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Abstract

Non-Heme Iron Oxygenases: An Investigation of the protein ligand effects on the chemical reactivity in

MiaE and cysteamine dioxygenase

Philip Palacios, PhD

The University of Texas-Arlington, 2019

Supervising Professor: Brad S. Pierce

Considerable research interest has focused on the non-heme oxygenase/oxidase enzyme
family because of vast array of chemically diverse O,-depedent oxidations they participate in. For
example, the bacterial multicomponent monooxygenases (SMMOH and ToMOH) are bacterial diiron
enzymes that are involved in the oxidations of simple carbon sources (methane and toluene) for
nutrition and other cellular cycles. Investigations of the BMM systems have significant implications
for the research and development in greenhouse emissions. The hydroxylase component of the BMM
superfamily is coordinated by 2-Histidine-4-carboxylate ligands (Asp or Glu) [2H4C]. The [2H4C]
configuration is the typical moiety for the 2-electron oxidation in the monooxygenases. Following
reduction, the diferrous cluster is able to catalyze the O,-depedent oxidation of the respective
substrate by 2-electrons. Much like the bacterial multicomponent monooxygenase (BMM)
superfamily, the binuclear site of Salmonella typhimurium MiaE is coordinated by 2-His-4-carboxylate
(Asp or Glu) residues (2HA4C). The Pierce group has extensively characterized the wild-type MiaE and

its native, 2-electron tRNA-hydroxlase activity with a variety of spectroscopic and analytical methods



(EPR, *>’Fe Mdssbauer, Circular dichroism (CD), UV-vis, X-ray diffraction (XRD), HPLC/LCMS, steady-
state kinetics). With recent discoveries of the arylamine N-oxygenases, AurF and Cmll, the interests
shifted toward the potential functionality of MiaE as a model for arylamine N-oxygenase chemistry.
Comparisons of crystal structures with AurF suggests that the MiaE L199H variant can re-create the
3-His-4-carboxylate (3H4C) environment in the binuclear site. DFT studies on the wild-type MiaE
revealed the shift in the F181 side chain for incorporation of the histidine residue and does not
significantly affect the geometry of the active-site. Spectroscopic studies (UV-vis, EPR, and
Mossbauer) of the L199H variant show good agreement with spectroscopic values reported for other
arylamine N-oxygenases. Reactivity studies showed successful incorporation of molecular oxygen
into an arylamine substrate with expected mass shift through HPLC and LC-MS. Together, this
research has shown the potential for MiaE to serve as the framework for further investigation into

arylamine N-oxygenase chemistry biologically inspired designed for catalyst development.

Our research group has had significant interests in the role of thiol dioxygenases (TDOs) in
the role of sulfur regulation. Clinical studies have shown a correlation between sulfur imbalances and
the development of neurodegenerative diseases. TDOs are involved in the first irreversible step in
the oxidation of sulfur-containing amino acid derivatives. The mammalian enzyme, cysteamine
dioxygenase (ADO), is a non-heme iron enzyme that catalyzes the O,-depedent oxidation of
cysteamine to produce hypotaurine. Hypotaurine and taurine biosynthesis are important metabolites
for brain and cellular development. Extenstive studies have been dedicated to the mammalian
counterpart cysteine dioxygenase (CDO). Consequently, ADO remains a relatively uncharacterized
member of the non-heme iron family. Sequence homology between CDO and ADO show a conserved
first-coordination sphere suggesting comparable mechanistic features for catalysis and substrate
binding. Steady-state and NMR studies on ADO shows a proclivity for the native substrate,

cysteamine (ca) with little reactivity toward L-cysteine (cys). Additionally, key ionization events in kcat



and ket/Kv suggests a different collection of residues involved in catalysis that differs from what is
seen in other thiol dioxygenases. The complementary X-band EPR studies suggests the substrate does
not bind directly to the Fe-site. Together, these studies suggest potential deviations in mechanistic

steps during catalysis from what is classically observed in thiol dioxygenases.



Chapter 1 Introduction

Analytical applications of Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) is a magnetic resonance spectroscopic method use
for interrogation of species with unpaired electrons. This spectroscopic technique relies on the
Larmor precession of magnetic pole by the unpaired electron (and magnetic nuclei) in the presence
of an external magnetic field (B). The precession of the electronic and nuclear spins can be inverted
through the application of an oscillating magnetic field at the resonance frequency for the unpaired
electron. The energy gap for the resonance frequency is diagnostic information about the number of
unpaired electrons, the orbital the electron may reside in, and the interaction with adjacent
magnetic nuclei that couples with the unpaired electron. EPR measurements are most commonly
performed at room temperature however, transition metal systems are examined under cryogenic
conditions. Cryogenic EPR is necessary for transition metals because of the increased relaxation rates
which leads to line broadening at elevated temperatures. The relaxation rates of transition metals
are enhanced due to increased spin-orbit coupling of the d-electrons. The spin-orbit coupling (SOC)
effect arises from the interaction between the spin and orbital motion of an electron.® In biological
systems, fast forming transient species can be trapped by rapid freeze quench methods and analyzed
by cryogenic EPR.

For transition metals, the d-orbitals can adopt various oxidation states and therefore a
variety of spin-states. Consequently, the d-orbitals exhibit a larger perturbation under various
conditions related to substrate, coordination environment, and oxidation state unlike their organic
radical counterparts.” In this work, EPR has been an essential tool for probing and quantifying the
concentration of species in metalloproteins and various transition metal complexes. A brief review

into the role of quantitative measurements by EPR will be discussed further in this chapter.



In isolated systems where the total spin of the molecule is S = 1/2, the measurement of the
interaction between the unpaired electron and an external magnetic field can be described by
Equation 1.1, where B is the Bohr’s magneton (9.274 x 102*J/T), B is the applied magnetic field, g is

the g-tensor and S is the spin angular momentum of the electron.

H=pB-g-S (1.1)

When an external field is applied to the paramagnetic substance, the degenerate m; levels are
linearly split allowing for measurement of excitation spin-states in a sample. Under S = 1/2
conditions, the integration of the area under the curve is a direct calculation of the number of spins

contributing to the EPR signal. The measurement of the spin-spin interactions can be calculated and

reveals the EPR parameters of the species analyzed.

For systems with more than one unpaired electron (S > 1/2), additional mathematical terms
are needed to account for the spin-spin interactions. In the absence of an applied magnetic field, the
interaction of the increased number of unpaired electrons breaks the degeneracy of the m;
eigenstates and is referred to as zero field splitting (zfs). Under octahedral ligand field conditions, the
zfs contributions can be designated by the axial (D) and rhombic (E) terms which describe the
electron-electron interactions along the z-axis and xy-plane. In integer-spin systems, the non-
Kramer’s doublets exhibit non-degeneracy and the application of the zfs terms are necessary for
accounting for the spin-spin interactions. Another component that is accounted for in the expanded
Hamiltonian is the hyperfine splitting interactions. Hyperfine splitting is the magnetic interaction of
electron (S) and nuclear (1) angular momentum. The hyperfine multiplicity follows the 2n+ 1 rule, and

transitions must satisfy the selection rules: Ams =+ 1 and Am, = 0. Hyperfine interactions have



equally spaced EPR peaks and measurement of these values (MHz) can be a diagnostic tool for
distinguishing between metal centers. The hyperfine contribution in the Hamiltonian can be
described as S-A:l. As seen in Equation 1.2, the expanded Hamiltonian is more complex but thorough

mathematical expression for the total spin-spin interactions.

a2 S(S+1)
3

| +E(S3+ %)+ pB-g-S+5-A-1 (1.2)

A look into the Mononuclear Non-Heme Metalloproteins

Genomic analysis across phylogenic domains have revealed that approximately one-third of
all expressed proteins require a metal ion or cofactor for proper protein assembly and functionality.
For nearly 50 years, the enzymes that are involved in aerobic oxidative reactions have garnered
considerable attention because of their selective oxidation of organic substrates. The oxidation of
organic substrates by molecular oxygen (combustion reactions) are exergonic therefore
thermodynamically favorable. However, the two unpaired electrons in the t* in oxygen resultina S =
1 ground state that results in a triplet multiplicity (302). In contrast, majority of organic substrates (R)
are diamagnetic compounds (no unpaired electrons) that result in a S = 0 ground state configuration
therefore results in a singlet multiplicity (*R). The conservation of angular moment for substrates and
products must be maintained and with differing spin-states with molecular oxygen and the

combustion products, such reactions are designated as spin-forbidden and are kinetically slow.

To overcome this kinetic barrier for organic substrate oxidation, nature has employed the
use of transition metals to balance angular moment of oxygen-dependent reactions.®® The inclusion
of several first-row transition metals provides an avenue for substrate oxidation to occur with

relative ease and under less stringent conditions. This first chapter provides contextual background



about the expansive reactions catalyzed by O,-dependent metalloproteins as well as highlight the
structural designs utilized for metal incorporation and the influence by the protein ligand

environment.

The O,-dependent oxidation of organic substrates are designated as either mono- or di-
oxygenase based on the number of oxygen atoms incorporated into the substrate (1 or 2). In
contrast, enzymes that reduce oxygen into water without incorporate of O-atoms into the product
are termed oxidases. In totality, the O,-dependent enzymes are designated as the oxygenase/oxidase
family. The work presented here focuses on the non-heme mono- and bi-nuclear iron

oxidase/oxygenase enzymes and presented below is a brief summary of their characteristics.

The mononuclear non-heme Fe(ll)/0, enzyme family is a diverse collection of
metalloproteins that are involved in critical chemical reactions such as aromatic ring cleavage,
hydroxylation, and C-C double bond epoxidation through the activation of dioxygen. The reactions
that are catalyzed are integral components for the biosynthesis of antibiotics and amino-acids.*®
Consequently, the non-heme Fe(ll) family have been researched considerably because of their
participation in critical biosynthetic pathways as well as the rational design of natural products and
industrial catalysts. Research efforts into the heme and non-heme oxygenases/oxidases have shown
overlapping mechanistic features for substrate oxidation and O,-binding. However, the structural

framework and divergent chemical steps illustrate the diversity of these Fe-dependent enzymes 113

The non-heme iron enzyme family
The non-heme iron enzymes can be classified as mononuclear or binuclear that is
coordinated by a combination of histidine and carboxylate residues as seen by the non-heme diiron
enzyme toluene monooxygenase in Figure 1.1 (panel B).1* The structural frame of the non-heme iron

enzymes are not hampered by the rigidity of a macrocyclic ring like that of its heme counterparts.



Consequently, the newly adopted framework has more open binding sites to coordinate directly to
substrate, cofactors, or dioxygen.>'” The additional binding modes effectively acts to tune the

chemical reactivity of Fe-site and expands the diverse collection of products synthesized.?> 13

, B
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Glu104
Glu197
His234
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Figure 1.1 X-ray crystal structures of Fe-bound active sites for the heme and non-heme iron oxygenase. A)
Cytochrome P450 (PDB: 2DOE)* from Streptomyces coelicolor. B) Hydroxylase component of toluene
monooxygenase (ToOMOH) (PDB:1T0Q)° from Pseudomonas stutzeri.

Mechanistically, these enzymes share many overlapping pathways and chemical
intermediate despite the wide array of reactions and substrates utilized.!> 13151618 |n general, the
binding process begins by a obligated order of addition where the resting Fe(ll)-active site is
chemically unreactive to molecular oxygen. Oxygen activation begins by the binding of the substrate
or cofactor the iron active site.® This process of precise, sequential bindings is critical due to the
harmful effects that can incur on the enzyme if oxygen binds prior to substrate as reactive oxygen
species (ROS) can be produced and harm the organism. The precise order of substrate binding and
oxygen activation ensures that the substrate can be adequately oxidized by molecular oxygen. At this
time, there are two chemical routes for substrate oxidation to occur either by 1) substrate activation
or 2) oxygen activation.'® For oxygen activation, the 0-O bond undergoes homolytic cleavage that

results in the formation of a high-valent Fe(lV)-oxo species that will subsequently be used for



substrate oxidation. Numerous studies on the taurine/a-ketoglutarate-dependent dioxygenases,
hydroxylases, and halogenases have shown evidence for the high valent Fe(IV)-oxo species being the
catalytic species for substrate oxidation.'>2? In contrast, the substrate activation mechanism the
oxidizing species is a Fe(lll)-superoxo that is formed by the heterolytic cleavage of the 0-O bond and
a rapid electron transfer from the Fe(ll). Spectroscopic studies into the formation of the Fe(lll)-
superoxo species has been identified and trapped in several non-heme iron enzymes such as

isopenicilin N-synthase and homoprotocatechuate 2,3-dioxygenase.? 2

Non-heme iron enzymes with the 2-His-1-carboxylate moiety
Among the non-heme mononuclear iron oxygenase/oxidases, the active-site is composed of
a single ferrous iron that is coordinated by two protein derived histidine residues and one

carboxylate ligand (Glu or Asp) along one side of the octahedral face as seen in Figure 1.21>2°

His255 /'/
4
-

His98

Asp100

Figure 1.2 X-ray crystal structure of the
Fe(Il)/a-ketoglutarate dependent enzyme
TauD from Myobacterium marinum (PDB:
3SWT)?%



This 2-His-1-carboxylate motif has been identified in numerous enzymes and is found to be a
conserved active-site domain. The 2-His-1-carboxylate motif serves a wide variety of substrate
oxidations as described previously and is employed by a diverse set of enzymes in the non-heme iron
family.?> 3 In below, the classification of the 2-His-1-carboxylate enzymes can be seen. A brief discussion

on these classes will be described further along in this chapter.

Table 1.1 Classification of 2-His-1-carboxylate enzymes

Enzyme Group Enzymes Function
Catechol Dioxygenases 2,3-HPCD, 4,5-HPCD, BphC C-C bond cleavage
Riseke Dioxygenases NDO Cis-dehydroxlation of arenes
A-ketoglutarate-depedent TauD, DAOCS, HPPD C-H bond activation
oxygenases
Pterin-dependent Hydoyxlases PheOH, TyrOH, TryOH Amino-acid biosynthesis
Others ACCO, IPNS Antibiotic biosynthesis

HPCD, homeoprotocatechuate dioxygenase; BphC, polychlorinated-biphenyl dioxygenase; NDO,
naphthalene dioxygenase; TauD, taurine dioxygenase; DAOCS, deacetoxycephalosporin C synthase;
HPPD, 4-hydroxyphenylpyruvate dioxygenase; PheOH, phenylalanine hydroxylase; TyrOH, tyrosine
hydroxylase; TryOH, tryptophan hydroxylase; ACCO, 1-Aminocyclopropane-1-carboxylic acid
oxidase; IPNS, isopenicilin N-synthase

The Catechol Dioxygenase Enzymes
The catechol dixoxygenases use dioxygen to catalyze the cleavage of the C-C bond in the
catechol ring. This reaction can be subdivided into two types of cleavage based on the
regioselectivity of the C-C bond. For intradiol cleavage involves the breaking of the C-C bond that

resides between the two hydroxyl groups while the extraodiol cleavage reaction involves the
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breaking of the C-C bond adjacent to the hydroxyl substituents.?28 The general mechanism for the

extradiol dioxygenase can be seen in Scheme 1.1.

H H O Hoo 0
. _0 0, -1 o / e
H—Fe" D ~» H—Fe" — H—Fe'
/ 0 / 0 / 0
D D D
HO _
HOOC X H. 4 _Ox
H—Fe
OHC._~ PR

D

Scheme 1.1 The proposed pathway for catechol dioxygenase catalysis.

The a-ketoglutarate-dependent enzymes
The a-ketoglutarate-depedent oxygenases is the largest group within the 2-His-1-carboxylate
enzyme family. These enzymes use a-ketoglutarate as an electron source for catalysis through the
decarboxylation of a-ketoglutarate as seen in Figure 1.1. This group of enzymes are heavily involved
in crucial biochemical pathways that are related to antiobiotic biosynthesis, DNA/RNA repair, and

oxygen detection, > 19-22

HO OH
O

Figure 1.3 Structure of the a-
ketoglutarate cofactor.
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The proposed mechanism has been studies extensively and begins with the resting ferrous
iron active-site that is situated in the 2-His-1-carboxylate moiety. The available binding sites are used
for bidentate coordination to the a-ketoglutarate cofactor with one site open for molecular oxygen
binding. Interestingly, the substrate is not directly coordinated to the iron active site much like the
other enzymes in the non-heme iron family. Despite this change in substrate binding, the a-
ketoglutarate dependent enzymes still follow the obligated addition of substrate prior to dioxygen
binding. The proposed mechanism for the a-ketoglutarate-dependent oxygenases can been seen in
Scheme 1.2. The binding of oxygen and the rapid electron transfer from the ferrous iron leads to the
formation of a Fe(lll)-superoxo species. The Fe(lll)-superoxo swings over binds to the a-ketoglutarate
cofactor to form a bicyclic ring-like structure which consequently weakens the O-O for cleavage. This
leads to the formation of a high-valent Fe(IV)-oxo species that abstracts a hydrogen atom from the
nearby substrate resulting in a Fe(lll)-hydroxo and radical substrate species. The final step in the

catalytic cycle is the hydroxylation of the substrate and subsequent release.?
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Scheme 1.2 Proposed mechanism for a-ketoglutarate dioxygenase catalysis.

The newly discovered 3-His facial triad

The 2-His-1-carboxylate moiety has been the dominant configuration in this family of
enzymes and has been extensively examined with numerous structures solved elucidating crucial
mechanistic information.'* 13 However, a largely uncharacterized subset of enzymes have been
identified that utilize a 3-His facial triad that deviates from the conical 2-His-1-carboxlyate motif. To
date, there are only four solved crystal structures that illustrate this 3-His facial triad.?> 332 The role
of the 2-His-1-carboxylate structural configuration allows for stabilization of high-valent Fe-oxo
intermediates, therefore it is reasonable that the transition to the 3-His moiety would have

consequential effects on the catalytically relevant species formed during turnover.
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Non-heme iron enzymes involved in sulfur catabolism
The development of life on Earth is defined by the utilization of the six primordial elements
(H, C, N, O, P and S). For brevity, the focus will be on the sulfur biochemical pathway in cellular
systems. Sulfur is an essential element to life and is critical to many biochemical pathways that are
involved in amino acid synthesis and Fe-S clusters.3*3” Numerous studies into the biochemical cycle
of sulfur has shown a complex network of reactions that are not fully understood. A closer look into
the stability of various redox states (-Il to +VI) shows the remarkable capabilities of sulfur to be

utilizied in various chemical reactions.3®

The discovery of thiol dioxygneases (TDOs) that can oxidize sulfur containing amino acids has
been known for nearly 40 years.*® These O,-depedent, non-heme iron enzymes are responsible for
the catalytic conversion of thiols to sulfinic acid products. To date, there are two known mammalian
enzymes involved in thiol oxidation, cysteine dioxyngease and cysteamine dioxygenase (CDO and
ADO, respectively) of which CDO being the most extensively studied. An intense research effort has
been made to shed light on the mechanistic pathway for thiol oxidation as medical studies into the
disruption of cysteine regulaton has been linked to numerous diseases and ailments.***? The CDO
cycle converts cysteine to cysteinesulfinic acid that serves as a source for other sulfur regulatory

steps in the cycle as seen in Scheme 1.3.
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Scheme 1.3 The role of cysteine in the sulfur biochemical pathway.

Cysteine serves a critical role in metabolism of several important metabolites for cellular
stability and regulation. Free cysteine exists in an equilibrium established by the glutathione and
methionine biochemical pathways. Glutathione (GSH) is a critical component for maintaining healthy
cellular function and monitoring oxidative stress. Nearly 90% of all available glutathione (1-10 mM) is
located in the cytosol and represents the largest reservoir of readily-available antioxidants for
detoxification of free radical and reactive oxgen species.** ** Unde oxidative stress, reduced
glutathione reacts with radical species to form oxidized glutathione (GSSG) which is can be re-

reduced with the assistance of gluthathione reductase (GR) as seen in Scheme 1.4.%
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Scheme 1.4 Glutathione biochemical pathway.

The synthesis of cysteine is also regulated by methionine catabolism. Methionine is
converted to S-adenosylmethionine (SAM) by the ATP-dependent synthatase, methionine
adenosyltransferase (MAT). SAM is a crucial component for methylation in other biochemical
pathways that such as DNA/RNA and protein methylation.* Methyl transfer from SAM leaves the S-
adenosylhomocysteine (SAH) product. Hydrolysis of SAH by adenosylhomocysteinase (AHC) removes
the adenosyl ligand and produces homocysteine. Homecysteine can either be recycled for
methionine biosynthesis with 5-methyltetrahydrofolate or by the transsulfuration pathway that

irreversibly converts homocysteine into cysteine as seen in Scheme 1.5.
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Scheme 1.5 Cysteine synthesis by methionine.

As seen above, the pathways that maintain cysteine levels are in some fashion reversible to
maintain a healthy equilibrium. However, CDO is involved in the first irreversible step of cysteine
consumption to product cysteinesulfinic acid (CSA). The production of CSA plays several roles as this
metabolite can be further processed for production of pyruvate and inorganic sulfate or undergo
decarboxylation to produce hypotaurine and eventually taurine as seen in Scheme 1.3.4 CDO has
been researched extensively due to it’s importance in strict regulation of cysteine in biochemical
pathways. However, little information has been available into the investigation of role of hypotuarine

production in mammals.

The role of hypotaurine to date has shown to serve as the prerequiste metabolite to taurine
biosynthesis.3* *® This biochemical pathway is initiated by the formation of the starting substrate,
cysteamine (CA). Cysteamine is one the by-products of coneyzme-A catabolism.** *° The thiol
dioxygenase, cysteamine dioxygenase (ADO), is an O,-dependent non-heme iron enzyme responsible

for the conversion of cysteamine to hypotaurine as seen in Scheme 1.6.* The medical importance of
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cysteamine has been investigated as a treatment for Huntington’s and cystinosis, which is a

uncontrolled buildup of cystine leading to organ failure.>*>3

ADO,0, (|)|
+ SH \ - + S\ -
HaN~ > HsNT "0

Scheme 1.6 ADO-catalyzed formation of hypotaurine.

ADO is a member of the newly identified 3-His facial triad enzymes. Examination of the
amino-acid sequence shows that ADO is a member of the cupin superfamily of proteins. The cupin
sequence motif are composed of B-barrel folds that house the metal active site region of the
protein.’* >> Sequence homology between ADO and CDO show a low (~15%) identity however share
the conserved 3-His facial triad found in CDO. Structural studies have shown that CDO exhibits an
unusually rare post-translation modification (PTM) that involves the formation of a covalent crosslink
between Cys93 and Tyr157 forming the C93-Y157 modified CDO. This modified pair has been
postulated to aid in substrate orientation as well as proper stereo-selectivity of the substrate. Work
by Liu et. al. found through *°F NMR spectroscopy and high-resolution LC-MS reported a Cys-Tyr
crosslink in the ADO protein that is found in CDO and suggests this post-translational cofactor may
play a role in catalytic efficiency and substrate binding.>® Various studies on the ADO protein report
increased difficulty in crystal formation for X-ray diffraction and remains a largely uncharacterized

biological system.

The non-heme diiron proteins
The non-heme, diiron enzymes are a functionally diverse collection of O,-depedent
oxygenases that are heavily involved in many critical biochemical reactions throughout the biological
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kingdom as seen in Scheme 1.7.Y The structural configuration of the active site houses the diiron
metal cofactor and the nature of the transient speices is heavily influenced by the nature of the
coordinating residues. Typically, the first-coorination sphere of the diiron core is surrounded by 2-
histidine residues and 4-carboxylate ligands either in the form of aspartate or glutamate [2-His/4-
carboxylate]. Among this family, the hydroxylase diiron enzymes of the bacterial multicomponent
(BMM) diiron oxygenase superfamily (I.e. methane monooxygenases (MMOH), phenol hydroxlase
(PH) and the R2 subunit of ribonucleotide reductase (RNR-R2) have attracted considerable interest
due to their role in green chemistry, DNA synthesis, and degradation of toxic aromatic products.>®>8
Characterization of the myo-inositol (MIOX), p-aminobenzoate arylamine oxygenase (AurF), and
chloramphenicol oxygenase (Cml I) have shown the addition of another histidine residue to the diiron
active-site which results in 3-His/4-carboxylate configuration. These diiron enzymes are involved in
extended oxdations (4-electron and 6-electron, respectively) and suggest that the coordination

environment around the diiron core heavily influences the mechanistic approach and number of

substrate oxidations.
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Scheme 1.7 Reactions carried out by diiron oxygenases.

This hypothesis is supported by the design and examination of the 4-helix bundle synthetic
protein models known as “Due Ferri” proteins which houses the diiron core in a 2-his/4-carboxylate
or 3-His/4-carboxylate environment.*® Reactivity studies demonstrated that 4-aminophenol (4-AP)
was oxidized in a manner that is comparable to other 2-His/4-carboxylate oxygenases. Furthermore,
the 3-His/4-carboxylate DF proteins were exposed to 4-AP and showed evidence for production of

arylnitro products much like that of AurF and Cml [.5% 6!
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Mechanistically, the initial step for substrate oxidation begins with the 2-electron reduction
of the resting diferric enzyme that primes the diiron core for O;-binding. The reductive process is
aided by an external source of electrons typically in the form of NADH or NADPH. In the BMM, there
are other enzymatic components utilized for electron delivery to the hydroxylase portion of the

enzyme complex. The binding of dioxygen facilitates the formation of a peroxo intermediate. Several
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Scheme 1.8 Cycle for diiron intermediate formation

peroxo intermediates have been postulated and isolated for a variety of diiron oxygenases.®? In

Scheme 1.8, the transient species formed during O,-binding in several diiron proteins in illustrated.

Structurally, the diiron enzyme family adopts a multimeric protein deisgn that houses that
diiron active-site (hydroxylase component), electron transfer subunit, and an effector subunit for
substrate binding and oxidation.®® This dynamic multimeric protein structure immediately creates
complications spectroscopically because each protomer of the enzyme houses a diiron core. This

makes the assignment of spectroscopic features ambiguous at best. Additionally, these complexes
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are tethered together and present the possibility for communication between protomers that can
enable half-site reactivity suggesting that substrate oxidation is not limited to one portion of the
protein. Together, these present significant hurdles when undertaking characterization of this family

of enzymes.

This presents an excellent opportunity for the utilization of the tRNA-modifying
monooxygenase, MiaE, to serve as the framework for studying the effects of the Fe-coordination
sphere in tuning reactivity and transient species selectivity. MiaE is a non-heme diiron enzyme , from
Salmonella typhimurium, that catalyzes the O,-dependent hydroxylation of adenosines7 in tRNA
(ms?i®As;) to produce 2-methylthio-N®-(4-hydroxylisopenentyl)-adenosine (ms?io®As;).5% %> The diiron
core is situated similarly to that of the BMM diiron proteins with a 2-His/4-carboxylate environment.
However, protein analytics and X-Ray crystallography have shown that the MiaE protein exists as a
monomeric protein. The minimalist design that MiaE has adopted allows for strict assignments of
spectroscopic signals and eliminates the potential for inter-protomer communication. The utilization
of MiaE presents a “top-down” enzymatic approach for studies into arylamine oxdidation. With MiakE,
the complications of designing the substrate channel, reductase subunit, and electron delivery
mechanism are removed. This allows for an in-depth investigation of the catalytic cycle of arylnitro

product formation.
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Chapter 2 Mutation in tRNA-modifying monooxygenase, MiaE, leads to viable enzymatic model for

arylamine oxidation.

Introduction

In metalloproteins, nature has made use of the first-row transition metals and conserved
protein moieties to carry out a wide range of biochemical processes. The non-heme, diiron family
encompasses a large, diverse set of O,-dependent enzymes that can be found throughout the biological
landscape. The various organic substrates utilized highlights the remarkable use of available
biomolecules in the surrounding environment for cellular homeostasis and proliferation. The diiron
metal cofactor buried in the active site cavity serves as the centerpiece for O, activation in oxidative
processes. The binding and subsequent molecular arrangement of dioxygen in the diiron core is an
integral component for transient species formation and has significant impact on the mechanistic route
for oxidation. Numerous X-ray crystal structures have been solved for a variety of diiron oxygenases and
show the generally conserved metal cofactor surrounded by varying number of histidine and
carboxylate residues. The subtle change in the number of coordinated ligands has a significant impact on
the chemical tuning of the diiron site and suggests an avenue to study the chemical reactivity of diiron

oxygenases through structural alterations.5%¢

A variety of classifications can be used for categorizing the non-heme diiron family of enzymes
but for this purpose, | will focus primarily on the role of the first-coordination sphere and its impact on
chemical tuning for reactivity toward non-native substrates.

Arylnitro containing compounds are a sought-after industrial product that can be found in
pharmaceuticals, food dyes, and explosives. Like many industrial processes, the preparatory methods for
arylnitro products require harsh reaction conditions and are less than satisfactory in terms of

regioselectivity.®”- ® Recently, a small subset of diiron enzymes have been identified to play a role in
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oxidation of arylamine metabolites for arylnitro product synthesis. The antibiotic, pyrrolnitrin from
Pseudemonas fluorescens, is biosynthetically produced by the Prn enzymatic pathway where Pyrrolnitrin
N-oxygenase (PrnD) serves as the arylamine oxygenase to doubly oxidize aminopyrrolnitrin to
pyrrolnitrin.®® Protein studies confirmed that the PrnD enzyme utilizes a [2Fe-2S] cluster that aids in the
electron delivery network for catalysis and was subsequently designated as a Riseke dioxygenase.” In
contrast, two newly isolated diiron enzymes, Cmll and AurF, were recently identified and characterized
as non-heme diiron aryl-N-oxygenases for their role in chloramphenicol and p-nitrobenzoate
biosynthesis.”>’2 The overall 6-electron oxidation is a significant shift in oxidative capacity for the diiron
metalloproteins for a variety of reasons. Evolutionarily, a majority of the diiron oxygenases identified are
involved in modest 2-electron, monooxygenase chemistry. Additionally, the mechanistic process for
extended oxidation requires the framework that allows the substrate to remain within the active site
long enough for oxidative targeting. Overall, there is significant interest in understanding the unusual
uptick in substrate oxidation of arylamines for practical applications of potential catalysts for arylnitro

products in industrial production.”

The characterization of these enzymes began with synthetic 4-helix bundle development with
the diiron metal cofactor incorporated with the appropriate ligand set for biomimicry to the arylamine
oxygenase system.>®180 While the bottom-up approach for modeling arylamine oxidation showed
promise, the initial 2-electron oxidation of the arylamine substrate but was unable to fully convert the
substrate into the arylnitro product. The “top-down” approach proposed here takes advantage of the
highly conserved nature of the diiron metal cofactor that is unique to this family of enzymes. Using a
fully functional enzyme we can bypass the synthetic route and utilize an intact protein environment for

understanding arylamine oxidation.

The enzyme 2-methylthio-Nb-isopentenyl-adenosine (37)-tRNA monooxygenase (MiaE) is a non-

heme diiron enzyme that is involved in the O,-dependent conversion of 2-methylthio-N®-isopentyl-
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adenosine (ms?i®Asz;) into 2-methylthio-N®-(4-hydroxyisopentenyl)-adenosine (ms?io®As;) as seen in

Scheme 2.1.%74
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Scheme 2.1 Hydroxylation reaction by MiaE in synthesis of 2-methylthio-N6-
(4-hydroxyisopentyl)-adensosine (ms?io®As7)

Structural alignments of the first-coordination sphere show the major component that distinguishes
these enzymes lies in the coordination of the nearby histidine/carboxylate residues.”> MiaE has a nearly
symmetrical distribution of ligands with each Fe site bound to a nearby histidine and further
coordinated to four glutamate residues much like other non-heme diiron enzymes in this family. There is
appended water/hydroxo ligand on the Fe site closest to Leu!® that lies 6.1 A away as seen in Figure 2.1
(panel A). MiakE is classified as monooxygenase with a 2-His-4-carboxylate [2H4C] frame and is a classic
design with other monooxygenases. X-ray crystallography of the arylamine N-oxygenase, AurF, shows a
similar distribution of ligands however, there is an additional histidine residue bound to one of the Fe-
sites as seen in Figure 2.1 (panel B). This classifies the AurF metalloprotein with a 3-His-4-carboxylate
[3H4C] moiety and is a common feature among the other arylamine N-oxygenase, Cmll. The elegant
arrangement of residues to the diiron core is further expanded in other systems like hemerythrin and

myo-inositol oxygenase. The changes that are introduced by the variation in coordinated protein ligands
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can aid in classification of diiron enzymes and show a pattern that relates to extent of oxidation as seen

in Figure 2.2.
A B C
St MiaE AurF Overlay

Figure 2.1 X-ray crystal structures of two diiron oxygenases, MiaE and AurF. A) Crystal structure of MiaE from
Salmonella typhimurium at 1.7 A. B) Crystal structure of AurF from Streptomyces thioluteus at 2.0 A (PDB: 3CHH).
C) Overlay of crystal structures between MiaE and AurF.

The rather subtle changes in the first-coordination sphere illustrate how nature has taken a general
conserved protein region and is able to tune the reactivity of the diiron center for propagation of

diversity in chemical reactivity. Analysis of the crystal structures of AurF and MiaE draws attention to the
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Figure 2.2 Classification of non-heme diiron enzymes by structural arrangement of first-coordination sphere
ligands and net change in extent of oxidation by bound histidine residues in active-site.
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significant overlap between active-site configurations with the major difference in the additional

histidine residues in AurF and the innocent Leu199 residue as seen in Figure 2.1 (panel C).

In theory, this particular arrangement can be altered and probed using site-directed mutagenesis to
mimic the 3H4C moiety with MiaE as the system to house the newly created configuration. This provides
a unique opportunity to study the effects of protein ligands on the tuning of chemical reactivity but also
the avenue to explore the arylamine N-oxygenase pathway and elucidate further mechanistic
information that relates to transient species formation and the critical peroxo-intermediate that is

necessary for catalysis.

In this work, we present evidence for the use of the L199H MiaE variant as a model for studying
arylamine oxygenase chemistry in a non-native system. Experimental results show the L199H variant
participates in arylamine reactivity with the substrate aniline (NHz-Ar) to form nitrobenzene (NO,-Ar).
Additionally, arylamine activity studies showed that L199H variant can bypass the first oxidation step
through the ‘hydroxylamine-shunt’ and proceed to form NO,-Ar through a 4-electron process. Together
these results provide strong evidence for the use of MiaE as a functional model to extrapolate
information related to the arylamine oxidation pathway as well as further understand the role of the

first-coordination sphere in this family of enzymes.

Materials and Methods
Site-Directed Mutation of MiaE wild-type. The L199H variant was prepared with the
QuikChange Lightning Site-Directed Mutagenesis kit (Agilent Technologies). Primers for mutagenesis

were designed and purchased from Integrated DNA Technologies (http://idtdna.com), and sequence

verification of the single-amino acid mutation was carried out by Sequetech (Mountain View, CA).

Protein Purification of MiaE L199H Variant. Procedures for expression, transformation and
protein purification for MiaE are described elsewhere and were carried out for both wild-type and the
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L199H variant.®57¢ Briefly, 25g of cell paste was thawed and stirred gently in lysis buffer (20 mM HEPES,
50 mM NaCl, pH 8.0) in an ice bath with 10 ug/mL each of deoxyribonuclease I, ribonuclease, and
lysozyme. The suspended cells were sonicated in an on/off 30 s pulse cycle for 10 min. The cell free
extract was centrifuged (JA 20 rotor) at 40,000 X g for 60 min at 4°C. The supernatant was loaded on a
pre-equilibrated fast-flow DEAE column and the protein was eluted on a linear NaCl gradient (25 mM to
350 mM NaCl in 20 mM HEPES, 0.3 mM Tris[2-carboxylethyl] phosphine (TCEP), pH 8.0). Fractions
containing MBP-L199H variant, verified via SDS-PAGE, were pooled and concentrated with an Amicon N,
stir cell equipped with an YM 30 ultrafiltration membrane. The TEV protease was used to cleave the
MBP-tagged protein overnight at 4°C. Determination for protein concentration was carried out with a

standard Bio-Rad protein assay (Bio-Rad Laboratories Inc.).

Fe Content Quantification. The total iron in the protein sample was quantified with UV-vis
spectroscopy according to previous studies.”” Generally, 500 uL protein sample was denatured in 250 pL
each of trichloroacetic acid (20%) and 2N hydrochloric acid. The iron released after denaturation was
reduced via 100 pL hydroxylamine hydrochloride (10% w/v) along with 100 uL 2,4,6-tripyridyl-S-triazine
(TMTP) (4 mM) and 200 uL ammonium acetate (50% w/v). A UV-vis spectrophotometer was used to

measure the colored solution (&se6 = 22, 600 M*cm™).

EPR and UV-Visible Spectroscopy. X-band (9 GHz) EPR spectra were recorded on a Bruker
(Billerica, MA) EMX Plus spectrometer equipped with a bimodal resonator (Bruker model 4116DM). Low-
temperature measurements were made using an Oxford ESR900 cryostat and an Oxford ITC 503
temperature controller. A modulation frequency of 100 kHz was used for all EPR spectra. All
experimental data used for spin-quantitation were collected under non-saturating conditions. For
simulations of the reduced diiron cluster, it was assumed that the exchange coupling constant (J) is
comparable in energy to (or larger) than the zero-field splitting (D) of the diferrous cluster. Under this

constraint, the S = 4 Hamiltonian takes the form illustrated in Equation 2.1.
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where D and E are the axial and rhombic zero-field splitting(zfs) parameters and g is the g-tensor.”® EPR
spectra were simulated and quantified using Spin Count (v 4.0.30319), written by Professor M. P.
Hendrich at Carnegie Mellon University. The simulations were generated with consideration of all
intensity factors, both theoretical and experimental, to allow for determination of species
concentration. The only unknown factor relating the spin concentration to signal intensity was an
instrumental factor that is specific to the microwave detection system. However, this was determined
by the spin standard, Cu(EDTA), prepared from a copper atomic absorption standard solution purchased

from Sigma-Aldrich.

UV-visible measurements were carried out on an Agilent 8453 photodiode array spectrometer.
Samples were measured with ES quartz cuvettes (NSG Precision Cells, Farmingdale, NY).

Analysis of oxidized arylamine products. 100 uM of L199H variant was reduced in aerobic
conditions with 5 equivalents of ascorbic acid. 500 uM NH-Ar in methanol was spiked into reduced
L199H variant and allowed to mix for 10 minutes. 150 uL of the assay was removed at selected time
points and acid-quenched with 15 uL of 0.2 mM HCI for HPLC analysis. All aliquoted samples were spin-
filtered through a 0.22 um cellulose acetate centrifuge tube filter. Samples were analyzed either
immediately or frozen in liquid N2 and stored in -80°C.

For the hydroxylamine shunt pathway assay, 500 uM N-phenylhydroxylamine (NPH) was added
to 100 uM of L199H variant and allowed to mix for 10 minutes. 150 ul aliquots were removed at

selected time points and acid-quenched with 15 uL of 0.2 mM HCI for analysis. All aliquots were filtered
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through a 0.22 um cellulose acetate centrifuge tube. Assay samples were analyzed immediately or
frozen and stored in -80°C.

HPLC Assay for arylamine oxidation products. A Shimadzu dual pump liquid chromatograph (LC-
20AD) with an equipped photodiode array detector (SPD-M20A) was used for analysis. The column used
was a Phenomenex, Luna 5y, C18(2) 100 A, 250 mm x 4.60 mm. The mobile phase consisted of (A)
methanol and (B) water. The injection volume was 10 uL at a flow rate of 0.5 mL/min. The column
temperature was 25°C. The UV-visible detection was monitored at 242 nm (Amax Of NH2-Ar), 268 nm (Amax
of NO>-Ar), and 282 nm (Amax of NO-Ar). The concentrations of NH,-Ar, nitrosobenzene (NO-Ar), and
NO,-Ar were determined by comparison to calibration curves with primary standards (0.01 — 0.5 mM)
analyzed under the same conditions.

LCMS/MS assay for arylamine oxidation products. Verification of the product of the enzymatic
assay was done by multiple-reaction monitoring (MRM) using a Shimadzu triple-quadrupole LC-MS/MS
(LCMS, 8040). The molecular ions (M*) of the enzyme substrate (93 m/z) and product (123 m/z) were
selected for secondary fragmentation. Secondary fragmentation of nitrobenzene produces secondary
ions of 105.0 m/z and 87.0 m/z which correspond to the loss of two water molecules. MRM optimization
was employed to maximize intensity and sensitivity for each fragment allowing for quantification of
product ions. The MRM method was used to verify both substrate and product by direct injection of
enzymatic assays. The results were then compared to direct injections of primary standards.

180 Isotope Incorporation Assays. For verification of 0 incorporation with H,*0, L199H variant
was placed in anaerobic chamber and reduced with excess sodium dithionite and methyl viologen.
Exchange with H,'80 was done by three treatments of dilution and concentration of reduced L199H
variant. The enzyme-H,'®0 was removed from the chamber and 500 uM NH,-Ar was spiked and the

assay was allowed to mix for 10 min. Aliquots were removed and acid-quenched for LCMS-MS analysis.
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Detection of 180 into the substrate via 0,, L199H variant was placed into an anaerobic
chamber and reduced with stoichiometric sodium dithionite and methyl viologen. The vessel was
removed from the chamber and purged with Ar gas for 30 min on a Schlenk line. 80, was streamed into
the vessel for several minutes and allowed to sit for 30 mins on ice. Positive pressure of 0, was kept
inside the vessel and transferred to the anaerobic chamber. Anaerobic substrate NH,-Ar was spiked into
the enzyme and allowed to mix for 30 min. Aliquots were removed and acid-quenched and filtered for

LCMS-MS analysis.

Results

Purification of MiaE wild-type and L199H variant. The recombinant L199H variant was purified and
analyzed for Fe-content as described in the Materials and Methods. The MBP-L199H fusion protein
displays the ~70 KDa apparent molecular weight through SDS-PAGE. The overnight TEV-cleavage of the
fusion protein results in two bands ~40 KDa and ~29 KDa (MBP-tag and L199H, respectively).
Comparative analysis of the SDS-PAGE bands between wild-type MiaE and the L199H variant shows
comparable bands and density for pre- and post-cleavage with TEV.

The Fe-content of iron in the L199H variant was confirmed with 2,4,6-tripyridyl-s-triazine (TPTZ),
Bradford assay, and UV-vis spectroscopy described in previous works.” Briefly, a 100 pL aliquot of
purified enzyme was denatured by the addition of 250 pL of 2 N HCI, 250 L of trichloroacetic acid (20%
w/v), and 400 pL of Milli-Q H,0. The hydrolyzed sample was placed in a table-top centrifuge and spun
down at 14,000 rpm for 10 min. After centrifugation, 750 puL of the pelleted sample was added to 300 pL
of 1.0 M TPTZ, ammonium acetate (50% w/v), and hydroxylamine (10% w/v). The solution was allowed
to react for 10 min at room temperature to fully reduce all ferric iron to the ferrous state. The

guantification of ferrous iron in the sample was carried out in the absence of hydroxylamine (NH,OH).
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The total iron content in the sample was measured spectrophotometrically at 596 nm (€ =22.6 mM™* cm-
). For clarity, all reported concentrations are related to the ferrous content in the enzyme sample.

UV-visible and X-band EPR Spectroscopy. The Fe-associated bands of wild-type MiaE have been
well-documented in previous studies.®®’* Numerous spectroscopic studies on the non-heme, diiron
family have found the nature of the Fe-oxo bridge is a distinguishable feature amongst the family.5?
Studies with the as-isolated MiaE protein exhibits an Fe-associated charge transfer band at 370 nm.%¢74
In Figure 2.3 (panel A), the comparative absorptive features in the wild-type enzyme (black trace) and

L199H variant (red trace) are shown.
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Figure 2.3 A) UV-vis comparison of as-isolated wt MiaE and L199H variant. A) Optical spectra of the as-isolated
oxidized Miak (black) and L199H variant (red). B) 5.0 K perpendicular (L) X-band EPR spectra of purified wt MiaE
and L199H variant. (i) perpendicular X- band EPR spectra of purified wt MiaE (0.97 mM) chemically reduced with
0.5 molar equivalents of sodium dithionite and catalytic methyl viologen; (ii) perpendicular X-band EPR spectra of
purified L199H variant (0.56 mM) chemically reduced with 0.5 molar equivalents of sodium dithionite and catalytic
methyl viologen. EPR simulations are overlaid on spectra with dashed lines. EPR instrumental parameters:
microwave frequency, (L) 9.644 GHz; microwave power, (i and ii)6.325 mW; modulation amplitude; 0.92 mT;
temperature; 5.0 K. EPR simulation parameters.i: S=1/2,gz=1.91, gy =1.79, gx = 1.64; ogz = ogy = 0.04, ogx =
0.05.ii:S=1/2,82=1.93,gy =1.82, gx = 1.62; ; ogz = ogy = 0.06, ogx = 0.05.
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As seen in Figure 2.3 (panel A), there are two distinct shoulders in the oxidized MiaE protein at
~320 and ~370 nm. The absorption feature at 320 nm has been attributed to potentially a distinct
binuclear site separate from the p-oxo bridge that is traditionally seen in the diiron enzymes. Mdssbauer
studies on the oxidized MiaE have shown a small portion of the signal that is comparable to a u-hydroxo
bridged ligand and thus is possibly the 320 nm feature.”

The UV-vis studies with the newly purified L199H variant shows the absence of discernable
signals that may be related to the LMCT bands found in the wild-type enzyme. In the diiron enzyme
family, many of the isolated oxygenases have been spectroscopically analyzed and shown to generally
contain at least one oxo bridge in the binuclear site. However, exceptions to the general trend exist in
the bacterial multicomponent enzymes of methane monooxygenase (sMMOH) and toluene
monooxygenase (TOMOH).8%8 The diiron cluster found in these enzymes lends itself for examination by
spectroscopy and provide distinguishable details that describe the local environment around the metal
center.

The diiron family of enzymes have been known to stabilize a variety of oxidation states such as the

.Fe!" and diferrous species.®? The spectrum of oxidation states allows the

differic, mixed-valent Fe
electronic structure of these clusters to be probed with a variety of spectroscopic techniques. In
perpendicular X-band EPR, many of these enzymes have features at gavg < 2 which has been verified as
the mixed-valent species of the diiron site.88 The mixed-valent species can be used as a diagnostic tool
to confirm the presence of a diiron cluster as well as give insight into the local environment around the

diiron core.®? The chemically induced mixed-valent species is generated by titration of electrons into the

diiron site under sub-stochiometric conditions. The mixed-valent species is a unique electronic

configuration where the two iron centers are coupled (S = 5/2, Fe(lll) and S = 2, Fe(ll))

antiferromagnetically. The resulting coupled system generates an overall spin of S = 1/2. The newly
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generated electronic form is unique species that is distinguishable from other EPR-active species
generated by the diiron site.

The broad, axial signal at g ~ 2.07 is remnants of a Cu(ll) contaminant. Copper signals in EPR can
be saturated and spectroscopically attenuated with changes in the power parameters in the EPR
software. While changes in power input generally affect many of the EPR signals, the mixed-valent
species is relatively unaffected. Spincount simulations can isolated and similar the copper signal and be
subtracted out. The total spin of the mixed-valent species aids in the simulation calculations as the more
complex Hamiltonian terms from Equation 2.1 are only necessary for systems with S > 1/2. As seen in
Figure 2.3 (panel B), the broad feature at g < 2 in the wild-type MiaE (dashed lines) illustrates the
simulated mixed-valent species. At 5K, the calculated g-values of 1.90, 1.79, and 1.63 are comparable
values for what are generally seen in other diiron systems and model complexes.®

At g ~ 2.11, there is a residual signal related to a Mn(ll) contaminant which has a characteristic 6-
line hyperfine pattern (I = 5/2). Much like the copper signal in the wild-type spectra, the Mn(ll) signal
was saturated with increased power settings and subtracted out from the experimental spectrum. The
L199H variant exhibits a comparable broad feature at g < 2 with g-values of 1.92, 1.81, and 1.61 which
are comparable to the g-values found in the wild-type enzyme. The comparative g-values between the
L199H variant, wt MiaE, and AurF is shown in Table 2.1. EPR data sets for MiaE and L199H variant would
suggest the presence of at least one hydroxyl bridged ligand which supports what is seen in the

Méssbauer and crystallographic studies for wild-type MiaE.”® 82

Table 2.1. Effective g-values for mixed-valent species found in diiron enzymes.

Fe'Fe''-state (S = %) Oxy.z
MiaE 1.90 1.79 1.63
L199H 1.94 1.79 1.70
AurF 1.92 1.81 1.61
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For the non-heme diiron enzymes, the binuclear site can be probed in with parallel mode X-
band EPR spectroscopy. The perpendicular mode for EPR spectroscopy is used for analysis of half-integer
spin species (S = 1/2 , 3/2,...). In contrast, parallel mode is more affiliated with integer-spin (S=1, 2...)
systems and present more complicated spectral features. The non-heme diiron enzymes exhibit a low-
field signal at g ~ 16 in the fully-reduced, diferrous form.® 848¢ The weak ferromagnetic exchange
coupling between the iron sites results in a S = 4 ground state. Comparisons between model complex
and other diiron monooxygenases show a fairly intense response at minimal concentrations. In the
L199H variant, the g ~ 16 signal is significantly attenuated relative to the intense signal in wild-type MiaE.
Regardless, the exhibited g ~ 16 signal with the L199H variant further confirms the incorporated of the
diiron cluster.

180,/H,80 Isotopic Studies. To verify the source of oxygen incorporated into nitrobenzene, the
catalytically active form of the L199H variant, P, was formed under an 0, or 0, atmospheric
environment to react with aniline. Reactions were initiated with 5.0 equivalents of NH,-Ar at ambient
temperature (22 = 1°C) for 30 mins and acid-quenched for analysis as described in the experimental
protocol. Substrate additions presented here and in further experiments were calculated with respect to
concentration of P. When '#0,-L199H variant reacted with NH;-Ar, the resulting nitrobenzene formation
was observed by a +4 m/z shift in the parent ion peak from 123.0 to 127.0, indicating the incorporation
of two 80 atoms into the substrate. Furthermore, the fragmentation peak at 105.0 represents the loss
of a water molecule from the product (under 0, conditions) and this pattern is consistent in the 20,
assay with a fragmentation peak at 107.0. Collectively, the LCMS results indicate that both incorporated
oxygen atoms into aniline are derived from *20,-P and therefore from atmospheric oxygen and not from

nearby water molecules in the solvent. To verify this result, reduced L199H variant was exchanged with
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H,®0 and exposed to an %0, environment to form 0,-P. Reactions with aniline were analyzed and
produced only *0-product.

Arylamine reactivity observed in L199H variant with NH;-Ar. Arylamine reactivity with NHz-Ar
was carried out with purified recombinant MiaE L199H variant that was reduced with L-ascorbate (asc)
to form the catalytically active diferrous cluster. For detection of nitrobenzene, HPLC traces of the
L199H-catalyzed reactions were measured at 268 nm. As shown in the HPLC trace Figure 2.4 (panel A),
the addition of NH2-Ar to reduced L199H variant results in the formation of a new peak at 17.2 min
(black circle). The substrate, aniline, has two UV bands (235 and 282 nm) that can be measured
spectroscopically in HPLC and used for monitoring of product formation. The end-product,
nitrobenzene, has a UV absorption band at 268 nm under aqueous conditions. The UV-vis spectra of
both compounds can be seen in Figure 2.4 (panel B) In reactions with aniline, copious amounts of
substrate remained in solution was observed. Substrate detection allows for measuring the rate of
substrate loss to determine the kinetics for arylamine consumption. Reactions with wild-type MiaE and
aniline were analyzed as a control to verify that MiaE did not exhibit arylamine reactivity. Additionally,
reactions where enzyme was omitted verified that aniline did not spontaneously oxidize into

nitrobenzene.
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Figure 2.4 Representative chromatogram of aniline oxidation in L199H reaction (product detected
spectrophotometrically at 268 nm). A) Chromatogram shows the nitrobenzene peak (black circle, 17.5 min)
produced by the reaction of aniline with the L199H variant in presence of excess reductant. The remaining
substrate aniline is observed as well (white circle, 9.7 min). B) UV-vis spectra of substrate aniline (black) and
product nitrobenzene (red). C) Comparative LC-MS of primary standard nitrobenzene (top panel) and L199H-
catalyzed nitrobenzene formation (bottom panel).

The quenched samples were analyzed with LCMS with multiple-reaction monitoring to confirm
the arylnitro product. Standards of the nitrobenzene product were analyzed by direct injection and used
to compare product peaks from the L199H reaction. The nitrobenzene product underwent further
fragmentation and selected peaks were chosen for comparisons. As seen in Figure 2.4 (panel C), the

nitrobenzene standard has a molecular ion peak of 123.0 m/z with other selected peaks of 105.0, 87.0,
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and 74.0. For enzymatic reactions, the fragmentation pattern has peaks that correspond to 123.0, 105.0,
and 87.0. The newly generated peak matches the retention time, UV/Vis absorption features, and MRM
of the nitrobenzene standard. The L199H variant with aniline plateaus after 180 s of reaction time.
Single-turnover reaction conditions lend themselves to a myriad of variables and pitfalls in relation to
product formation and stability. The presence of excess reductant can invariably interact with the highly
reactive oxidative species in the diiron site. The diferric peroxo-intermediate may be quenched by the
electron-rich environment. Additionally, the L199H-catalzyed reactions are more than likely to be
uncoupled in product formation. The production of harm species (ROS) can interact and destroy the
enzyme from the inside.

Arylhydroxylamine shunt pathway studies. Winkler and company first proposed the
biosynthetic pathway for the conversion of p-aminobenzoate (PABA) that involves the formation of an
arylhydroxylamine intermediate and Lipscomb et. al. showed the use of the arylhydroxylamine substrate
as an intermediate in the metabolic pathway.” & Verification that the arylhydroxylamine is involved in
aniline conversion in the L199H variant, N-phenylhydroxylamine (NPH), was used as the substrate for
the viability of a ‘hydroxylamine shunt’ pathway. Shunt pathways have been identified in the ToOMOH
system and wild-type MiaE where hydrogen peroxide provides the electron source for chemical
oxidation of the substate.®® ® The addition of NPH directly to oxidized L199H variant serves two
chemical functions for the reaction. Firstly, the diferric cluster is reduced by NPH through the
hydroxylamine moiety which generates the oxidative species for oxygen incorporation. During this
process, NPH subsequently oxidized and generates nitrosobenzene (NO-Ar). The nitrosobenzene
becomes the substrate for oxidation and is oxygenated by the L199H variant generating nitrobenzene.
Additionally, NPH decomposes into nitrosobenzene under aqueous conditions and can be followed
spectroscopically for the rate of decay and account for during turnover. As seen in Figure 2.5 (panel A),

two new peaks form at 17.5 and 19.3 min.
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Figure 2.5 Representative chromatogram of nitrosobenzene oxidation in L199H reaction (product detected
spectrophotometrically at 268 nm). A) HPLC Chromatogram illustrates the nitrobenzene peak (black circle, 17.5
min) produced by the reaction of N- phenylhydroxylamine with the oxidized L199H variant. The remaining N-
phenylhydroxylamine decomposes spontaneously in aqueous solvent and forms the nitrosobenzene peak (white
circle, 19.2 min). B) UV-vis spectra of by-product nitrosobenzene (blue) and the product nitrobenzene (red).

In Figure 2.5 (panel B), the UV-vis spectra of nitrosobenzene and nitrobenzene is illustrated.
With only an oxygen atom distinguishing these species, each compound has a unique UV-vis spectral
fingerprint that allows for measurement of each species. The peak at 17.5 min matches the retention
time, UV/Vis pattern, and LCMS/MS of the nitrobenzene standard. Spike recovery experiments provided
confirmation that the newly formed peak is nitrobenzene. The second peak that forms at 19.3 min
matches the retention time, UV/Vis spectra, and LCMS/MS of nitrosobenzene which can be attributed to
the decay of NPH in aqueous solvent.

Discussion

Significant efforts have been made for rational design of protein inspired models for biomimetic

studies. For arylamine N-oxygenase chemistry, the goal of artificially creating the 3-His-4-carboxylate

moiety was explored with the tRNA-modifying monooxygenase MiaE.

39



In the wild-type MiaE enzyme, site-directed mutagenesis of Leu199 was done to induce a
structural change to the first-coordination sphere of the binuclear iron site. The mutation placed the
newly inserted histidine residue in the vicinity of the Fe-site and theoretically coordinate thus “tuning”
the diiron core toward arylamine oxidation. While sequence analysis showed the newly inserted residue
was successful, the L199H variant showed decreased incorporation of Fe into the active site. The
decreased Fe-content is predictable as mutations especially when so close to the active-site can cause
problems with metal incorporation.

The design and purification of the L199H variant was successful in transforming MiaE into a
functional arylamine N-oxygenase. The production of NO,-Ar with oxidation of aniline by L199H, there is
significant evidence that the first-coordination sphere of the binuclear site heavily influences the extent
of oxidation and “tuning” the Fe-site. While mutagenesis in enzymes have been found in the past to
create unusual reactivity toward non-native substrates, the affinity for chemical reactivity toward aniline
is profound and highly unusual for the simple monooxygenase MiaE. The net 6-electron process is a

significant increase in oxidation capacity and highlights the unique capabilities of the first-coordination
NH,
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Scheme 2.2 Proposed biochemical synthesis of nitrobenzene with L199H variant.
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sphere and its interaction with the diiron site to drive chemical reactivity and effectively diversify the
diiron family of enzymes.

As seen in Scheme 2.2, the reactive pathway for biosynthesis of nitrobenzene begins with the
resting diferric enzyme. In single-turnover experiments, asc was used in lieu of the electron delivery
machinery to prime the diiron core. The diferrous cluster can now bind molecular oxygen and synthesize
the catalytically relevant oxidative species, P. The transient peroxo-intermediate has been characterized
in many other diiron oxygenases and has been confirmed to be the oxidative component for oxygen
incorporation into the product. In the MiaE arylamine N-oxygenase pathway, P interacts with aniline to
form the proposed hydroxylamine intermediate. Here the hydroxylamine intermediate acts the 2-
electron source to regenerate P to continue the oxidation of the arylamine. The oxidation of the
arylhydroxylamine leads to the formation of the nitrosobenzene intermediate where this species
becomes the new target for oxygen incorporation. The conversion of the nitrosobenzene substrate to
nitrobenzene is the final step in the production of nitrobenzene.

X-band EPR analysis of the wild-type and variant in the mixed-valent oxidation state shows
comparable values to what is seen in other non-heme, diiron enzymes.”?#28! The mixed-valent signal has
been shown to provide evidence for the nature of the bridged ligand for diiron enzymes. Davydov and
Que found through comparisons of various diiron protein and model complexes that the bridged ligand
perturbs the observed g-values of the mixed-valent response.®? The data would suggest that the wild-
type and variant contain a hydroxo-bridged ligand. The >’Fe M&ssbauer experiments on the wild-type
enzyme have suggested minor contributions from a hydroxyl-bridged ligand. These studies in
conjunction with the complementary X-band EPR spectroscopy provide further evidence for the
incorporation of the hydroxyl-ligand but also provides the evidence for the potential loss of the LMCT

bands in the MiaE variant. The electron transfer across the Fe-OH-Fe bridge is weaker than what is
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perceived for the p-oxo bridge found in the wild-type and would show a structural proclivity for the
incorporation of the hydroxyl-bridged ligand.

In totality, these nzymatic assays with L199H and the “hydroxylamine shunt” provides evidence
and validity for the framework of the MiaE L199H variant for arylamine oxygenase chemistry. While
investigative studies have been unable to identify the peroxo-intermediate formed during O,-binding,
the prospect of the development of a fully-functional enzyme model for diiron oxygenases has provided
the avenue for investigations into potential new systems and isolated of key mechanistic steps.
Additionally, studies into the potential enhancement of chemical turnover with the MiaE L199H variant
with the addition of electron-transfer proteins (ferrodoxin) may provide an avenue for better
understanding of the role of the ETC component for the diiron enzymes and how these components
connect and communicate between each other. Although chemical reprogramming is not uncommon, it
is fascinating that such a dramatic change is observable by a single substitution. This newly discovered
feature offers a new avenue to explore and further elucidate information about the catalytic and

mechanistic processes that occur during arylamine oxidation.
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Chapter 3 The steady-state kinetics and spectroscopic features of the mammalian thiol dioxygenase,

cysteamine dioxygenase

Introduction

Cysteine dioxygenase is a non-heme, mononuclear iron enzyme that is involved in the O»-
dependent oxidation of L-cysteine (cys) to produce cysteinesulfinic acid (csa).2>°! Cysteine dioxygenase
(CDO, EC 1.11.13.20) and cysteamine [2-aminoethanethiol] dioxygenase (ADO, EC 1.13.11.19) are the
only known mammalian thiol dioxygenases. While CDO has been extensively studied by spectroscopic,
kinetic, and X-ray crystallographic methods, limited reports are available for ADO.* %% The TDOs
catalyzes the first irreversible step in sulfur-containing amino acid derivatives and is a critical component
of the sulfur biochemical cycle. Various medical studies and investigations have suggested correlations
between the development of neurodegenerative diseases and sulfur imbalances.?*®” Disruption in the
cys metabolic cycle has been linked to Parkinson’s, Alzheimer’s, and other degenerative ailments
suggesting a potential correlation between dysregulation in cysteine metabolism and these neurological
diseases.?® % The crystal structure for the substrate-bound Rattus nervegicus CDO shows the bidentate
coordination of L-cysteine (cys) to the mononuclear Fe-site through the thiolate and neutral amine.
While the bacterial thiol dioxygenase, 3-mercaptopropionic acid (3mpa) dioxygenase, remains unsolved,
investigations through spectroscopic and kinetic methods have suggested a monodentate coordination
for substrate binding in Av MDO through the thiolate.® The outer-sphere coordination of the MDO and
CDO enzymes have shown a conserved “catalytic triad” (Ser-His-Tyr) that is key for catalysis. However,
ADO is the only known thiol dioxygenases that does not contain this triad moiety. Therefore, it remains
unclear if a common mechanistic paradigm exists between these enzymes despite the same type of O»-

depedent oxidation of thiols.
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The non-heme mononuclear iron enzymes have been studied extensively and X-ray crystal
structures have shown the 2-His-1-carboxylate active-site configuration as the dominating moiety for
metal coordination in this class of enzymes. However, a largely uncharacterized subset of this enzyme
family has been found to adopt a 3-His facial triad that is able to successfully incorporate a mononuclear

metal ion into the active-site and carry out O,-depedent oxygenase chemistry.

Tyr157

Trp248 His255 y y
: . Cys93
& f / His155 E:/’ % y
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Figure 3.1 X-ray crystal structures of CDO and TauD. A) Active site of the Fe(ll)/a-ketoglutarate-
dependent enzyme TauD from Myobacterium marinum (PDB: 3SWT)?. B) Active site of CDO
enzyme from Rattus norvegius (PDB: 41EV)?%,

As shown in Figure 3.1 (panel A), the active-site for the a-ketoglutarate-dependent enzyme
TauD houses a mononuclear iron atom that is coordinated by 2 protein-derived histidine residues and an
aspartate ligand . In contrast, the active site of the Rattus norvegicus CDO is composed of a
mononuclear iron bound to three nearby residues: H86, H88, and H140. The bond distances for the two
coordinated N.. and O-atoms are within 2.3 A and the bond angles for the Fe-O-N. are ~ 45°. The CDO
active site with the three bound N, atoms, share comparable bond distances and angles. The
comparable geometries highlights the unique nature of the divergent active-site moiety and the
influence of the first- and second-coordination sphere on non-heme mononuclear oxygenase
chemistry.” To date, only a select few of the 3-His active site moiety has been crystallographically
characterized (CDO, diketone dioxygenases (Dke1)3!, and gentisate 1,2-dioxygeanse (GD0)*). A unique

feature of the mammalian CDO enzyme is the post-translation modification located 3.3 A from the Fe-
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site in which Cys93 and Tyr157 are covalently linked, producing a crosslinked Cys93-Tyr157 pair.
Sequence homology has shown the Tyr157 to be a conserved amino-acid across phylogenic domains,
however the C93-Y157 crosslink has been found only in eurkaryotes.'®* The role of the post-translation
modification has been investigated and suggested to play a role in catalytic efficiency and substrate

orientation.

The extensive enzymatic studies into CDO has left its counterpart, cysteamine dioxygenase
(ADOQ), largely uncharacterized. Since its discovery in the 1960s, the enzyme has relatively been minorly
investigated and remains an elusive biochemical pathway.?®* 2-aminoethanethiol (cysteamine [ca]) is the
by-product of the degradation of coenzyme A and the decarboxylated product of L-cysteine as seen in
Scheme 3.1 The mammalian thiol dioxygenase cellular biochemical route. Left side) The CDO-catalyzed
pathway of L-cysteine to cysteinesulfinic acid. Right side) The ADO-catalyzed pathway of cysteamine to

hypotaurine.. 4%5°

——— Coenzyme-A ———————

co,
Cysteine -~  Cysteamine
CDO, 0, ~ADO, 0,
4 co,
Cysteinesulfinic acid /‘ Hypotaurine
co,
Cysteic acid J Taurine

Scheme 3.1 The mammalian thiol dioxygenase cellular
biochemical route. Left side) The CDO-catalyzed pathway of L-
cysteine to cysteinesulfinic acid. Right side) The ADO-catalyzed
pathway of cysteamine to hypotaurine.
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Cysteamine is the precursor for hypotaurine (ht) and in turn the starter for taurine
biosynthesis.*® % The biochemical production of hypotaurine and taurine are necessary pathways for
brain, heart and cellular homeostasis. Medical studies have also highlighted the role of cysteamine is
treatment of cystinosis, an uncontrolled accumulation of cystine in the cell.* % >3 Genomic analysis of
the protein sequences of ADO and several other CDOs have shown low sequence (~15%), however ADO
has the conserved cupin regions for metal incorporation and capacity for thiol oxidation. It is reasonable
to hypothesize that these two proteins share some mechanistic features. Additionally, several clinical
studies have shown a correlation to mitigated effects of Huntington’s disease and cysteamine, therefore
pressing the need to investigate the mechanistic pathway of this enzyme.> 2 The growing interest in
the effects of cysteamine and hypotaurine synthesis shows the pressing need to explore and elucidate

more information related to the mechanistic and kinetic parameters of this enzyme.

Presented here is the steady-state and spectroscopic characterization of the thiol dioxygenase,
ADO, isolated from Mus musculus. The steady-state kinetics of ADO were evaluated with several thiol
containing substrates to investigate affinity to non-native substrates as this phenomenon has been seen
in other TDOs. Complementary *H NMR spectroscopy was carried out to compare kinetic rates between
oxygen electrode and NMR measurement of product accumulation. Additionally, complementary X-
Band EPR experiments utilizing nitric oxide (NO) as a surrogate for O»-binding was also explored to

investigate the effects of substrate binding to the local environment surround the Fe-site.

Materials and Methods
Cloning. For in vivo ADO activity assays, the mRNA construct was cloned into the commercially
available pF1K flexi-vector (Promega). PCR primers: Sgf I-forward; 5" —(AAA AGC GAT CGC CAT GCC CCG
CGA CAA CAT GGC CT)-3’; PME I-reverse; 5'-(AAA AAG TTT AAA CTC AAG GTA GGA CCT TGG GGC CTG

GAT)-3’. Forward and reverse restriction sites are underlined for clarity. Sequence verification was
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verified by Sequetech (Mountain View, CA). Expression of soluble protein (28 kDa) was confirmed by

SDS-PAGE.

Media and Growth conditions. The pADOF1K vector was transformed using the chemically
competent BL21(DE3) E. coli cell line through heat-shock and was grown overnight on a lysogeny broth
(LB) agar plate in the presence of 25 ug/mL Kanamycin antibiotic at 37°C. The next day, an isolated
colony was used for growth in sterile liquid LB with antibiotic for cellular training prior to the inoculation
of a 10L bioreactor at 37°C. The cell growth cycle was monitored via optical density at 600 nm (ODgoo)
using a table-top UV-visible spectrophotometer. At ODgoo ~ 4.0, the induction cycle was initiated by the
addition of 20g of casamino acids, 1 mM ferrous ammonium sulfate, and 0.5 mM IPTG. Additionally, the
temperature for the bioreactor was lowered to 25°C. After 4 h of induction, the cells were harvested and
pelleted by centrifugation at 17,700 x g for 8 min. The paste was collected and stored in an -80°C
freezer. Verification of ADO expression was carried out by SDS-PAGE of lysed cells before and after

induction.

Protein Purification of ADO enzyme. Approximately 20 g of cell paste was suspended in 100 mL
of lysis buffer (20 mM HEPES, 50 mM NaCl, pH 8.0) and thawed in an ice-bath with 10 pg/ml each of
deoxyribonuclease |, ribonuclease, and lysozyme with gentle stirring for 45 min. The cell suspension was
sonicated on a 30 s off/on pulse cycle for a total of 30 min. The cell free extract was centrifuged (JA-20
rotor) at 40,000 x g for 60 min at 4°C. The supernatant was decanted and loaded onto a fast-flow DEAE
column that was pre-equilibrated with lysis buffer. The protein was eluted on a linear NaCl gradient (25
mM to 350 mM NaCl in 20 mM HEPES, pH 8.0). Fractions containing the ADO enzyme were verified via

SDS-PAGE and concentrated via an Amicon N; stir cell equipped with YM 10 ultrafiltration membrane.

ADO Activity Assay via TLC. After column purification, fractions containing the ADO protein
were selected based on activity with substrate by thin-layer chromatography (TLC). A 100 uL sample was

removed from the desired fraction and placed into a preset 37°C incubator. A buffered solution
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cysteamine (2-aminoethanethiol) was added to the protein sample for a final concentration of 5 mM. At
selected time points, a 2 uL was removed and spotted onto a silica gel 60 F254 TLC plate (EMD
Millipore). In addition, 5 mM cysteamine and hypotaurine standards were spotted on the TLC plate. The
TLC plate was allowed to dry in air before elution for 20 min in a mobile phase of 25:20:55 (v/v) H,0,
glacial acetic acid, and n-butanol respectively. After elution, the TLC plate was removed from the mobile
phase and dried by a heat gun. The TLC plate was stained using a ninhydrin solution (200 mL of ethanol,

6 mL of glacial acetic acid, and 3 g of ninhydrin) and dried using the heat gun.

Iron Quantitation. The total iron content in the protein was analyzed by using UV-visible
spectrophotometer according to previous methods (insert citation CDO 2007). In a typical preparation, a
500 uL enzyme sample was denatured with 250 uL each of 2 N hydrochloric acid and trichloroacetic acid
(20% w/v) and centrifuged at 14,000 rpm for 10 min. The iron released was reduced with 100 uL of
hydroxylamine (10% w/v). In addition, 200 uL of 4 mM 2,4,6-tripyridyl-S-triazine (TPTZ) and 100 uL of
ammonium acetate (50% w/v) was added. The intense blue color produced via the TPTZ reaction (&ses =

22,600 M cm™®) was used to quantify the amount of ferrous iron within the sample.

Oxygen Electrode. The O, concentration was determined using a standard Clark electrode
(Hansatech Instruments, Norfolk, England) within a jacketed 2.5 mL cell at 22 + 2 °C. The electrode was
bathed in a saturated solution of KCI (50% w/v) and separated from the buffer in the cell using a gas-
permeable membrane. The Clark electrode was calibrated by measurement of the response factor by
the addition of sodium dithionite to aerobic buffer. For enzymatic reactions, the addition of 1 mL of
reaction buffer (25 mM Good’s buffer and 50 mM NaCl) containing either ca or cys (0.1 — 5 mM) to the
cell under continuous mixing in an aerobic environment. Each reaction was initiated by the addition of

ADO to a final concentration of 1 uL.

Nitric oxide inhibitory studies. The measurement of inhibitory effects on the Mm ADO-

catalyzed reactions with ca were carried out on a standard Clark electrode. In a typical reaction, a
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buffered solution of ca was added to a final concentration of 5 mM to the stir cell. As a control, the
measurement of k.. was determined prior to the addition of nitric oxide to the cell. Nitric oxide (NO)
was titrated (0.001 — 0.2 mM) into the buffered substrate solution prior to the addition of enzyme. The
rate of O, consumption was measured and fit to an exponential decay equation by SigmaPlot version

11.0 (Systat Software Inc. Chicago, IL).

Data Analysis. The steady-state kinetics parameters for Mm ADO were solved by fitting the
kinetic data to the Michaelis-Menten equation using SigmaPlot version 11.0 (Systat Software Inc.,
Chicago, IL). This analysis calculated both k.: and Kuv as well as the error associated with each value by
nonlinear regression. In reactions where the pH dependent kinetic parameters are “bell-shaped” in that

the activity of the enzyme is decreased at low and high pH values, the data was fit to Equation 3.1,102-104

K1

where Y is defined as either kcator keat/Km. The terms [H], K1, and Kz represent the hydrogen ion
concentration and the two observable dissociation constants related to the steady-state curve. The
overall mathematical expression is scaled by the constant (C) that is defined as the maximal k., or
keat/Km. In an alternative fashion, the steady-state pH-dependent curves that decreased only at low or
high pH, the data set was fit to Equation 3.2.1971% Much like eq 1, this expression is scaled by a constant
scalar quantity (C) that represents the maximal kinetic rate (kcat or keat/Km). The error associated with

each kinetic value (keat, keat/Knv, pKai, and pKa,) extrapolated from these fits can be seen in Table 1.

logY = log (ﬁ) (3.2)

K1
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1H NMR Studies. NMR kinetic studies were executed on a 500 JEOL nuclear magnetic resonance
spectrometer (Pleasanton, CA). All NMR measurements were made in Wilmad NMR tubes (standard
wall, 5 mm O.D., precision 507-PP-7). For each reaction, the Mm ADO protein (2-10 uM) was added to a
buffered substrate solution in D,0 (sodium phosphate 25 mM, 50 NaCl, pD 8.0) to initiate catalysis at
ambient temperature (21 + 2 °C). Sample aliquots were removed and terminated by heat shock at 95 °C
for 2 min followed by spin-filtration to remove the denatured protein. As an internal standard,
trimethylsilyl propanoic acid (TMSP) was added to a final concentration of 0.1 mM. NMR spectral data
was integrated using JEOL USA Delta NMR data processing software (v. 5.1.3). For corrected values of
pD, 0.4 pD units were added to value of the observed pH via the pH electrode (Mettler Toldeo InLab

Expert Pro)'®

Spectroscopy. All UV-visible measurements were conducted on an Agilent 8453 photodiode
array spectrophotometer (Santa Clara, CA) using ES Quartz cuvettes. X-Band (9 GHz) EPR spectra were
recorded on a Bruker EMX Plus spectrometer equipped with a bimodial resonator (Bruker model
4116DM). Cryogenic temperature measurements were taken using an Oxford ESR900 cryostat and an
Oxford ITC 503 temperature controller. A modulation frequency of 100 KHz was used for all spectra. All

experimental data used for spin quantifications were collected under non-saturating conditions.

The analysis of the EPR spectra utilized the general spin Hamiltonian

7{=D[§§— 56

D)+ E(S% + $3) + BB-g-S (3.3)

where D and E are the axial and rhombic zero-field splitting (zfs) parameters, respectively, and g is the g-

tensor (oxford citation). EPR spectra were simulated and quantified using SpinCount (v. 6.3.7115.22108),
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written by M. P. Hendrich at Carnegie Mellon University (Pittsburgh, PA). The simulations were
generated with consideration for all intensity factors, both theoretical and experimental, to determine
species concentrations. In addition to quantitation, the instrumental factor was determined for the
microwave detection system. This was carried out by a known spin standard, Cu(EDTA), that was

prepared by a copper atomic absorption standard solution purchased through Sigma-Aldrich.

Nitric Oxide Sample Additions. For the preparation of FeNO EPR samples, initial Mm ADO was
assayed for iron content at ~300 uM Fe(ll). EPR samples were prepared by varying the concentrations of
each substrate (ca and cys) to ferrous iron from 0.5-10 molar equivalents. Prior to the addition of NO,
substrate was added to anaerobically reduced Mm ADO and allowed to equilibrate in a glovebox for 15

min prior to being frozen in liquid N,.

For NO additions, stock solutions of NO were prepared with by dissolving 5 mg of PROLI-
NONOate (Cayman Chemical, 178948-42-0) in a 1.0 mL solution of anaerobic 10 mM sodium hydroxide.
Aliquots of degassed stock PROLI-NONOate (20-50 pL) were diluted 1:1 with deoxygenated buffer and
allowed to react for 5 min. At pH 7.4, 2 mols of NO are released with each mol of NONOate at a half-life
of 6 s at ambient temperature.l?® 97 Samples of (substrate/NO)-bound enzyme were prepared
anaerobically by the addition of 10 mol equivalents of 22 mM stock NONOQate solution to enzyme pre-
incubated with 10 mol equivalents of substrate. Samples were allowed to equilibrate on ice for 10 min
prior to freezing in liquid N,. Following the addition of NO and substrate to the ferrous Mm ADO

solution, the final concentration of protein in the EPR samples is 285 uM.

Results
Purification of Mm ADO. The mammalian enzyme from M. musculus (Mm ADO) was purified
and analyzed for iron content per the details in the materials and methods section above. The IPTG-

inducible protein exhibits an observed band of ~28 kDA. The SDS-PAGE band is in good agreement with
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the calculated mass of the ADO protein (28,241 Da). The fractions containing the Mm ADO protein were
pooled based on the activity of cysteamine turnover via thin-layer chromatography (TLC) and SDS-PAGE.
Much like the mammalian cysteine dioxygenase (Mm CDO), the Mm ADO protein exhibits the double-
band feature that is suggested to result from the pre- and post-translational Cys-Tyr crosslink. The Cys-
Tyr covalent crosslink has been investigated by Liu et. al. and most likely resides between Cys220-Tyr222

located on the backside of the Fe-site.*®

The TDOs are Fe-dependent enzymes with the cupin genomic motifs for metal incorporation.
The iron stoichiometry within the ADO protein were determined through TPTZ, Bradford, and UV-Visible
spectroscopic assays as described in previous studies. Measurement of iron occupancy in ADO shows
sub-stochiometric Fe-incorporation (~60%) that highlights the lack of full incorporation of metal ions into
the active site. This behavior is seen in the Mm CDO form as well. However, purified ADO shows nearly
all (~90%) iron present in solution was in the ferrous state and was not prone to auto-oxidation during

the protein purification process.

Steady-state Kinetics of Mm ADO-catalyzed reactions. Previous studies into the reactivity have
confirmed that cysteamine (ca) is the native substrate of the Mm ADO protein.*® However, it has been
observed in other TDOs the promiscuity toward other thiol-containing substrates.” 91 With L-cysteine
as a readily-available thiol source in the cell and the recently discovered 3-mercaptopropion acid

dioxygenase, the potential promiscuity of ADO toward cys and 3-mercaptopropionic acid (3mpa).” 1%

109

For all steady-state kinetic assays, the apparent initial rate was normalized as a function of the
concentration of Fe(ll) in the purified Mm ADO (vo/[E]). The kinetic parameters were analyzed for
substrates that exhibited O,-consumption in the presence of ADO. In the dioxygenase reactions,
molecular oxygen serves as a co-substrate, in addition to product formation, the rate of O, consumption

was measured using a calibrated Clark-type electrode O, electrode. The methodology for these
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experiments is described in the materials and methods section previously stated and in previous
studies.1% 110 For each substrate, ket, Kv, and the errors associated with each value were determined by

fitting the data to a standard Michaelis-Menten equation at 22 + 2 °C and pH 8.0.
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Figure 3.2 Steady-state kinetics of Mm ADO-catalyzed ca (A, black circle) and
cys (B, white circle) consumption. In both panels, the maximal velocities
(kcat) for 02-consumption (circles) were determined by the best fit to the
standard Michaelis-Menten equation. Assay conditions: 22 °C and pH 8.0. LC-
MS/MS of ht (A) MRM response for standards (1, top) compared to direct
injection of enzymatic reactions (2, bottom).

In Figure 3.2 (panel A), the steady-state curve for O,-consumption is shown with ca as the
substrate. Maximal k..t behavior was observed in excess of 5 mM substrate. The observed ket (0.69
0.06 s1) and Kw (0.5 + 0.1 mM) were determined by the initial rate of O,-consumption (®). From these

values, the catalytic efficiency for ADO with ca is 1400 + 400 Mt s2,
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In the reactions that utilized cys as a substrate (Figure 3.2 [panel B]), kcat and Ku values were
obtained from the initial rate of O, consumption (o) and determined to be 0.63 + 0.07 st and 1.1 £ 0.2
mM, respectively. From these results, the catalytic efficiency is 1530 + 400 M s1. Enzymatic assays that
used 3mpa as the substrate, detectable O,-consumption was not observed and was determined to not

affinity towards.

The detection of the enzymatic product of this reaction was followed-up by LC-MS/MS utilizing
multiple reaction monitoring (MRM) as described in materials and methods. In these assays, the parent
ion [M + H]* for each thiol-product (ht, m/z 109; csa, m/z 154) were selected for secondary
fragmentation. The optimized MRM methodology was used to verify the sulfinic acid products formed
during turnover via direct injection. The data for the enzymatic products were compared to primary
standards of the products for identification. For the ht detection, the parent ion peak of m/z 109 was
detected as well as three other ion peaks m/z 93, 79, and 65 were detected. The fragmentation patterns
and relative intensities detected in the enzymatic assays (Figure 3.2 [panel A1]) virtually match those

observed in the ht standard (Figure 3.2 [panel A2]).

LC-MS/MS experiments with direct injections from enzymatic reactions that utilized cys, did not
show comparable fragmentation patters for csa formation. The observed O,-consumption behavior with

cys suggests oxidation has taken place but is not related to csa catalysis.

pH Effects on enzymatic activity. Mechanistic details involving the ionizable groups necessary
for catalysis can be determined from the pH-dependent kinetics of ket and keat/Kv. For Mm ADO, the
influence of pH effects was measured for ca and cys over a broad pH range (5-10). Figure 3.3 illustrates
the (A) log(kcat)-pH and (B) log(kcat/Km)-pH dependent profiles obtained from the initial rate data for Mm
ADO reactivity utilizing ca as the substrate. Each point within the data sets (Figure 3.3 [panels B and D])
were obtained by fitting the steadt-state kinetic data to the standard Michaelis-Menten equation. Error

associated with these results are included graphically in the fits.

54



log(V)

log (V)

0.00

-0.25

-0.50

-0.75

-1.00

-1.25

0.0

-0.34

-0.91

-1.21

-1.5

cys

8
pH

log(V/K)

log (VIK)

0.8+

0.4

0.04

0.4/

-0.8

-1.2

1.2

0.8 1

0.4

0.0

L

ca

pH

10

cys

pH

10

Figure 3.3 pH dependence of kcat and kcat/KM for the ADO-catalyzed reactions with ca (A
and B) and cys (C and D) at 22°C. Error within steady-state results were obtained by fitting
the kinetics at each pH point to a standard Michaelis-Menten equation. The pKa values were
determined by best fit of each kcat- and kcat/KM--pH dependent profiles to eqs 1 and 2. The
summary of the steady-state parameters for Mm ADO, Av MDO, and Mm CDO can be seen in

Enzymatic assays using ca, the k..+-pH profile exhibits a “bell-shaped” curve with two observable pKa

values. In the acidic limit (pH 5-8), both the k..t and kec.t/Kwv data sets increase to an observable maximum

at ~pH 8.2. However, beyond the acidic limit (pH 8-10) the observable activity in the k..t pH-profile

decreases while in ket/Kw the activity is unaffected. The log(kcat) kinetic curve can be fit to Equation 3.1,

and the apparent pK; values can be extrapolated. Two observable pK;, values were calculated (7.78 £ 0.3

and 8.78 1 0.3) for the ket-pH dependent profiles in the ca reactions. The maximal kc.: value obtained

from the fit was 0.61 + 0.1 s at pH 8.64. For the log(ket/Km), the kinetic data was fit to Equation 3.2
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that accounts for plateaued activity in the basic regime of the kinetic fit. One observable pK,value was
obtained from the kcat/Ku-pH kinetic fit (7.93 £ 0.1) with reactions that used ca. Here, the maximal
keat/Km (1400 + 420 M s1) was observed in this plot. The maximal value obtained (1856 *+ 673) was

observed at pH 8.56.

Table 3.1 Comparison of steady-state kinetic parameters for thiol dioxygenases Mm ADO, Mm CDO, and
Av MDO

Enzyme kinetic parameter cys 3mpa ca

Mm ADO (22°C) keat (s) 0.63 £ 0.07 - 0.7 £0.06
Km (mM) 1.140.2 - 0.5+0.1
kea/Km (M s7Y) 572 - 1400
log(kcat)
pKal - - 7.78+0.3
pKa2 - - 8.78+0.3
log(kcat/Km)
pKal - - 7.93+0.1
pKa2 - - not observed

Mm CDO (20°C) Keat (s72) 0.6+0.1 - not observed
Km (mM) 23103 - not observed
keat/Knm (M s7%) 260 £ 30 - <0.01
log(kcat)
pKil 7.42+0.1 - -
pKa2 10.30£0.08 - -
log(kcar/Kw)
pKal 8.0+0.2 - -
pK,2 not observed - -

Av MDO (25°C) keat (s2) 1.2+0.1 1.0+0.1 0.29 £ 0.08
Km (mM) 11.4+0.9 0.013 + 0.005 26+5
Kea/Kna (M s2) 110 + 20 72000 + 9000 11+2
log(kcat)
pK.1 5.6+0.1 6.910.1 0.29+0.12
pKa2 9.9+0.1 9.51+0.1 0.29+0.13
log(kcat/Kw)
pKal 5.1%0.1 7.610.2 0.29£0.15
pKa2 9.7%0.1 8.210.2 0.29+0.16
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The pH-dependent profiles were determined for Mm ADO with cys as a substrate for
comparison. Steady-state reactions with cys exhibited a comparable maximal k. values for the kcar-pH
profile (0.63 + 0.22 s1) at pH 7.5. The skewed shape of the kinetic plot did not satisfy the conditions for
fits to Equation 3.1. In the log(k.t/Km) kinetic plot, the irregular shape was not able to fit to either
Equations 3.1 or 3.2. However, the observed maximal kcat/Km (1500 + 400) observed at pH 8.1. A

summary of all pH-dependent kinetic results is provided in Table 3.1.

NMR studies on Mm ADO reactivity. The measurement of sulfinic acid catalysis in previous
studies utilized a combination of analytical techniques including HPLC, O,-electrode, and LC-MS. 10 111
However, the use of NMR spectroscopy allows for a greater range in monitoring the catalysis of sulfinic
acid products in thiol dioxygenases.’®® NMR samples conditions bypass the optimization of mobile
phases and assay conditions for individual substrates under HPLC conditions. The NMR spectra for
cysteamine and hypotaurine standards in a sodium phosphate buffer in D,O can be seen in Figure 3.4

(panel A).
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Figure 3.4 A) NMR spectrum of cysteamine and hypotaurine representing the a- and 8-carbon protons. The time
course formation and decay of ht and ca by integration of the 8-carbon protons (CA, black circle; triplet centered at
2.79 ppm [2H, t, J1 =J2 = 6.7 Hz].; HT, white circle, triplet centered at 2.65 ppm [2H, triplet, J1 =2 = 6.7 Hz]). NMR
peaks labelled with (*) are trace levels of oxidized cysteamine originating from the disulfide bridge (cystamine); [6 =
3.03ppm; 2H, t, J1=J2 =6.7 Hz] and [6 = 3.38 ppm; 2H, t, J1 = J2 = 6.7 Hz]. B) Representative NMR spectra that

In the spectral window (2.50 — 3.50 ppm), the peaks are related to the non-exchangeable a- and
B- protons within the substrate and product standards. The resolved resonances allowed for monitoring
of substrate loss and product formation during an enzymatic assay. In the NMR spectra of ca, two sets of
resonances are observed as triplets centered at 2.79 and 3.15 ppm. By comparison, the resonances in
the product standard, ht, has two sets of triplet resonances centered at 2.65 and 3.35 ppm. The end-
product of ht exhibits greater shift in the chemical shift relative to substrate due to the nearby sulfinic
acid moiety. Since the a-protons slightly overlap between the substrate and product, the B-protons for
ca and ht (2.79 and 2.65, respectively) were used for measuring rate of product formation.

Each reaction was initiated by the addition of ADO (10 uM) to a buffered D,0 solution (25 mM
sodium phosphate, 50 mM NaCl, pD 8.4) at 22°C containing 5 mM ca. At select time points, samples
were removed and quenched by heat shock, spin-filtered, analyzed by NMR spectroscopy. The internal

standard trimethylsilyl propanoic acid (TMSP) was added for normalization of the signal intensity as

58



described previously in materials and methods. In Figure 3.4 (panel B), the time course measurement of
the B-protons for ht formation. Quantitation of each species was carried out by integration of peak area

relative to freshly prepared substrate and product standards of known concentrations.

Inhibition of ADO-catalyzed reactions by NO. Investigations into the effects of nitric oxide (NO)
on the kinetics of cysteamine conversion were carried out on a standard Clark electrode as previously
stated in the Materials and methods. The addition of NO to aerobic stirring of ADO and ca showed

decreased k..t values compared to wild-type ADO controlled reactions.
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Figure 3.5 Inhibitory effects by NO on the ADO-
catalyzed reaction with ca. The kcat values
observed were fit to an exponential decay
function.

As seen in Figure 3.5, the decreased rate of O;-consumption was plotted and fit to an exponential

decay function. This kinetic behavior suggests an unusual interaction that occurs between

the ADO protein and NO. In the absence of NO, the ADO-catalyzed reaction with ca exhibits comparable
ket values (0.63 s2) to steady-state kinetic parameters mentioned previously. After 10 mol equivalent
additions of NO, the observed kcat drops precipitously (0.63 to 0.34 s%). This downward trend continues

with more additions of NO but to a lesser degree. The observable kcat at significant excess (200 mol
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equiv) is 0.06 s, a mere 10% of the uninhibited reaction. This observed kinetic hinderance by NO on
ADO further highlights the unusual catalytic nature of ADO and perhaps a deviated mechanism than

what is reported for Mm CDO.

EPR Spectroscopy of the Substrate-bound Mm ADO FeNO. The non-heme iron enzymes have
been extensively studied in the last 20 years to lay out a general mechanism that describes the catalytic
cycle involved in substrate oxidation.’>?” In a typical reaction, the mononuclear iron site is housed
within a 6-coordinate environment with multiple solvent-bound ligands. Under reduced conditions, the
ferrous active site is generally unreactive towards molecular oxygen until the substrate and/or cofactor
are bound.? In this process, the substrate “gates” the binding of O, during catalysis. In an effort to
probe the binding of molecular oxygen to the iron-substrate complex, nitric oxide (NO) is often
employed as a spectroscopic probe as it assumed that NO and O; behave in a similar fashion in the
binding motif for the ES-O, complex. Since NO is presumably thought to bind to the substrate-bound

complex, this allows for measurements of the binding affinity of substrates to the active site.

The addition of NO to the ES-complex of a mononuclear non-heme iron enzyme generally results
in the formation of a FeNO7 (S = 3/2) species that is characterized by an axial EPR spectrum with g-
values of 4, 4, and 2. The Feltham-Enemark notation describes the ground-state of the S = 3/2 manifold

as antiferromagnetically coupling between the high-spin Fe(lll) (S = 5/2) and the bound NO™ anion (S =

1) 112-114

Samples of the as-isolated protein and substrate-bound of Mm ADO (Mm ES) were treated
under anaerobic conditions with NO to verify if the Mm ADO shows the formation of the obligated-
ordered addition of substrate (ca) prior to the addition of NO. In the absence of ca, no FeNO’ (S = 3/2)
signals were observed by EPR upon excess addition of NO. This suggests the ferrous Fe-site is incapable

of binding NO in the absence of substrate. As mentioned previously, this is typical behavior for the non-

60



heme mononuclear iron enzymes and is consistent with reports Mm CDO and the bacterial Av MDO.”
115 As seen in Figure 3.6, the ES-NO complexes formed by Av MDO, Mm CDO, and Mm ADO are
illustrated. The addition of NO to the ES complex of MDO shows a new EPR signal that correlates to a

high spin Fe(lll) S = 3/2 complex. In contrast, the Mm CDO and ADO enzymes when pre-complexed with
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Figure 3.6 Comparative X-band EPR of Av MDO, Mm
CDO, and Mm ADO of ES-NO complex. A) ES-NO
complex of Av MDO with 3mpa. Observed g-values
represents a S = 3/2 spin-state from the addition of
NO. B) ES-NO complex of Mm CDO with L-cys.
Observed g-values represent a S = 1/2 spin-state
from the addition of NO. C) ES-NO complex of Mm
ADO with ca. Observed g-values represent the S =
1/2 spin-state.

substrate and then exposed to NO produce a low spin Fe(lll) S = 1/2 species. The EPR signal at S = 1/2 for

the substrate-bound (FeNO)” species has observable g-values of 2.04, 2.02, and 2.00. This signal is only

produced upon additions of NO to samples equilibrated with ca.
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Discussion

The cloning and purification of the ADO protein is in good agreement with what has been
reported about for the molecular size of the ADO protein. The double-band feature that is commonly
observed with Mm CDO purifications is also exhibited with ADO purification studies. This highlights the
unusual post-translation modification that is observed between the nearby Cys-Tyr pair and may play a
role in substrate catalytic efficiency and orientation of the substrate-binding model. Further
investigations into the kinetic behavior of each protein forms may elucidate information related to
substrate binding and show related features with the Mm CDO protein.

The steady-state kinetics and complementary NMR studies are in good agreement with the
observed kinetic parameters and confirm the presence of hypotaurine formation by ADO. Observed kcat
values for the ADO protein are in good agreement with what has been reported other studies.*®*° The
keat/Km values determined show a 10-fold magnitude difference in in Ku. One of the unusual behaviors
amongst the TDOs is the allowance for accommodation of multiple substrates in the substrate binding
pocket. The investigations into the Mm CDO has shown the capability to catalyze the conversion of
multiple sulfur-containing thiol substrates (L-cys, D-cys, L-homocysteine).’%! Remarkably, the steady-
state results would suggest the binding of cys to the active-site but no detectable formation of csa. The
kat values for cys are comparable with ca showing the accommodation of both substrates into the active
site. The Ku calculated by steady-state plots show a 10* magnitude difference between cys and ca.

Further verification by LC-MS/MS experiments for each substrate showed that only ca was
converted into the sulfinic acid product. Therefore, the O,-consumption observed is more likely related
to the formation of the disulfide-bridged molecule, cystine. Presumably, the formation of cystine leads
to the undesired product of reactive oxygen species (ROS) such as H,0,, 0,*, and OH®. The accumulation
of cystine has been linked to cystinosis and would be evolutionarily a hinderance for proper cell

development if the ADO protein catalytically formed this compound. However, studies have shown
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cysteamine an effective remedy for cystine build-up and suggests a built-in failsafe for accidental cystine
formation.

Mechanistic information can be extrapolated for Mm ADO by inspection of the k..t-pH and
keat/Km-pH profiles. For instance, the acidic pK, value in the k.-pH profiles generated using ca (7.78
0.3) deviates from what is seen in the acidic limits for Mm CDO which highlights a different protein-
derived residue related to the chemical processes in catalysis. The basic regime shows a pK,(8.78 £ 0.3)
also deviates from the values reported for Mm CDO and Av MDO suggesting another alteration to the
catalytic process. While reported values for protein residues are available in literature, the pK; of these
amino acids can drift from their free-amino acid values. The acidic pK, could be related to a histidine or
cysteine residue and the basic pk, could be related to a thiol residue as well. However, these
assignments need to be further investigated and clarified through X-ray crystallography studies to
determine the framework of the second-coordination sphere.

In steady-state reactions with NO as a surrogate for O,-binding, the additions of NO in the ADO-
catalyzed reactions with ca exhibited significant inhibitory effects on kc.t. The relatively low additions of
NO hampered the capability for O,-consumption at saturating substrate conditions (5 mM). This
behavior is unusual and has not been reported in other TDOs. This unusual interaction could be from the
interactions of 1) with the substrate ca, 2) the Fe-site or 3) protein-derived residue. In the first case, the
additions of NO were significantly lower than the presence of substrate in the reactions. This would
eliminate the possibility the interaction arises from ca and NO. For the second case, if the NO is binding
directly the Fe-site and preventing the substrate-binding complex this would support the decreased
activity at low concentrations. The third case relates to the interaction between NO and a nearby
protein necessary for either substrate binding or catalysis. It has been known that NO can bind to active-
thiols and this would suggest that there exists an active thiol in the active-site that is related to the

binding of ca. Presumably, this active-thiol may be related to one of the pK; values determined from the
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steady-state pH-profiles. Further investigations into the interactions of NO and the ADO protein are
needed to assign these interactions and further elucidate information that is related to the role of
binding for substrate.

EPR spectroscopy of the ADO ES-NO complex exhibited the low-spin features that is observed in
the Mm CDO enzyme. However, only a small percentage of NO is bound to the ES complex which is an
unusual characteristic. Previous studies have shown the proclivity for nitric oxide to bind to the ferrous
center in the presence of substrate. The inhibitory effects by NO previously stated show that NO is
interacting in some fashion with the enzyme-substrate complex. Therefore, the lack of iron-nitrosyl
formation suggests either NO is not bound to the Fe-site or is bound but exists in a non-paramagnetic
state. Further investigations into the nature of NO and its interactions in the active-site are needed to
determine how NO is binding to the Fe-site. Additionally, efforts for crystallization are underway for
proper designation of the active-site as well as the outer-sphere coordination environment to clarify the
ambiguity in the covalent Cys-Tyr crosslink and the potential substrate orientation during catalysis.

The results presented here highlight the unusual nature of ADO and show why the largely
uncharacterized thiol dioxygenase proves to be a challenging biological system. Despite the conserved
chemical oxidation of a thiol, the spectroscopic features and lack of “catalytic triad” for substrate

orientation and binding prove the deviated mechanistic nature that occurs in this enzyme.
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Chapter 4 Collaboration Works with Analytical EPR

Spectroscopic and solid-state evaluations of tetra-aza macrocyclic cobalt complexes with parallels to the
classic cobalt(ll) chloride equilibrium

*Johnston, H. M., Palacios, P. M., Pierce, B. S., and Green, K. N. Spectroscopic and solid-state evaluations
of tetra-aza macrocyclic cobalt complexes with parallels to the classic cobalt(ll) chloride equilibrium. J.

Coor. Chem. 69, (11-13), 1979-1989.

Contribution in collaboration

The Pierce lab has participated in many collaborations that deal with the application of EPR for
guantitative measurement of transition metal complexes and biological systems. In collaborative efforts
with the Green group, the cobalt complexes, L1a and L1b, was designed, synthesized, and analyzed. In
this complex, a mononuclear cobalt ion was incorporated into the tetra-aza macrocyclic ring and was
exposed to select solvents for preparation of different complexes based on solvent effects. Each
complex was frozen and analyzed with X-band EPR spectroscopy for quantitation of the incorporation of
the cobalt ion and determination of the oxidation state of the ion as the complex transitioned from solid

to liquid phase.

As seen in Figure S. 1, the EPR signal for L1a is consistent with a nearly axial S = 3/2 spin-state
with the observed g-values (5.5 and 2.04) in good agreement with a 5- or 6-coordinate Co(ll) complex.

Temperature-dependent studies showed the ms = £ 1/2 is the ground state within the S = 3/2 manifold.

In the samples prepared in DMF, L1b exhibited g-values different from the aqueous sample. Observed g-

values for L1b suggested presence of two species (i and ii). The multiline hyperfine features were
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simulated and revealed the i EPR spectrum is comparable to a 5- or 6-coordinate complex with a

tetrahedral Co(ll) complex that exhibits the more resolved hyperfine.

Abstract

The Co(lll) complex of 3,6,9,15-tetra-azabicyclo[9.3.1]penta-deca-1,11,13-triene (L1) has been
synthesized in DMF and isolated as a blue solid (1) ([L1Co"'CIX]™, X = CI" or DMF, n =1 or 2). Complex 1
exhibits solution behavior similar to the classic cobalt(ll) chloride equilibrium. When 1 is dissolved in
water, the solution is pink and this complex exists as 1a, which consists of a cobalt(lll) bound to L1 and
two cis-chlorides with a perchlorate counter-ion to balance the complex charge ([L1Co"'Cl,][ClO4]). In
contrast, when 1 is dissolved in DMF or other organic solvents the solution is blue and is observed as 1b.
The 1b complex salt contains two cobalt centers. One cobalt(lll) is bound to L1, CI~, and DMF. Charge
balance is accomplished by the second cobalt center: [Co"Cls]*, thus making 1b (L1Co"'CI(DMF)][Co"Cls]).

This equilibrium was confirmed using UV-visible spectroscopy, EPR, and X-ray crystallography.

Introduction

From crown ethers to N-heterocyclic amines, macrocycles are integral to coordination chemistry
and can bind to a multitude of transition-metal ions.'® Along with having a variety of donors, these
ligands have a range of sizes. The smallest macrocycles have as few as 3 donor atoms forming rings with
9 atoms in the macrocycle, while larger macrocycles can have as many as 11 donor atoms forming rings
with 33 atoms.® However, more common examples are synthetic 12- to 16-membered rings which are
often utilized to mimic biologically important and naturally occurring macrocycles, such as porphyrins

and corrins.!1%122 A vast array of macrocyclic transition-metal complexes have nhumerous potential uses;
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applications range from use as biomimetic models, therapeutic agents, and catalysts in various organic
reactions.1%126 The kinetic and thermodynamic stabilities of these diverse ligands have played a major
role in their popularity in inorganic and bioinorganic chemistry. Macrocyclic complexes exhibit enhanced
kinetic and thermodynamic stability when compared to non-cyclic analogs; Margerum and Cabbiness
term this large increase in stability as the macrocyclic effect.1t® 119 123,126,127 The |grge amalgamation and
inherent stability of complexes derived from macrocycles have made these ligands ubiquitous in the

field of coordination chemistry.

Transition-metal ions incorporated in the Irving-Williams series, based on increasing stability of
metal complex formed (Mn(ll) < Fe(ll) < Co(ll) < Ni(ll) < Cu(ll) > Zn(ll)), are particularly popular choices for
forming macrocyclic metal complexes.*?® Within our group, the properties of the complexes of Fe(lll),
Ni(ll), Cu(ll), and Zn(ll) with 12-membered pyridine- and pyridol-containing tetra-aza macrocycles have
been characterized and studied in depth.'?% 2% 130 |n continuation with the studies on macrocyclic
complexes of first-row late transition metal ions, we have performed characterization on a 12-

membered pyridine-containing tetra-aza macrocyclic cobalt (11l) complex.

Surprisingly, cobalt(lll) complexes with 12-membered tetra-aza macrocycles are not prevalent in
the literature, but there are a few examples.!? 131 132 The majority of the chemical literature is
dominated by 12-membered Co(ll) tetra-aza macrocyclic complexes or planar 14-membered
Co(Il)/Co(lll) tetra-aza macrocyclic complexes.117- 118 122, 124,125,133, 134 Although examples of Co(lll) tetra-
aza macrocyclic complexes are sparse, there are many Co(ll)/Co(lll) coordination complexes derived
from monodentate and open chain chelates that are historically significant and ubiquitous in chemical
literature.’® When new heterocycles are synthesized, the complexes formed with Co(l1)/Co(lll) ions can
be compared to these more classic coordination compounds in order to delineate the observed

reactivity.*2 One specific example of a classic Co(ll) coordination complex is the equilibrium between
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pink cobalt(ll) hexahydrate and blue cobalt(ll) tetrachloride (scheme 1); this well-characterized

demonstration is often used to illustrate le Chatelier’s Principle.13>-14!

Solid-state and spectroscopic methods were used to characterize the 12-membered tetra-aza
macrocyclic Co(lll) compound. The solution behavior was similar to the classic Co(ll) equilibrium. The
color change in organic versus aqueous solvents, as well as the presence of a cobalt, led us to examine
the classic cobalt(ll) chloride equilibrium to determine if there were any parallels to our ligand

System 135-141

Electronic absorption spectra of cobalt(ll) chloride in both water and DMF lead to an important
parallel that helped to confirm our system was undergoing a similar equilibrium in these two solvents.
Electronic absorption spectroscopy and X-ray diffraction measurements were obtained to further
investigate this phenomenon. Through this work, it was observed that solvent choice could be used to
produce two derivatives of 1 (1a and 1b). Depending on solvent choice one of the cis-bound ligands of 1
change (CI” or DMF) as well as the overall complex charge (+1 or + 2) and counter-ion ([ClIO4]™ or
[Co"Cly)¥). The spectroscopic and solid-state characteristics of these two systems and the parallels to

the classic cobalt(ll) chloride demonstration used to illustrate le Chatelier’s principle will be discussed.

Heat + [Co(H,0)s]?* (aq) + 4CI-(aq) ~— [CoCl]* (aq) + 6H,0(I)

2-

OH; Cli
H;Oll:.._clo__..\\\OHz — W |
~—— Co:y
H;,O( | \OH, CI/ \”'CI
OH, Cl

Scheme 4.1 Equilibrium reaction between cobalt(ll) hexahydrate and
cobalt(ll) tetrachloride used to demonstrate le Chatelier’s Principle.*3%13¢
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Materials and Measurements

Caution! Perchlorate salts are explosive and should be handled with care; such compounds should never
be heated as solids. All chemical reagents were purchased from either Sigma-Aldrich or Alfa Aesar and
used without purification. The 12-membered tetra-aza macrocycle (L1) was isolated as the
hydrochloride salt prior to metal-ion complexation in accord with standard practices.'?> 42 The yield
reported for 1 ([L1Co"CIX]™, X = CI- or DMF; n = 1 or 2) was calculated from an average of three trials
and based on elemental analysis results; each reaction was carried out in DMF. Elemental analyses were
performed by Canadian Microanalytical Services Itd. Electronic absorption spectra were collected
between 190 nm and 1100 nm using a 8453 UV—vis spectrophotometer (Agilent) and a 3-ml quartz
cuvette with a path length of 1.0 cm. Molar extinction coefficients were calculated utilizing the Beer-

lambert law (A = gbc).

Preparation of 12-membered tetra-aza macrocycle (L1)

The 12-membered pyridine-based tetra-aza macrocycle [3,6,9,15-tetra-azabicyclo[9.3.1]penta-
decal(15),11,13-triene (L1)] was synthesized by (1 + 1) condensation between a nosyl (Ns) protected
amine and the respective benzyl chloride. Upon cyclization of the ligand, the amines were deprotected
based on a modified published procedure using thiophenol and potassium hydroxide.'*? A full

description for the synthesis of L1 is available.'?

Preparation of [L1Co"CIX]™ (1)

Cobalt(ll) perchlorate hexahydrate (89.0 mg, 0.243 mmol) was dissolved in 10 ml of DMF,

resulting in a bright pink solution. Subsequently, L1-3HCI (100 mg, 0.317 mmol) was added in one
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portion. The solution color changed immediately from bright pink to deep blue (figure S1) upon addition
of L1-:3HCI. This reaction mixture was stirred at room temperature for 24 h. The resulting deep blue
solution was filtered through a 0.45-um filter syringe to remove excess unreacted ligand. Excess diethyl
ether was added to the filtered solution, causing a deep blue powder to precipitate. The powder and
diethyl ether mixture were transferred to Eppendorf tubes and centrifuged for 5 min at 4000 rpm. The
supernatant was decanted, and more diethyl ether was added to the blue powder in the Eppendorf
tube; this process was repeated four to six times in order to remove traces of DMF. Finally, the blue
powder, along with a small amount of diethyl ether, was transferred to a 6-ml vial and dried by vacuum
on a Schlenk line to afford 1 as a light blue solid (106 mg, 0.122 mmol, 39% yield). Electronic absorption
Amax/nm (/M7 cm™); water: 376 (144), 535 (133); DMF: 380 (318), 535 (320), 680 (886) nm. Elemental
analysis for 1 [L1Co"'Cl : DMF][Co"Cl4]-2HCI-3DMF Found (Calculated): C, 31.89 (31.87); H, 4.57 (5.58); N,

12.78 (12.93); 0 7.95 (7.38) %.

X-ray crystallographic structure determination

A leica MZ 75 microscope was used to identify the samples suitable for X-ray analysis. A Bruker
Apex 2 X-ray (three-circle) diffractometer was employed for crystal screening and unit-cell
determination. The data collections were obtained at 100 K. The goniometer was controlled using APEX2
software suite, v. 2008—6.0.1*3 The samples were optically centered with the aid of a video camera so
that no translations were observed as the crystal was rotated through all positions. The X-ray radiation
utilized was generated from a Mo sealed X-ray tube (K, = 0.70173 A with a potential of 40 kV and a
current of 40 mA) fitted with a graphite monochromator in the parallel mode (175 mm collimator with
0.5 mm pinholes). Crystal data and structure refinement parameters for 1a and 1b are provided in tables

1 and 2, respectively.
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Table 4.1 Crystal data, intensity collections, and structure refinement parameters for

[LLCoiiiCl(dmf)][CoiiCl4] (1b).

molecular formula
empirical formula
formula weight
temperature (K)
Crystal system
space group

a(A)

b (A)

c(A)

a (%)

6(°)

v(°)

Volume (A3)

Z

pcalc (g cm™3)

u (mm™)

F(000)

Crystal size (mm?3)
radiation

20 range for data collection (°)
index ranges

reflections collected
independent reflections
data/restraints/parameters
Goodness-of-fit on F?

final R indexes [/ > = 20(/)]
final R indexes [all data]
largest diff. peak/hole (e A3)

[C14H25C|CON5] [COC|4]
C14H25C|5C02N50

574.5

100

orthorhombic

Pbca

13.042(2)

16.735(3)

20.520(4)

90

90

90

4478.7(14)

8

1.704

2.093

2328

0.464 x 0.272 x 0.086

mo Ka (A =0.71073)
6.116 to 70.13
-21<h<20,-26<k<26,-33</<
33

59,090

9867 [Rint = 0.0426, Rsigma = 0.0323]
9867/0/258

1.046

R1=0.0329, wR, = 0.0673
R1=0.0542, wR; =0.0746
0.99/-0.40
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Figure 4.1 Comparison of the electronic absorption spectra of (a) 1a and 1b and (b) cobalt(ii) chloride in
water vs. dmf. the conversion process observed for (a) and (b) is noted in (c) and (d), respectively.

[L1Co0"Cl,][ClO.] (1a). Crystals of 1a suitable for X-ray analysis were obtained by dissolving
several mg of the blue powder of 1 in H,0 to provide a pink solution. Slow evaporation of this solution at
room temperature afforded a translucent dark red-pink, plate-like crystal of 1a (0.101 x 0.262 x 0.303
mm?) which was mounted on a 0.5-mm cryo-loop and used for X-ray crystallographic analysis. The
crystal-to detector distance was set to 50 mm, and the exposure time was 10 s per degree for all data-
sets at a scan width of 0.5°. A total of 1304 frames were collected, and the data collection was 99.8%

143 ysing a narrow frame

complete. The frames were integrated with the Bruker SAINT Software package
algorithm. The integration of the data using a monoclinic unit cell yielded a total of 139,761 reflections
to a maximum @ angle of 38.63° (0.57 A resolution) of which 26,110 were independent with Rin: = 6.72%.
Data were corrected for absorption effects using the multi-scan method (SADABS).'** Structural
refinements were performed with XShell (v. 6.3.1) by full-matrix least-squares.’* All hydrogen and non-

hydrogen atoms were refined using anisotropic thermal parameters. The thermal ellipsoid molecular

plots (50%) were produced using XP, which is included in the XShell suite.*
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[L1Co"'CI(DMF)][Co"Cl4] (1b). Crystals of 1b suitable for X-ray analysis were obtained via vapor
diffusion of diethyl ether into DMF. An intense dark blue-purple plate-like crystal of 1b (0.086 x 0.272 x
0.464 mm?3) was mounted on a 0.5 mm cryo-loop and used for X-ray crystallographic analysis. The
crystal-to-detector distance was set to 50 mm, and the exposure time was 10 s per degree for all data-
sets at a scan width of 0.5°. A total of 772 frames were collected, and the data collection was 99.6%
complete. The frames were integrated with the Bruker SAINT Software package*® using a narrow frame
algorithm. The integration of the data using a monoclinic unit cell yielded a total of 59,090 reflections to
a maximum @ angle of 35.06° (0.62 A resolution) of which 9867 were independent with the Rin: = 4.26%.
Data were corrected for SADABS.* Structural refinements were performed with XShell (v. 6.3.1) by full-
matrix least-squares.'® All hydrogen and non-hydrogen atoms were refined using anisotropic thermal
parameters. The thermal ellipsoid molecular plots (50%) were produced using XP, which is included in

the XShell suite.'#

Results and Discussion

Synthesis of [L1Co"CIX]™ (1) and equilibrium behavior in organic and aqueous solvents

Complexation between cobalt(ll) perchlorate hexahydrate and the hydrochloride salt of L1 in DMF

yielded [L1Co"'CIX]™ (X = CI" or DMF; n = 1 or 2) (1) (scheme 2). Upon addition of the ligand to the

Table 4.2 Electronic absorption bands and transition assignments for 1 in dmf and h2o, Amax/nm (e/m-1
cm-1).

Solvent DMF Transitions in DMF H,O Transitions in H,0
535 (320) Col(iii): lalg > 1tl gty 535 (133) oh Coliii): 1lalg > 1tlg
680 (886) Co(ii): *a2 > *ta(P) 530 (5) oh Colii): 4t1 g(f) > 4t1 g(P)
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stirred cobalt(ll) perchlorate hexahydrate solution, the color changed immediately from bright pink to
deep blue (figure S1). After reaction completion, 1 was isolated as a periwinkle blue solid. In order to
characterize this ligand-cobalt complex, 1 was dissolved in several different solvents, including DMF and
water. Upon complex dissolution in DMF, the solution remained blue. Conversely, when the complex
was dissolved in water, the resulting solution was pink. The color changes observed, suggested the
cobalt coordination was modified in DMF versus H,0 solutions. Electronic absorption spectroscopy was

utilized in order to further investigate this phenomenon in solution.

Electronic absorption spectra of 1 in aqueous and organic solvents

The electronic absorption spectrum of 1 was measured in DMF and H,O in order to investigate
the color changes observed upon complex dissolution in organic and aqueous solvents. A comparison of
the spectra confirmed that cobalt coordination depended upon the nature of the solvent (i.e. organic
versus aqueous). For instance, in H,0, the solution of 1 is bright pink and contains two absorbance bands
at 376 and 535 nm (figure 1(a), table 3). The spectrum of 1 in H,0 is consistent with a limited number of
reported Co(Ill) 12-membered tetra-aza macrocyclic complexes.'3¥ 132146 \When 1 is dissolved in H,0 the
solution is bright pink and it exists as 1a ([L1Co"'Cl,][ClO4]) and cobalt(ll) hexahydrate. Whereas, when 1
is dissolved in DMF the solution is deep blue and it exists as 1b ([L1Co"'CI(DMF)][Co"Cl4]). The following

spectroscopic results support these assignments.

Most known octahedral cobalt(lll) complexes are diamagnetic and have a ground state of *Ay,.
The visible absorption spectra of these octahedral cobalt(lll) complexes consist of two spin allowed

transitions, 15 > g and g > 11,1130 |n a perfectly symmetric octahedral complex [Co"g], there is
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no splitting observed in the A;; > T4 transition, but in asymmetric octahedral complexes [Co"'Xay>]
there can be splitting of the T, state.*’ The magnitude of T, 4 splitting is dependent upon the nature
of [Co"Xay2], which can exist in both the cis and trans configurations.*” Trans-[Co"Xsy,] complexes have
large splitting in the Ty state, resulting in an electronic absorption spectrum with three absorbance
bands.'¥1%0 In contrast, cis-[Co"X4y,] complexes have a lesser degree of splitting in the Ty state,
resulting in only two observed absorbance bands, with one absorbance band being slightly
asymmetric.’¥” 10 1a has a geometry consistent with cis-[Co""Xsy2]. In water, the absorption band at 376
nm is assigned to the higher energy transition, A;; > T,,. The absorption band observed at 535 nm is

assigned to the lower energy transition, A1 g > T1g.

In DMF, the solution of 1b is deep blue with a shoulder at 380 nm and two absorbance bands at
535 and 680 nm. The lower energy absorbance at 680 nm has multiple shoulders due to spin-orbit
coupling (figure 1(a), table 3). The absorbance bands at 380 and 535 nm can once again be assigned to
the transitions 1 > g and 1, > 1Ty, respectively, of the octahedral diamagnetic Co(lll) complex.
Upon careful examination of the additional absorbance band (680 nm), it was determined that it
resembled the spectrum of a cobalt(ll) chloride species in solution.'3® 141 The electronic absorption
spectrum of cobalt(ll) chloride hexahydrate was obtained under the same experimental conditions
(figure 1(b)) because of this intriguing similarity of the absorbance band to 1b in DMF solution. It is
established that cobalt(ll) chloride dissolved in H,0, or aqueous solvents, exists as the complex ion,
cobalt(ll) hexahydrate. Alternatively, when cobalt(ll) chloride is dissolved in DMF (or organic solvents) it
exists as cobalt(ll) tetrachloride. The cobalt(ll) chloride dissolved in DMF exhibited a complex
absorbance band at 680 nm, consistent with a cobalt(ll) tetrachloride ion present in solution.?3® 14 This
absorbance is in agreement with the higher energy band observed in the spectrum of the deep blue

DMF solution containing 1b.
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(a) (b)
[L1Co"CI,][CIO,] (1a) [L1Co"CI(DMF)][Co"Cl,] (1b)

- Ve
- -

.' ~ | Tk .
oy ’ " 4N

Crystal growth method: slow evaporation of water Crystal growth method: vapor diffusion of DMF/ether

Figure 4.2 Comparison of 1a and 1b growth methods, crystal morphology, and solid-
state structures (orteP views 50% probability). hydrogens were omitted for clarity.

The cobalt(ll) tetrachloride ion has been well characterized using electronic absorption
spectroscopy.'®® 147150 Because this complex has a tetrahedral geometry, with no center of symmetry,
very intense absorbance bands are observed when compared to octahedral cobalt(ll) hexahydrate.>
Assigning transitions for cobalt(ll) tetrachloride can be somewhat difficult. In the visible region, the
absorbance at 680 nm can be assigned to the highest energy transition A, > *T(P).147- 149150 Thjg
absorbance is very complex (containing multiple shoulders and peaks) due to other transitions to

doublet excited states that occur in the same region of wavelengths.147- 10

Based on this parallel between the electronic absorption spectra of cobalt(ll) chloride and 1, the DMF
solution (figure 1(a)) contained 1b with cobalt(ll) tetrachloride and the H,O solution contained 1a with
cobalt(ll) hexahydrate. EPR methods were in agreement with a four-coordinate Co(ll) in DMF and six-
coordinate Co(ll) in water as well (figure S4). To verify this hypothesis and determine the exact nature of

the cobalt coordination sphere, the two salt congeners of 1 were analyzed using solid-state methods.
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Solid-state evaluation of 1a and 1b

Following spectroscopic evaluation, crystallizations of 1 were carried out separately in H,O and
DMF (figure 2). Two crystal growth methods were used in order to continue the investigation of how
solvent type changed cobalt coordination. Both methods afforded X-ray quality crystals of 1 (1a and 1b),
respectively. Through evaluation of the solid-state structures, the cobalt coordination spheres were

identified.

(1a)

Figure 4.3 Comparison of the solid-state structures of 1a, 1b, and 2; hydrogens were

omitted for clarity.?”

Alternatively, deep-blue crystals of 1b suitable for X-ray analysis were obtained via vapor
diffusion of diethyl ether into DMF (figure 2(b)). The asymmetric unit of 1b consisted of one
independent [L1Co"'CI(DMF)][Co"Cl4]. The resulting structure was derived from an orthorhombic Pbca
system. 1b also has a pseudo-octahedral geometry; the cobalt(lll) ion is ligated by four N-donors of L1, a
cis chloride, and a cis DMF, making it six coordinate. In contrast to 1a, [L1Co"'CI(DMF)]?* is balanced by
[Co"Cly)*. The second cobalt is Co(ll). It is this [Co"Cls)?™ anionic coordination complex that is responsible

for the solvent-dependent equilibrium behavior of 1.
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The [L1Co"CIX]™ (X = CI” or DMF; n = 1 or 2) units of 1a and 1b show little deviation in the
cobalt(lll) coordination environment. For example, the largest deviation derived from the L1-Co
coordination is observed with the Co(1)—N(1) interaction, with the bond length decreasing from 1.992(2)

At01.9703(12)

N T1[C04
Cliu,,, |O)N S
N H0 1/,/ oI NRY / +  [Co(OH,)el**
| i HN ﬂn‘r// HNq
N Co(CIOy), X LYY
12 NH || HN ———— (C|°.'N|_’;‘\ / (1a)
k/N\) DMF cl i = Hie HN T1[CoCly)
B DME > N s O, I} —
X = Cl or DMF HiC it CI/CIQ.NPT\ /
) HN=<

Scheme 4.2 Synthesis of 1, equilibrium of 1b and 1a in aqueous and organic solvents.

A 'in 1a and 1b, respectively. likewise, the Co(1)—-Cl(1) distance decreases from 2.2823(8) A to
2.24115(5) A in 1a and 1b. This is consistent with the change in CI~ versus DMF donors to Co(lll). The

bond angles change very little (table 4) between 1a and 1b.

Complexes with a similar coordination environment to 1a and 1b are limited.?*? One particular
Co(lll) complex synthesized by Hubin et al. (denoted 2)'3? offered connectivity parallels to 1a and 1b. 2 is
a 12-membered ethylene cross-bridged macrocycle bound to Co(lll) and is shown in figure 3. This
complex, like 1a and 1b, is a 5-5-5-5 ring structure with Co(lll) ligated by four N-donors, as well as two
cis ligands to complete the octahedron. When comparing 1a and 1b with 2 some differences in bond
angles were noted, specifically when comparing axial versus equatorial bond angles. In 1a and 1b the
N(3)—Co(1)-N(1) bond angles are 165.25(11)° and 165.33(5)°, but in 2 the N(3)-Co(1)-N(1) bond angle is
168.8(14)°; this axial bond angle in 2 is more linear than 1a and 1b (figure 3, table 4).132 The equatorial

bond angles N(4)—Co(1)-N(2) in 1a and 1b are 93.40(11)° and 94.56(5)°, while this same bond angle is

78



only 87.2(4)° in 2 (figure 3, table 4).232 Inspecting the axial and equatorial bond angles of these three
structures revealed that both 1a and 1b have deviations from octahedral geometry in the axial
coordination, whereas 2 modifies the equatorial cobalt(lll) interactions. The slight difference in axial and
equatorial bond angles is due to the structures of the two ligands. L1 is a 12-membered, pyridine-
containing tetra-aza macrocycle; the presence of the pyridine ring constrains the axial N(3)— Co(1)-N(1)
bond angle causing more deviation from linearity in 1a and 1b than in 2. In contrast, 2 contains a 12-
membered ethylene cross-bridged tetra-aza macrocycle; this ethylene cross-bridge restrains the axial

N(4)-Co(1)-N(2) bond angle in 2.

Equilibrium behavior of 1a and 1b

When dissolved in DMF, or organic solvents, 1 exists as 1b ([L1Co"'CI(DMF)][Co'"Cl4]), but when
dissolved in H,0, it exists as 1a ([LLCo"Cl;][ClO4]). The solid-state structure of 1b contains cobalt in two
different oxidation states, whereas the solid-state structure of 1a contains only cobalt(lll). This indicates
that 1 remains intact throughout. Although in the solid-state 1a contains only one cobalt ion, when 1a is
in solution [Co"(OH,)s]** could also be present. This complex ion is not observed in the solid state,
because it does not balance the charge of the ligand-cobalt complex [L1Co"Cl,]*, instead [CIO4] is the
counter-ion (scheme 1). With the ligand-cobalt complex, cobalt(ll) tetrachloride present in DMF and
cobalt(ll) hexahydrate present in H>0O, the solution behavior of these macrocyclic ligand complexes
mimicked the classic cobalt(ll) chloride equilibrium. This was further confirmed when the spectra of 1b
and cobalt(ll) chloride were obtained in concentrated HCl and compared (figure S3). Although neither
complex was dissolved in an organic solvent, both exhibited the characteristic cobalt(ll) tetrachloride
absorbance bands. Because chloride ions were present in such excess that the equilibrium was shifted

from cobalt(ll) hexahydrate to cobalt(ll) tetrachloride. The same complex ions present in this classic
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demonstration were also present within the coordination sphere of the cobalt-macrocyclic ligand
complexes (scheme 1). There are several instances reported where ligand-cobalt complexes have
changed color drastically upon dissolution, but never before has this equilibrium been investigated in

the depth described here.!3?

Conclusion

Utilizing various spectroscopic and solid-state techniques, coordination of the ligand-cobalt
complex was identified. In different solvents, ions bound to the Co center and counter-ions underwent
an equilibrium. When dissolved in DMF, 1 is 1b with two cobalt metal centers, one bound to L1, CI-, and
DMF and the other bound to four chlorides ([L1Co"'CI(DMF)][Co"Cl4]). This cobalt(ll) tetrachloride species
serves as the counter-ion. In contrast, when 1 is dissolved in water, it exists as 1a, consisting of a
cobalt(Ill) bound to L1 and two cis chlorides with a perchlorate counter-ion to balance the charge,
([LLCo™Cl;] [ClO4)). 1b and 1a undergo an equilibrium (scheme 2) and when 1a is dissolved in water it
only has one cobalt center present within the complex, but cobalt(ll) hexahydrate may also be present.
Investigation of this phenomenon utilizing electronic absorption spectroscopy and solid-state methods
showed that this ligand cobalt complex parallels the behavior of the classic cobalt (1) chloride

equilibrium.
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Isolation and identification of the pre-catalyst in iron-catalyzed direct arylation of pyrrole with
phenylboronic acid

*Brewer, S. M., Palacios, P. M., Johnston, H. M., Pierce, B. S., and Green, K. N. Isolation and

identification of the pre-catalyst in iron-catalyzed direct arylation of pyrrole with phenylboronic acid.

Inorg. Chim. Acta., 2018, 478, 139-147.

Contribution to collaboration

The quantitative measurement of the tetra-aza Fe-complexes were analyzed by EPR
spectroscopy. As seen in the Co-complexes previously mentioned, various complexes were analyzed for
validation of Fe incorporation and oxidation state. The Fe-complexes were measured in cryogenic
temperatures and exhibited signals that are related to a mononuclear Fe(lll) ion incorporated into the
macrocyclic ring. Further details into EPR parameters of the spin-state, zero-field splitting, and

verification of the ground-state are discussed in the text below.

Abstract

Herein we describe the synthesis, characterization, and role of three dichloric iron(lIl)
complexes, [L1Fe (I1)(C1)2]ClO4 (L1Fe), [L2Fe(1l1)(Cl)2]CI04 (L2Fe), and [L3Fe(111)(Cl)2]Cl04 (L3Fe) [L1
(Pyclen) = 1,4,7,10tetra-aza-2,6-pyridinophane; L2 = 1,4,7,10-tetra-aza-2,6-pyridinophane-14-ol; L3 =
1,4,7,10-tetra-aza-2,6-pyridinophane-13-ol, in the coupling of pyrrole and phenylboronic acid to form 2-
phenylpyrrole. The oxidation- and spin state of the iron complexes were characterized using X-ray
crystallography, UV-vis absorbance spectroscopy, electron paramagnetic resonance spectroscopy, cyclic

voltammetry, and mass spectrometry. Electrochemistry results rank ligand L1-L3 as moderate tetra-
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azamacrocycle donors to iron between cyclen and Me,EBC-12. Characterization of the iron(lll)
complexes and subsequent catalytic testing indicates that the complexes enter the C—C coupling
catalytic cycle in the high spin iron(lll) oxidation state. Furthermore, the results indicate that the iron(lll)

complexes are essential for catalytic and regioselective production of the 2-phenylpyrrole product.

Introduction

C-C cross-coupling reactions catalyzed by transition metals are invaluable components in a
chemist’s toolbox.*>? Paradoxically, the precious metal palladium is commonly used to facilitate such
transformations despite its low natural abundance, high cost, and high toxicity.>*1*® In response to this
limitation, there has been a growing interest in replacing palladium with a more each abundant metal
catalysts such as iron.’” > While iron catalysts are indeed making strong contributions to the field of
cross-coupling reactions, mechanistic insights and thorough catalyst characterizations are much more
challenging than the palladium counterparts due to the strong reactivity of iron complexes, unpaired

electrons complicating NMR spectroscopy, and transient nature of intermediate species.?>218

151-168 and as

Regardless, iron complexes have proven useful in the syntheses of organic compounds
model complexes of metalloenzymes.*%1"! Indeed, such complexes have been crucial for elucidating the
reactivity and spectroscopic properties of key iron-oxo intermediates such as Fe(lll)OOH, Fe(IV)=0, or
Fe(V)=0.167170.172 g 3 result of these studies, the key mechanistic elements driving oxidative iron
catalysis are becoming increasingly well understood. However, the studies that investigate iron catalysts
for C-C bond formation focus largely on the scope of the catalysts and less on the properties of the
active metal center. A compliment to studies of substrate scope would focus on the identification of

catalyst oxidation state and spin state (which may be tuned by the ligand scaffold’® 14) needed for the

desired organic transformation to take place. Thorough understanding of ligand effects on the metal
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center will aid in designing more efficient catalysts.'>> 16158 For example, the White-Chen [Fe(S,S-PDP)]
catalyst has been studied for C-H bond activation.”® This work focused on regioselectivity derived from
substrate properties such as electronics, steric bulk, and directing groups. Talsi et. al. have separately
probed the nature of the active species in this process using electron paramagnetic resonance
spectroscopy (EPR) and enantioselectivity studies to show that the oxygen transfer occurs by an Fe(V)-
oxo species.'® Insight into a previously unknown mechanism resulted from the detailed characterization
in this work.'”” Furthermore, multi-dentate N-containing ligands have been used to obtain stable Fe(IV)-

oxo species, providing invaluable spectroscopic comparisons to metalloenzymes in nature, 6% 169 170, 178-

180

Interestingly, Bedford and co-workers reported that iron catalysts derived from rigid tetra-
azamacrocycles, such as Me;EBC-12, resulted in poor yields for the cross-coupling of 4-tolyl magnesium
bromide with cyclohexylbromide.'®® However in 2010, Wen et al. reported that the tetra-azamacrocycles

shown in

Cyclen L1 LN4H, MeyCyclen

Figure 4.4 Tetra-azamacrocycles studied by Wen et al. in
combination with iron(ll) salts to facilitate the coupling of

pyrrole and phenylboronic acid to produce 2phenylpyrrole.'”®

Fig. 1, when mixed with iron(ll) salts in the presence of oxygen, facilitate direct arylation of pyrrole with
phenylboronic acid to form 2-phenylpyrrole.’®! A preliminary mechanism was proposed in which an iron-

oxo species acts as the active catalyst; however, no metal oxidation states were assigned or catalyst



characterization reported aside from a mass spectrum that proved to be tenuous in its assighment.
Since the publication of this manuscript, it has been cited over 70 times.1>% 162 166, 174, 182-247 |ntarestingly,
to date the synthesis and characterization of iron complexes derived from two of the four ligands in this
original report, LN4H; and cyclen, have been reported (Fig. 2). Both complexes [(LN4Hz)Fe (Cl):]* and
[(cyclen)Fe(Cl).]* were identified as high-spin iron(lll) systems. 248250 Of the four mixtures tested for
catalytic ability by Wen and co-workers, the mixture containing L1 afforded the highest yield. Therefore
and reported here, we have identified the spin-state and oxidation state of the complex formed by L1
and iron(ll) in the presence of oxygen and compared the structural and electronic properties to
[(LN4H2)Fe(Cl)2]*, [(cyclen)Fe(Cl).]*, and others. We have previously explored L1 and its derivatives (L2
and L3, Fig. 3) as chelates for Cu(ll), Ni(ll), and Zn(Il); the donor capacity of the ligand was affected by the
presence and position of the hydroxyl group.'?® Therefore, the iron complexes of L2 and L3 were also
isolated, characterized, and compared within the series described above. The bona fide iron(lll) high-
spin complexes derived from L1, L2, and L3 were identified as pre-catalysts for direct Suzuki-Miyaura
coupling of pyrrole and phenylboronic acid to yield 2-phenylpyrrole. Finally, further experiments show
that L2 and L3 can promote a small amount of background reactivity yielding multiple products, but the
iron(lll) pre-catalysts are critical for focusing the reactivity to produce only 2-phenylpyrrole, thus

validating the need for the intact iron complex as a catalyst.

Materials and Methods

Iron(ll) perchlorate was freeze dried prior to use, all other reagents were obtained from
commercial sources and used as received, unless noted otherwise. NMR spectra were obtained on a
400-MHz Bruker Advance spectrometer, using deuterated solvents (CDCls). NMR spectra were

referenced using the corresponding solvent resonance (in parts per million; CDClsd = 7.26).2! The
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following abbreviations were used for proper identification of the NMR signals: s = singlet, d = doublet, t

= triplet,

H?IH;,& E \}\,,\—| ¥

Clin.,
F “ Cl ., N
cl~ (i HN> C|’F$'Nﬁ
HN<Z/ Ny
[(cyclen)Fe(Cl),]* [(LN4H,)Fe(Cl),]*  [(Me,EBC-12)Fe(Cl),]*

Figure 4.5 Iron(lll) complexes derived from cyclen, LN4AH2, and Me2EBC-12.
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Figure 4.6Chemical structure of ligands L1-L3 (L1 = 1,4,7,10-tetra-aza-2,6-pyridinophane' 15 [ 2 = 1,4,7,10-tetra-

aza-2,6-pyridinophane-14-ol, L3 = 1,4,7,10tetra-aza-2,6-pyridinophane-13-ol.1%*

m = multiplet. ESI-MS experiments were carried out using an Agilent 6224 Accurate-Mass Time-of-Flight

(TOF) mass spectrometer using 175 V to ionize the complexes. Elemental analysis was performed by

Canadian Microanalytical Service Ltd. Electronic absorption spectra were recorded on a DU 800 UV-vis

spectrophotometer (Beckman Coulter) using a 3 mL quartz cuvette with a 1 cm path length. GC-MS

analysis was carried out using a Bruker Scion 436-GC-MS equipped with an auto sampler 8410 and a Br-

5 ms column 29.9 m. Caution! Perchlorate salts are explosive and should be handled in small quantities.

In particular, such compounds should never be heated as solids.
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Synthesis of ligands

Stability of transition-metal complexes containing a tetra-azamacrocycle are facilitated by the
macrocyclic effect. The ease with which these processes occur depends upon ring size, the number of
donor atoms, electronic characteristics, and other factors.'!® 18 The formation of 14-membered tetra-
azamacrocyclic ligands, for example, typically involves the use of transition metal-ions to template the
cyclization step between two independent units to form the ligand. The product of this reaction is,
therefore, a transition metal macrocyclic complex. However, tetraazamacrocyclic amines, comprised of
12 atoms in the ring, form through metal-independent cyclization pathways.??2%® Therefore, for the
work described herein, the 12-membered pyridine and pyridol based tetra-azamacrocyclic amines
ligands, L1- L3, were produced previously reported procedures developed in our group and isolated as

the corresponding HCl salts.'?% 1%

[L1Fe(1l1)(Cl1);]ClO4 (L1Fe): Ligand (L1:3HCI) (101.1 mg, 0.3216 mmol) and Fe(ClO4),(83.7 mg,
0.330 mmol) were dissolved in 3 mL DI water; the solution was adjusted to pH = 6 using 1 M KOH. The
resulting red solution was allowed to stir open to air for 15 h at 40 C. After 15 h, a tan precipitate was
removed by centrifugation followed by filtration using a 0.45 um PTFE filter. The water was removed
using an azeotrope formed with acetonitrile. The resulting solid was taken up in CH3CN and dried with
Na,S0.. The addition of Et,0 to the CHsCN solution, followed by centrifugation yielded the product as a
brown powder. Yield: 62% (92.8 mg, 0.198 mmol). Yellow X-ray quality crystals were obtained by slow
diffusion of ether into DMF at 4 C, CCDC# 1422489. ESI-MS (m/z) Found: 260.1515, [L1Fe(lll)-2H*]*,
(34%); 296.1360, [L1Fe(I)CI-H*]* (58%), 332.1209, [L1Fe(lI1)2CI]*, (14%). Theoretical: 260.0724,

[L1Fe(Ill)-2H"]*, 296.0491, [L1Fe(lll)CI-H*]*, 332.0258, [L1Fe(Ill) 2CI]*. UV-vis, kmax € (Mlcm?): 261 nm
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(3,600), 311 nm (800), 416 nm (170). Elemental analysis: [L1Fe(l1)(Cl)2]ClO4 (Formula:C11H1sN4FeO4Cls);

Found (Calculated): C, 30.66 (30.50); H, 4.09 (4.20); N, 13.04 (12.95).

[L2Fe(1l1)(Cl);]Cl04 (L2Fe): Ligand (L2-3HCI) (65.0 mg, 0.208 mmol) was dissolved in 2.5 mL DI
water. The pH of the solution was adjusted to 5 using 1 M KOH. Fe(ClO4);(53.6 mg, 0.211 mmol) was
dissolved in 1 mL DI water and added dropwise to the ligand solution; the pH was maintained between
3.5 and 5.2. After all iron(ll) solution was added, the pH was adjusted to 5.3. The solution was allowed to
stir open to air 2 days resulting in precipitation of a brown solid that was isolated by centrifugation.
Yield: 30% (27.4 mg, 0.061 mmol). Yellow crystals suitable for XRD analysis were obtained by slow
evaporation of water at room temperature, CCDC # 1422490. ESI-MS (m/z) Found: 276.1529, [L2Fe(lll)-
2H*1* (35%); 312.1377, [L2Fe(lll)CI-H*]* (45%). Theoretical: 276.0674, [L2Fe(ll1)-2H*]*. 312.0440
[L2Fe(I11)CI-H*]*. UV—vis, kmax, € (M*cm?): 249 nm (6,700), 306 nm (4,000), 356 nm (2,700). Elemental
analysis: [L2Fe(ll1)(Cl)2]ClO4 (Formula: C11H1sN4FeOsCls); Found (Calculated): C, 29.88 (29.46); H, 4.08

(4.05); N, 11.75 (12.49).

[L3Fe(111)(CI)2]ClO4 (L3Fe): Ligand (L3-3HCI) (206.4 mg, 0.6223 mmol) was dissolved in 20 mL DI
water and the pH was adjusted to 5 using 1 M KOH. Fe(ClO4); (164.0 mg, 0.6155 mmol) was dissolved in
10 mL DI water, added drop wise to ligand, and the pH was readjusted to 5. The solution was allowed to
stir open to air for 2 days at 40 C. The solvent was removed under reduced pressure. The resulting dark
brown solid was dissolved in DMF, dried with Na,SO4, and filtered. Ether was added to the DMF solution
and a red-brown powder was isolated by centrifugation. Yield = 63.2% (235.6 mg, 0.3932 mmol). Brown
crystals suitable for XRD analysis were obtained by slow evaporation from water at room temperature,
CCDC # 950048. ESI-MS (m/z) Found: 276.1481, [L3Fe(l11)2H*]* (30%), 312.1322, [L3Fe(lI)CI-H*]* (55%).
Theoretical: 276.0674, [L3Fe(ll1)-2H*]*, 312.0440 [L3Fe(lIl)CI-H*]*. UV-vis, kmax, € (M'cm?): 205 nm
(14,000), 219 nm (10,000), 284 nm (5,600), 458 nm (300). Elemental analysis: [L3Fe(l11)(Cl)2]ClO4

(Formula: C11H1sN4FeOsCls); Found (Calculated): C, 29.03 (29.46); H, 4.05 (4.05); N, 12.57 (12.49).
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X-ray diffraction analysis

Crystal diffraction data were collected at 100 K on a Bruker D8 Quest Diffractometer. Data
collection, frame integration, data reduction (multi-scan), and structure determination were carried out
using APEX2 software.?*® Structural refinements were performed with XSHELL (v 6.3.1), by the full-matrix
least-squares method.?®® All non-hydrogen atoms were refined using anisotropic thermal parameters,
while the hydrogen atoms were treated as mixed. The ORTEP molecular plots (50%) were produced

using APEX2 (Version 2014.9-0).

Electrochemistry

Cyclic voltammetry experiments were obtained using 2.2 mM complex and 100 mM
tetrabutylammonium tetrafluoroborate as the supporting electrolyte in DMF. The electrochemical cell
was composed of a working glassy carbon electrode, a Pt auxiliary electrode, and a silver wire as the
reference electrode. To facilitate solubility, all samples were first dissolved in 1 M HCI, thoroughly dried,
and then dissolved in DMF for electrochemical analysis. The potential was scanned in the negative
direction at a rate of 100 mV/s, starting at the open circuit potential. The potential values presented
here have been normalized to the half-wave potential of the Fc/Fc* redox couple set equal to 0.00 V. For
comparison purposes half-wave potential in cited references were converted to reflect Fc/Fc*=0.00 mV;

[(Me;EBC-12)Fe(Cl);]PFs, (Fc/Fc*= 400 mV), and [(cyclen)Fe(Cl),]Cl, (Fc/Fc*= 515 mV).*3

X-band EPR spectroscopy and analytical simulations

X-band (9 GHz) EPR spectra were recorded on a Bruker EMX Plus spectrometer equipped with a

bimodal resonator (Bruker model 4116DM). Low-temperature measurements were made using an
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Oxford ESR900 cryostat and an Oxford ITC 503 temperature controller. A modulation frequency of 100
kHz was used for all EPR spectra. All experimental data used for spin-quantitation were collected under

non-saturating conditions. Analysis of the EPR spectra utilized the general spin Hamiltonian,

=D [S% _S(S+1)

T] +E(S%+ S§)+ pB-g-S (4.1)
where D and E are the axial and rhombic zero-field splitting parameters and g is the g-tensor.?* EPR
spectra were simulated and quantified using Spin Count (ver. 5.8.6218.29549), written by Professor M.P.
Hendrich at Carnegie Mellon University. The simulations were generated with consideration of all
intensity factors, both theoretical and experimental, to allow concentration determination of species.
The only unknown factor relating the spin concentration to signal intensity is an instrumental factor that

depends on the microwave detection system. However, this factor is determined by the spin standard,

Cu(EDTA), prepared from a copper atomic absorption standard solution purchased from Sigma—Aldrich.

Yield determination of 2-Phenylpyrrole

Phenylboronic acid (24 mg, 0.2 mmol) and crystalline material of the iron complex (0.02 mmol)
were added to a 5 or 10 mL flask equipped with a stir bar. Pyrrole (1 mL) was added to flask, the mixture
was heated to 130 °C for 10 h. The reaction was cooled to room temperature and the pyrrole was
removed under vacuum until no visible liquid was present. Increasing the time, the reaction was kept
under reduced pressure decreased yields. The product mixture was dissolved in a minimum amount of
CDCls, 5 mL of dimethyldiphenylsilane was added to the solution. The solution was filtered through a 0.2
um nylon filter and a known amount of sample was added to a pre-weighed NMR tube. Yield

determinations were performed using three resonances 6.875, 6.532, and 6.307 ppm corresponding to
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2-phenylpyrrole and a resonance at 0.533 ppm corresponding to dimethyldiphenylsilane. The reported

values are averages of all resonances; each measurement was run in triplicate.

Control reactions

Phenylboronic acid (24 mg, 0.2 mmol) and ligand (0.02 mmol), if used, were added to a 2 mL
flask equipped with a stir bar, the system was then placed under an atmosphere of nitrogen. Pyrrole (1
mL) was added to flask and the mixture was heated to 130 °C for 15 min, if used, 10 mL O, was injected
directly into the pyrrole, the system was closed, and heated for 10 h. Yields were determined as stated

above.

GC-MS details

Method: 80 °C 2 min, ramp 5 °C/min to 170 °C, ramp 20 °C/min to 300 °C, hold 5 min.

GC-MS Compound identification L3 coupling: 3-methyl-4phenylfuran-2(5H)-one: (trace) RT. 14.909 min.
Found (Cal.): M*174.1 (174.1); (6%) 3-phenylpyrrole: RT. 15.002 min. Found (Cal.) M*142.9 (143.0);
(trace) 3-methyl-5-phenylfuran-2(4H)-one: 16.330 min. Found (Cal.) 174.1 (174.1); (16%) 2-

phenylpyrrole: RT: 16.460 min Found (Cal.): M*142.9 (143.0).

L1Fe L2Fe L3Fe

[L1Fe(In)(CI),I* [L2Fe(ll)(CI),]* [L3Fe(ll)(CI),]*

Figure 4.7 Pictorial representation of [L1Fe(lll)(Cl)2]+ (L1Fe), [L2Fe(lll)(Cl)2]+
(L2Fe), and [L3Fe(lll)(Cl)2]+ (L3Fe).
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Results and discussion

Synthesis and characterization

The corresponding iron complexes of L1-L3, shown in Fig. 4, were synthesized in water at pH 5
to compensate for the protonation of the isolated ligands. The iron(ll) salt was used in metalation of L1-
L3 and was oxidized in air to iron(lll) prior to isolation of the LLFe—L3Fe complexes. The iron(ll)
perchlorate salt was exploited to facilitate the growth of X-ray quality crystals, discussed below.
Attempts to form complex using Fe(ClO,)s did not afford product in water. The presence and position of
the hydroxyl group on the aromatic ring of the ligand affected the metalation efficiency and solubility of
the resulting complexes; therefore, divergent synthetic strategies were developed for each complex
produced. For example, mixtures of CH3CN/Et,0 or DMF/Et,0 were used to isolate metal complexes
L1Fe (62% vield) and L3Fe (63% yield), respectively, as solids precipitates. L2Fe was easily isolated as a
precipitate from the aqueous reaction mixture, albeit with a low yield (30%). Nevertheless, the resulting
ferric complexes of L1-L3 were stable to both air and light and can be stored indefinitely once isolated

as dark red (L3Fe) or light brown (L1Fe, L2Fe) solids.

X-ray crystallography

Fig. 5 shows the results of single crystal diffraction analysis on crystalline solids of L1Fe, L2Fe, and L3Fe.
Yellow, X-ray quality crystals of L1Fe were obtained through vapor diffusion of ether into a solution of

DMF; yellow L2Fe and brown L3Fe crystalline
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Figure 4.8 ORTEP (50%) representations of L1Fe (A), L2Fe (B), and L3Fe (C). The perchlorate anion has been omitted
for clarity; modelling of disorder for L3Fe is shown in grey. All complexes take on a cis-folded distorted octahedral
geometry. The Fe-N bond lengths are greater than 2.0 A, consistent with other high-spin ferric systems.* %250 A full
list of bond lengths and angles are available in Tables S2-7.

materials were isolated by slow evaporation of aqueous solutions. Table S1 contains the crystal data,
intensity collections, and structure refinement parameters; a full list of bond lengths and angles are also
located in the supporting information. The structures determined through X-ray diffraction analysis
show that each complex adopts a six coordinate, distorted octahedral geometry (N(2)—Fe—N(4), 85°;
N(1)-Fe—N(3), 147°). The coordination sphere consists of four nitrogen donors from the ligand set and
two chloride ions. Each complex adopts a cis-folded geometry due to the rigidity of the 12-membered
ligand set in which one chloride is cis and the other is trans to the pyridol ring.2® This finding is
consistent with previous structure determination of [L1Fe]BF,, reported by Alcock et al.?%? The charge of
the [L«Fe (111)(Cl)2]* systems are balanced by one perchlorate counter ion within the asymmetric unit. The

position of the hydroxyl group and the flexibility of the aliphatic portion of the ligand results in an
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enantiomeric mixture of L3Fe. The hydroxyl group was modeled for disorder to account for both

enantiomers, as shown in Fig. 5c.

The geometry of complexes L1Fe—L3Fe can be compared to other macrocycles in the literature.
For example, N(1)-Fe—N(3) bond angles have been reported for two 12-membered macrocycles (Fig. 2),
[(LN4H2)Fe(Cl);2]* (142.41°) and [(cyclen)Fe(Cl);]* (146.40°), where the latter complex provides the closest
bond angle to the L1Fe—L3Fe systems.? 2°% 263 The L2Fe complex provides slightly longer Fe-N bonds
compared to L1Fe and L3Fe. For example, the Fe-N(2) bond of L2Fe was determined to be 2.2023(10) A,
while L1Fe and L3Fe were slightly shorter with 2.2001(6) and 2.181(2) A, respectively. The only
exception was observed with the Fe-N(4) bond, which was slightly shorter in L2Fe (2.0967(10) A)
compared to L1Fe (2.1074(5) A) and L3Fe (2.107(2) A). The difference in the equatorial Fe-N(4)
pyridinederived bond length is consistent with a stronger interaction between the pyridol nitrogen of L2
vs L1 and L3. Throughout the series, the equatorial Fe—N(2) (pyridine atom) bond is the longest and thus
the weakest Fe-N interaction. The Fe-N bond lengths of L1Fe—L3Fe are greater than 2.00 A (Tables 1 and
2 and Fig. 5) and are consistent with an iron(lll) high-spin system.?* For example, the iron center of
[(LN4H;)Fe(Cl):]* was assigned as a high-spin iron(lll) by EPR, and the Fe-N bond lengths within the high-
spin complex were measured as 2.128 and 2.221 A.% 2% Altogether, the results indicate that ligands L1—
L3 stabilize the high-spin iron(lll) in similar manners and that L2 is a slightly stronger donor to iron(lll)
compared to L1 and L3. However, the differences in bond lengths and angles within L1Fe— L3Fe is much

smaller than the nickel(ll), copper(ll), and zinc(Il) congeners of L1-L3'% (see Table 1).

Mass spectrometry

Mass spectrometry further confirmed the oxidation state of the iron(lll) in LLFe—L3Fe. The mass

spectrum obtained for L1Fe consisted of three isotopic envelopes that correspond to the complex:
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260.1519 m/z = [L1Fe(Ill)-2H*]*, 296.1358 m/z = [L1Fe(lIl)CI-H*]*, and 322.1209 m/z = [L1Fe(Il1)2Cl]* (Fig.

S4). Similar fragmentation patterns were obtained for complexes L2Fe and L3Fe and are

Table 4.3 Selected bond lengths (A) and angles (°) of complxes L1Fe and L3Fe.

Bond L1Fe L2Fe L3Fe
Fe(1)-N(1) 2.1641(6) 2.1787(11) 2.162(2)
Fe(1)-N(2) 2.2001(6) 2.2023(10) 2.181(2)
Fe(1)-N(3) 2.1676(6) 2.1812(11) 2.172(2)
Fe(1)-N(4) 2.1074(5) 2.0970(10) 2.107(2)
N(1)-Fe(1)-N(3) 147.25(2) 146.70(4) 147.17(8)
N(2)-Fe(1)-N(4) 85.56(2) 85.47(4) 85.72(8)

Table 4.4 Comparison of spin-state and bond lengths within iron(lll) complexes derived from 12-
membered tetra-azamacrocyclic ligands. 6% 153

Complex Spin State (S) Fe-N4 (&)  Fe-N2(A) N1-Fe-N3(°) Ref.
[(cyclen)Fe(Cl).]CI 2-May - 2.1461(16) 146.40(6) !
[(LNzH;)Fe(Cl)z]CI * 2.094(1)  2.189(1)  142.41(7) 2,250,263

[(MezEBC-12)Fe(Cl)]PFs 2-May - 2.163 (2) 153.2 3
[(L1)Fe(Cl)2]CIO, 2-May 2.1074(5)  2.2001(6)  147.25(2)
[(L2)Fe(CI)2]ClO, 2-May  2.0967(10) 2.2023(10)  146.71(4)
[(L3)Fe(Cl)]ClO, 2-May 2107(2)  2.181(2)  147.19(8)

detailed in experimental methods related to each complex. Mass spectrometry analysis of the coupling
reaction performed by Wen. et al. revealed three isotopic envelopes: m/z = 207.1532, 353.1956, and
369.1956.%8 The isotopic envelopes were assigned as [L1]*, [L1 + Fe + C;04]*, and [L1 + Fe + C,04+ O]",
respectively, with no indication of iron oxidation states or charge balance. The isotopic envelope
observed at m/z = 207.1532 indeed corresponds to the singly protonated free ligand [L1+H*]*, which we
observe as well with studies of free ligand L1. However, the assignment of m/z = 353.1965 as [L1 + Fe +
C,04]*is incorrect, as the exact mass the expected species is modeled to have m/z = 350.0672, three

mass units less than the observed ion reported. Similarly, the assignment of m/z=369.1897 as [L1 + Fe +
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C,04+ O]" (Theoretical m/z = 366.0621) as a component of the catalytic reaction does not correlate as
well. Therefore, the results reported herein serve as the first validation of the composition and oxidation

state of the iron pre-catalyst involved in the C-C coupling chemistry, to be described later.

The spin and oxidation states of complexes L1Fe—L3Fe were also validated at low temperature
via electron paramagnetic resonance (EPR) spectroscopy. As shown in Fig. 6(/eft), the EPR spectra(solid
lines) for all complexes (L1Fe—L3Fe) exhibit features typical of high-spin ferric iron (S = 5/2). For
analytical purposes, all data were recorded under non-saturating microwave power. The simulations
overlaid on each spectrum (dashed lines) consist of contributions from two separate doublets. As
indicated by the energy diagram shown in Fig. 6(right), the dominant transition for these complexes
arises from the ground ms= +1/2 doublet of a S = 5/2 spin state with near axial symmetry (E/D=0.07).
Transitions within this doublet yield the observed g-values of 7.6, 4.3, and1.7. The linewidth of this
transition can be reasonably simulated by assuming a Gaussian distribution in rhombicity
(E/D)[designated og/p], which broadens the g ~ 1.7 resonance significantly. The lower intensity features
observed at g ~ 5.8 and 1.97 are nearly absent at low temperature (4 K) but reach a maximal intensity
near ~ 8 K before decreasing again as temperature approaches 20 K. The alternating temperature
dependence of these features confirm that this signal must originate from the middle ms= %+ 3/2 doublet
of the S = 5/2 spin state. The magnitude of the zero-field splitting parameter (|D| =0.7 £ 0.2 cm1) was
determined by plotting the EPR signal intensity of the ms= +1/2 doublet versus 1/T and fitting the data
to a Boltzmann population distribution for a 3-level system. Additional corroboration of the axial zero-
field splitting term was obtained by simultaneous simulation of EPR spectra collected at temperatures
ranging from 4 to 20 K (n = 5). Within this temperature regime, all simulations accurately reproduce the
relative intensity for each transition (+1/2 and + 3/2 ms-states) using a |D|-value of 0.7 £ 0.2 cm™.
Within error, all complexes (L1Fe—L3Fe) exhibited equivalent temperature dependence and thus all EPR

simulations shown in Fig. 6 utilized the same axial zero field splitting term. Indeed, with the exception of
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minor perturbations in the extent of E/D-distribution (og/), all complexes L1Fe—L3Fe exhibit nearly

equivalent EPR spectroscopic properties.
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Figure 4.9 X-band EPR spectra of L1Fe—L3Fe (left). Quantitative simulations (dashed lines)
are overlaid on each spectrum for comparison. The black circle observed at g ~4.92 in L2Fe
is from a minor (< 10%) high-spin iron(lll)-impurity. Instrumental parameters: frequency,
9.643 GHz, microwave power, 6 uW; modulation amplitude, 0.9 mT; temperature, 10 K.
Simulation parameters: S =5/2; g1,,3~2.0; |D|, 0.7 £ 0.2 cm?; E/D, 0.07; oe/p, 0.01; o8, 0.9
mT. Energy level diagram (right) illustrating the splitting of doublets within the S = 5/2 spin
state along each principle axis (X, red; Y, green; Z, black). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this

The near equivalent of EPR spectra observed for these complexes is understandable given the
close agreement in Fe-coordination sphere bond length and coordination geometry observed

crystallographically (Table 1).

Electrochemistry
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Cyclic voltammetry was used to evaluate the electrochemical behavior of L1Fe—L3Fe. The cyclic
voltammograms corresponding to the iron(l11/11) couple of L1Fe—-L3Fe are shown in Fig. 7. Of the three
complexes, L2Fe (E1;2 = 486 mV) has the most negative half potential, followed by L3Fe (E1/2~468 mV)
and L1Fe (E12 = 465 mV) (Table 3). The difference in the half potentials indicated derivatization of the
pyridine ring effects the electron density around the iron center, specifically, L2 is the most donating.
Fig. 8 compares the electrochemical potentials of iron complexes containing 12-membered tetra-
azamacrocycles; a wide range (865 mV to 20 mV) of half potentials is achieved by changing the donor

capacity of the ligand set, LN;JMe; < Me;EBC-12 < L1 =~ L3 < L2 < cyclen.* 244 264, 266

The reversibility of the redox process was investigated by determining the AE, and lpa/lpc. The

iron(llI/11) redox processes are

10 pA

——L1Fe
——L2Fe
—L3Fe

300 -200 -700 -1200
Potential (mV) vs. Fc/Fc*

Figure 4.10 Cyclic voltammogram overlay of the
Felll/ll couple measured for L1Fe—L3Fe in DMF
containing 0.1 M [Bu4N][BF4] as electrolyte,
Ag/Ag+ reference electrode, glassy carbon
working electrode, and platinum auxiliary
electrode at a scan rate of 100 mV/s. All scans
were referenced to Fc¢/Fc+ = 0.00 mV.

quasi-reversible (AEp, lpa/lpq: L1Fe (105 mV, 1.2583), L2Fe (112 mV, 0.7264), and L3Fe (101 mV, 0.7485).
Lastly, the electrochemical events are diffusion controlled for all three iron complexes, as shown by the

linear relationship between I, and the square-root of the scan rate (Fig. S6).%’
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It should be noted that an additional ligand-based oxidation event around 900 mV is observed in the full
solvent window (1.4 to -1.2 mV, Fig. S5) for LLFe—L3Fe. We have previously postulated that this event
was ligand derived, based on electrochemical analysis of the corresponding zinc(ll) complexes providing
a similar behavior.? Electrochemical analysis of LL-L3 in DMF solvent with TBAP electrolyte provide

direct confirmation that this positive oxidation wave is ligand based (Fig. S5).

Electronic absorption spectroscopy

The spectrophotometric behaviors of L1IFe—L3Fe are shown in Fig. 9. The aromatic components of the
ligands (sans metal) result in absorbance bands between 210 and 290 nm when measured in 1 M HCI.
The iron(lll) complexes showed no appreciable shift in the p?p’region (210-300 nm). Instead, the

appearance of MLCT bands were observed at wavelengths greater than 300 nm: L1Fe (311 nm), L2Fe

(306 and 356 nm), L3Fe (458 nm), which is

25
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Figure 4.11 The electronic absorbance spectra of ligands L1—
L3 and complexes L1Fe— L3Fe obtained in 1 M HCI.
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Table 4.5 The anodic wave potential (Epa), cathodic wave potential (Epc), peak potential separation
(DEp), and halfway potential (E1/2) of L1Fe—L3Fe. L2Fe contains the most stable iron(lll) ion in the series
according to the E1/2 values.

Complex  Epc(mV)  Epa(mV) E1/2 (mV) AE, (MV) loc (LA) lpa (LA) Ipa/lpc
L1Fe -517 -412 -465 105 10.5837 -13.3181 1.2583
L2Fe -542 -430 -486 112 18.4176 -13.3791 0.7264
L3Fe -519 -418 -468 101 11.9661 -8.957 0.7485

20 mvV -290 mV -865 mV
+ + +
\/N/\ 1 \/N,g HN/\ |
H Cl
Cly,, “‘\\\\N ’—§ %, -—)N cl/ HN
C|-'Fe"'Nf C"F(\e‘NQ ;Fe‘vHN>
\ y NI W o] \
NY ~ /
s Q HN<g

[(LN,Me,)Fe(Cl),]* [(Me,EBC-12)Fe(Cl),]* [(L1)Fe(CI),]* [Fe(cyclen)(ClI),]*

Figure 4.12 Iron(1ll)/(11) halfway potentials of iron complexes in literature containing 12-membered tetra-
azamacrocycles. The potentials are reported as referenced to Fc/Fc* = 0.00 mV.*>

consistent with high-spin d> complexes.?®® These metal based assignments are supported by comparison
to the 12-membered macrocycle, [(cyclen)Fe(NCMe),]** that Hua et al. reported to have absorbance
bands at 259 and 358 nm and corresponding extinction coefficients below 500 M*cm?.28 Furthermore,
the difference in the absorbance spectra of L1Fe, L2Fe, and L3Fe is reflected in the visible color of the
complexes. The L1Fe and L2Fe complexes are light brown solids, while L3Fe is a red solid; in solution
L1Fe and L2Fe are yellow and L3Fe is brown. Low solubility of the complexes in other solvents precluded
a full study of solvent effects or at other pH values. Therefore, it should be noted that the iron complex
responsible for catalytic activity may vary in the degree of ligand protonation, but the coordination
sphere around the iron within the complex does not change. The electronic absorption differences
between L3Fe compared to the L1Fe and L2Fe complexes could be attributed to the lack of symmetry

originating from the hydroxyl moiety in the meta-position of the pyridine ring of the ligand.
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Catalytic activity of iron(lll) complexes

Motivated by the report that addition of a tetra-azamacrocycle, iron(ll) salt, and oxygen to

phenylboronic and pyrrole results in the formation of 2-phenylpyrrole8!

, we explored the oxidation
state of the pre-catalyst by testing L1Fe, L2Fe, and L3Fe for catalytic activity. Yields are shown in Table 4.
In this series of experiments each catalyst was tested at 10% loading, open to air. The ferric complexes
afforded 2-phenylpyrrole in yields of 57% (L1Fe), 58% (L2Fe), and 52% (L3Fe), thereby identifying the
oxidation state of the pre-catalyst as an iron(lll) species. The realization that the iron(lll) complexes
enter the catalytic cycle will allow for a better foundation to determine the oxidation state and identity
of the active catalytic species. The following discussion focuses on the experiments used to validate that
the iron + ligand catalyst species is solely responsible for providing the selective reactivity observed,

showing the ligand can catalyze baseline reactions with no regioselectivity, and components necessary

for the reaction to proceed.

Control reactions were performed to ensure that the catalytic reactivity observed with L1Fe,
L2Fe, and L3Fe was due only to the iron complexes. The substrates, pyrrole and phenylboronic acid,
were heated to 130 °C in both the absence and presence of oxygen (Table 5). No reaction was observed
under either of these conditions. This indicates that the reaction requires a catalyst to proceed.
Additionally, four control reactions consisting of iron(lll) perchlorate, L1, L2, and L3 were performed in
the presence of 10 mL O,. Yield of 2-phenylpyrrole was determined by both GC—MS and NMR due to the
low quantities observed. Iron(lll) perchlorate and L1 did not afford 2-phenylpyrrole, however, L2 and L3
produced trace amounts of 2-phenylpyrrole. Interestingly GC—MS analysis of the control reaction, which

included pyrrole,
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Table 4.6 Catalytic efficiency of iron complexes to obtain 2-phenylpyrrole from pyrrole and phenylboronic
acid, achieved using 10% catalyst loading in the presence of air.

H
N B(OHR Catalyst Kl \
E/) * > NN
oxidant, 130°C, 10h

Catalyst Yield
L1Fe 573
L2Fe 587
L3Fe 527

Table 4.7 Control reactions used to determine the yield of product in the absence of the highspin iron(lll)
complexes.

Test compound Oxidant Yield
* * 0
* 20 eg. oxygen 0
Fe(ClO4)3 20 eg. oxygen 0
L1 20 eq. oxygen 0

L2 20 eq. oxygen Trace

L3 20 eq. oxygen Trace

L3 Atmosphere Trace

*Not present

phenylboronic acid, L3, and atmospheric air also showed the formation of trace amounts of 2-
phenylpyrrole, 3-phenylpyrrole, and two butenolides. The formation of 3-phenylpyrrole and butenolides
was previously observed by Campi et al. when 3-phenylprop-2-yn-1-amine is exposed CO/H;at 400 psi at
70 °Cfor 20 h in the presence of a rhodium catalyst. These results indicate that the ligand is capable of
background reactivity producing a pyrrole derivative. Additionally, it indicates that the derivatives
produced are controlled by the composition of the oxidant (O2and CO,) used in the reaction.
Importantly, comparison of the products formed in the presence of L3 vs L3Fe and atmosphere show
that the use of the iron complex is essential to obtain catalytic and regioselective production of 2-

phenylpyrrole product.
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Conclusion

The addition of iron(ll) perchlorate to the tetra-azamacrocycles L1, L2, and L3 in the presence of
oxygen vyields high-spin iron(lll) complexes L1Fe, L2Fe, and L3Fe as shown by X-ray crystallography and
EPR spectroscopy. Furthermore, it was demonstrated that the high-spin iron(lll) complexes participate in
the coupling of pyrrole and phenylboronic acid to produce 2-phenylpyrrole. Although a small amount of
background reactivity was overserved with L3, the results show that the iron complexes are responsible
for controlling the reaction to produce 2-phenylpyrrole alone. A full study involving a large library of iron
macrocyclic derived complexes focused on understanding features of catalytic activity is the topic of a
forth coming report. Finally, the characterization of the complexes using electrochemistry, UV—vis
spectroscopy and mass spectrometry lays a foundation for mechanistic investigations concerning the

oxidation state of the iron center throughout the catalytic process.
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Structural and Electronic Responses to the Three Redox Levels of Fe(NO)N,S,-Fe(NO);

*Ghosh, P., Ding, S., Quiroz, M., Bhuvanesh, N., Hsieh, C. H., Palacios, P. M., Pierce, B. S., Darensbourg,
M. Y., Hall, M. B. Structural and Electronic Responses to the Three Redox Levels of Fe(NO)N,S; — Fe(NO)..

Chemistry, 2018, 24 (60), 16003-16008.

Contribution to the collaboration

In collaboration with the Darensbourg group, the analytical quantitation of the iron-nitrosyl
complexes was measured with X-band EPR spectroscopy. The iron-nitrosyl complexes were synthesized,
and chemical treated for addition of an electron from the resting 1° state. Further details into the EPR
parameters of the iron-nitrosyl complexes are discussed further below. In summation, the reductive
state of the 1" shows an integer spin signal (S = 1) that correlates to the insertion of an additional
electron. Integer spins are more complex due to the absence of degeneracy in the spin manifolds (S =0,
1, 2,...), however simulations and quantitation of the 1 exhibited nearly stoichiometric conversion from
the S = 1/2 species to the S = 1 integer spin complex. Tabulated results can be seen in Table S1 in the

appendix.

Abstract

The nitrosylated diiron complexes, Fe,(NO)s, of this study are interpreted as a mono-nitrosyl
Fe(NO) unit, MNIU, within an N,S; ligand field that serves as a metallodithiolate ligand to a dinitrosyl iron
unit, DNIU. The cationic Fe(NO)N,S,-Fe(NO),* complex, 1*, of Enemark—Feltham electronic notation
Fe(NO)’-Fe(NO),’, is readily obtained via myriad synthetic routes, and shown to be spin coupled and
diamagnetic. Its singly and doubly reduced forms, Fe(NO)}’-Fe(NO),%°, 1°, and Fe(NO)3-Fe(NO),}*°, 1,,
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were isolated and characterized. While structural parameters of the DNIU are largely unaffected by
redox levels, the MNIU readily responds; the neutral, S = /5, complex, 1°, finds the extra electron
density added into the DNIU affects the adjacent MNIU as seen by the decrease its Fe-N-O angle (from
171° to 149°). In contrast, addition of the second electron, now into the MNIU, returns the Fe-N-O angle
to 171° in 1". Compensating shifts in Femnu distances from the N,S; plane (from 0.518 to 0.551 to 0.851
R) contribute to the stability of the bimetallic complex. These features are addressed by computational
studies which indicate that the MNIU in 1" is a triplet-state Fe(NO)}® with strong spin polarization in the
more linear FeNO unit. Magnetic susceptibility and parallel mode EPR results are consistent with the

triplet state assignment.

Introduction

With its easily accessible one-electron, reduced (NO°), and one electron-oxidized (NO*) forms,
nitric oxide (NO’) as a ligand shows extensive electronic interplay in metal-nitrosyl fragments, resulting
in considerable structural and bonding intricacies especially in M(NO) and M(NO), units.2®9272 Complexes
containing the dinitrosyl iron units, Fe(NO), or DNIUs, increasingly gain attention as physiologically
important products of NO overload or NO storage.?’* 2’ Nevertheless, the predominant chemical
relevance of NO in biology stems from various heme-type Fe(NO)%”/® species of distinctive IR and EPR
spectral features and solid state metric parameters.?”> While the Fe(NO)’ species is most prevalent, rare
illustrations of the reduced Fe(NO)® have been noted in synthetic porphyrins decorated with electron-
withdrawing groups.?’%?”® Examples are also known for non-heme, cyclam-based macrocycles and in a
tetracarbene binding scaffold.?%-28 |n the latter, Meyer et al. presented X-ray crystal structures in three

redox levels.?®
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Contiguous N,S; donor sites are efficient and versatile tetradentate ligands, creating MN.S; units
whose S-based nucleophilicity has yielded a wide range of di- and poly-heterometallic complexes.?®*
While mostly explored with M=Ni%, other dications such as [Fe(NO)]?*, [Co(NO)]*, and [V=0]* are also
included in this new class of metallo-ligands.'® A notable biological N,S; site in Acetyl-coA Synthase (ACS)
is constructed of a Cys-Gly-Cys tripeptide motif that securely binds a catalytically inactive Ni".28> 286 A
second, kinetically labile nickel is attached to the NiN,S, moiety via the cis-dithiolate sulfurs, is presumed

to orchestrate the C-C coupling processes in ACS.2%

An ACS-related structure, [Fe(NO)N,S,-Fe(NO),]*/° was revealed by us during studies of
metallodithiolates as ligands in dinitrosyliron complexes, DNICs, Figure 1.28” The redox activity of this
diiron complex, centered at both iron atoms, and exhibiting two fully reversible electrochemical events,
encouraged its exploration as a proton reduction electrocatalyst in mimicry of the [FeFe]-H,ase active
site.287289 Specifically, redox reactivity in the NO of the Fe(NO) unit might mimic the 4Fe4sS cluster of the
H-cluster. Generally, the diiron complex offers opportunity to examine the mutual influence of redox

active units as mediated by sulfur bridges.

As indicated in Figure 1, multiple chemical routes led to the cationic, oxidized form, Fe(NO)’-
Fe(NO).®, that is, 1* or 1**, implicating particular thermodynamic stability and a self-assembly process.

Herein we will give distinguishing properties
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Figure 4.13 A selection of synthetic routes for the formation of the
oxidized diiron-trinitrosyl complex, Fe(NO)N252-Fe(NQO)2+, with N252
ligands, bis-mercaptodiazamethyl-ethane, bme-dame (n = 0), complex
1+, and bis-mercaptodiazacycloheptane, bme-dach (n = 1), complex
1**. The cyclic voltammogram of 1* was recorded in CH:Cl; at a scan
rate of 200 mV secand referenced to Fc*/°=0.00 V.

of Fe(NO)}”® within a diiron complex containing the mononitrosyl in N,S; binding that acts as a

metalloligand to a Fe(NO), unit, which itself is stable in two redox levels, Fe(NO),%*°.

Initial studies of the [Fe(NO)N,Sz-Fe(NO),]*/° construct made use of an N,S; ligand containing a
moderately rigid diazamesocycle grafted to bis-mercaptoethylene arms, complexes 1**and 1*%as
indicated in Figure 1.2%” Difficulties in the isolation of the doubly-reduced, anionic 1*, Fe(NO)2-Fe(NO),°,
prompted adjustment to a more flexible, open-chain, bmedame (bis-mercaptoethyl-diazamethylethane)
ligand,*°to prepare the mononitrosyliron complex, (bme-dame)Fe(NO).?! This MNIC is used as the

metallodithiolate ligand in the 1*, 1°and 1  complexes of this study.
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Synthesis and Characterization

The key precursor to the MNIU of the bimetallic complex is dimeric ([FeNS;],), readily cleaved
by NO(g).°* The most selective route to the Fe(NO)N,S,-Fe(NO),* complex, three o’clock position in
Figure 1, is found to be the reaction of an N-heterocyclic-carbenestabilized, trinitrosyliron complex
(TNIC), [(IMes)Fe(NO)s]*, %2 with Fe(NO)N,S; as nucleophile, displacing an NOC radical, as well as the
NHC, to form oxidized diiron complex 1*. At one o’clock in Figure 1, the “one-pot” synthesis, involved in
situ generation of NOC and the putative [Fe(CO)(NO),]* to serve as a Fe(NO),* source,** derived from
[Fe(CO)3(NO)]@ and two equivalents of [NO][BF.]. The in situ generated NOC and Fe(NO)," react with
the [FeN,S;]. dimer to yield the target trinitrosyl bimetallic. Such synthetic routes, using the bme-dame

and bme-dach ligands, gave isolated yields of = 80%.

In contrast to the reaction of the [FeN,S,], dimer with a stoichiometric amount of NO(g) that

4indicated

forms Fe(NO)N,S,, addition of excess NO(g), leads to a Roussin’s Red Ester (RRE) derivative,
by position and separation of the signature v(NO) bands at 1780 and 1754 cm. Although this species
has not been structurally characterized, it is likely a (precedented) dimeric structure in which two S-N-N-
S dithiolate ligands span two RRE units.?®> Subsequent oxidation of this species by [NO] [BF4] formed
complex 1*or 1**in = 80% yields. Oxidation of the [FeN,S,], dimer by aerial O,, or Fc*, in the presence of
excess NO(g) also generated 1*and 1**, albeit in yields <20%. Formation of Fe(NO)’-Fe(NO),’ was
repeatedly observed in various reactivity studies with Fe(NO)N,S,, under oxidizing conditions. The
isolated yields for these reactions were marginal, as expected from the low atom economy in such

circuitous routes. Full experimental descriptions and characterizations are provided in the Supporting

Information.

The cyclic voltammogram of complex 1*in CH,Cl, displayed two-single-electron, fully reversible

events at E1,=-0.82 V and -1.43 V, assigned as the Fe(NO)’-Fe(NO),)**°, and the Fe(NO)”/2-Fe(N0O),)*°
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couples, respectively, Figures 1 and S1. Thus, the reduced species, Fe(NO)’-Fe(NO),)*° and
Fe(NO)®Fe(NO),)°, were targeted for isolation. Treatment of 1* with 1 equiv of K* (or Na*) HBEts in THF
at 0 °C, showed a color change from dark brown to green with a concomitant blue shift in all three v(NO)

stretching frequencies by ca. 110 cm™, Figure 2. The air sensitive neutral compound, 1°, was isolated as a

green solid by layering a THF solution with pentane.

An extra 1.3 equiv of K*HBEt;@ added to 1°at -40 °C showed a further, but less dramatic, 30 cm’
Lshift in the v(NO) stretching frequencies to lower values, Figure 2. Notably, while the site of reduction
is reasonably assigned to the separate components of the Fe;(NO); complex, the three nitrosyls in both
reduced levels conjointly respond to the added electrons; the first added electron, largely on the
Fe(NO),, evincing a greater response. The anionic complex, 1', was isolated at = 40 °C as its K*/18-Cr-6

salt; reddish-brown plates, suitable for XRD, were obtained from THF/pentane and stored at -35 °C.
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Figure 4.14 Sequential reduction of 1* to 1°and to 1" within(NO) IR values (THF solution),
and XRD structures (Fe’---Fe* distances and Fe’-N-O angles shown); Fe“ refers to Fe(NO)
and Fe* to Fe(NQ).. Other metric parameters are listed in Table 1 and in the Supporting
Information. Magnetic susceptibility and mexpri determined by Evans method using CF3CsHs

as shift agent.

Table 4.8 Comparison of experimental and computed parameters of the Fe(NO)”/2 moieties in 1*, 1°, and

1 1° 1
multiplicity BS singlet Double Triplet
E-F count Fe(NO)’ Fe(NO)’ Fe(NO)?
d electron configuration (d2%)Y(dxy)° (d;2)Y(dyy)® (d22)(dyy)*
Measureable Expt. Calcd | Expt. calcd | Expt. calcd
d(Fe'-N) [A] 1.666(2) | 1.676 | 1.709(5) | 1.681 | 1.720(7) | 1.728
Fe'disp [A]® 0.518 | 0.515 0.531 | 0.517 0.851 | 0.864
(N2S2) [A][¢ 0.094 | 0.118 0.114 | 0.103 0.058 | 0.114
T value 1% 0.18 | 0.21 0.21 | 0.18 0.11 0.2
£ (Fe'-N-0) [°] 171.1(2) | 161.6 | 149.9(4) | 149.4 | 171.4(7) | 170.0
v(NO) [cm™]t] 1779 | 1868 1668 | 1734 1637 | 1675

[a] Fe” to N distance in MNIU. [b] The distance between apical Fe” and the mean place of the NS,
chelating ligand of the MNIC. [c] The (un-signed) average displacement of two sulfur and two nitrogen
atoms from the N,S; mean place. [d] Calculated numbers are unscaled.

EPR Studies

The transverse mode EPR spectra shown in Figure S6 (panel A) confirm that the g =2.024 (S =

1/2) species observed for 1° (trace [a]), is abolished upon reduction of the complex. Instead, two new
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signals are observed with g-values near 2.0, albeit at significantly reduced intensity relative to the
starting 1° complex. Both signals follow Curie law behavior and collectively account for <13% of initial 1°
concentration. Further discussion of these S = 1/2 species is given in the EPR spectroscopy section in the

Supporting Information.

As the anticipated spin for 1°is an integer value (S = 1), EPR data were also collected with the
microwave polarization parallel to the static magnetic field (B1 || Bo) using a Bruker bimodal resonator
(4116DM). As shown in Figure S6, panel C (trace [d]), a broad signal can be observed in samples of 1-
with an observed g-value of 4.0. This signal is consistent with the presence of an S = 1 spin-state.?6% 2%
The temperature-normalized signal intensity shown in Figure S7 illustrates that the greatest intensity
occurs at the lowest temperature (4.2 K) and decreases with increasing temperature. Therefore, this
transition must originate from within a ground state doublet of a “non-Kramers” center. Within the
“good quantum number” regime,®* 29729 this is represented by the | ms > = * 1 eigen states. The value
of the axial zero field splitting term (D = -35 + 3 cm™) was determined by fitting this data to a Boltzmann
population distribution for a 2-level system (Figure S7, solid line). Figure S6C (trace [d], dashed line)
illustrates the simulated parallel mode EPR spectrum for 1" utilizing the experimental determined D-
value and a small rhombic distortion near the axial limit (E/D, 0.003). This simulation also includes
distributions in E/D (og/p=0.02) in order to accurately reproduce the spectral line width. From this
analysis, the concentration of 1" determined by simulation is 19 £ 5 mM. After subtraction of the afore-
mentioned S = 1/2 impurities, the calculated concentration of this triplet signal accounts for nearly 90%
of the expected 1" concentration based on mass balance. These studies indicate nearly stoichiometric
formation of a triplet spin-state upon reduction of 1°. This conclusion is supported by magnetic
susceptibility measurements, which indicate a range of 2.56-2.92 BM for the effective magnetic

moment, Figures S8-S9. A summary of all EPR data is provided in Table S1.
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X-ray Diffraction Analysis

The molecular structures of the bme-dach analogue of the cationic 1**and the neutral, singly
reduced 1*° complexes were reported earlier.?%” Using the bme-dame N,S; ligand, crystals suitable for X-
ray diffraction analysis of 1*, 1°and 1" were obtained; detailed procedures and crystallographic reports
are in the Supporting Information, Figures S10-S15 and Tables S2—S5. Selected metric parameters are
listed in Figure 2 and Table 1. Note especially the Fe’-N-O angle within the square pyramidal MNIU (t
values of 0.1 to 0.2) increases from the unbound metallodithiolate ligand (ca. 155.2°)%*to 171.1° in 1*as
electron density is withdrawn on binding to the cationic DNIC unit. Consistent with conventional
perception of M-N-O angles, on reduction of the DNIC unit the added electron density found in 1°
diminishes the Fe’-N-O angle of the MNIU to 149.9°; the displacement of Fe from the best N,S; plane
increases by 0.013 A. As the second electron is added, and largely localized on the MNIU, vide infra, a
much larger Fegis, of 0.32 A is concomitant with much smaller shifts in v(NO). Notably, the Fe-N-O angle
increases in 1°, in fact it returns to 171° as seen for 1*. That is, the anionic Fe(NO)2-Fe(NO),° complex
showed marked linearity in the Fe’-N-O angle of the MNIU which is a rare example of a high spin, non-
heme, linear Fe(NO)8species. It is further distinctive in that the reduced iron nitrosyls are adjacent

within a diiron complex.

Computational Modeling

Density functional theory (DFT) calculations were applied to 1*, 1°and 1 to clarify the electron
partitioning between iron and nitrosyl(s), and to correlate this partitioning with the geometric changes,
particularly the changes in the Fe’-N-O angle. All energies reported are Gibbs free energy, calculated for

CH,Cl; solvation.
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The MNIU and DNIU electronic states, energies and structural consequences

Consistent with the diamagnetism of complex 1*, computations predict a singlet ground state with the
broken-symmetry3® (BS) singlet, 2.0 kcalmol™® more stable than the triplet and 10.0 kcalmol*more
stable than the closed-shell (CS) singlet. The BS singlet features anti-ferromagnetically coupled Fe(NO)’

and Fe(NO),? spin centers®’ with the iron atoms separated by 2.834 A.

Two successive reductions of 1*produce 1°and 1, respectively, with the added electrons
assigned to the Fe(NO),”*°and the Fe(NO)””® moieties, respectively. In agreement with the experimental
results, the calculations show that complex 1°%is a doublet with one unpaired electron in the Fe(NO)’
moiety, while complex 1" is a triplet, with two unpaired electrons in the Fe(NO)® unit. The calculations
also corroborate changes in the Fe-N-O angle: 170.0° (expt.: 171.4°) in 17, 149.4° (expt.: 149.9°) in 1°, and
161.6° (expt.: 171.2°) in 1*. The SP structure of the Fe(NO)(N,S;) fragment is maintained throughout the
three redox levels (t values®®* in Table 1). The largely linear Fe(NO)® moiety in square pyramidal
geometry is reproduced, along with the displacement of Fe from the mean NS, plane: 0.864 A (expt.:
0.851 A)in 1, 0.517 A (expt.: 0.531 A) in 1°, and 0.515 A (expt.: 0.518 A) in 1*. The Fe’-N-O angle and the

Fe’qisp are closely coupled and related to the electronic structures of 1*, 1°and 1, vide infra.

The Fe(NO)” moiety in 1*and 1°have one unpaired electron in the d,2 orbital with a d-configuration of
(di2y?)?(dxz)(dy2)(d;2)(dy)°. 3% (The electrons are arbitrarily assigned to the iron regardless of the
electron partitioning between Fe and NO; note the coordinate definition in Figure 3C.) In the subsequent
reduction of 1% the incoming electron is added to the Fe(NO) fragment’s d,, orbital, that is, the
antibonding orbital from N,S, s-donations. This reduction results in an overall configuration of (dy*
v2)?(dx2)?(dy2)?(d?)}(dyy)! in the Fe(NO)8 moiety of 1". The dy, has no direct overlap with the nitrosyl, this
assignment justifies the small shift of NO vibrational frequency of the Fe(NO) moiety, 59 cm™ (expt.: 31

cm?) after reduction of 1°, in contrast to the shift of the mononitrosyl by 134 cm™ (expt.: 111 cm), from
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1*to 1°given that the reduction happens on the Fe(NO), moiety. However, because the dyyis strongly
destabilized, the Fe(NO) system further changes its structure to better accommodate the added

electron; see next Section.

Spin Polarization, Orbital Overlap in rt-Back-Bonding and the Interplay between Electronic and Geometric

Structures

Although the unpaired electron on the 1%is formally on the iron of the Fe(NO)” moiety, the spin
polarizes such that both iron atoms share the same spin alignment, Figure 3A. For the Fe(NO)® moiety of
1, significant spin polarization (Figure 3B, also see Figure S16) occurs in the p-back-bonding orbitals
formed by the overlap of the dy,and d,; orbitals on Fe and the 2pxand 2p, orbitals of NO, such that the
Fe’s spin density is 3.0, while the spin density of its NO is -1.2. Although the Fe(NO),° moiety is
saturated, it also shows Fe/NO spin-polarization (Figure 3B) as well. Such spin-polarization indicates that
the nitrosyls withdraw electron density, of one spin preferably, from the iron atoms to stabilize the
electron-rich system and the electrons of the opposite spin localize on each iron to take advantage of
iron’s high exchange energy. The corresponding singlet of 17, which eliminates the spin-polarization and
pairs the two above-mentioned unpaired electrons in the d,? orbital of the Fe(NO)® unit, is 16.5 kcalmol*

higher than the triplet.
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Figure 4.15 Spin density plots (isovalue=0.005 a.u.) of A) 1°
and B) 1°; C),D) The geometric and electronic structure
changes after the reduction of 1%into 1-.

Figure 4 sketches how individual d orbitals of a metal in the SP geometry interact with orbitals of an
axial NO and their geometric preferences.?? The dy,, dy, orbitals, if occupied, prefer a linear NO (180°) to
maximize their p-back-bonding. Such a linear structure also helps the NO donate electron density from
its 5s into the iron’s d.?, should it be empty. In contrast, a doubly-occupied d,? would benefit from a
bend in the NO, typically 120°-130° for the doubly-occupied d.?, so that the over- lap between d,? and

NO’s 2p can be established to conduct s back-bonding. In addition, this bending of NO also helps stagger
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the occupied d,? away from NO’s 5s donor orbital. The same preference, though less prominent, is

applicable to a singly occupied d2.

The cationic 1*and neutral 1°, featuring a Fe(NO)}” unit with only one electron in d,> and no
electrons on dy, show subtle changes of the Fe-N-O angle. In 1*, the singly occupied d,? would prefer a
bent Fe-N-O angle. However, it is spin paired with the electron on the Fe(NO),’ and delocalizes away
from the attached NO, which results in a wider angle of 161.6° (expt.: 171.1°). The incoming electron in
the reduction of 1*is accepted by the Fe(NO),® moiety, which eliminates the spin-pairing between two
iron atoms and, in response, the now more electron rich Fe(NO)} bends the Fe-N-O angle to 149.4°
(expt.: 149.9°). When the next electron is added to the high-lying dy, of 1°, the Fe moves further out of
the N,S; plane by 0.347 A (expt. 0.32 A) with elongated Fe-N(NS.) and Fe-S(N,S,) bond lengths to
stabilize the dy, orbital. The NO also responds to the now elevated electron density in the Fe(NO)® moiety
of 1" by restoring a more linear Fe-N-O angle (170.0°, expt.: 171.4°), which helps achieve the maximal
back-bonding from the doubly occupied dy, and d,, instead of the singly occupied d.?, and relieve the
electron crowdedness on the iron. Significant spin-polarization was observed between Fe and NO as part
of the efforts to stabilize the electron-rich system, Figure 3B. It verifies the idea that the d orbital
preference over the Fe-N-O angle (Figure 4) is biased by its occupancy number. The computationally
modelled singlet state 1" with doubly occupied d,? and vacant dy, shows a sharply bent Fe-N-O angle of
131.0° and a smaller Fe displacement from the NS plane (0.585 A, as compared to 0.864 A of the
triplet). Many Co(NO)& moieties inscribed in SP environments prefer a doubly occupied d.? (i.e. the same

configuration as singlet Fe(NO)?) and were experimentally characterized to have bent Co-N-0.3%
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Figure 4.16 Fe’-N-O angle preferences of individual d orbitals with sketches of orbital
overlap.

Comments on Another Linear Singlet Fe(NO)2 System

There could be additional factors stabilizing the M(NO)" moieties. A linear (169.1°) singlet
Fe(NO)® moiety in the SP environment was reported in 2016 by DeBeers, Meyer and coworkers.?®Their
Fe(NO) is coordinated by four equatorial carbene carbons from a cyclic chelating (NHC)4ligand. On
reproducing their calculations, we found the doubly occupied d,? orbital is stabilized by rt* orbitals of the
four N-heterocarbenes, which tilt below the equatorial plane to achieve orbital overlap, Figure S17.
Because of this stabilization of the d.?, the 2p orbitals of NO interact exclusively with the dy,, d,, orbitals,

which lead to a linear Fe-N-O angle, despite the singlet configuration.

Remarks

The isolation and characterization of three redox levels of a diirontrinitrosyl complex, 1*/°, has
revealed important and unanticipated structural changes of the Fe(NO) fragment during redox events.
The XRD analysis, solid-state structures, and IR data are consistent with data from EPR spectroscopy,
magnetic susceptibility and computational modeling that define the electronic structures of these
species. The iron atoms and their bound nitrosyls are capable of reorganizing their orbitals in

cooperative structural alterations, and subtle tuning of back-bonding to the NO’s so as to rebalance the
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electron density. The intriguing interplay again emphasizes the role of the m-acid ligand, nitrosyl, as a
buffer of electrons. It is noteworthy that the bimetallic 1*and 1**are electrocatalysts for H, generation;
in this regard, the electron buffering capacity of NO was earlier highlighted in the details of our
mechanistic study.?®”2° We introduced NO into models of the [FeFe]-hydrogenase enzyme active site
with the expectation that it might reproduce the function of the electron reservoir [FesSs]sub-cluster in
the H-cluster. Clearly the binding capability of the N,S; unit to both Fe(NO) and Fe(NO) persists through
two reductions increasing the overall electron count by two. The burden of the redox changes is shared
throughout the nitrosylated iron complex, including shifts in the orientation of the N5S; ligand donor

orbitals. These results emphasize the importance of the holistic or entire molecular framework.
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Nitroxyl Modified Tobacco Mosaic Virus as a Metal-Free High-Relaxivity MRI and EPR Active Superoxide
Sensor

*Madushani, D. et. al. Nitroxyl Modified Tobacco Mosaic Virus as a Metal-Free High-Relaxivity MRl and

EPR Active Superoxide Sensor. Mol. Pharm. 2018, 15, 2973-2983.

Contribution to the collaboration

In collaboration with the Gassensmith group, analytical measurements of the Tobacco Mosaic
Virus (TMV) was modified by TEMPO and measured by X-band EPR spectroscopy. In these experiments,
verification of attachment of TEMPO to the TMV protein tubule was done by measurement in the
anisotropy in the observed g-values and hyperfine features of the nitrogen radical species in TEMPO.
Comparisons between the free radical and bound TEMPO showed considerable broadening and
anisotropy from interactions between the unpaired electron and the change in the local environment of
the TEMPO molecule. As presented below, the observed EPR features shifted and shows evidence for
the bound interaction between TEMPO and TMV. These signals were simulated and quantitated the

effectiveness of TEMPO to attached the TMV surface.

Abstract

Superoxide overproduction is known to occur in multiple disease states requiring critical care;
yet, noninvasive detection of superoxide in deep tissue remains a challenge. Herein, we report a metal-
free magnetic resonance imaging (MRI) and electron paramagnetic resonance (EPR) active contrast
agent prepared by “click conjugating” paramagnetic organic radical contrast agents (ORCAs) to the

surface of tobacco mosaic virus (TMV). While ORCAs are known to be reduced in vivo to an MRI/EPR
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silent state, their oxidation is facilitated specifically by reactive oxygen speciesllin particular,
superoxidelland are largely unaffected by peroxides and molecular oxygen. Unfortunately, single
molecule ORCAs typically offer weak MRI contrast. In contrast, our data confirm that the
macromolecular ORCA-TMV conjugates show marked enhancement for T, contrast at low field (<3.0 T)
and T, contrast at high field (9.4 T). Additionally, we demonstrated that the unique topology of TMV
allows for a “quenchless fluorescent” bimodal probe for concurrent fluorescence and MRI/EPR imaging,
which was made possible by exploiting the unique inner and outer surface of the TMV nanoparticle.
Finally, we show TMV-ORCAs do not respond to normal cellular respiration, minimizing the likelihood for
background, yet still respond to enzymatically produced superoxide in complicated biological fluids like

serum.

Introduction

The upregulation of reactive oxygen species (ROS), in particular, superoxide, is associated with
certain cancers,?3% 305 neurodegenerative disorders’43%4 306,307 g ch as Parkinson’s disease,’
3%8diabetes,®’ 39 319 mitochondrial diseases such as Friedreich ataxia,®3!! Leber’s hereditary optic
neuropathy (LHON),® 32 mitochondrial encephalomyopathy, lactic acidosis, stroke-like episodes
(MELAS),*°313 myoclonic epilepsy with ragged red fibers (MERRF),!13% and Leigh syndrome (LS).>%1%13306,
307,315,316 The detection of superoxides, both extra and intracellularly, has consequently become an area
of research interest in efforts to study and target diseased tissues.**>317.: 318 Syperoxide sensing in
biological tissues has focused mainly on fluorescent imaging, as many dyes are easily quenched in the
presence of ROS,1%17319.320 3nd superoxide in particular.'®32! Moreover, the superoxides produced by
people with diabetes can cause serious health complications such as heart injuries, and sensing of

superoxide overproduction in these situations is also done using fluorescence imaging.1%20322 323 Ap
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unavoidable issue with fluorescence imaging in general, however, is limited tissue penetration, making it
problematic for tissue imaging but ideal in guided surgery applications. Consequently, the need to
detect cellular and biological events in deep tissue noninvasively has driven the development of “smart”
probes for magnetic resonance imaging (MRI1)?723324-326 or glectron paramagnetic resonance (EPR)
modalities.'*?*317.327 On the MRI front, paramagnetic chemical exchange saturation transfer (paraCEST)
and other stimuli-responsive contrast agents have begun to generate considerable interest for their

25-27

ability to detect changes in extracellular pH or production of specific biological markers like lactate.

328330 \While redox active paraCEST agents based on lanthanides have emerged as potential sensors of

28331 29332 25328

singlet oxygen and peroxide, none have clearly emerged as candidates for superoxide.
Paramagnetic nitroxide organic radical contrast agents (ORCAs), on the other hand, have been making
inroads toward superoxide detection in vivo and in vitro, 1430732317, 333335 \whjle sterically unencumbered

nitroxide radicals like TEMPO (Figure 1b)
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Figure 4.17 Characterization of TMV after bioconjugation
reactions. The TEM images of (a) exTEMPO-TMV and (b)
inTEMPO-TMV shows the expected rod-like morphology. (c) A
single peak in the SEC chromatogram (at 260 nm) of modified
TMV confirms that the solution dispersity was unchanged. (d)
Bioconjugation of the TEMPO radical to the TMV was
characterized by ESI-MS. Native TMV has a peak at 17 538 m/z.
The loss of this peak and emergence of a new peak at 17 662
m/z confirms that TMV was completely modified to alkyne-TMV.
ESI-MS of exTEMPO-TMV shows complete conjugation of
TEMPO-Nsto the alkyne-TMV. The peak at 17 966 m/z
represents the attachment of the TEMPO radical to the TMV
coat protein, whereas the peak at 17 942 m/z is the attachment
of the TEMPO radical to the alkyne group with an unidentified
elimination first noted by Francis (see ref 44) that has taken
place during diazonium reaction. The interior surface of TMV
consists of several glutamate residues, and three sites were
modified via EDC coupling with TEMPO - one (17 692 m/z), two
(17 846 m/z), or three (18 002 m/z) TEMPO molecules were
installed. (e) X-band EPR spectra of exTEMPO-TMV. The
exTEMPO-TMV sample was prepared in a capillary tube to
minimize interaction between high dielectric aqueous solvent
and the electric field of the incident microwave radiation.
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are easily reduced to diamagnetic hydroxylamines in biological media, making their use as long-lived
MRI contrast agents problematic, this property has been utilized to map redox activity in tumors ex vivo
and in vivo.*¥3%% 0On the other hand, reoxidation is kinetically favored by superoxide, while less reactive
ROS, and in particular hydrogen peroxide, do not significantly oxidize hydroxylamines back.3%*

Consequently, TEMPO can serve as a “turn-on” MRI sensor for superoxide.

The benefit of “turn-on” over “turn-off” sensors is that they can have nearly infinite contrast

against background.343%7

Nevertheless, ORCAs have historically suffered from low proton relaxation rates compared to
metal-based contrast agents. These poor relaxivities have been cleverly addressed using polymeric

systems, 3335739 336, 338-342

as these multivalent scaffolds allow for high local concentrations of
paramagnetic ORCAs. While such multimeric polymeric scaffolds allow for attachment of both MRI and
fluorescence agents on the same platform, ORCAs are well-known and potent quenchers of adjacent
fluorophores.?*3% This quenching process means that when an ORCA is MRI/EPR active, adjacent
fluorophores are typically quenched. While this has been elegantly exploited,3%33:4041335 336,343, 344 3 tre
ratiometric sensor capable of assessing the probe concentration by fluorescence and the relative ROS

levels by EPR/MRI signal would require a constant fluorescence emission regardless of the oxidation

state of the ORCA.

Viral nanoparticles (VNPs) provide distinct structural features that make them well-suited to
resolving some of these issues. For instance, they contain spatially well-defined functionalities, are rigid
and monodisperse, and contain discrete topological surfaces that provide a distinct “outer” and “inner”
surface.* 3% These distinctions are well-suited for EPR active spin systems prone to spin pairing and
relaxation when in close contact with other radical species.?®> 322 Tobacco mosaic virus (TMV) is a 300 x 18

nm rod-shaped RNA virus that contains 2130 individual coat proteins,3-45346-348
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Each of these coat proteins contains an easily functionalizable tyrosine residue (Y139) on the
exterior surface, which is spatially separated from the next closest accessible tyrosine®®34 by 2.3-2.6
nm. 4748350351 Fyrthermore, TMV contains a 4 nm narrow pore lined with glutamic acid residues (E97 and
E106), likewise easily functionalized, and electronically inaccessible to the exterior surface -5 352354
These features provide two distinct advantages over existing polymeric nanostructures containing
nitroxide radicals: (i) radical systems on the surface are spaced far enough apart so that spin—spin
coupling is minimized even if 100% of the available functional groups are utilized, and (ii) fluorophores
placed on the interior of the capsid will not be quenched by electron transfer processes from radical
TEMPO moieties placed on the exterior surface. Previous studies have shown that VNPs and virus-like
particles (VLPs) decrease the T1and T, relaxation times of attached metal-based MRI contrast
agents, 14852763161, 344,351, 355363 The increase in r1 (1/T1p, p = paramagnetic contribution; mM™-s™?)
relaxivity in these systems has been attributed to an increase in molecular diffusion and translation

correlation times brought about by attachment to the surface of relatively massive, rigid, and slowly

diffusing protein ensembles.

Here we present a method to create a sensitive EPR/MRI probe for superoxide detection in vitro
with enhanced r; and r; relaxivities that rival clinically used molecular lanthanide-based MRI probes. The
observed r,/r; ratio allows TEMPO- conjugated TMV probes to operate as both a T;and T, contrast
agent, making these probes valuable for both clinical (<3 T) and preclinical (>3 T) MRI scanners. We have
also designed a bimodal TEMPO-TMV probe for ratiometric fluorescence experiments that is
functionalized with a fluorescent dye on the interior and with an ORCA for MRI/ EPR imaging on the
exterior. The unique topology of the VNP scaffold allows for the insertion of an internal fluorescent
probe as a concentration marker that is insensitive to the oxidation state of the ORCA probe. Finally, we

present the evaluation of these probes in both cells and serum.
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Scheme 4.3 Representations of a Single TMV Nanoparticle® and a Single TMV Coat
Protein Highlighting Solvent Exposed Amino Acid Residues Available for Bioconjugation
Reactions, (b) Oxidation States of Nitroxide Radicals,” (c) Bioconjugation to the Interior
Surface of TMV via EDC Coupling Reaction To Make inTEMPO-TMV, and (d) TMV
Bioconjugation on the Exterior via Stepwise Diazonium Coupling Followed by a CuAAC
Reaction To Make exTEMPO-TMV. °Created in Chimera using PDB ID of 2tmv.
bparamagnetic radical species can be detected by both EPR and MRI, whereas the
reduced diamagnetic species is neither MRI nor EPR active.
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Results and Discussion

Attaching ORCA to the Surfaces of TMV. As shown in Scheme 1a, TMV contains two distinct
surfaces: (i) an outer surface with few charged functional groups and uninhibited access to bulk water
and (ii) a 4 nm narrow inner channel with a net negative surface charge and less access to diffusing bulk
water. We thus first set to determine if there would be any difference in measured relaxivities if ORCAs
were placed on the inner vs the outer surface of TMV. The interior surface of TMV contains solvent
exposed glutamic acid residues, which we functionalized via EDC coupling with TEMPO-NH,; (Scheme 1c).
High-performance liquid chromatography/electron spray ionization mass spectroscopy (HPLC/ESI-MS)
confirms that three sites were modified following the EDC coupling reaction to yield inTEMPO-TMV. As
shown in Figure 1d, peaks at 17 692 Da, 17 846 Da, and 18 002 Da represent the attachment of one,
two, and three molecules of TEMPO, respectively, to the coat protein monomers of TMV. While only
glutamate residues E97 and E106 have been identified as reactive sites,*3>2the third peak at 18 002 Da
likely corresponds to E95. Though three conjugations to this inner channel have been observed® 3>7
before, the residue of the third modification site has never been identified. Separately, the exterior
surface of TMV was functionalized initially using a diazonuim coupling reaction* %2 (alkyne-TMV) with in
situ prepared 3-ethynylphenyldiazonium salt. This quantitative reaction was followed by a

coppercatalyzed azide-alkyne cycloaddition®4 3% (CuAAC) with TEMPO-Ns to yield exTEMPO-TMV

(Scheme 1d).

The TEMPO radical is known to be reduced in the presence of sodium ascorbate, so we modified
a procedure initially described by Finn® 3% by forming Cu'(THPTA) separately by mixing a 1:5:1 molar
ratio of Cu" sulfate, the ligand THPTA, and sodium ascorbate in water. Starting with Cu" sulfate as
opposed to directly using a Cu'source to form the Cu'(THPTA) complex provided consistently high yields,
likely because of the more favorable aqueous solubility of Cu' sulfate. This solution was transferred

quickly in open air to an aqueous solution of TMV under N,. Degassing of solutions were not necessary,
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and the successful attachment of the new functional groups was again confirmed by HPLC/ESI-MS. As
shown in Figure 1d, after the quantitative diazonium coupling reaction, all of the TMV coat protein
monomers were modified to the azo adduct (17 666 Da) in line with previous literature reports.®6 3% The
CuAAC reaction on the alkyne-TMV with TEMPO-N; proceeded quantitatively, evidenced by the loss of
the alkyne peak at 17 666 Da. The morphology and dispersity of TMV were checked after each
bioconjugation reaction and were found unchanged by transmission electron microscopy (TEM) and size

exclusion chromatography (SEC), respectively (Figures 1a-c and S11).

Finally, EPR spectroscopy was used to characterize the presence of paramagnetic species on the

TMV surface. As shown in the Figure 1e, small molecule TEMPO radicals
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Figure 4.18 (a) Schematic representation of
the exTEMPO-TMV with one coordinated
water molecule (inner-sphere water, its
oxygen is colored black) in solution (bulk
water, oxygens are red). Second sphere
water molecules (water oxygens are blue).
The parameters that govern the relaxivity
are also represented: NO-H distance (r), the
mean lifetime (tm) of the water molecule(s)
in the inner sphere, the rotational
correlation time (tr), and the electronic spin
relaxation times (Tieand Tze). (b) Plot of
1/T1(s72) versus TEMPO concentration (mM)
for exTEMPO-TMV, inTEMPO-TMV, and
TEMPO-NHzat 23 MHz in 0.1 M pH 7.4 KP
buffer and 310 K.
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showed a characteristic *N-triplet (I = 1; A ~ 45 MHz) centered at a g-value of 2.007, which is typical of
the nitrogencentered radical. The sharp line width and isotropic g/A-values are consistent with
rotational averaging. By contrast, the exTEMPO-TMV (Figure 1e) and inTEMPO-TMV (Figure S12) results
in significantly broader and more anisotropic EPR spectra. The distributed g/A-values and attenuated
signal intensity are attributed to decreased rotational and translational mobility of the radical. This
significantly increases the observed line width of the mobilized radical. High density of radicals can also

result in dipolar spin—-spin exchange, which also contributes to the increased line width.
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Figure 4.19 Determined (a) riand (b) r2
relaxivities for the agents exTEMPO-TMYV,
inTEMPO-TMYV, and TEMPO-NH; at different
fields in 0.1 M pH 7.4 KP buffer and 310 K.
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Proton Relaxation Properties of ORCA Loaded TMV Rods.

To characterize the relaxation behavior of the TEMPO-TMV particles, we performed proton relaxometric

measurements at different fields. It is worth noting that nitroxide radicals normally bind noncovalently
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Figure 4.20 (a) Evolution of the relative water proton paramagnetic
relaxation rate of a 0.14 mM aqueous solution of exTEMPO-TMYV in the
presence of 100-fold molar excess of ascorbate. Plot normalized to the
initial value R:1™/R:'” as a function of the time (min) and measured at 23
MHz, 0.1 M pH 7.4 KP buffer, 310 K. (b) Evolution of the relative water
proton paramagnetic relaxation rate of a 0.14 mM aqueous solution of
exTEMPO-TMV (reduced) in the presence of 100-fold molar excess of
KOz. Plot normalized to (R:1(Y/R:” - 1) as a function of the time (min)
and measured at 23 MHz, 0.1 M pH 7.4 KP buffer, 310 K. The solid lines
through the data points represent the pseudo-first-order reaction fits.
(c) T--weighted and (d) T.-weighted fast spin-echo images (TE = 200
ms) of (1) exTEMPO-TMV oxidized with KO3, (2) exTEMPO-TMV (0.14
mM/TEMPO), (3) exTEMPO-TMV reduced with ascorbate, (4) ascorbate
in PBS, (5) TEMPO-NH; (1.4 mM), (6) TEMPO-NH; (0.14 mM), (7 )
inTEMPO-TMV (0.14 mM/TEMPO). (8) KOz in PBS. (W) water at pH 7.0.

to at least one water molecule,®” 3° which is similar to that found with metal-based complexes with one
or more water molecules coordinated to the inner sphere of the metal centers.3*8337: 30 The gverall
proton relaxation behavior is determined by the sum of the inner-sphere and outer-sphere

contributions.?*33” While the outersphere contributions cannot be neglected, the inner-sphere
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contributions are typically dominant.®* 3" For nitroxide radicals, under the extreme narrowing
condition,’®71372 373 the primary innersphere relaxation mechanism is determined by dipolar and Curie
dipolar contributions.”>72374 37> However, at higher magnetic fields, line broadening predominantly
originates from Curie spin relaxation processes. The dipolar and Curie mechanisms from the inner- and
outer-sphere contributions can be modeled as described in previous detailed reports.”> 75375377 | grge
macromolecules, like the TMV presented here, are characterized by slow rotation dynamics in
solution3%% 336 338 commonly represented by the rotational correlation time (tg). Other factors that have
a high impact on the relaxation processes for T;and T, are the electronic relaxation rates (1/Te; i =1, 2)

and solvent exchange lifetimes (tm) as defined by the correlation times (t.; i =1, 2)

Ti= —+ —+—,i=1,2 (4.2)

We can make several simplifying assumptions. In systems where T.is short, as is the case of TEMPO
radicals (Tei> 20 ns),*° 342 the molecular rotation and water exchange dominate t..The water exchange
rate (kex= 1/tm) for nitroxide radicals has been estimated to be quite slow (kex~ 2 x 10™5),393%2 and it is
expected from theory’®3’8that the low-field total transverse relaxivity (T2) will be small and similar to
the longitudinal relaxivity, since it is modulated by T.. At higher magnetic fields, the r; relaxivity is mostly
affected by the square of the field (not r;) and increases with field strength. As shown in Table S2,
exTEMPO-TMV, the most efficient system (Figure 2b), shows a significant increase inr,at 9.4 Tto 5.2 s7*

mM-™t per TEMPO compared to lower fields where r; and r, were similar.
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was first modified with TEMPO radicals via diazonium coupling followed by a CuAAC reaction, and then, the
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Scheme 4.4 (a,b) inFITC-exTEMPO-TMV Bimodal Imaging Probe and (c) Diagram of TMV Showing the Relative
interior surface of TMV was modified by EDC coupling with propargylamine followed by a CuAAC reaction.
Our data show that the TEMPO-TMV conjugates are efficient T: and T, contrast agents at low
field and present remarkable properties as T, agents at high field, 3*® with the greatest enhancement
seen for exTEMPO-TMV (Table S2). Indeed, exTEMPO-TMV shows an enhancement of r;and r; at low
field nearly 1 order of magnitude higher than that of the corresponding small molecule TEMPO-NH,, and
at high-field, the r, shows a 13-fold increase compared to that of TEMPONH,. A comparison of riand r;
values for exTEMPO-TMV and inTEMPO-TMV (Figure 3a,b) show that the exterior functionalization
yields higher relaxivity values at all fields and both ryand r; relaxivities compare very favorably to

existing polymeric ORCAs and small molecule contrast agents (Table S3).These data suggest that the

TEMPO spins located on the inner cavity of the TMV macromolecule may have less access to bulk water
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preventing optimal exchange between the innersphere water molecules and those in the close vicinity

of the TEMPO spin.””37°

Nitroxide-based ORCAs typically undergo rapid reduction to diamagnetic hydroxylamines in the
presence of reducing agents such as ascorbate.’®7° 380 381 Relaxometric studies of exTEMPOTMYV, shown
in Figure 4a, confirm that, in the presence of an equimolar amount of ascorbate, about 20% of the
paramagnetic TEMPO spins on the exTEMPO-TMYV are reduced within a few minutes. This was also
confirmed by EPR spectroscopy (Figure S13a). As proof of principle that TEMPO-TMV compounds could
be used as potent indicators of strong ROS, we performed the relaxometric experiments over the same
time span, but in the presence of an excess of KO, at 0.4 T. In this case, the T of water protons
recovered to nearly the original values (Figure 4b). This same reoxidation experiment was confirmed
using EPR spectroscopy (Figure S13b).We investigated the rate of reduction of the exTEMPO-TMV under
pseudo-first-order conditions using a 100-fold excess of ascorbate in pH 7.4 phosphate-buffered saline
(PBS). Fits were obtained for relaxometric data collected over a 2 h period. Pseudo-first-order rate
constants, k’, were obtained by following the decay of the R1?/R:® determined by proton relaxometry.
Excellent agreement with literature values was found for exTEMPO-TMV and other macromolecules (k' =
17 x 107+ 0.1 s7%) as shown in the Table 54.33:3539 336,338,342 Conyersely, the oxidation of the reduced
exXTEMPO-TMV hydroxylamine with an excess of KO, also showed a quite extensive reaction with a k' =

16x10+0.1s™
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Figure 4.21 Synthesis and characterization of inFITC-exTEMPO-TMV;
TEM images: (a) inFITC-TMV, (b) inFITC-exTEMPO-TMV. (c) EPR
spectrum of inFITC-exTEMPO-TMYV (red) and TEMPO-NH: (blue). SDS-
PAGE to confirm that FITC has been successfully attached to TMV;
SDS-PAGE was visualized by (d) Coomassie brilliant blue and (e) UV.
(f) Excitation (black line) and emission (red) spectra of inFITC-
exTEMPO-TMV.

In Vitro MR Imaging. In support of these experimental observations, we have performed
phantom imaging on several samples containing exTEMPO-TMV, inTEMPO-TMV, reduced exTEMPO-
TMV, oxidized exTEMPO-TMV, and standards. T;-weighted MR imaging at 9.4 T showed that among the

10 tubes, only those containing the nonreduced TMVTEMPOs showed enhanced T, contrast, whereas
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the free TEMPO (Figure 4d, wells 5 and 6) do not show any contrast difference even when we doubled
the concentration of free TEMPO sample (Figure 4d, well 6). While contrast enhancement is evident in
the T;-weighted images (Figure 4c, wells 8 vs 2), the greatest contrast at this field strength comes from
the T,-weighted images (Figure 4d, wells 8 vs 2).These results suggest that these TEMPO
macromolecular derivatives can detect changes in superoxides at millimolar concentrations. It also

shows the potential of using exTEMPO-TMV as a high- field (T) contrast agent.
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Figure 4.22 Bimodal imaging characteristics
of the inFITC-exTEMPOTMYV redox probe. (a)
Protein crystal structure of a single coat
protein of TMV showing the attachment of
FITC and TEMPO to the inner (glutamate) and
outer (tyrosine) surfaces, respectively. (b)
Time dependent emission behavior of inFITC-
exTEMPO-TMYV redox probe upon addition of
100 eq of ascorbate in 0.1 M pH 7.4 KP
buffer. (c) EPR spectra of inFITC-exTEMPO-
TMV redox probe before (A) and 60 min after
(B) addition of 100 eq of ascorbate in 0.1 M
pH 7.4 KP buffer. An identical experiment on
Cy5 was conducted, and details are in Figure
S13.
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This is particularly relevant, because most of clinical MR scanners operate at low fields (0.4-3 T), though

implementation of clinical high-field scanners is progressing.

inFITC-exTEMPO-TMV for Bimodal Molecular Imaging.

After confirming that exTEMPO-TMV exhibits better T1and T, relaxation characteristics
compared to inTEMPO-TMV, this compound was used for all additional studies. A second goal of using
TMV as a platform was to install a fluorophore for bimodal imaging in a position where it would not be
guenched by the TEMPO radicals (Scheme 2). The order of the bioconjugation reactions to the TMV
virus surface is important to minimize the redox chemistry on the attached TEMPO. We first
functionalized the interior surface with FITC using standard CuAAC conditions and then functionalized
the exterior surface with TEMPO radicals using our modified procedure. After each bioconjugation
reaction, the integrity of the particle was characterized by SEC and TEM (Figure 5a,b). Moreover, TEMPO
radical attachment to the exterior surface was confirmed by EPR spectroscopy (Figure 5c). The
attachment of FITC to the interior surface of TMV was confirmed by UV-vis spectroscopy (Figure S14),
SDS-PAGE (Figure 5d,e), and fluorescence spectroscopy (Figure 5f). To show this quenching process is
not dependent on FITC, we attached a cyanine dye (Cy 5) to the interior as well, and we again observed

minimal quenching from the radical (Figures S15-517).
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Figure 4.23 Confocal microscopy images of cellular uptake of inFITC-red-exTEMPO-TMV redox probe with (a—d)
RAW 264.7 cells and (e,f) HelLa cells. Color code: blue, Hoechst 33342; red, MitoTracker Deep Red; green, inFITC-
red-exTEMPO-TMV.
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Figure 4.24 (a) Schematic showing the redox behavior of
red-exTEMPOTMV. (b) T:-weighted phantom images and
(c) T2- weighted phantom images before and after addition
of X/XO. The concentration of TMV sample was 5.0 mg
mL™, and the reaction mixture consisted of 50% of serum
by volume.
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Fluorescein and cyanine dyes, like most fluorophores, are known to be quenched by nitroxyl

33,42,80 336,345, 382 g the tubelike architecture of TMV allowed us to attach the MRI imaging agent

radicals,
and the fluorescent dye far enough apart to prevent quenching of the fluorescence emission of the dye
(Figure 6a). To our satisfaction, we found less than 3% variation in fluorescence when shifting between
the oxidized radical to the reduced hydroxylamine (Figure 6b) even after an hour following addition of
100 eq of ascorbate. On the other hand, the EPR spectra (Figure 6¢) confirms that the radicals are
completely reduced by the ascorbate under these same conditions. We again conducted the same
experiment with inCy5-exTEMPO-TMV and confirmed that the oxidation state of the radical does not

affect the emission intensity of Cy 5 (Figure S18), showing the generalizability of this approach with

different dyes.

In Vitro-inFITC-red-exTEMPO-TMYV Studies.

While the ultimate goal is in vivo imaging, in these early studies, we found it important to
ascertain their behavior in cells and in serum. Cellular uptake could potentially result in trafficking to
organelles normally high in superoxide concentrations, such as mitochondria, and could create an
unwanted background signal. Further, uptake by macrophages, which are known to efficiently remove
macromolecules and life of these particles and may lead to the formation of antibodies against our

probe making their clearance faster.

Studies have shown that macrophages as well as Hela cells interact less effectively with high
aspect ratio nanoparticles, and TMV in particular has been extensively studied.5281:82355 383, 383 \We were
curious if we would see uptake with reduced inFITCexTEMPO-TMV (inFITC-red-exTEMPO-TMV)
nanoparticles and if this would cause changes in the oxidation state of the ORCA following uptake. We
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used confocal microscopy on our “quenchless” system to investigate the interaction between inFITC-
red-exTEMPO-TMV and macrophages. The confocal microscopy data shows that inFITC-red-exTEMPO-
TMV (Figure 7d) associates with macrophages by adhering to the surface with no obvious fluorescence
inside the cells and, in particular, the mitochondria, which are stained red in Figure 7b. We also
investigated the cellular uptake of inFITC-redexTEMPO-TMV by Hela cells (Figure 7e-g) and found no
significant fluorescence signal coming from cells (Figure 7g). The lack of interaction with mitochondria
was corroborated by EPR spectroscopy. To ensure we would observe signal if any trafficking to
mitochondria occurs at all, we stimulated the HelLa and macrophages with the superoxide promotor
phorbol 12-myristate 13-acetate (PMA)23-85317.385,386 g1 then incubated these cells with red-exTEMPO-
TMV for an hour. Cells were collected, and EPR spectra were recorded as a function of time. A lack of an
EPR signal over time confirms that redexTEMPO-TMV has not been uptaken by cells (Figure S21). If the
red-exTEMPO-TMV had been taken up by the cells and trafficked to an area of ROS activity, we would
expect to observe an increase in the EPR signal intensity with time, particularly when the cells were
stimulated by PMA.83% These results are promising as it suggests that background signal from cellular

metabolism is minimal.

red-exTEMPO-TMV Performance in Serum

Serum is very rich in a variety of proteins that may interfere with superoxide detection either by
(i) directly reducing TEMPO to its EPR silent form or (ii) by covering the probe with a layer of
proteinBicommonly called a protein coronalwhich would inhibit the “turn-on” response. To ascertain if
our sensor functions in a biological environment, which might mimic detection of superoxide from tissue
damage, for instance, we tested red-exTEMPO-TMYV in serum solution using enzymatically produced

superoxide. Xanthine/xanthine oxidase (X/X0O) was employed as a superoxide generating agent, as it has
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been shown®:287387.388tg he a good model of cell-free superoxide generation via EPR/MRI.First, the red-
exTEMPO-TMV was made by reduction of exTEMPO-TMV with 0.1 M sodium ascorbate in a suspension
of PBS, which was then purged with nitrogen gas to prevent reoxidation. Xanthine (final concentration
of 0.05 mM) and red-exTEMPO-TMV (final concentration of 5.0 mg mL™) were mixed in fetal bovine
serum (FBS). Finally, xanthine oxidase (final concentration of 0.1 U/ mL) was added to the mixture. EPR
spectra were recorded over 24 h, and MR phantom images were obtained from the same samples.
Reoxidation of the probe was evident immediately. The Ti-weighted images and T,-weighted images for
the redexTEMPO-TMV sample with and without X/XO shows a huge contrast difference (Figure 8b,c)
clearly indicating that the serum did not prevent detection of superoxide. These changes were
confirmed by EPR, which also showed the regeneration of the TEMPO radical by the superoxide formed

from X/XO (Figure S22) in the serum solution.

Conclusion

This was a fundamental study of the synthesis, magnetic, and optical characterizations, and in
vitro analyses of a new type of a fluorescent/MRI active superoxide sensor that works at both high and
low magnetic fields. Our ORCA-conjugated VNPbased nanoparticle probe appears promising for use at
both clinical (<3 T) and preclinical (>3 T) MRI fields. Attachment of ORCA to TMV rods resulted in a 10-
fold increase in riand a 13-fold increase in rocompared to that of the small molecule ORCAs. We have
proposed that these increases in relaxivity are ascribed to a decrease in the molecular rotation and
diffusional motions brought about by attachment of the ORCA to the large rod-shaped particle. The
distinct “inner” and “outer” topology of the TMV permits the creation of a “quenchless” ORCA-based
bimodal probe for combined MRI and fluorescence imaging. The probe shows “turn-on” functionality

toward enzymatically produced superoxide in the presence of serum, yet does not show appreciable
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changes in EPR intensity even when endocytosed by cells, suggesting this probe would be ideal for
imaging diffuse tissue injury as may be the case in deep tissue diabetic ulceration or coronary heart

disease.
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Appendix

Electron Paramagnetic Resonance results of (1) in water and DMF.

Asillustrated in Figure S1, below, EPR samples of (1) were prepared in both water (trace 1) and
DMF (trace 2) to complement electronic absorption results and verify the (+1) oxidation state and
coordination geometry of Co-coordination sphere. The EPR spectrum of aqueous samples of (1a) (5
mM) is designated by trace 1. This spectrum is consistent with a nearly axial S = 3/2 spin state (E/D =
0.05) with observed g-values at 5.5 and 2.04. The line width of this spectrum is dominated by both g-
strain and unresolved hyperfine from the **Co (/ = 7/2) nucleus. The simulation parameters (dashed
line) for this species is typical of 5- or 6-coordinate Co(ll).3¥3%The temperature-normalized signal
intensity for 1 decreases with increasing temperature indicating that the m; = +1/2 doublet is the
ground state within the S = 3/2 spin system. The magnitude of the zero-field splitting parameter (D =
10 + 3 cm™) was determined by plotting the EPR signal intensity of this signal versus 1/T and fitting the
data to a Boltzmann population distribution for a 2-level system. The EPR simulation (dashed lines) for
1 shown in Figure 2was calculated using this D-value. For analytical purposes, all data was recorded
under non-saturating conditions.

An equivalent sample of (1b) (5 mM) prepared in DMF is shown in Figure S4(trace 2). Unlike
the sample prepared in water, additional features are observed at g-values of 6.40, 5.33, 2.81, 2.04,
and 1.70. Additionally, a multiline hyperfine splitting [8.3 mT, 230 MHz] is observed in within the 6.4
<g-value < 4.4 region. These features are reasonably simulated ($2) by assuming contributions from
two species (i and ii) differing in their rhombicity (E/D-values) of 0.09 and 0.23, respectively. While
slightly more rhombic (E/D = 0.09 versus 0.05), the simulation parameters for (i) are similar to those

obtained for S1. Therefore, it can be concluded that this species is also a 5- or 6-coordinate Co(ll)
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center. Alternatively, the increased rhombicity (E/D = 0.23) and resolved hyperfine of (ii) is more

consistent with properties reported for tetrahedral Co(ll) sites.?#3%
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Figure S. 1 10 K X-band EPR spectra of L1-Co and in
water (1) and DMF (2). Quantitative simulations
(dashed lines) for each spectrum are included for
comparison. Instrumental parameters: microwave
frequency, 9.643 GHz; microwave power, 100 uW;
modulation frequency, 0.9 mT; temperature, 10 K.
Simulation parameters for each *°Co(ll) S = 3/2 (1 =
7/2) site: S1, gxy,z (2.01, 2.69, 2.15), Ogxy,- (0.09, 0.08,
0.09), Aiso, (250 MIHz), D = 10 + 5 cm™, E/D = 0.05; S2
(I), 8x,y,z (2.38, 2.34, 217), Ogx,y,z (005, 0.05, 005), Aiso,
(250 MHz), D = 10 + 5 cm™, E/D = 0.09; (ii), gx,y,- (2.46,
2.48, 2.04), ogxy,: (0.01, 0.02, 0.03), Aiso, (230 MHz), D
=10+5cm?™, E/D =0.23, 0.1 mT. All simulations
utilize a uniform line width (os) of 0.1 mT.

EPR spectroscopy.

X-band (9 GHz) EPR spectra were recorded on a Bruker (Billerica, MA) EMX Plus spectrometer
equipped with a bimodal resonator (Bruker model 4116DM). Low-temperature measurements were

made using an Oxford ESR900 liquid He/N2cryostat and an Oxford ITC 503 temperature controller.
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Unless otherwise noted, a modulation frequency of 100 kHz was used for all EPR measurements. All
experimental data used for spin-quantitation were collected under non-saturating conditions as
verified by half-power microwave saturation (P1/2) measurements. EPR spectra were simulated by
diagonalization of the spin Hamiltonian (eq. 1) using SpinCount ver. 6.1.6682.22252 software
(created by Professor M.P. Hendrich, Carnegie Mellon University). Here, g is the g-tensor, and the

axial and rhombic zero-field splitting parameters are represented by D and E, respectively.*¥

3 =D[3%— 2| +E(St+ $5)+ pB-g-S (s.1)

This program computes the powder pattern for a uniform spherical distribution of the
magnetic field vector B, and the transition intensities are calculated using ‘Fermi’s golden rule’ .*>!
The simulations are generated with consideration of all intensity factors, both theoretical and
experimental. The concentration of species can be used as a constraint during spectral simulation,
which allows quantitative determination of the concentration by comparison of the experimental
and simulated signal intensities.[***”' The only unknown factor relating the spin concentration to
signal intensity is an instrumental factor that depends on the microwave detection system. This
factor is determined using a Cu(ll)EDTA spin standard.™® Half-power microwave saturation (P1/2)
values reported for selected samples were determined by collecting scans at increasing microwave

power and fixed scan rate and field width. The signal area as a function of microwave power was fit

using the SpinCount software package according to eq. 2.

S/\/p = ) b2 (s.2)

The software performs least-squares fitting of the normalized derivative signal intensity (S) as a function

of microwave power (P). The A-term represents the normalized maximum signal amplitude. The variable
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b is a spectroscopic inhomogeneity factor which is characteristic of the spin packet of the observed
resonance. Generally, the signal packet derived from frozen solutions and powders exhibit

inhomogeneous line broadening behavior (b = 1).

EPR Analysis of S = 1/2 species. As shown in Figure $3, panel A, samples of 1° (25 mM in THF)
exhibit a broad, nearly isotropic EPR spectrum at g = 2.024. This signal exhibits inhomogeneous
saturation with a microwave power at half-saturation (P1/2) of 0.7 mW at 10 K. Consistent with an
isolated S = % doublet, no change in the temperature-normalized signal intensity was observed for
spectra collected between 4 and 35 K. Spectroscopic simulation (Fig. S3A, [a], dashed lines) of this
signal was used to verify the concentration of 1° present in samples (24.9 mM). Following reduction
of 1%, two S = ¥ signals can be resolved near g ~ 2. Similar to trace [a], these signals also exhibit
Curie-Law behavior within the observed temperature range (4 - 35K). The majority species shown in
Fig. S3B, (trace [b]) exhibits rhombic g-values of 2.07, 2.02, and 1.99 and a microwave power at half-
saturation (P1/2) of 3.6 mW at 10 K. Given that excess reductant (1.3 equiv.) was added to 1°, this (S
=1/2) signal, labeled as [b] is likely attributed to a fraction of the sample that has decomposed. An
additional sharper signal [c] can be observed with g-values of 2.04, 2.03, and 2.01 (P1/2 ~ 140 pW at
10 K). Based on similar g-values and microwave power saturation behavior, this signal is attributed to
the Fe(NO)N2S2 dissociated from 1°.[19,20] Two-component simulations were performed to
determine the relative contributions of each species. Following this procedure, the concentration of

decomposed complex [b] and Fe(NO)N2S2 “free ligand” [c] was determined to be 3.01 and 0.14 mM,

145



respectively. These species account for 12% and 0.6% of the initial complex 1° concentration and are

thus considered minor contaminant.
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Figure S. 3 X-band spectra of 1° (A) (blue trace) and 1~ (B and C) (red trace) diiron complexes collected at
perpendicular (1) and parallel (||) field polarization. Quantitative simulations were performed for analytic
determination of paramagnetic speciation within each sample. The amount of each species and its spectroscopic
parameters is provided in Table S1. Instrumental conditions: microwave frequency, 9.645GHz (1), 9.377 GHz (),
microwave power, 2 uW (1% A and1’, B), 0.2mW (1, CL) and 6.3 mW (1, C||);modulation amplitude; 9.2 mT;
temperature, 10 K (A and B) and 4.3 K, (C). Simulation parameters: Trace [a]; S = 1/2; g1,2,3 (2.041, 2.023, 2.004);
0g1,2,3 (0.021, 0.011, 0.019); o8, 0.5 mT. Trace [b] S = 1/2; g1,23 (2.073, 2.021, 1.986); 041,23 ( 0.014, 0.010, 0.013); 0s,
0.5 mT; Trace [c], S = 1/2; g1,23 (2.042,2.027, 2.015); 0g1,23 (0.002 0.002, 0.001); 05, 0.5 mT. Trace [d], S = 1; D=-35
cm-1; E/D, 0.003; g1,23(1.974, 1.974, 2.065); op= 0.003; 0t/p-0.02; o5, 0.9 mT.
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Figure S. 2 The magnitude of the
axial-zero field splitting term (D = -35
+3cm?) for the 17 (S = 1) triplet spin-
state was determined by fitting the
temperature normalized g ~ 4.0 signal
[d] observed in parallel mode EPR to
a theoretical Boltzmann population
distribution for a 2-level system (eq.
3).The observed decreases in signal
intensity with increasing temperature
indicating that this transition occurs
within the ground state doublet.
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