reported for Fe-O=I-Ph (imax= 660 nm)®® and FeV-0x0 (Amax= 630 nm (5400 cm™))
compounds.®®’2  Both Fe''-O=I-Ph and FeV-oxo species have been shown to be competent
oxidants in oxo atom transfer reactions and may be responsible for the formation of the sulfenate

5_73

1.2 1

0.8 -

S
EN

Absorbance

S
'S
L

0.2 1

350 450 550 650 750 850 950
Wavelength (nm)

Figure 4.7. Electronic absorption spectrum of the reaction between 0.238 mM 2 and 10 eq. IBX-

ester in THF at -73 °C.

To gain further insight into the identity of the green intermediate, continuous wave (CW)
X-band electron paramagnetic resonance (EPR) spectroscopy was used. Previous work identified

the magnetic properties of both 2 and 5 in a MeOH/EtOH (9:1) and DCM/Toluene (1:1)
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respectively.®?* Complex 2 is low spin S = 1/2 and has g values at 2.20, 2.15 and 2.00 in a MeTHF
glass, while singly oxygenated 5 is also low spin, and has distinct g values at 2.16, 2.10, and 1.97.%2
The green intermediate would be expected to have a rhombic signal if the substrate binds cis to
one thiolate, but trans to the other. An FeV-oxo would likely be S = 1/2 as well due to the two
strong 7 donors in the Xy plane elevating the energy of the dxy orbital. Collins and co-workers
observed g values at 1.99, 1.97 and 1.74 for their spectroscopically characterized S = 1/2 FeV-oxo,

' complexes.®® However, another FeV-oxo with

which are markedly lower than that of low-spin Fe
its oxidation state confirmed by Mdssbauer spectroscopy exhibited g values of 2.053, 2.010, and
1.971.7* There are only two reported EPR spectra for non-heme Fe'"'-O=1-Ph adducts, both of
which are high spin S = 5/2, and only a handful of well characterized FeV-oxo complexes exist,
making it difficult to draw conclusions about the identity of the green species from EPR data. The
observed S = 1/2 signal for the intermediate observed in the reaction of 2 with IBX-ester (Figure
4.5) is consistent with the proposed intermediate being either an Fe''-OX or an FeV-oxo. Three
species are observed by EPR in solution, two rhombic signals associated with the green
intermediate, and a third signal from the sulfenate end product 5 (Figure 4.5). The two different

EPR signals may be due to the possibility of different conformations of the IBX-ester when bound

to the Fe'"' complex.
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Figure 4.8. CW X-band EPR spectra of the intermediate generated from 2 and IBX-ester (left) and

5 (right) in MeTHF glass at 120 K.

4.3.4 Observation of Metastable Intermediates in the Reaction between 2 and Oxo Atom Donors

In order to determine if the observable intermediates are oxo atom donor adducts and not
an FeV-oxo, alternate oxidants should not produce the same electronic absorption feature at 677
nm and EPR spectra as reaction of 2 and IBX-ester. If an identical green intermediate can be
produced using different oxo atom donors, then this would suggest that the intermediate is an FeV-
oxo. Two other commonly used oxidants, 3-chloroperoxybenzoic acid (NCPBA), and pyridine-N-
oxide (PNO), were reacted with 2 and were monitored by electronic absorption spectroscopy. The
organic peroxide type oxidant, mMCPBA, when deprotonated binds to 2 and the O-O bond would
need to heterolytically cleave to form an FeV-oxo. The peroxide bond strength is approximately
45 kcal/mol, which is near that of hyper-valent oxo atom donors (BDE..o = 44 kcal/mol).”
Deprotonated mCPBA reacts with 2 readily at low temperatures to produce a new metastable

intermediate (Amax = 460 and 760 nm) (Figure 4.9). The perpendicular mode EPR spectra of the
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reaction of mMCPBA and 2 displays an intense rhombic signal with g-values of 2.23, 2.17, and 2.00
(Figure 4.9), near the g-values of the putative Fe'"'-hydroperoxo species generated from O, (2.23,
2.15 and 2.00).3* The reaction between 2 and 20 eg. PNO at low temperatures produces an
electronic absorption spectra with a low-energy peak with similar intensity to that of 2-mCPBA
(Figure 4.10). The EPR spectra was also similar and displayed a rhombic signal with g-values of
2.23,2.17, and 2.00 (Figure 4.10). The observed shift in Zmax depending on the identity of the oxo
atom donors and EPR spectra consistent with other known species in with this ligand provides

evidence that the green intermediate is indeed an Fe'"'-OX adduct (Table 4.9).
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Figure 4.9. Electronic absorption spectrum of the reaction between 0.238 mM 2 and 10 eg. nCPBA
with base in MeTHF at -120 °C (left). X-band EPR spectra of the reaction between 0.476 mM 2

and 10 eq. mCPBA with base in MeTHF glass at 120 K (right).
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Figure 4.10. Electronic absorption spectrum of the reaction between 0.238 mM 2 and 20 eq. PNO
in MeTHF at -120 °C (left). X-band EPR spectra of the reaction between 0.476 mM 2 and 20 eq.

PNO in MeTHF glass at 120 K (right).

Table 4.9. Comparison of the properties of 2, 5 and oxo atom donor adducts (electronic
absorption: Me-THF -120 °C, EPR: Me-THF glass at 117 K).

Amax (nm) g-values g-spread
2 416, 764 2.20, 2.15, 2.00 0.20
5 510 2.16, 2.10, 1.97 0.19
2 + IBX-ester 677 2.25, 2.18, 2.00 0.25
2.24,2.16, 2.00 0.24
2 + mCPBA 460, 760 2.23,2.17,2.00 0.23

2+ PNO 540, 702 2.24,2.16, 2.00 0.24
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435 X-ray Crystal Structure of [Fe"'(S.M?Ns(Pr,Pr)(PNO)]* (10)

The intermediate in the reaction between 2 and PNO results in a temperature sensitive
intermediate that does not go on to produce the sulfenate, 5. This allowed for the crystallization of
10 from a solvent diffusion crystallization at -80 °C. The helical ligand opened to accommodate
the binding of PNO through the oxygen atom to the Fe ion. The PNO binds trans to one of the
thiolate sulfurs (S(2)) and trans to the proton on N(2) (Figure 4.11). The N-O bond length is not
significantly changed relative to free PNO (1.31 A),”” and the long Fe-O distance is indicative of
a weak interaction that does not result in oxo atom transfer (Table 4.10). PNO contains a stronger
N-O bond (72 kcal/mol)® than hypervalent iodine oxo atom donors and mCBPA which have
weaker 1-O and O-O bonds estimated to be approximately 44 kcal/mol and 45 kcal/mol
respectively.”’® Whether 2 is only capable of cleaving weak bonds to form an FeV-oxo, which is
then trapped intramolecularly, or whether it proceeds through a concerted mechanism has yet to

be determined.

Figure 4.11. Displacement ellipsoid plots of [Fe"'(SMe2Ns(Pr,Pr))PNO]*(10) with thermal

ellipsoids at the 50% probability level. Hydrogen removed for clarity except on N(2).



152

Table 4.10. Comparison of selected metrical parameters for [Fe''(S2Me2Ns(Pr,Pr)(Ns)] (3),%
and [Fe'"'(S2M*2N3(Pr,Pr)(PNO)]* (10).

3 10
Fe-S(1) 2.196(1) A 2.1780(12) A
Fe-S(2) 2.209(1) A 2.1731(13) A
Fe-N(1) 1.978(3) A 1.986(3) A
Fe-N(2) 2.157(3) A 2.110(3) A
Fe-N(3) 1.970(3) A 1.957(4) A
S(1)-Fe-N(2) 172.5(1)° 166.68(11)°
S(2)-Fe-N(2) 90.6(1)° 95.12(11)°
S(1)-Fe-S(2) 95.3(1)° 96.58(5)°

4.3.6 Variable-Temperature Equilibrium Study of Oxo Atom Donors Binding to 2

Obtaining thermodynamic parameters for the formation of oxo atom donor adducts with
first row transition metals are useful due their use as shunt pathways to study the active oxidants
in enzymatic systems.’®®° The initial binding of any of the oxo atom donors occurs too rapidly to
observe even when using stopped flow techniques therefore no kinetic parameters could be
obtained. However, even at room temperature with a 20-fold excess of PNO, there was no
detectable amount of 10. When a solution containing 2 and 20 eq. of PNO is cooled to -73 °C,
there is a noticeable color change from orange to a clover green. This change is reversible upon
warming to ambient temperature, and upon cooling it forms the same clover green solution by
electronic absorption spectroscopy. This is expected for an associative binding process, as the
entropy disfavors PNO binding at warmer temperatures. The reversible binding of PNO to 2
allowed for the determination of thermodynamic parameters. Equilibrium constants were

determined by electronic absorption spectroscopy over a range of temperatures (Figure 4.12). The
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enthalpy and entropy (AH =-35.9 + 0. 4 kJ/mol and AS =-112 + 18 J/mol) for PNO binding was
determined from a Van’t Hoff plot (Figure 4.13). The negative entropy of binding is as expected
for an associative process. The fast reactivity of IBX-ester made collecting equilibrium constants
only possible with use of stopped flow electronic spectroscopy. Interestingly, near quantitative
IBX-ester binding to 1 is observed, making reliable equilibrium constants difficult to obtain.

However, it is clear from the near quantitative IBX-ester binding that 2 binds IBX-ester binds more

readily than PNO.

Absorbance

350 450 550 650 750
Wavelength (nm)

Figure 4.12. Variable-temperature electronic absorption spectrum of 0.24 mM of 2 with 20

equivalents of PNO in THF. Displaying temperature from -90 °C to 0 °C, each line is a 10 °C step.
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Figure 4.13. Van’t Hoff plot for the binding of PNO to 2 determined from the equilibrium constants

from — 70 °C to — 40 °C.

4.3.7 Distinguishing the Pathway from Oxo Atom Donor Adduct, Fe''-OX, to Sulfenate 5

Possible mechanisms for sulfur oxygenation (Scheme 4.3) would involve initial formation
of an oxo atom donor adduct that can undergo direct attack by the adjacent nucleophilic sulfur
(pathway a, Figure 4.14), or converts to an FeV-oxo, which is then rapidly trapped by the adjacent
sulfur (pathway b, Figure 4.14). The observation of one intermediate, as opposed to two, suggests
either (a) cis-migration of a thiolate sulfur to the oxo of a coordinated Fe'"'-OX is rate-determining,
or (b) cleavage of the X-O bond to afford an unobserved FeV-oxo is rate-determining. For both of
these pathways, the green intermediate is likely an oxo atom donor adduct (Figure 4.14). The
anticipated fast rate of intramolecular trapping of an FeV-oxo, relative to its rate of formation,
would mean that the FeV-oxo would be unobservable. While oxo atom exchange with H2'20 is

commonly used to provide evidence for high valent metal-oxo intermediates in reaction
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pathways,®! hyper-valent iodine oxo atom donors are also capable of fast exchange with H,*0.
Therefore the incorporation of 80 would not necessarily be indicative of the formation of a high
valent metal-ox0.82 However, inhibition studies involving iodoarene (IAr) could possibly

distinguish between mechanisms.
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Figure 4.14. Potential reaction pathways for S-oxygenation

Previous work with Fe-porphyrin systems revealed that the O-1 bond cleavage is
reversible.® Thus the presence of excess iodoarene (IAr) should decrease the rate of formation of
5 if an FeV-oxo intermediate is involved by through a competing pathway that redirects the FeV-
oxo back to the oxo atom adduct Fe''-OlAr. This approach to probe the identity of the active
oxidant has been used for several systems.*>%88385 Hypervalent iodine oxo-atom donors that are
doubly oxygenated (such as IBX-ester) will have more complicated kinetics for the heterolysis of
the 1-O bond as the singly oxygenated iodine is a capable oxidant as well. As such, a singly
oxygenated hypervalent iodine oxo-atom donor such as iodosylbenzene (PhlO) should be

mechanistically cleaner than the peroxyacid, mCPBA, and IBX-ester. lodosylbenzene (PhIO)
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should be mechanistically cleaner than the peroxyacid, mMCPBA, and IBX-ester.®> The use of an

oxo atom donor with a single oxygen atom to transfer to the Fe'" thiolate should allow for kinetic

studies to determine the pathway of S-oxygenation.

A systematic kinetic study using p-substituted derivatives of Ph1O will allow for deeper
insights into the reaction mechanism of metal-assisted sulfur oxygenation. A Hammett plot using
OIAr-PX (X= Me, OMe, H, CF3) will be generated to determine whether the mechanism remains
the same throughout and whether positive or negative charge builds up. If the 1-O bond cleaves
heterolytically then electron withdrawing groups (EWG) would speed up the reaction and electron
donating groups (EDG) would slow down the reaction. While at room temperature in MeOH, 1.4
equivalents of PhlO has been shown to produce the sulfenate 5 instantly, at low temperatures (-73
°C) using 10 eq. of PhIO and 2 in MeOH, a green intermediate (Amax = 675 nm) forms (Figure
4.10), analogous to the intermediate formed in the reaction of 2 with IBX-ester. However, this
intermediate could not be reproduced after newly synthesized PhlO was used. The reason for this
inability to reproduce the intermediate at Amax = 675 nm was the identity of the oxo atom donor
adduct was actually iodoxybenzene (PhlO2), formed as a result of the disproportionation of PhlO
into Phl and PhlO2, which has been previously reported.*38 The reaction of 2 with independently
prepared PhlO; lead to the reproduction of the green intermediate seen with the older vial of Ph1O
(Figure 4.15). At low temperatures none of the single oxygen atom donors, OIAr-°X (X= Me,
OMe, H, CF3) bind to 2 but upon warming to room temperature all derivatives do go onto transfer
an oxygen atom to form the sulfenate. Another completely fluorinated CeFsIO derivative was
synthesized to produce a singly oxygenated oxo atom donor that would bind at low temperatures

to allow for an inhibition study.
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Figure 4.15. Electronic absorption spectra of the reaction between 0.238 mM 2 and 10 eq. Old
PhIO suspected to have disproportionated to 5 eq. PhlO2 and 5 eq IAr in MeOH at -73 °C (left)

and the reaction between 0.238 mM 2 and 5 eq. PhlO2 in MeOH at -73 °C (right).

4.3.8 Reactivity of Pentafluoroiodosylbenzene (PFIB) and [Fe''(S2¢2Ns(Pr,Pr))]* (2)

Pentafluoro-iodosylbenzene (PFIB) was selected for this experiment due to its ability to
bind to 2 and its increased solubility in organic solvents. The formation of the sulfenate species 5
does not appear to be reversible since no reaction was observed when the reaction between 5 and
pentafluoroiodobenzene (IArFs) was monitored by electronic absorption spectroscopy at -73 °C in
THF for three hours. The starting material 2 also does not react with IArFs. The reaction of 2 with
5 equivalents PFIB -73 °C in THF instantly produces a metastable intermediate with a Amax at 691
nm that converts to the 510 nm species, 5, in 5 minutes. Reaction of 2 with 5 eq. PFIB in the
presence of 200 eq. IArFs requires 30 min in order to convert to 5, which is significantly slower

than in the absence of the IArFs (Figure 4.16). This observation using dip-probe electronic
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absorbance spectroscopy suggests that an FeV-oxo forms en route to 5, which then undergoes oxo
cis-migration onto the thiolate to generate the sulfenate end product, 5. This oxo cis-migration is
similar to a step in the proposed mechanism of CDO. The derived rate expressions for pathway a
(eq 1 & 2) and pathway b (eq 3 & 4) assuming a rapid pre-equilibrium step involving OIAr binding
to 2, and the simplified equations using pseudo-first-order conditions are shown below (Figure

4.17).
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Figure 4.16. Monitoring the electronic absorption spectra of the conversion of the green

intermediate formed from 0.476 mM 2 and 5 eq. PFIB to 5 in THF at -73 °C over the course of 5

minutes (left) and the same reaction in the presence of 200 eq. IArFs in THF at -73 °C over the

course of 30 mins (right).
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If the mechanism follows pathway b, then competitive inhibition by 1Ar should be observed
in the regime where ks[IAr] >>> k4. Under these conditions, eq. 3 would simplify to eq. 4 and
slower reaction rates would be observed. This is consistent with the drastic slowing of the
conversion to 5 when IArFs is present providing indirect evidence for an FeV-oxo prior to the
formation of the sulfenate. This promising result warrants a more in-depth kinetic study aimed at
obtaining more data points and generating a Kobs Vs 1/[IAr] plot for PFIB, in order to show that

inhibition is consistently observed over a range of inhibitor concentrations.
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4.4  Summary and Conclusions

The isolation and structural characterization of a rare singly oxygenated sulfenate 5 led to
the investigation of its mechanism of formation. While 5 can be generated from dioxygen, its
formation from a proposed FeV-oxo follows the rate determining O-O cleavage step, thus oxo atom
donors were employed as an alternate route. Collectively, N3~ inhibition of the formation of 5 from
oxo atom donors, and the observation of a new green intermediate, eliminate the possibility of
direct nucleophilic attack by the sulfur on the electrophilic oxygen atom. The use of many types
of oxo atom donors aided in the identification of the observed green intermediate as an Fe''' oxo
atom donor adduct. Since these adducts species are capable oxidants themselves,®®®” or could
undergo heterolysis to form a transient FeV-oxo active species, an inhibition study was pursued in
which we looked for a slowing of rate. This would provide indirect evidence for a high valent oxo
that transfers it’s oxo to a cis-thiolate via an intramolecular mechanism. Complex 2 has several
previously characterized derivatives, such as [Fe''(S.M®2Ns3(Et,Pr))]*, which should have a higher
barrier to FeV-oxo trapping the due to the shorter ethyl linker constraining ligand movement.®® The
mechanism of transfer of an oxo to a thiolate to form a sulfenate has yet to be thoroughly
understood even though sulfenates are biologically important species for cysteine catabolism and
for biocatalysis of amides.>** Oxo atom donors provide shunt pathways to observe highly reactive
intermediates in model systems and enzymatic catalytic cycles.”®>%° The study of the formation
of oxo atom donor adducts and heterolysis of the O-X bonds to form high-valent oxo species from

2 and its derivatives remains an exciting area for further research.
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Chapter 5. Modification and Synthesis of Anionic Ligand Systems

5.1 Introduction

The understanding of dioxygen derived intermediates and the role they play in catalytic
cycles of metalloenzymes has been aided by the characterization of small molecule intermediate
analogues. Cysteinate ligated non-heme Fe enzymes like NHase, CDO and IPNS, all are proposed
to use dioxygen derived oxidants such as Fe-superoxo, Fe-peroxo, or Fe-oxos. However, there are
very few well-characterized biological®? or synthetic models of such thiolate ligated species.®
Since thiolates have been predicted to lower the activation barrier to Oz binding and enhance
reactivity,®2 an emphasis on synthesizing model complexes is a promising approach to further

understand the properties thiolates impart on enzymatic intermediates.

Structural modifications on synthetic models can impact reactivity, stability and ability to
isolate additional dioxygen intermediates.*® The previously reported,
[Fe'"'(S Me2NMeN,2mide(pr pr)]- (8) (Figure 5.1), is a five coordinate, anionic complex that is inert,
even in an excess (>100 eq.) of anionic, neutral or/and c-donor ligands binding is not observed.'*
The spin-state of 8 was found to be S = 3/2 from magnetic susceptibility measurements.'* The
intermediate spin-state may be one reason for the lack of reactivity since six-coordinate thiolate
complexes prefer a ground state of S = 1/2,1518 therefore a spin-state change may be required to
bind an additional ligand. This lack of reactivity has been observed with other intermediate-spin
(S = 3/2) five coordinate thiolate complexes derived from tripodal amines regardless of overall
charge.'® Removal of the methyl group from the backbone to form [Fe'"'(SaMe2N"N,2™%(pr,Pr)]*

(11) (Figure 5.2), will may eliminate two factors that are hindering ligand binding. The complex,
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[Fe'"'(S2Me2N3(Pr,Pr)]* (2), is in a low-spin state but with the addition of a methyl group on the
amine in the backbone, the spin state was found to be in a majority high-spin state with a thermally
accessible low-spin state.?%2! Steric hinderance may be another reason for the lack of reactivity of
8. Removal of the methyl group from the backbone to form [Fe'"'(S2Me2NHN 2™ (Pr Pr)]Y (11)
(Figure 5.2), will decrease the steric hinderance of the opening of the S(2)-Fe-N(2) bond angle to
accommodate ligand binding. Since reactivity with dioxygen or oxo-atom donors correlates with
the metal ion’s ability to bind additional ligands, a synthetic route to potentially tune the spin-state

and reduce steric hinderance is investigated.

Figure 5.1. Displacement ellipsoid plots of [Fe'"'(SMe2NMeN,2Mide(pr Pr)]* (8) with thermal
ellipsoids at the 50% probability level. The disorder, cation and hydrogen atoms have been

removed for clarity.**

Coordinately unsaturated Fe-complexes with bulky anionic ligands may produce
biomimetic models capable of stabilizing mononuclear Fe-superoxo and Fe-peroxo intermediates.
The novel bis(diisopropylphenyl)aminothiolate) (BDAT) (12) ligand was designed to modulate

the steric bulk and electronics with the goal to isolate dioxygen derived intermediates. The
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proposed [Fe''(BDAT)]* (13) ligand’s steric bulk is in the form of isopropyl groups on the amido
phenyl rings and aims to inhibit dimerization (Figure 5.2). This approach has seen success with
the isopropyl groups in the p-diketiminate ligated copper dioxygen intermediates.?? 2
Additionally coordinately unsaturated metal centers are more Lewis acidic and therefore less likely
to cleave the O-O bond thus stabilizing the superoxo or peroxo intermediates.?® The covalent
nature of the Fe-SR bond helps maintain a low coordination number?”?® and promotes Oz and Oz

binding.?® These important features of 13 will potentially allow for isolation of vital intermediates

with intact O-O bonds for the understanding of enzymatic activity.

iPr iPr
N—Fg“‘“\NO N—
. s
iPr N'(,) iPr
0
1 13 14

Figure 5.2. Proposed anionic complexes, [Fe''(S2Me2NHN2™de)(Pr Pr)]Y (11), [Fe"(BDAT)]Y (13)

and [Fe'(SMe2Ny(tren-dippamice)]* (14).

A ligand scaffold designed to isolate a high valent Fe-oxo would also require steric bulk
and an electronic rich environment but does not require the low coordination number. For the
proposed [Fe'"(SMe2Ny(tren-dippamice)]* (14) complex (Figure 5.2), the same bulky

diisopropylphenyl groups can be used hinder dimerization in a five-coordinate ligand. An alkyl-
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thiolate can be incorporated using a similar method to a number of complexes used our group
including 1 and 2 described above. Anionic environments have been shown to stabilize high valent
Fe-oxo complexes with oxidation states of 3+ to 5+.2°3% The proposed complex 14 incorporates
steric bulk and an anionic environment for the goal of isolating a high valent Fe-oxo with a thiolate
coordinated, of which there is only one reported example.® Described herein is the synthesis of

several anionic ligands and progress towards metallation.

5.2  Experimental

General Methods. All manipulations were performed using standard Schlenk techniques or under
N2 atmosphere in a glovebox. Reagents and solvents were purchased from commercial vendors,
were of the highest available purity, and were used without further purification unless otherwise
noted. Methanol (MeOH) was distilled over calcium hydride and degassed prior to use. Diethyl
ether and acetonitrile were purchased from Sigma-Aldrich and purified using solvent purification
columns housed in a custom stainless-steel cabinet and dispensed by a stainless steel schlenk-line
(GlassContour). The synthesis of tert-butyl bis(3-aminopropyl)carbamate (19),% 2-(2,6-
diisopropylphenylamino)ethanol (24),3" 1-(tert-butyloxycarbonyl)ethyldiamine (29),%® and 3-
methyl-3-mercapto-2-butanone (31)° were carried out according to published procedures.

'H NMR spectra were obtained on a Bruker AV300 or AV301 spectrometers. Chemical
shifts are listed in parts per million and were reported relative to TMS by referencing the residual
solvent. Electrospray ionization mass spectroscopy were performed on a Bruker Esquire Liquid
Chromograph-lon Trap mass spectrometer. UV/vis spectra were recorded on a Varian Cary 50

spectrophotometer equipped with a fiber optic cable connected to a “dip” ATR probe (C-



179
technologies). A custom-built two-neck solution sample holder equipped with a threaded glass

connector was sized specifically to fit the “dip” probe.

Synthesis of 2-benzyl-2-methyl propionic acid (18). Adapted from * To a stirred solution of
ethyl 2- bromo-2-methyl propionate (16) (15.0 mL, 102.5 mmol) in EtOH (34.0 mL) was added
NaOMe (5.5 g, 102.5 mmol) followed by benzyl mercaptan (17) (12.0 mL, 102.2 mmol). After
stirring at 90 °C for 3.5 h, NaOH (5.3 g, 133.3 mmol) was added. The solution was filtered, and
the solid recovered was washed with the minimum amount of EtOH. The solid was dried under
vacuum then dissolved in H20 (25 mL), and concentrated HCI was added dropwise until the
solution reached pH = 2. After filtration, the solid was dried in vacuo overnight to afford 18 (17.3
g, 81.2, 80%) as a white powder. *H NMR (CDCI3, 301 MHz): 6 7.35-7.32 (m, 5H), 3.93 (s, 2H),

1.60 (s, 6H). ESI-MS calculated for [C1:H140.S+ Na]*: 233.3, found 233.0.

Synthesis of N-(2-benzylthiol-2-methylpropanone)-N-[3-(2-benzylthiol-2-methylpropanone)
propyl]-N-[3-(tert-butyloxycarbonyl)]-1,3-propanediamine (Bn2S:M2NBoc(HN)2M%(Pr,Pr))
(20). To a stirred solution of 2-benzyl-2-methyl propionic acid (18, 4.664 g, 22.2 mmol) in DCM
(20 mL), placed in an ambient temperature H2O bath, was added thionyl chloride (3.55 mL, 49.0
mmol). After 30 mins, the excess thionyl chloride was removed under vacuum. The crude acid
chloride derivative, 2-benzylsulfanyl-2-methyl-propionyl chloride, was used immediately in the
next step without further purification.

To a stirred solution of 2-benzyl-sulfanyl-2-methyl propionyl chloride in acetone (25 mL)
at ambient temperature was added EtsN (4.22 mL, 30 mmol) followed by tert-butyl bis(3-

aminopropyl)carbamate (19, 2.31 g, 10.0 mmol). After stirring for 6 hours, saturated aqueous
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NH4Cl (20 mL) was added and solvent removed under vacuum. The remaining solid was dissolved
in 20 mL of DI H20. The aqueous layer was extracted with Et,O (3 x 20 mL). The combined
organic layers were washed with H2O and brine (20 mL each), dried over Na,SO4, and
concentrated in vacuo to yield 20 (1.848 g, 3.0 mmol, 30.0%) as a yellow oil. ESI-MS of 20:

expected m/z for Ca3sHsoN304S; = 616.3, found m/z = 617.4.

Synthesis of N-(2-thiol-2-methylpropanone)-N-[3-(2-thiol-2-methylpropanone)propyl]-N-[3-
(tert-butyloxycarbonyl)]-1,3-propanediamine ((HSM¢2)2NBoc(HN)22M%(Pr,Pr)) (21) and N-
(2-thiol-2-methylpropanone)-N-[3-(2-thiol-2-methylpropanone)propyl]-1,3-propanediamine
hydrochloride (HSMe2):NH(HN)22™%(Pr,Pr) hydrochloride (15) . To astirred solution of liquid
ammonia (~50 mL), sodium metal (200 mg) was added to afford an intense blue solution. To this
blue solution was added 1 mL aliquots of a solution of 20 (1.848 g, 3.0 mmol) dissolved in diethyl
ether (12 mL). Additional sodium was periodically added in small proportions to maintain the deep
blue color of the solution. The completion of the reaction was assumed once the solution
maintained its deep blue color for more than 30 min. The reaction was quenched with NH4CI (200
mg), and the remaining liquid ammonia was evaporated under a stream of N2. The resulting solid
(19) was dissolved in MeOH (15 mL), and conc. HCI was then added until the solution reached a
pH = 2 and allowed to stir overnight. The solution was concentrated in vacuo, the solid was
obtained and redissolved in CH3CN (15 mL), then filtered and the solvent evaporated under
reduced pressure to afford a “light brown glassy paste”. Trituration was Et2O yield 15 (0.643 g,
1.9 mmol, 63%) as a white powder. ESI-MS of 21: expected m/z for C1gH37N304S; = 435.2, found

m/z = 434.4. ESI-MS of 15: expected m/z for C14H30N302S, = 336.2, found m/z = 336.3.
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Synthesis of N-(2-iodothyl)-2,6-bis(1-methylethyl)-hydrochloride (25). To a stirring solution of
triphenylphosphine (11.62 g, 44.33 mmol) in dry methylene chloride (330 mL) was added iodine
(11.24 g, 44.33 mmol) and imidazole (3.01g, 44.33 mmol) at 0 °C. The resulting solution was
allowed to stir for 10 mins. A solution of 2-(2,6-diisopropylphenylamino)ethanol 24 in dry
methylene chloride (100 mL) was then added to the reaction mixture and allowed to stir for 30
mins. The reaction mixture was then quenched with sat. aqueous NaS>03 solution (150 mL). The
organic layer was separated and washed with brine and then dried over MgSOas. Solvent was
removed under reduced pressure. The solid residue was dissolved in a minimal amount of diethyl
ether. The insoluble excess triphenylphosphine and by-product triphenylphosphine oxide were
filtered off through a Buchner funnel, and the solvent of the filtrate was removed under reduced
pressure. This was repeated one additional time. The solid residue was fully dissolved in 20 mL
of diethyl ether and 22.15 mL of 2.0 M hydrochloric acid in diethyl ether was added dropwise.
This mixture was then allowed to stir for 15 mins. The resultant solid was filtered and washed with
diethyl ether, and then dried to obtain a pale yellow crystalline solid (9.99 g, 92 %). *H NMR (300
MHz, CDCls) § 11.2 (br, 2 H), 7.39 (m 1 H), 7.25 (m, 2 H), 3.64-3.83 (m, 4 H), 3.59 (sep, 2 H),

1.33 (d, J = 6.6 Hz, 12 H).

Synthesis of N-(2,6-diisopropylphenyl)-N-[2-(2,6-diisopropylphenyl)amino]ethyl]-N-[2-
(phenylthio)ethyl]-1,2-ethanediamine (Bn-BDAT 27). S-benzyl-cysteamine hydrochloride 26
(2.07g, 10.15 mmol) was dissolved in 5 M NaOH solution (100 mL) and added dropwise to a
stirring solution of 25 (7.47g, 20.3 mmol) dissolved in 5 M NaOH (200 mL) and methanol (100
mL). The resulting mixture was stirred for four days at room temperature. The aqueous solution

was then extracted with dichloromethane (2 x 100 mL), washed with brine (1 x 100 mL), and then
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dried over Na,SO4. Solvent was removed under vacuum to yield a light orange oil (5.24 g, 90%).
IH NMR (300 MHz, CDCl3) § 7.67 (m, 2 H), 7.49 (m, 3 H), 7.10 (m, 6 H), 3.84 (m, 4 H), 3.71 (s,
2 H), 3.31 (hept, 4 H), 3.05 (m, 4 H), 2.83 (t, J = 6.3 Hz, 2 H), 2.53 (t, J=6.2 2 H), 1.25 (d, J=6.67

Hz, 24 H). ESI-MS: expected m/z for C37HssNsS = 573.41, found m/z = 574.8.

Synthesis of N-(2,6-diisopropylphenyl)-N-[2-(2,6-diisopropylphenyl)amino]ethyl]-N-[2-
thioethyl]-1,2-ethanediamine (BDAT 12). To a stirred solution of liquid ammonia (50 mL)
cooled to -78°C, was added sodium metal (180 mg). The benzyl-protected 27 (2.50 g, 4.36 mmol)
was dissolved in dry diethyl ether (~5 mL) added in small aliquots ( <0.5 mL). Additional sodium
metal was periodically added in small proportions to maintain a deep blue color. The completion
of the reaction was assumed once the solution maintained its deep blue color for more than 1 h.
Ammonium chloride was added until the solution changed from blue to yellow, thus quenching
the sodium. The liquid ammonia was evaporated under a stream of N2. The diethyl ether was
removed under vacuum. A minimal amount of DI H20 was added, and the solution was acidified
with 37% HCI until the reaction reached a pH of 2. Extract the organics with DCM (2 x 20 mL).
The organics were then dried with Na;SO4 and the volatiles were removed to afford 12 as a clear
oil (1.70, 81% yield). 'H NMR (300 MHz, CDCl3) § 7.67 (m, 2 H), 7.49 (m, 3 H), 7.10 (m, 6 H),
3.84 (m, 4 H), 3.71 (s, 2 H), 3.31 (hept, 4 H), 3.05 (m, 4 H), 2.83 (m, 2 H), 2.53 (t, J = 6.2 Hz, 2

H), 1.25 (d, J = 6.9 Hz, 24 H). ESI-MS: expected m/z for C30H49N3S = 483.36, found m/z = 484.6.

Synthesis of  N-(2,6-diisopropylphenyl)-N-[2-(2,6-diisopropylphenyl)amino]ethyl]-N-[2-
ethylamino-Boc]-1,2-ethanediamine (30). Mono boc-protected ethylene diamine (NNBoc, 29)

(0.80g, 5.02 mmol) was dissolved in 5 M NaOH solution (100 mL) and added dropwise to a stirring
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solution of 25 (3.69 g, 10.04 mmol) dissolved in 5 M NaOH (200 mL) and methanol (100 mL).
The resulting mixture was stirred for four days at room temperature. The aqueous solution was
then extracted with dichloromethane (2 x 100 mL), washed with brine (1 x 100 mL), and then dried
over Na,SOs. Solvent was removed under vacuum to yield a clear oil (2.48 g, 87% yield). *H NMR
(300 MHz, CDCl3) §7.67-7.49 (m, 2 H), 7.06 (m, 4 H), 3.57 (m, 4 H), 3.08 (m, 4 H), 2.79 (m, 4
H), 1.45 (s, 9 H), 1.25 (d, J=6.70 Hz, 24 H). ESI-MS: expected m/z for CasHssN4O2 = 566.46,

found m/z = 567.5.

Synthesis of N-(2,6-diisopropylphenyl)-N-[2-(2,6-diisopropylphenyl)amino]ethyl]-N-[2-
ethylamino]-1,2-ethanediamine (Na4(tren-dippamine) (28). Boc-protected 30 (2.46 g, 4.39 mmol)
was dissolved in dichloromethane and cooled to 0°C. Excess trifluoroacetic acid (20 mL) was
added to the reaction mixture. The stirring solution was allowed to warm to room temperature. The
reaction stirred until complete monitored by TLC (~2 h.). Solvent was removed under vacuum. 5
M NaOH was added and the product was extracted with dichloromethane. The product was washed
with brine and dried over Na>SOa. Solvent was removed under vacuum the resulting clear oil was
purified by silica gel column chromatograph (92:8 acetone:methanol) to yield 81%. *H NMR (300
MHz, CDCls) §7.04 (m, 6 H), 3.58 (m, 4 H), 3.42-3.28 (m, 8 H), 3.06 (m, 2 H), 1.24 (d, J=6.86,

24H). ESI-MS: expected m/z for CaoHagN4 = 466.40, found m/z = 467.3.

Synthesis of [Fe!'(SM2Na(tren-dippamide)]** (32). Sodium methoxide (0.0.021 g, 0.4 mmol), 3-
mercapto-3-methyl-2-butanone (31) (0.15 g, 0.4 mmol), and (Na(tren-dippamide)(28) (0.18 g, 0.4
mmol) were combinded and dissolved in MeOH (10 ml) in a drybox. The resulting mixture was

allowed to stir at room temperature for another 30 min. This solution was then added dropwise to
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a solution of FeCl> (0.05 g, 0.4 mmol) in 5 ml of MeOH and a stir-bar. This mixture was allowed
to stir at room temperature overnight. Sodium hexafluorophosphate (0.07 g, 0.4 mmol) was
dissolved in MeOH was added and allowed to stir for an additional day. The reaction mixture was
filtered through a bed of celite and the solvent removed under vacuum. The solid was redissolved
in a minimal amount of DCM (~4 ml) and layered with pentane (~16 ml). ESI-MS: calculated for

[CasHssFeNsS+Na]?* m/z = 321.7, found m/z = 322.3.

5.3 Results and Discussion

5.3.1 Synthesis of the (HSMe2),NH(HNa"),(Pr, Pr)«HCI Ligand and Metallation Attempts

A new synthetic route to make the unmethylated (HSM2),NH(HN"%),(Pr,Pr)sHCI (15)
ligand was pursued starting with the synthesis of tert-butyl bis(3-aminopropyl)carbamate (19)
(Figure 5.3).% Selectively protecting a secondary amine is not an arbitrary synthesis. First, the
primary amines must be selectively protected, then a Boc-protecting group may be placed on the
secondary amine, followed by selective removal of the primary amine protecting groups yielding
the desired 16. Ethyl trifluoroacetate was used as a source of trifluoroacetate which selectively
protects primary amines because it forms a salt with the secondary amine (Figure 5.3). This method

proved more successful with higher yields (95%) than other methods attempted.*04
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Figure 5.3. Synthetic Route to (HSM®2),NH(HN2"),(Pr,Pr)sHCI (15)

The following alkylation of 17 with two equivalents of 2-benzyl-2-methyl propionic acid
(16) was based off of the previous ligand synthesis with a few additional considerations.** The
acid chloride derivative of 18 is generated in situ and used immediately in the alkylation, this
requires the use of thionyl chloride. This reagent is capable of removing the Boc-protecting group
from the amine backbone. In order to avoid this, solvent and any residual thionyl chloride was
removed under vacuum, then acetone was added followed by base (EtsN) before the addition of
19. The *H NMR and ESI-MS spectra showed that the removal of additional thionyl chloride and
the order of addition of the reagents prevented the early removal of the Boc-group which would
have resulted in potential mix of over-and under-alkylated species in addition to 19. Overall the
carboxamide ligand without the methyl (15) was synthesized, compounds the stepwise removal of

protecting groups of 20 to produce 21 then 15 is confirmed by ESI-MS spectra (Figure 5.4).
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Figure 5.4. The stepwise removal of the protecting grouping on 20 to produce the final product 15.

Coordination of (HSM¢2),NH(HN?™%),(Pr,Pr)«HCI (15) to an Fe** ion has been attempted
following the procedure for [Fe'"'(SMe2NMeN,2Mide(Pr Pr)]Y- (8).1* The reaction of FeCls and
(S2MEZNHN,2™i%) (Pr Pr) produced a deep blue green reaction mixture similar to the dark green color
observed for the formation of 8. Upon the addition of sodium methoxide, the solution turned a
cloudy light brown. This change may be due to methoxide binding and or an auto-reduction
producing the Fe'' species that have charge transfer bands in the UV instead of visible spectrum.
The former may be avoided by using a non-coordinating base such as N,N-diisopropylethylamine

(Hiinig’s base). No microcrystalline salt of the desired complex 11 has been recovered.
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5.3.2 Synthesis of the BDAT and Na(tren-dippamice) Ligands and Metallation Attempts

The synthesis of 12 was accomplished through a four-step procedure (Figure 5.5).
Modification to the reported procedure for the synthesis of N-(2-iodoethyl)-2,6-
diisopropylbenzenaminium chloride 25 by using a commercially available 2.0 M HCI diethyl ether
solution, instead of HCI gas, produced increased yields (92%).%” Diisopropylbenzenaminium
chloride 25 is a versatile precursor that is also used in the synthesis of ligand for the target complex,
14. Alkylation of S-benzylcysteamine 26 produced a benzyl protected thiolate 27 (Figure 5.5 &
Figure 5.6). The final organic product 12 was isolated as the HCI salt and characterized by 'H
NMR and electrospray ionization mass (ESI-MS) spectroscopies (Figure 5.7). The overall yield

for this synthetic route is 52%.

OH I e
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Figure 5.5. Synthetic route to the BDAT ligand (12).
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Figure 5.6. 'H NMR spectra and inset ESI-MS (m/z) spectra of BDAT-Bn (27). * denote solvent

peaks.
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Figure 5.7. 'H NMR spectra and inset ESI-MS (m/z) spectra of BDAT (12). * denotes solvent

peaks.



189

The same versatile precursor used to install steric bulk into the BDAT ligand, was
implemented in the synthesis of the Na4(tren-dippamine) ligand (28). First the singly boc-protected
ethyl diamine (29) is alkylated with two equivalents of the sterically bulky 25 (Figure 5.8). The
boc-protected precursor 31 was produced from an alkylation reaction, followed by deprotection to
afford Na(tren-dippamine) (28). A thiolate, 3-methyl-3-mercapto-2-butanone (32) is added to the
ligand 28 like previous procedures in which the alkyl-thiolate precursor is condensed onto a ligand
via a metal-templated Schiff-base condensation. These metalation reactions were only attempted
in methanol because the Schiff-base condensation between the ketone and the amine backbone of
28 has been more successful under these conditions for other similar systems.*2*® No evidence of
metalation with Fe'!, Mn", or Co'" has been observed with the SMe2N4(tren-dippamie) ligand either,
despite the larger possible coordination number that would aid in the stabilization of a metal
complex. Isolating anionic Fe'-complexes can be challenging and attempts make the Fe'"'-complex

should be pursued.

2 eq.
1
Cl
@
NH, NH, H ~ H ~
5 M NaOH TFA
+ a 3 N\/\N HN W N\/\N HN
MeOH 8 22 X
NHBoc 4 days NH,
NHBoc
(25) (29) 30) (28)

Figure 5.8. Synthetic Route to (N4(tren-dippamidge) (28).

5.3.3 Preliminary Results for the Cationic Derivative, [Fe' (SM®?N4(tren-dippamice)]** (32)
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The BDAT and (SM#2Nq(tren-dippamide) both could also be coordinated to Fe' produce
cationic complexes. Metallation was first attempted with the (SMe2Na4(tren-dippamice) ligand
because of its potential to have a higher coordination. This was achieved using a metal-templated
Schiff base condensation (Figure 5.9). Evidence for metallation was obtained by a peak in the
ESI-MS spectra indicating the 1+ charged 32 was further ionized in the mass spectrometer by the
addition of a sodium ion (Figure 5.10). Attempts to isolate solid have been unsuccessful. The
methanol solution containing 32 reacts with dioxygen from air to become a deep eggplant purple
(Amax =500 nm) at 25 °C (Figure 5.11). This species decays to a second orange meta-stable species
with Amax = 550 nm over the course of 25 minutes (Figure 5.11). Eventually the solution loses all
electronic absorption features at room temperature. The observance of two colored species after
the addition of oxygen at room temperature is incredibly promising that at lower temperatures

these species and potentially others could be isolated and characterized.

NH
NH; M 5 M NaOH ;‘\/\N/\H\N TFA g\/‘N/\H\N
—>
e MeOH 8 CH,Cl, X
NHBoc *days \us NH,
ocC

(25) (29) (30$) (28)

Figure 5.9. Synthetic Route to [Fe''(SM®?N4(tren-dippamide)]** (32)
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5.4 Conclusion

The design and synthesis of new ligand systems is an integral part of biomimetic modeling
since it provides the opportunity to isolate previously unobservable or difficult to access
intermediates and to probe the effects of coordination environment on reactivity. The procedures
for three new anionic ligands have been established and with minor changes metalation will likely
be achieved. The removal of a methyl group from 8 forming 11 may lead to a lower spin-state for
the latter and steric bulk of the complex thus possibly allowing a sixth ligand to bind. However,
the redox potential is unlikely to be affected by the synthetic change to change and the methylated
version has an extremely negative reduction potential (-1.51 V vs SCE)* displaying how this
ligand is likely to stabilize high valent Fe intermediates. Another five-coordinate anionic complex
with a single thiolate, 13, was proposed to isolate such intermediates, thus far the electronic rich
ligand has not been coordinated to an Fe' ion. A more effective strategy may be to synthesis the
Fe''' complex in the same manner as 8. Accessing FeV-oxos would be possible from 14 and 11
using oxo-atom donors. Likewise, 12 may be coordinated to an Fe'"" ion to form 13 and dioxygen
intermediates can be probed through the binding of superoxide and peroxide. With the time
intensive task of developing synthetic routes to these complexes completed, metallation with Fe'"
ions will hopefully yield exciting new opportunities to study the influence of thiolates on dioxygen
derived intermediates.

A promising preliminary result is the intense color change the 31 undergoes when exposed
to air followed by an additional color change before decaying to a featureless species. This implies
there may be multiple intermediates observable at room temperature. Typically, dioxygen derived
intermediates with thiolates are only seen at low temperatures.*>** The steric bulk may be slowing

the conversion to the common thermodynamic sink of forming a Fe'!'>-u-oxo complex or slowing
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oxidation reactions.* While not the initially intended anionic complex, 31 has demonstrated

promise as a complex that can stabilize multiple intermediates.

Through the study of many examples of dioxygen derived intermediates spectroscopic and

reactivity trends can be established and computational methods can be calibrated. This furthers the

understanding of transiently observed intermediates in metalloenzymes helping to explain how

they carry out such critical and difficult process under ambient conditions with first row transition

metals. This can have a broader impact in design and implementation of biocatalysts and bio-

inspired catalysts.
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