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Abstract

Fungi consume nitric oxide (NO) using Cytochrome P450 nitric oxide reductase (Cyt P450nor) by
reducing two molecules of NO to nitrous oxide (N>O) — a potent greenhouse gas. The efficiency
of this enzyme makes it difficult to study its reactive Intermediate /. For this reason, a bulky bis-
picket fence porphyrin was synthesized to prevent the decomposition of an Intermediate / model
complex for full vibrational characterization and reactivity studies with NO. Experimental
conditions were designed analogous to the reaction in Cyt P450nor with hydride transfer to a
Fe(II)-NO" species to form a ferrous heme nitroxyl species, [Fe(3,5-Me-BAFP)(MI)(HNO)]. This
model was determined to be the most stable heme nitroxyl complex in organic solvents, with a
half-life of 56 min at -30 C by UV-vis spectroscopy. This stability allowed me to perform the first
detailed spectroscopic characterization of a heme-HNO model complex. In addition, this complex
demonstrates high reactivity toward NO, exhibiting a 91% N2O by IR spectroscopy that resulted
in the formation of a ferric heme species. The obtained results indicate that heme-HNO complexes
are catalytically competent intermediates for NO reduction to N>O.

The proximal cysteinate in the Cyt P450nor active site is proposed to either stabilize the
Fe'"-NHO*" valence tautomer of the heme-HNO complex or increase the pKa of the bound nitroxyl
in Intermediate /. Previous work has also shown that the presence of the axial thiolate makes the
Fe(II)-NO" species less stable in synthetic model complexes. In this work, the bulky bis-picket
fence porphyrin was used to stabilize a thiolate bound heme Fe(I)-NO" complex, [Fe(3,5-Me-

BAFP)(NO)(SPhF4CF3)] at low temperatures. The formation of this complex was verified by UV-
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vis and NMR spectroscopy. Vibrational characterization of this complex by IR and rRaman
spectroscopy demonstrated similar Fe-NO and N-O stretching frequencies in comparison to Cyt
P450nor of 1853 and 543, and 1851 and 530 cm™!, respectively. For the first time, hydride transfer
reactions to a thiolate-bound ferrous nitrosonium synthetic model complex were conducted in this
work, and followed by IR and NMR spectroscopy, to ultimately obtain a thiolate-bound
Intermediate / model with direct relevance to the active site of Cyt P450nor.

Biomedical devices like IV catheters come with risks to patients, such as bacterial
infections and blood clots. NO is known to prevent these risks. This part of my thesis focuses on
catalyst development, inspired by copper nitrite reductase, for the electrochemical reduction of
nitrite (NO2") to NO for biomedical applications. The current limitation of these copper catalysts
is their oxygen sensitivity, which reduces NO generation. The presence of O, cannot be avoided
in IV catheters, which are in contact with oxygen rich blood. This issue is addressed by
synthesizing two second coordination sphere (SCS) derivatives of the BMPA-Pr~ (BMPA-Pr~ =
bis-(2-methylpyridyl)amine)propionate) ligands, Amide-BMPA-Pr- and Amine-BMPA-Pr~, to
shuttle protons necessary for nitrite reduction and therefore decrease oxygen sensitivity. It was
determined that [Cu(Amide-BMPA-Pr)(OAc)] is not capable of performing nitrite reduction due
to poor substrate binding and low electrochemical stability of the complex. In contrast,
[Cu(Amine-BMPA-Pr)(OAc)] can outperform the initially reported catalyst [Cu(BMPA-
Pr)(OAc)] under inert atmosphere, showing that SCS H-bonding residues are able to accelerate
nitrite reduction. However, the presence of a hydrogen bond donor does not reduce O» sensitivity

as previously hypothesized.
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Chapter 1 Introduction

Sections 1.1 and 1.3 of this chapter are based on the Chemistry Review and Comprehensive
Coordination Chemistry III Book Chapter, and JACS paper referenced. The relevant sections

included in this chapter were written by me.!"

1.1 The Importance of HNO in Biology

Nitric oxide (NO) is a versatile biological molecule with established roles in immune
defense in high (uM) concentrations, as well as vasodilation and nerve signal transduction in low
(nM) concentrations in mammals.* Nitroxyl, HNO/NO", the one-electron reduced form of NO, is
suggested to take part in its own distinct signaling pathways.>® Proposed sources of HNO include
peroxidation of hydroxylamine in globins and Cytochrome ¢ oxidase (CcO), and L-arginine
oxidation in nitric oxide synthase (NOS) in the absence of its tetrahydrobiopterin cofactor.”!! In
addition, work by Doctorovich, Marti and coworkers has shown that simple alcohols like ascorbate
and tyrosine, and thiols can reduce NO to HNO under physiologically-relevant conditions.!>!?
While HNO is difficult to study in vivo, recent investigations suggest endogenous HNO/NO~
production may aid in the protection from ischemia-related injuries as a result of cardiovascular
events and strokes.”!*!> Similarly, HNO donors have been shown in animal studies to lessen tissue
damage from ischemia when administered exogenously prior to ischemic/reperfusion events.!®!’
HNO, generated from the reaction of NO and H»S, has also been proposed to activate the

neuroendocrine HNO-TRPA1-CGRP signaling pathway that constitutes an essential element for

the control of vascular tone throughout the cardiovascular system.'® Additionally, HNO is a potent



anti-alcoholism drug due to its ability to irreversibly inhibit thiol-containing enzymes such as
mitochondrial aldehyde dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase.!® Other
research suggests that HNO can act as a potential anti-cancer agent by triggering cancer cell
apoptosis and reducing tumor growth.’>** Recently, endogenous HNO production has been

demonstrated to take part in redox cell signaling in plants.?*

1.2 The Nitrogen Cycle

Eutrophication
L e 1S

o3

Nitrification Denitrification

Figure 1.1 Overview of the nitrogen cycle. Adapted with permission from ref 2°. Copyright 2021
Royal Society of Chemistry.

Aside from its physiological roles mentioned above, HNO/NO~ is a proposed key
intermediate in heme-enzyme mediated NOx interconversions in the biogeochemical nitrogen (N2)
cycle, shown in Figure 1.1." Dinitrogen makes up 78% of Earth’s atmosphere and consists of a
highly covalent triple bond making it a fairly inert molecule. Nitrogen fixation is performed by

microbes symbiotic to leguminous plants that reduce N> to ammonia (NH3)/ammonium (NH4") as



a usable form of nitrogen for plants and microbes.?® In addition to natural nitrogen fixation,
NH3/NH4" based fertilizers are produced by the industrial Haber-Bosch process using an iron-
based catalyst to convert hydrogen (H2) and N> to NH3z under high pressure and temperature (also
referred to a synthetic nitrogen fixation). Since industrial fertilizers are both cheap and abundant,
crops are typically overfertilized to produce enough food to support the Earth’s growing
population.?® However, only 30-50% of fertilizers are absorbed by crops, leaving the rest to enter
different microbial pathways. The NH4+" formed in nitrogen fixation pathway then undergoes
nitrification, where ammonium is oxidized to nitrites (NO2") and nitrates (NO3"). Soil-borne and
seawater dwelling microbes known as autotrophic ammonia oxidizing bacteria and archaea carry
out these reactions to support their respiratory function, forming hydroxylamine (NH,OH) and NO
as intermediates along the way. One notable heme-containing enzyme in this pathway is
hydroxylamine oxidoreductase (HAO). In this case, a nitroxyl intermediate is proposed in the
oxidation of NH>OH to NO prior to further oxidation to NO,~ and NOs~.?” Here, the nitrogen cycle
branches into three pathways. First, NO>~ and NO3~ have low soil retention, causing these
compounds to act as pollutants by leaching into waterways, stimulating algal blooms in lakes and
coastal waters as well as downstream eutrophication.?® Second, nitrites and nitrates can undergo
Dissimilatory Nitrate Reduction to Ammonia (DNRA), where nitrate is reduced back to ammonia
by another heme-containing enzyme, Cytochrome c nitrite reductase (CcNIR) (Figure 1.2).28-32
Similarly, assimilatory nitrite reductase is a heme-containing enzyme, and in both cases, nitroxyl
intermediates are proposed in their catalytic cycles (Figure 1.2).3° Lastly, NO,~ and NO;~ are
reduced to N2 in the denitrification pathway as the last step that closes the nitrogen cycle. Here,

NO»™ isreduced to NO by either a copper or heme-containing nitrite reductase (NIR). An important

reaction in this pathway is the reduction of NO to nitrous oxide (N20), performed by nitric oxide



reductases (NOR). N>O is the third most potent greenhouse gas behind carbon dioxide (CO) and
methane (CHy). It is estimated that 75% of N>O emissions come from agriculture.?® Sources of
these emissions include fungal denitrification where N>O is the final product and bacterial
denitrification where N>O escapes prior to further reduction to N> by nitrous oxide reductase
(N20OR). The fungal enzyme responsible for NoO production is Cytochrome P450 nitric oxide
reductase (Cyt P450nor).2® This enzyme is especially interesting as its reactive intermediate is
proposed to be a nitroxyl species. For this reason, there is interest in modeling the active site of
Cyt P450nor to elucidate the electronic structure and protonation state of its reactive intermediates

and provide a full explanation of how N>O is produced by this enzyme.

Figure 1.2 PyMOL generated images of the crystal structures of the active sites of CcNIR from
S. deleyianum (left; PDB: 1QDB) Copyright 2021 Chemistry Reviews. Reprinted with
permission from Ref 32. The siroheme and [4Fe-4S] cluster in assimilatory nitrite reductase in
Spinacia oleracea (right; PDB: 2AKJ) Copyright 2022 Elsevier. Reprinted with permission from
Ref 33,



1.3 Cytochrome P450 Nitric Oxide Reductase (Cyt P45nor)

Figure 1.3 PYMOL generated overlay of the crystal structures of Cyt P450nor (blue, PDB:
IROM) and Cyt P450cam (light blue, PDB: 1PHC), demonstrating the differences in the
positioning of the F, G, and B’ helices. Adapted with permission from ref . Copyright 2021
American Chemical Society.

Cyt P450nor is found in soil-dwelling fungi, notably Fusarium oxysporum, Trichoderma
harzianum, Histoplamsa capulatum, Cylindrocarpon tonkinense, as well as several strains of
yeast. In Fusarium oxysporum, the enzyme is made up of 403 amino acids with a molecular weight
of 46 kDa.>* The overall fold of Cyt P450nor is similar to Cyt P450 monooxygenases, for example
Cyt P450cam, as shown is Figure 1.3.>*3% While the Cyt P450 superfamily of enzymes is generally
known to oxidize its substrates through O activation, Cyt P450nor is unique since it utilizes an
NAD(P)H cofactor to reduce two molecules of NO to N2O.* This enzyme is also the most efficient

NOR to date, with a fast turnover rate of ~1200 s at 10 °C.%°



Figure 1.4 PyMOL generated images of the crystal structure of Cyt P450nor from Fusarium
oxysporum. Left: A close-up of the NO-bound ferric active site and relevant residues for proton
transfer. Right: Focused view on the proximal pocket and highlighting a key hydrogen bond
(from the amide group of Ala354) to the heme-bound cysteinate ligand. PDB ID: 1CL6.
Adapted with permission from ref !. Copyright 2021 American Chemical Society.

The active sites of Cyt P450 enzymes are conserved, utilizing a heme b cofactor with a
proximally bound cysteinate/thiolate, Cys352 in F. oxysporum Cyt P450nor, as shown in Figure
1.4.*! The figure also highlights the main hydrogen bonding network of the proximal Cys residue
(the “Cys pocket”) in the active site of Cyt P450nor. Recent work has shown that the strength of
the hydrogen bonds to the cysteinate ligand tune enzyme reactivity in Cyt P450 monooxygenases

4243 and the same is expected

by modulating the strength of the thiolate donation to the iron center,
here in the context of NO reduction. Additionally, the distal pocket of the enzyme contains a
hydrogen bonding network formed between Ser286, Thr243, and Asp393 that is crucial for NO

reduction by Cyt P450nor, since mutations of each residue either slow or halt N2O production (see

Figure 1.4).35384



1.3.1 The Proposed Mechanism of Cyt P450nor
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Figure 1.5 Left: The proposed reaction mechanism of Cytochrome P450nor. Right: Overlay of two
structures from PDB ID: 1CL6 (NO bound to ferric heme) and PDB ID: 1XQD (NADPH analog,
NAAD, bound in the active site). Adapted with permission from ref !. Copyright 2021 American
Chemical Society.

Figure 1.5 shows the proposed reaction mechanism of Cyt P450nor.! In the resting state,
the active-site heme of Cyt P450nor is in the ferric oxidation state with a weakly bound water
molecule. The water molecule is easily displaced by NO to form an electrophilic low-spin (Is)
Fe(II)-NO" species.***4" Because NO is a non-innocent ligand and forms unusually covalent
bonds with metals, Enemark Feltham notation is used as an electron counting method to group
nitrosyl complexes by the total number of electrons between the M-NO unit. Here, the Fe(I[)-NO*
is designated as Is-{FeNO}® in the Enemark-Feltham notation*® ({FeNO}", where the exponent
corresponds to the sum of the number of Fe (d°) and NO (1 n*) electrons of the complex).*® Here,

the NAD(P)H cofactor performs a direct hydride transfer to the Is-{FeNO}® adduct, as shown in



the structural overlay in Figure 1.5 to form the reactive species “Intermediate I”.*° Subsequent
MCD experiments show no C-term signal at the 445 nm Soret band position of Intermediate 7,
indicating that this species is diamagnetic with S; = 0.* The exact electronic structure and
protonation state of Intermediate / is unclear due to its very short lifetime of about 100 ms.*’ As
indicated in Figure 1.5, Intermediate / could either correspond to the initially formed HNO
complex, with either a Fe(I)-NHO or Fe''-NHO®~ type electronic structure, or the corresponding
doubly-protonated species, which could exist in the form of two valence tautomers, either Fe(IV)-
NHOH- or Fe(IlI)-NHOH®.#-5* Recently, Shiro and coworkers studied the reaction of Cyt
P450nor with NO using time-resolved spectroscopic techniques and DFT calculations.** In this
work, the N-O stretching mode of Intermediate / was observed for the first time. Here, N-O
stretching frequencies of 1330 cm™ and 1290 cm™ were obtained for the intermediate with and
without NAD" present, respectively.>* These results paired with DFT suggest that this species is
likely singly protonated (potentially with the Fe'-NHO®~ electronic structure).’’** However, as
evident from Figure 1.5, more work is needed to ultimately identify the true nature of Intermediate

1 that reacts with a second equivalent of NO to generate N>O to complete the catalytic cycle.

1.3.2 Theoretical and Experimental Models of Intermediate 1

Since heme-HNO intermediates in the above-mentioned enzymes are very difficult to
study, due to their high reactivity, model complexes have been found essential in determining most
of what we know about heme-HNO species. In aqueous solution, the best spectroscopically
characterized and most stable HNO complex is the ferrous Mb-HNO adduct, prepared by Farmer
and coworkers.>>*® The remarkable stability of the Mb(II)-NHO complex was attributed to steric
shielding of the HNO ligand in the protein matrix and the presence of a hydrogen bonding network

within the distal pocket of myoglobin.>’ Indeed, as first reported by Ryan and coworkers, heme-



HNO model complexes are susceptible to fast bimolecular decomposition, generating the
corresponding Is-{FeNO}’ complexes and Hz, which is the main cause for the complexes
instability.’® Doctorovich and coworkers obtained further evidence that hydrogen-bonding
interactions can increase the stability of heme-HNO complexes: they prepared the water-soluble
complex [Fe(TPPS)(NHO)]*-, where hydrogen bonding of water molecules with the bound HNO
ligand is proposed to increase its stability and slow down its decomposition, with a reported half-
life of 41 s at room temperature.>”

In organic media, heme Is-{FeNO}® complexes were prepared by both chemical and
electrochemical reduction of the corresponding Is-{FeNO}’ precursors. These complexes have
Fe(IT)-NO™ electronic structures, where a singlet NO~ ligand is bound to a Is-Fe(II) center, with a
very covalent Fe-NO bond.>®® Ryan and coworkers were able to obtain the complex
[Fe(OEP)(NHO)] (OEP?* = octaethylporphyrin dianion) upon treatment of the corresponding
nitroxyl complex [Fe(OEP)(NO)]- with phenols (PhOH) as weak acids. Here, the
[Fe(OEP)(NHO)] complex seems to form an equilibrium with the hydrogen bonded complex
[Fe(OEP)(NO---HOPh)].6"6? Similarly, our group utilized electrochemical reduction followed by
protonation with acetic acid to prepare a five-coordinate (5C) HNO complex, [Fe(3,5-Me-
BAFP)(NHO)], using a bulky bis-picket fence porphyrin.®> Unfortunately, [Fe(3,5-Me-
BAFP)(NHO)] could not be isolated for spectroscopic characterization due to the large excess of
electrolyte salt present from bulk electrolysis. On the other hand, Richter-Addo and coworkers
prepared a six-coordinate (6C) HNO derivative, [Fe(OEP)(5-Melm)(NHO)], using a method that
is analogous to the reaction catalyzed by Cyt P450nor, where a hydride is added to the electrophilic
Is-{FeNO}® complex, [Fe(OEP)(5-MeIm)(NO)]*.** Despite the low yield (11%), the HNO

complex showed qualitative N>O upon addition of NO gas. However, because the yield of N>O



could not be determined, the catalytic competency of the heme-HNO as Intermediate / in Cyt

P450nor remains unclear.

H

Figure 1.6 Possible geometric and electronic structures of Intermediate / in Cyt P450nor. Scheme
adapted from ref. !. Copyright 2021 American Chemical Society.

One important question in the context of Cyt P450nor is how the axial thiolate ligand
affects the electronic properties of Intermediate /. Based on DFT studies by the Neese group, it
was proposed that the anionic nature of the thiolate could promote the formation of a valence

tautomer, with an Fe!!

-HNO*- type electronic structure (see Figure 1.6).>! The formation of such
a radical species can be expected to aid in the following reaction with the incoming NOe,
corresponding to a radical-radical type coupling reaction, which generally have very low activation
barriers. Alternatively, DFT calculations predict that the strong electron donation from the axial

thiolate ligand increases the basicity of the bound HNO ligand, leading to its further protonation.

In this case, the Fe-NHO species could be protonated at neutral pH, forming an Fe-NHOH type
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species (see Figure 1.6).°° This is analogous to later work by Green and coworkers, where it was
shown that the proximal thiolate ligand in Cyt. P450s increases the basicity of Compound II by 9
log units (compared to Mb), which drives the H-atom abstraction from a substrate C-H bond.**-1:3
Experimental support for a Fe-NHOH complex comes from pulse radiolysis experiments with
H>NOH, which is known to generate the sNHOH radical under these conditions.®® When H,NOH
is irradiated in the presence of ferric P450nor, the Soret band shifts to ~444 nm, which is identical
to the position of the Soret band in Intermediate 7.5

With these considerations in mind, the ferric complex [Fe(3,5-Me-BAFP)(NHOMe)] was
prepared, where O-methylhydroxylamide is used as a substitute for hydroxylamide (to increase the
stability of the complex) in combination with the sterically shielding 3,5-Me-BAFP?*~ porphyrin
ligand.?® One-electron oxidation of this species at -80 °C then generates [Fe(3,5-Me-
BAFP)(NHOMe)]" as a model for Intermediate 1. Spectroscopic studies (especially rRaman and

1l state, which means that

Maossbauer) show that in this complex, the iron center is still in the Fe
the complex indeed corresponds to the Fe-NHOMe-* valence tautomer. Reactivity studies of this
intermediate with stoichiometric NO+ demonstrated fast attack on the coordinated NHOMee within
~35 s, likely leading to N-N bond formation. These results indicate that a Fe'-NHOMe- type
species is indeed highly reactive towards NOe, even at -80 °C, which is in agreement with a radical-
radical type reaction.*3

In summary, based on spectroscopic studies on Cyt. P450nor, model complex studies, and
DFT calculations, there are two possible structures for Intermediate /, the key intermediate in Cyt.

P450nor catalysis. This species could either correspond to the Fe''-HNO adduct, proposed to have

an Fe''-HNO®- electronic structure, or the corresponding protonated species, Fe''-NHOHe, as
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shown in Figure 1.6.*%°%33 Further studies are necessary to fully elucidate the true nature of

Intermediate /, and to shed more light on the second half of the catalytic cycle of Cyt. P450nor.

1.4 Scope of Chapters 2 and 3

In this work, the electronic structure and protonation state of the reactive Intermediate /
were investigated within the context of Cytochrome P450nor’s reaction mechanism. Chapter 2
focuses on the stabilization of a six-coordinate Fe(II)-HNO complex, [Fe(3,5-Me-
BAFP)(MI)(HNO)] (MI = N-methylimidazole), using a sterically hindered bis-picket fence
porphyrin, 3,5-Me-BAFP?~ = 3,5-dimethyl-bisaryloxyfence porphyrin, to prolong the stability of
the HNO complex for spectroscopic characterization. The formation of this complex mimics the
reaction in the enzyme itself, where the conversion of a Is-{FeNO}¢ precursor to the corresponding
Is-{FeHNO}® complex is complete upon addition of 1 equivalent of a hydride source. The
formation of the Is-{FeHNO}® complex was monitored in situ using UV-vis and 'H-NMR
spectroscopy. Excitingly, this heme-HNO model complex is stable enough to be isolated from the
reaction mixtures as a solid for further characterization by IR, temperature-dependent 'H-NMR,
and nuclear resonance vibrational spectroscopy (NRVS). Reaction of the 6C heme-HNO complex
with NO gas leads to the formation of quantitative amounts of N>O by gas headspace IR

spectroscopy. This chapter has been adapted from the manuscript: Manickas, E. C.; Lal.onde, A.

B.; Hu, M. Y.; Alp, E. E.; Lehnert, N. J. Am. Chem. Soc., 2023, 145, 42, 23014.

Despite the increased stability of [Fe(3,5-Me-BAFP)(MI)(HNO)], this complex is not a
perfect analog of Intermediate / of Cyt P450nor since the active site of the enzyme contains a
proximally bound anionic thiolate rather than a neutral imidazole as the axial ligand. Chapter 3
focuses on using the bis-picket fence porphyrin to generate select thiolate-bound Is-{FeNO}°

complexes [Fe(3,5-Me-BAFP)(SR)(NO)]. This expands on previous work from our laboratory that
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used the tetraphenylporphyrin scaffold (TPP?) in combination with a number of different thiolate
ligands to form thiolate-bound Is-{FeNO}¢ complexes.*>**¢ The stability of each Is-{FeNO}°
complex was initially accessed by UV-Vis spectroscopy and compared to the analogous
[Fe(TPP)(SR)(NO)] complexes reported previously. Of these complexes, [Fe(3,5-Me-
BAFP)(SPhF4CF3)] generated the cleanest Is- {FeNO}° complex with the lowest equivalents of NO
gas added, and therefore, my work focused on this complex that was subsequently fully
characterized by UV-Vis, 'TH-NMR, IR and rRaman spectroscopy. The reactivity of this complex
was further studied by hydride addition to observe a thiolate-bound nitroxyl intermediate to
determine how the identity of the proximal ligand affects the electronic structure and reactivity of

the Fe-HNO unit.

1.5 Electrocatalytic NO Generation by Copper Catalysts for Biomedical Applications

Biomedical devices, such as intravascular catheters, play an integral role in medical care,
enabling hospital staff to monitor patients’ blood as well as deliver drugs and nutrients. Two major
complications of such devices include microbial infections and thrombosis/clotting. Considering
catheter-related bloodstream infections (CR-BSIs) alone, about 80,000 patients are infected in
intensive care units (ICU) in the United States, leading to 28,000 deaths and an additional $2.3
billion in medical costs each year.®® NO can be used to mitigate microbial infections and blood
clotting at the surface of these blood contacting devices since it is already produced endogenously
in humans and plays several physiological roles depending on its local concentration. At higher
(uM) concentrations, NO can act as an antimicrobial agent in our immune system against invading
pathogens, while at low (nM) concentrations, NO can provide therapeutic effects that enhance

vasodilation, prevent platelet aggregation, aid in wound healing, and prevent angiogenesis.**
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Previously, catheters were equipped with a polymeric coating capable of NO release at the
outer surface of the device to prevent infections and blood clotting.”*”> Limitations of this method
include lack of control over NO release that varies by patient to patient, resulting in inconsistent
NO fluxes. In collaboration with Prof. Mark E. Meyerhoff at the University of Michigan, current
research is aimed at electrochemical NO production via a copper-based catalyst within a dual-
lumen catheter as shown in Figure 1.7. This method ensures a controlled rate of NO release by
applying an electrochemical potential to an aqueous nitrite solution with a copper catalyst inside

of a multi-lumen catheter.

PTFE Silicon Rubber Reference/ jtrite/cu Catalyst Working
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Figure 1.7. Schematic of a dual-lumen intravascular catheter for electrochemical NO production.
Scheme adapted from ref.’®. Copyright 2014 American Chemical Society.

Copper nitrite reductase (CuNIR) is an enzyme that plays a key role in the nitrogen cycle
(Figure 1.1) in the denitrification pathway where nitrite is reduced to NO anaerobically.”” These
enzymes are homotrimers with typically 36 kDa subunits, as shown in Figure 1.8.”® CuNIRs
facilitate nitrite reduction using a Type 1 and Type 2 copper center as shown in Figure 1.8, where
the Type 1 copper center, coordinated by two histidine, a cysteine and a methionine residue, is
responsible for electron transfer and the Type 2 copper center, coordinated by three histidine
residues, is the active site responsible for catalysis.””%® These centers are 12.6 A apart and are

covalently linked via a Cys-His sequence between the metal sites, which allows for facile electron
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transfer from the Type 1 copper site to the Type 2 copper active site for nitrite reduction.” With
inspiration from CuNIR, catalysts can be designed to model the Type 2 copper active site
responsible for nitrite reduction. With the application of a constant electrochemical potential,
electrons can be supplied to the catalyst to generate NO to combat bacterial infections and blood

clots at the surface of a catheter.
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Figure 1.8 Crystal structure of CuNIR of Rhodobacter sphaeroides, PDB: 2A3T (left).”®
Reproduced with permission of the International Union of Crystallography. The active site of
CuNIR during the catalytic process in Achromobacter cycloclastes, PDB: 2BWD (right). Adapted
with permission from ref.3°. Copyright 2015 American Chemical Society.

Several water-soluble catalysts have been tested for electrochemical NO production
demonstrating reproducible, controlled NO release under an N> atmosphere, as shown in Figure
1.9.7681-85 TInitial electrochemical experiments were performed with copper(Il) tris(2-
pyridylmethyl)amine, [Cu(TMPA)]", which was determined to have a reduction potential of -380
mV (vs Ag/AgCl) displaying a Faradaic efficiency of 6.3%.7® A significant improvement was
observed when experiments were repeated with copper(Il) 1,4,7-trimethyl-1,4,7-

triazacyclononane, [Cu(MesTACN)]", which has a reduction potential of -340 mV (versus

Ag/AgCl) and shows Faradaic efficiencies for nitrite reduction ranging from 57-84%, depending
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on the applied potential.®! Despite the improved catalysis observed with [Cu(Me;TACN)]", NO
generation decreased by 75% when changing the sparge gas from N> to 3% O:. Given that catheters
are placed in arteries and veins where oxygen content is 5 and 12%, respectively, decreasing O2
sensitivity is crucial in successfully designing catalysts for this application. Additionally,
electrochemical experiments with [Cu(Me3TACN)]" indicated catalyst disproportionation of the
Cu(I) center to Cu(Il) and Cu(0), where the latter plates onto the surface of the working electrode
and lowers NO production over time.®!

N\\LL(RQEN 2 /N\\(\:u"_,N P

X"\ >§0 X"\

n =1, 2; BMPA, BEPA [cuanrmpa)x)] N

m =1-3; Et, Pr, Bu /T\
Mo\l Si-Me
N
P

X X
[Cu(IT)(Me;TACN)(X,)]
Figure 1.9 Chemdraw scheme of current copper complexes capable of electrochemical nitrite
reduction to NO in aqueous solvent. Scheme adapted with permission from ref.34. Copyright
2021 Wiley.

To address the Oz sensitivity and disproportionation observed with these catalysts, a series
of BEPA/BMPA carboxylate catalysts were synthesized to tune the reduction potential of the
Cu(II)/Cu(I) couple and study its role in nitrite reduction to nitric oxide, as shown in Figure 1.9.%?
Based on this work, it was determined that copper complexes with more positive reduction
potentials, for example [Cu(BEPA-Bu)]’, were favored for selective NO generation without
disproportionation to N2O. This complex shows a reduction potential of +10 mV with a Faradaic
efficiency for nitrite reduction of 91%.%? Additionally, complexes with more negative reduction

potentials are more O2 sensitive, resulting in inhibition of nitrite reduction upon reduction from
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Cu(II) to Cu(I) in the presence of air. While catalysts with more positive reduction potentials lead
to selective NO generation, overall nitrite reduction slows, which is less optimal in terms of desired
catalyst performance. For example, [Cu(TMPA)]" which demonstrates a more negative reduction
potential of -380 mV, shows a turnover frequency (TOF) of 13.42 s!, in contrast to [Cu(BEPA-

Bu)]" which shows a TOF of 1.18 s71.%2
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Figure 1.10 Previously reported copper catalysts with hydrogen bond donors in the second
coordination sphere for nitrite reduction. (A) Adapted with permission from ref. 8. Copyright 2022
American Chemical Society. (B) Adapted with permission from ref.®®. Copyright 2023 Royal
Society of Chemistry. (C) Adapted with permission from ref.*’. Copyright 2018 American
Chemical Society.

One strategy to increase the rate of nitrite reduction as reduction potentials become more
positive is to append hydrogen bond donors in the second coordination sphere (SCS) of these
copper catalysts. There are several examples in the literature that demonstrate improved nitrite
reduction in nonaqueous solvents with catalysts containing intramolecular hydrogen bond donors
, as shown in Figure 1.10. Kundu and coworkers demonstrated nitrite binding to tripodal copper
complexes equipped with a protonated amine in the SCS, demonstrating that the formation of a
HONO species facilitates NO, reduction.?>% Similar observations were discussed by Netto and

coworkers where a copper catalyst equipped with a propanol group in the SCS doubled in
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efficiency toward nitrite reduction, in comparison to two control complexes.’® Symes and
coworkers designed TMPA derivatives containing an appended carboxylate or ester in the SCS. It
was determined that the carboxylate complex was twice as effective for nitrite reduction in

comparison to the ester complex, suggesting that there is a proton relay that facilitates catalysis.®’

1.6 Scope of Chapter IV

In this work, the oxygen sensitivity of these catalysts was addressed by employing
hydrogen bond donors within the second coordination sphere (SCS) of water-soluble copper
complexes. The goal of Chapter 4 was to increase the affinity of nitrite binding and allow facile
proton transfer to the nitrite prior to reduction to NO. Here, the synthesis of two asymmetric
hydrogen bonding derivatives of [Na(BMPA-Pr)] = sodium 3-(bis(pyridin-2-
ylmethyl)amino)propanoate are reported. These derivatives include the ligands [Na(Amide-
BMPA-Pr)] and [Na(Amine-BMPA-Pr)], which were synthesized according to two synthetic
methods. Each corresponding copper complex was characterized by X-ray crystallography, UV-
vis spectroscopy and cyclic voltammetry (CV). The effect of the hydrogen-bonds in these copper
catalysts was assessed by bulk electrolysis where the amount of nitric oxide produced was
quantified using a nitric oxide analyzer (NOA). The Faradaic efficiencies of these complexes were
compared between sparge gases with varying oxygen and nitrogen compositions, from pure
nitrogen to air, to assess oxygen sensitivity in comparison to the parent complex (that lacks the
SCS groups). These results provide a foundation for assessing the effect of SCS hydrogen bond

donors in copper complexes and how they affect nitrite reduction to NO.
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Chapter 2 Stabilization of a Six Coordinate Heme-HNO Model Complex using a Bulky Bis-
Picket Fence Porphyrin and Reactivity Studies with NO

In this Chapter, a stable heme-HNO complex was isolated and spectroscopically characterized
using a bulky bis-picket fence porphyrin. Reactivity studies were performed with NO to assess its
competency toward NO reduction in the context of Cyt P450nor. The following chapter was

adapted from the referenced publication.’

2.1 Introduction

Since heme-HNO intermediates in native enzymes are very difficult to study, due to their
high reactivity. Protein and synthetic model complexes have been found essential in determining
most of what we know to date about heme-HNO species. In aqueous solution, two notable models

3336 and the water-soluble

include the ferrous Mb-HNO adduct prepared by Farmer and coworkers
complex [Fe(TPPS)(NHO)]* prepared by Doctorovich and coworkers.>® The prolonged stability
of the former was attributed to either the steric shielding of the HNO ligand in the protein matrix
and the presence of a hydrogen bonding network with the distal pocket of myoglobin, while the
latter was proposed to form hydrogen bonds with water to slow decomposition.>”-?

In organic solvents, heme Is-{FeNO}® complexes were prepared by both chemical and
electrochemical reduction of the corresponding Is-{FeNO}’ precursors. Our group utilized
electrochemical reduction to prepare a five-coordinate (5C) HNO complex, [Fe(3,5-Me-
BAFP)(NHO)], using the same bulky bis-picket fence porphyrin used in this work.®

Unfortunately, the complex could not be isolated due to the presence of large amounts of

electrolyte in solution. On the other hand, Richter-Addo and coworkers prepared a low yielding
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six-coordinate (6C) HNO derivative, [Fe(OEP)(5-Melm)(NHO)], using a method that is analogous
to the reaction catalyzed by Cyt P450nor.

This chapter focuses on the formation of a 6C heme-HNO complex using a sterically
hindered bis-picket fence porphyrin to enhance its half-life in organic solvents for isolation,
thorough spectroscopic characterization, and reactivity studies with NO gas. This porphyrin
scaffold was chosen to slow the known bimolecular decomposition pathway of the heme-HNO
complex to {FeNO}’ complex and Ha, as discussed in Chapter 1. The formation of the heme-
HNO complex in situ was confirmed based on characteristic features provided in the literature.
Kinetic studies were performed at different temperatures to confirm that the heme-HNO species is
indeed more stable than other synthetic heme-HNO model complexes previously reported in the
literature. Precipitation of the complex from solution at low temperatures allowed for
spectroscopic studies at room temperature. Reactivity studies of the heme-HNO complex with NO
indicates competence toward N>O formation, making it a potential intermediate in the Cyt P450nor

reaction mechanism.
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2.2 Synthesis and Characterization of Precursor Compounds

As described in the Introduction, a sterically hindered bis-picket fence porphyrin was used
in this work to stabilize a six-coordinate (6C) heme-HNO model complex for isolation and
thorough spectroscopic characterization. The syntheses of the porphyrin, [H2(3,5-Me-BAFP)], and
the complex, [Fe(3,5-Me-BAFP)(Cl)], are based on published procedures.®* The ligand and

metalated complex were characterized by elemental analysis and "H-NMR spectroscopy.

1.4
o <
S s ——— [Fe(3,5-Me-BAFP)(CI)]

15 —— [Fe(3,5-Me-BAFP)(OTH)]

Absorbance

0.0

T T T T T T T T y T T
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Wavelength (nm)

Figure 2.1 Normalized UV-vis spectral overlay of the [Fe(3,5-Me-BAFP)(Cl)] & [Fe(3,5-Me-
BAFP)(OTf)].
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Prior to nitrosylation, the bound chloride ligand of the metalated complex, [Fe(3,5-Me-
BAFP)(Cl)], was exchanged using a silver salt, typically AgOTf to form [Fe(3,5-Me-
BAFP)(OTH)]. Once the reaction was complete according to UV-vis spectroscopy (see Figure 2.1),
the reaction mixture was filtered to remove silver chloride and the product was collected from the
filtrate following precipitation with hexanes. This complex was exposed to NO gas to form the
five-coordinate (5C) low-spin (Is) {FeNO}¢ complex, [Fe(3,5-Me-BAFP)(NO)](OTY) (see Figure
2.2). In the process of nitrosylation, a sixth (axial) ligand was added as well, which is critical for
the following reaction with hydride donors, as shown by Richter-Addo and coworkers.? Without
the axial ligand, it was shown that 5C Is-{FeNO}° complexes add hydride to the iron center, not
the NO" ligand, ultimately leading to decomposition. Here, we chose 1-methylimidazole (MI) as
the sixth ligand, as a model for the proximal histidine ligand in heme proteins. Preparation of the
6C complex, [Fe(3,5-Me-BAFP)(MI)(NO)](OTY), includes the addition of one equivalent of MI
to the metathesized complex in dichloromethane, either before or after exposing the reaction

solution to excess NO gas, as shown by UV-vis and solution IR spectroscopy in Figure 2.2.

3
435 [Fe(3,5-Me-BAFP)(NO)(SbF,)] [Fe(3,5-Me-BAFP)NO))(SbF,)
+ 1 equiv 1-methylimidazole 044 ~ 1equiv MI
[0]
[$]
C
©
2
3 0.2 -
< 1920
1851
0 T T T T T T T T T T T 0] j T j T " T d T
300 400 500 600 700 800 900 2000 1900 1800 1700 1600
Wavelength (nm) Wavenumber (cm™)

Figure 2.2 Spectral overlay of [Fe(3,5-Me-BAFP)(NO)]" before (red) and after (maroon)
addition of 1 equivalent of 1-methylimidazole in dichloromethane. Left: UV-vis spectra. Right:
Solution IR spectra in dichloromethane.
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% Transmittance

The successful preparation of the Is-{FeNO}®* complex, [Fe(3,5-Me-
BAFP)(MI)(NO)](OTf), was confirmed by UV-vis, IR, NRVS , and "H NMR spectroscopy (see
Figure 2.2, Figure 2.3, and Figure 2.4. This complex showed the Soret and Q bands at 436 and
545 nm and was characterized by N-O (from IR spectroscopy) and Fe-NO (from NRVS)
vibrational frequencies of 1912 and 593 cm’!, respectively. The latter values compare well with
those of the 6C complex, [Fe(TPP)(MI)(NO)](SbFes), which has N-O and Fe-NO stretching

frequencies of 1920 and 589 cm’!, respectively.”
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Figure 2.3 Left: FT-IR spectral overlay of the 6C {FeNO}® complex, [Fe(3,5-Me-
BAFP)(MI)(NO)](OTY) (red) and [Fe(3,5-Me-BAFP)(MI)(!°NO)](OTY). Both prepared as KBr
pellets. Right: NRVS-derived vibrational density of states (VDOS) for solid samples of
[’Fe(3,5-Me-BAFP)(MI)(NO)](SbFs) (black) and [’Fe(3,5-Me-BAFP)(MI)('*’N'30)](SbFs)
(blue).
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Figure 2.4 NMR spectrum of ~12 mM [Fe(3,5-Me-BAFP)(MI)(NO)](OTY) in chlorobenzene-
ds at room temperature, 'H-NMR. The chlorobenzene-ds signals were referenced at 7.37, 7.39,

and 7.54 ppm.

Figure 2.5 The molecular structure of the 6C {FeNO}® complex, [Fe(3,5-Me-
BAFP)(MI)(NO)](BArF24), contains two species: 70.6% bis-imidazole and 29.4% 6C {FeNO}°
(left) and the minor species is represented in a capped stick model (right). Rin= 0.0483 and R=
0.0558. Color scheme: C, gray; N, blue; O, red; Fe, orange. All thermal ellipsoids are shown at 50%

probability. The hydrogen atoms and the BArF»4~ counterion were omitted for clarity.
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The [Fe(3,5-Me-BAFP)(MI)(NO)](BArF24) was analyzed by single crystal X-ray
diffractometry. The obtained molecular structure exhibits two co-crystallized species of 70.6 and
29.4%, where the major species represents the bis-imidazole bis-picket fence porphyrin, [Fe(3,5-
Me-BAFP)(MI).], and the minor species is the desired 6C {FeNO}¢ complex. Due to the
significant overlap of the electron density of the nitrogen from the NO and the imidazole, restraints
were placed on the coordinated NO of the 6C {FeNO}°. For this reason, the bond lengths and
angles for the FeNO unit can only be discussed qualitatively. Typical Fe-N and N-O bond distances
of 6C {FeNO}® complex reported in the literature are typically 1.63-1.65 and 1.13-1.15 A,
respectively.! The [Fe(3,5-Me-BAFP)(MI)(NO)]" shows Fe-N and N-O bond lengths of 1.677 and

1.21 A which are slightly elongated compared to the literature.!

Table 2.1 Geometric parameters of [Fe(3,5-Me-BAFP)(MI)(NO)]" obtained by X-ray
crystallography. Bond distances are reported in A.

*FG-N *N_O *LFG‘N‘O Fe‘NMI Fe‘Nporphyr]n
1.677 1.21 175.8° 1.9855 1.9901

*Due to restraints on the Fe-N-O unit, values listed are only for qualitative discussion.

2.3 Stabilization and Isolation of [Fe(3,5-Me-BAFP)(MI)(NHO)]

2.3.1 Formation of [Fe(3,5-Me-BAFP)(MI)(NHO)).

The formation of [Fe(3,5-Me-BAFP)(MI)(NHO)] was monitored by UV-vis and 'H-NMR
spectroscopy in chlorobenzene-ds between -20 and -40 °C. Upon addition of ~1 equivalent of
[TBA](BHs4) to a solution of [Fe(3,5-Me-BAFP)(MI)(NO)]J(OTY), two new peaks initially
appeared at 14.59 and 14.66 ppm, indicating the formation of at least two HNO species (see Figure

2.6). We ascribe the observation of multiple HNO signals in the spectra to the formation of
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rotational isomers within the pocket of the sterically hindered porphyrin scaffold. After ~25
minutes, the two major species equilibrate to a 1:1 ratio at 14.59 and 14.68 ppm (Figure 2.6 and
Figure 2.8). When repeated with the '"N-labeled Is-{FeNO}® complex, both peaks split into
doublets with resonances at 14.51 and 14.65, and 14.58 and 14.73 ppm, respectively, after reaching
equilibrium (Figure 2.7 and Figure 2.8). The second HNO species is likely a rotational isomer
which has been previously observed in both heme HNO model complexes and in protein HNO
adducts.**°! For example, Richter-Addo and coworkers observed a minor amount of a second
isomer (~9%) of their HNO complex, [Fe(OEP)(5-MI)(NHO)], and discussed the possibility that
these isomers are simple rotamers. The Jyu coupling constant of each species was determined to
be 75 and 70 Hz, which are within the range of those reported for [Fe(OEP)(5-MI)(NHO)] and

Mb(II)-NHO (see Table 2.2).5%%4
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Figure 2.6 Low temperature (-30 °C) 'H-NMR spectra of [Fe(3,5-Me-BAFP)(MI)(NHO)]
taken every 5 minutes for 30 minutes. Multiple heme-HNO species appear to equilibrate around

25 minutes.
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Figure 2.7 Low temperature (-30 °C) 'H-NMR spectra of [Fe(3,5-Me-BAFP)(MI)(*’NHO)].
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Figure 2.8 'H-NMR spectra of [Fe(3,5-Me-BAFP)(MI)(NHO)](OTY) (blue) and [Fe(3,5-Me-
BAFP)(MI)("’NHO)](OTf) (orange), generated by the addition of ~1 equivalent of [TBA](BH4) to
the corresponding Is- {FeNO}° precursor. Both spectra were taken after 25 minutes of reaction time
at -25 °C in chlorobenzene-ds. Inset: Two singlets at 14.59 and 14.68 ppm associated with the
heme-HNO complex (likely two conformations; blue) are observed that split into two signals each
with N labeling (14.51 and 14.65 ppm, and 14.58 and 14.73 ppm, respectively). The J-coupling
constants associated with the two species are 75 and 70 Hz, respectively.
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The temperature-dependence of the 'TH-NMR signals of the rotational isomers was further
examined using variable-temperature NMR experiments. As shown in Figure 2.9, after initial
generation of the heme-HNO complex at -30 °C, a lowering of the temperature to -40 °C leads to
further separation of the peaks. Warming to -20 °C, on the other hand, leads to a coalescence of
the signals, and subsequent cooling to -40 °C separates the signals again, in a fully reversible
process. These results demonstrate that [Fe(3,5-Me-BAFP)(MI)(NHO)] contains two major
conformations of the heme-HNO complex that slowly interconvert at low temperature.
Interestingly, when the HNO complex was warmed from -30 °C to room temperature over the
course of 35 minutes, ~30% of the complex remained initially, and then further decomposed within
30 minutes (see Figure 2.10). The resulting decomposition product was isolated and investigated
by IR spectroscopy. The IR data show a strong N-O stretching band at 1685 cm™! (Figure 2.11;
confirmed by !°N-labeling), indicating the formation of the corresponding 5C Is-{FeNO}’
complex, [Fe(3,5-Me-BAFP)(NO)], as the decomposition product of [Fe(3,5-Me-
BAFP)(MI)(NHO)]. This is in line with previous reports of heme-HNO model complexes, which
were found to decompose rapidly due to a bimolecular disproportionation reaction;!-6!:63-64

2 Fe(I)-NHO - 2 Fe(II)-NO + H» (1)
resulting in the formation of the corresponding Is-{FeNO}’ complex. In the case of [Fe(3,5-Me-

BAFP)(MI)(NHO)], this decomposition pathway is greatly slowed down due to the bulky H»[3,5-

Me-BAFP] ligand, generating a heme-HNO model complex with unprecedented stability.
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Figure 2.9 Variable temperature 'H-NMR spectra of the HNO signal in [Fe(3,5-Me-
BAFP)(MI)(HNO)]. Left: Changes in the signal as the temperature was lowered and raised.
Right: Direct comparison of the three individual spectra of the HNO complex at -30 °C,
demonstrating that the shifts were fully reversible after the temperature was varied.
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Figure 2.10 Variable temperature '"H-NMR spectra of the HNO signal of [Fe(3,5-Me-
BAFP)(MI)(NHO)]. Top: Changes in the signal as the sample was warmed to room
temperature. Bottom: Integration of the HNO signal at -30 and 25 °C. These results
showed that ~30% of the HNO complex persist initially when the sample was warmed
to room temperature.
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Figure 2.11 Overlay of the IR spectra of the starting complex, [Fe(3,5-Me-BAFP)(MI)(NO)](OTf)
(red), and the isolated decomposition product, [Fe(3,5-Me-BAFP)(NO)] (black), after warming
the reaction mixture of the Is-{FeNO}® complex and [TBA](BH4) to room temperature. Both
complexes were measured in KBr pellets.

The addition of 1 equivalent of a hydride source to [Fe(3,5-Me-BAFP)(MI)(NO)](OTY)
was also monitored by UV-vis spectroscopy, under the same conditions. After the addition of 1
equivalent of [TBA](BH4), the Soret band of the heme shifts from 436 to 431 nm, indicating the
successful formation of the HNO complex (see Figure 2.12). The UV-vis spectrum of [Fe(3,5-

Me-BAFP)(MI)(NHO)] was comparable to that of Mb(II)-NHO, which had a Soret band at 423

nm and a broad Q band around 550 nm.>> When the same experiment was performed at room
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temperature, the crisp 431 nm Soret band of the heme-HNO complex was not observed. Instead,
the 436 nm Soret band of the Is-{FeNO}® precursor shifted to 421 nm, and a small shoulder
appeared at 479 nm, indicating formation of the 5C Is-{FeNO}’ complex, in agreement with the
"H-NMR results described above (see Figure 2.12). Maintaining the temperature of the hydride
transfer experiment at -30 °C resulted in a fairly stable heme-HNO complex in solution, with very
slow decay of the complex, which was monitored over the course of 5 hours (Figure 2.13). This
decay process has a first-order rate constant k = 2.05x10™ s™!, corresponding to a half-life of 56
minutes, making [Fe(3,5-Me-BAFP)(MI)(NHO)] the by far most stable heme-HNO model

complex (in organic solvents) reported to date.
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Figure 2.12 UV-vis spectra at -30 °C in chlorobenzene. Left: [Fe(3,5-Me-BAFP)(MI)(NO)](OTf)
before (red) and after (blue) addition of ~1 equivalent of [TBA](BHa4). Right: ~5 uM [Fe(3,5-Me-
BAFP)(MI)(NO)](OTY) before (red) and after (black) addition of ~1 equivalent of [TBA](BH4) at
room temperature in chlorobenzene.
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Figure 2.13 UV-vis data monitoring the stability of [Fe(3,5-Me-BAFP)(MI)(NHO)] at -30 °C over
the course of ~5 hours. Inset: a slow decay of the 431 nm Soret band of the heme-HNO complex
was observed over 5 hours, with a rate constant of 2.05x10™ s™! and a half-life of 56 minutes.

Due to the remarkable stability of [Fe(3,5-Me-BAFP)(MI)(NHO)] below 0 °C, the decay
of the HNO complex was also investigated at 4 °C, to obtain full decomposition to the 5C Is-
{FeNO}’ complex. At 4 °C, the heme-HNO complex decays with a first-order rate constant k =
1.73x107 s7! over the course of 30 min, corresponding to a half-life of 6.7 minutes (see Figure
2.14). Kinetic decay parameters for previously reported heme-HNO model complexes in organic
media could not be determined due to instability, even at lower temperatures. Mb(II)-NHO shows
much better stability, likely due to the fact that the HNO ligand is again sterically protected from
decomposition.> The water-soluble model complex [Fe(TPPS)(NHO)] is stabilized by hydrogen
bonding from surrounding water molecules, but still decomposes with a half-life of 41seconds at

room temperature, with a first-order rate constant of k = 1.7x1072 s71.%°
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Figure 2.14 UV-vis kinetic decay curve of the complex [Fe(3,5-Me-BAFP)(MI)(NHO)] to yield
[Fe(3,5-Me-BAFP)(NO)] at 4 °C in chlorobenzene over the course of 30 m. The decomposition
reaction had a first-order rate constant of k = 1.73x107 s™!, corresponding to a half-life of 6.7 m.

Previously, our group showed the formation of [Fe(3,5-Me-BAFP)(NHO)] by protonation
of the corresponding Is-{FeNO}® complex [Fe(3,5-Me-BAFP)(NO)]~, obtained by
electrochemical reduction. Despite differences in solvent, coordination number, and method of
HNO formation, the 5C complex [Fe(3,5-Me-BAFP)(NHO)] showed a very similar UV-vis
absorption spectrum compared to the 6C complex [Fe(3,5-Me-BAFP)(MI)(NHO)] obtained here,
with the Soret and Q bands located at 426 and 545 nm, respectively.®® The complex [Fe(3,5-Me-
BAFP)(MI)(NHO)] can be reversibly deprotonated, further confirming that the species obtained
after hydride transfer is indeed a heme-HNO complex (see Figure 2.15). Upon addition of the
base, 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU), the corresponding Is-{FeNO}® complex
[Fe(3,5-Me-BAFP)(NO)]~ was formed, as evident from the split Q band at 535 and 560 nm. The

complex can then be reversibly protonated with acetic acid, and the Q band returns to its original
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Absorbance

position at 548 nm. In Figure 2.15, the UV-vis spectrum of the HNO complex before the addition
of DBU is overlaid with the spectrum after treatment with DBU and acetic acid, revealing recovery
of the heme-HNO complex, with a small amount of 5C Is-{FeNO}’ decomposition product

observed in the final spectrum.
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Figure 2.15 Reversible deprotonation of [Fe(3,5-Me-BAFP)(MI)(NHO)] monitored by UV-vis
spectroscopy at -30 °C in chlorobenzene. Left: Addition of the base DBU; gray) to the complex
[Fe(3,5-Me-BAFP)(MI)(NHO)] (dotted light gray) and reprotonation with acetic acid (blue).
Right: The starting heme-HNO complex (dotted light gray) and the resulting complex after
reprotonation by acetic acid (blue). The asterisks indicate signals from a small amount of
decomposition product, the 5C Is-{FeNO}’ complex.

2.3.2 Vibrational Characterization of [Fe(3,5-Me-BAFP)(MI)(NHO)] and DFT Analysis.

Isolation of the heme-HNO complex as a solid was typically achieved by cooling the
precursor complex [Fe(3,5-Me-BAFP)(MI)(NO)](OTY) to temperatures between -30 and -40 °C
and adding 1 equivalent of [TBA](BH4). After 1 minute, the resulting heme-HNO complex was
precipitated with dry pentanes, allowing about 30 minutes for the process to complete. The
precipitated complex was then filtered at room temperature and collected for rigorous

spectroscopic characterization and solid-state stability studies. The heme-HNO complex was in
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fact quite stable in the solid state at room temperature under anaerobic conditions, as the 431 nm

Soret band persists over the course of one month (see Figure 2.16).

[Fe(3,5-Me-BAFP)(MI)(NHO)]
Solid redissolved after 1 month

1.8 1

431

1.6
1.4+
1.2+

1.0 H

0.8

Absorbance

0.6
0.4 -

0.2

0.0

4(I)0 ' 5(|)0 ' 6(IJO ' 7(|)0 ' 860 : 900
Wavelength (nm)
Figure 2.16 UV-vis spectrum of [Fe(3,5-Me-BAFP)(MI)(NHO)] at -30 °C, taken before and after

storing the solid material for one month. The asterisks indicate the presence of the decomposition
product, [Fe(3,5-Me-BAFP)(NO)].

Immediately after isolation, solid [Fe(3,5-Me-BAFP)(MI)(NHO)] was characterized by IR
spectroscopy. As shown in Figure 2.17, three new signals appear at 1685, 1420, and 1393 cm’!,
which shifted to 1654 and 1378 cm™ upon '°N labeling. As previously stated, the 1685 cm™ signal
corresponds to the N-O stretch of the 5C Is-{FeNO}’ decomposition product. More exciting was
the observation of the new signals at 1393 and 1420 cm™!, which were assigned to the N-O stretch
of the coordinated HNO ligand in [Fe(3,5-Me-BAFP)(MI)(NHO)]. The splitting of the N-O stretch
in the natural abundance isotopes compound into two components is either caused by Fermi
resonance or is due to accidental, weak mixing with some other normal mode that is very close in
energy, evident from the fact that the two signals collapse into one band at 1378 cm™ in the °N-

labeled compound and at 1405 cm™ in the deuterated (DNO) complex (see Figure 2.17). The N-
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O stretching frequency of [Fe(3,5-Me-BAFP)(MI)(NHO)] was consistent with those of other HNO

complexes reported in the literature, as shown in Table 2.2, which were typically observed in the

1380-1400 cm™ range.
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Figure 2.17 ATR-FTIR of isotopically labeled heme-HNO complexes as a solid, measured at room

temperature. Left:

[Fe(3,5-Me-BAFP)(MI)(NHO)] (blue) and [Fe(3,5-Me-BAFP)(MI)('NHO)]

(orange). Right: Overlay of [Fe(3,5-Me-BAFP)(MI)(NHO)] (blue) and the deuterated complex
[Fe(3,5-Me-BAFP)(MI)(NDO)] (pink). The latter complex was generated according to the
procedure, using [TBA](BDa4) in the reaction with the Is- {FeNO}¢ complex.

Table 2.2. Spectroscopic properties of heme-HNO complexes

Complex S (JNH) vFe-N(O)  dFe-N-O vN-O Ref.
[ppm] [em™] [em™] [em™]

[Fe(3,5-Me- 14.59 (75)/ 644 461 1393/(1420) t.w.
BAFP)(MI)(NHO)] 14.68 (70)
Mb(II)-NHO 14.99 (72) 651 - 1385 55,92
[Fe(OEP)(5-MI)(NHO)] 13.99 (76) - - 1383 64,89
[Fe(OEP)(MI)(NHO)] 13.72 (77) - - 1388 89
[Fe(PPDME)(5-MI)(NHO)] 13.93 (77) - - 1382 89
[Fe(PPDME)(MI)(NHO)] 13.64 (77) - - 1384 89
[Fe(TTP)(5-MI)(NHO)] 14.26 (76) - - 1381 89
[Fe(TTP)(MI)(NHO)] 14.02 (76) - - 1389 89
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Figure 2.18 Left: NRVS-derived vibrational density of states (VDOS) for [>’Fe(3,5-Me-
BAFP)(MI)(NHO)] (blue) and [*"Fe(3,5-Me-BAFP)(MI)(:’NHO)] (orange), both isolated as a
solid. Right: Calculated (BP86/TZVP) NRVS VDOS (black), overlaid with the experimental data
for [’Fe(3,5-Me-BAFP)(MI)(NHO)] (blue). Signals belonging to [>’Fe(3,5-Me-BAFP)(!°NO)]
are indicated with asterisks in both panels.
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Figure 2.19 NRVS-derived vibrational density of states (VDOS) for solid samples of [*’Fe(3,5-
Me-BAFP)(NO)] (orange) and [*’Fe(3,5-Me-BAFP)('’NO)] (purple).
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Further vibrational characterization of [Fe(3,5-Me-BAFP)(MI)(NHO)] was performed
using NRVS, to determine the Fe-N stretch of the complex. In previous work, Farmer and
coworkers had reported the Fe-N stretch of Mb(II)-NHO at 651 cm™!, based on resonance Raman
data, but the rather weak signal observed in this case necessitates confirmation by measurements
on other compounds and/or using other techniques.”? As shown in Figure 2.18, two *N-isotope
sensitive signals were observed in the NRVS data of [°’Fe(3,5-Me-BAFP)(MI)(NHO)] at 461 and
644 cm™, which shifted to 444 and 624 cm in [°’Fe(3,5-Me-BAFP)(MI)("’NHO)]. There
appeared to be an additional signal at 396 cm™ that disappears upon isotopic labeling.
Unfortunately, the heme-HNO complex cannot be isolated without the presence of some amount
of the decomposition product, [Fe(3,5-Me-BAFP)(NO)]. This complex showed intense signals at
520 and 367 cm™ (511 and 364 cm™! in the '"'NO compound) that correspond to the Fe-NO stretch
and Fe-N-O bend, respectively (see Figure 2.19). This is a particular problem for the !*N-labeled
compound, and the corresponding signals in Figure 2.18, top are indicated with an asterisk.

To assign the low-energy vibrational features of [Fe(3,5-Me-BAFP)(MI)(NHO)], DFT
calculations were employed. For this purpose, the H>[3,5-Me-BAFP] ligand was simplified by
removing the bottom pickets surrounding the bound 1-methylimidazole ligand and including the
top pickets shielding the bound HNO moiety. This structure was then fully optimized using
BP86/TZVP, and the resulting optimized structure is shown in Figure 2.20. With respect to the
Fe-HNO unit, the Fe-NHO, HN-O, H-NO bond lengths are predicted to be 1.79, 1.24, 1.05 A,
respectively, with an Fe-N-O angle of 131°. These values agree well with EXAFS data obtained
for Mb(II)-NHO, which display Fe-NHO and HN-O bond distances of 1.82 and 1.24 A,
respectively, with an Fe-N-O angle of 131°. The average Fe-N(porphyrin) and Fe-N(MI) bond

lengths are calculated to be 2.01 and 2.10 A, respectively, again very similar to those reported for
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Mb(II)-NHO, 2.00 and 2.09 A, respectively. Frequency calculations performed on this optimized
structure predict an N-O stretching frequency of 1456 cm™! that shifts to 1428 cm™ upon ’N-
isotopic labeling. These values are in good agreement with the experimental N-O stretch of
[Fe(3,5-Me-BAFP)(MI)(NHO)], observed at 1393/(1420) cm™ and 1378 cm™! with N. As shown
in Figure 2.18, bottom, the calculations also reproduce the experimental NRVS data well. In the
calculations, the Fe-N stretch and the Fe-N-O bend are predicted to be 656 and 444 cm!
respectively. Upon isotopic labeling, the Fe-N stretch shifts to 630 cm™, while the Fe-N-O bend
splits into multiple modes between 413 and 430 cm™'. Based on these results, the experimental
features at 644 and 461 cm™! can be assigned to the Fe-N stretch and the Fe-N-O bend, respectively,
of the bound HNO ligand. The experimental band at 396 cm™ could correspond to the out of plane
N-H bend of the bound HNO ligand, since it appears to be shifting upon isotope labeling, but this

assignment remains tentative.

Figure 2.20 BP86/TZVP optimized structure of a simplified version of [Fe(3,5-Me-
BAFP)(MI)(NHO)], where the pickets on the face of the heme where MI binds have been omitted.
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2.3.3 Reactivity of [Fe(3,5-Me-BAFP)(MI)(NHO)] with NO Gas: Quantification of N:O.

Gas headspace N>O yield measurements were performed to evaluate the reactivity of
[Fe(3,5-Me-BAFP)(MI)(NHO)] with excess NO gas at -30 °C in chlorobenzene. For N>O analysis,
the reaction mixture of [Fe(3,5-Me-BAFP)(MI)(NHO)] and NO gas was stirred at -30 °C for 15
minutes before warming to room temperature, followed by extraction of the gas headspace of the
reaction flask. An analogous experiment was followed with UV-vis spectroscopy, as shown in
Figure 2.21, to ensure that 15 minutes is an appropriate reaction time between the heme-HNO
complex and excess NO gas at low temperature. Measurements were taken in quadruplicate and
converted into umols of N>O using an appropriate calibration curve (see Figure 2.22). In these
experiments, N2O is detected in the gas headspace in 91+10% yield (see Figure 2.23), showing
that the heme-HNO complex is catalytically competent to mediate quantitative N>O formation
when reacted with NO gas. This N2O yield is indirectly supported by EPR where 30% of the signal
accounts for the {FeNO}’ decomposition product, as shown in Figure 2.24. Using IR
spectroscopy, an isotope scrambling experiment was performed to provide further evidence that
the heme-HNO complex plays a role in N>O formation. As shown in Figure 2.25, [Fe(3,5-Me-
BAFP)(MI)("’NHO)] reacts with excess '*NO gas, which generated singly labeled N2O gas (either
ISNNO or N'®NO, or both), demonstrating that NO attacks the coordinated HNO ligand. This
reaction was repeated at room temperature (including the generation of the heme-HNO complex),
showing a 28+8% yield of N2O (see Figure 2.26). The reason for the significantly lower N>O yield
at room temperature is the reduced stability of [Fe(3,5-Me-BAFP)(MI)(NHO)] under these
conditions. This is in agreement with the "H-NMR experiments, which show that up to ~30% of
the heme-HNO complex are present right after warming the sample to room temperature (see

Figure 2.10).
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Figure 2.21 Top: Overlay of the UV-vis spectra of ~5 uM [Fe(3,5-Me-BAFP)(MI)(NHO)]
before and after reaction with excess NO gas. Bottom: kinetic trace at 437 nm and single-

exponential fit.
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Figure 2.22 N>O calibration curve generated using Piloty’s acid (see Experimental Section for
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Figure 2.23 Gas headspace IR spectra of the reaction of 7 uM (based on the Is- {FeNO}°
starting material) [Fe(3,5-Me-BAFP)(MI)(NHO)] with excess NO gas at -30 °C. After
stirring the heme-HNO complex with excess NO gas at low temperature for 15 minutes

and warming to room temperature for 35 minutes, N2O was detected with an average yield
of 91+10%.
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1 equivalent of [TBA](BH.) to the 6C Is- {FeNO}° starting complex at -30 °C. Top: Overlay
of the EPR spectra of the 1 mM Is-{FeNO}’ standard and 1 mM {FeHNO}?® reaction product
~50 seconds after hydride addition. Bottom: Integration of the EPR signal of each complex
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amount of Is-{FeNO}’ decomposition product present in the sample of the heme-HNO
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due to warming of the EPR sample in the process of removing it from the glovebox, which

000 4200

T X T 5 T 4 T ] T ¥ T ¥ T T
2400 2600 2800 3000 3200 3400 3600 3800 4
X[G]

facilitates decomposition.

47



0.07

<
»
-
N

0.06
0.05
0.04 -

0.03

Absorbance

0.02

0.01

heme H”NO + "“NO

authentic "*N,O sample
[ . T 4 I s I T

L — T T
2280 2260 2240 2220 2200 2180 2160 2140 2120

0.00

Wavenumbers (cm™)

Figure 2.25 Gas headspace IR spectral overlay of the reaction of [Fe(3,5-Me-
BAFP)(MI)('*’NHO)] with excess '“NO gas at -30 °C (red) and natural abundance N,O (black).
The asterisks indicate some '*N>O formation.
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Figure 2.26 Gas headspace IR spectra of the reaction of 7 uM (based on the Is-{FeNO}*
starting material) [Fe(3,5-Me-BAFP)(MI)(NHO)] with excess NO gas at room temperature.
After stirring the heme-HNO complex with excess NO gas at room temperature for 50 m,
N>0 is made with an average yield of 28+8%. This result is in agreement with the 'H-NMR
data in Figure 2.10, showing that after warming the reaction mixture of the Is-{FeNO}°
complex and [TBA](BH4) to room temperature, about 30% of the heme-HNO complex
persist (before further decomposing over time).

A series of control experiments were conducted to ensure that the heme-HNO complex is
the only species to react with NO gas to form N>O. No N>O was formed during heme-HNO
decomposition, nor when excess NO is added to either the 6C 1s-{FeNO}® starting complex or the
Is-{FeNO}’ decomposition product. To account for over addition of [TBA](BH4), an additional
experiment was conducted with 1 equivalent of [TBA](BH4) and NO gas, resulting in 24+8% of

N2O formed (see Figure 2.27). This shows that even in the case where a small amount of excess
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[TBA](BH4) would be present, for example an extra 10%, this would only minimally contribute

to the total N>O produced (in this example, this would add an additional 2-3% to the total N>O

yield).
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Figure 2.27 Gas IR spectra of the reaction of 7 uM [TBA](BH4) with NO gas for 50 minutes at
room temperature. N>O is made with an average yield of 24+8%.

The reaction of [Fe(3,5-Me-BAFP)(MI)(NHO)] and NO gas was further investigated using
UV-vis spectroscopy, using either excess or stoichiometric amounts of NO gas, added to the
reaction mixture about 1 minute after hydride addition. Upon the addition of excess NO, the 431
nm Soret band of the HNO complex shifts to 437 nm, indicating that the product of the reaction of
[Fe(3,5-Me-BAFP)(MI)(NHO)] and NO gas is the ferric heme, which has a high affinity for NO

and binds excess NO in solution to reform a six-coordinate Is-{FeNO}® complex. We suspect that
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after the reaction, N>O is released, and the ferric heme-OH complex forms. This complex then
reacts with NO to form either [Fe(3,5-Me-BAFP)(OH)(NO)] or [Fe(3,5-Me-BAFP)(MI)(NO)]".
Assuming that MI does not displace the hydroxo ligand at the low equivalents of MI present in the
reaction mixtures, the initial product would be [Fe(3,5-Me-BAFP)(X)(NO)]. Due to this
uncertainty, we do not specify the sixth ligand (X) in the Is-{FeNO}¢ product in Figure 2.28.
Interestingly, when the experiment was repeated with the addition of exactly 1 equivalent of NO
gas, the reaction only proceeded minimally and instead, HNO decomposition became the dominant
process over time at low temperature. Further experiments show that it takes about 4 equivalents
of NO under our reaction conditions to observe the clean shift of the Soret band to 437 nm,
indicating formation of the 6C Is- {FeNO}° complex (Figure 2.29). This interesting result is further

analyzed in the Discussion section.

(e}

TBABH, NO +

’u H\ /O
+ N/ NO NZO OH
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Figure 2.28 Reaction scheme of [Fe(3,5-Me-BAFP)(MI)(NO)](OTf) with ~1 equivalent of
[TBA](BHa4) to form [Fe(3,5-Me-BAFP)(MI)(NHO)], followed by the addition of excess NO to
reform the 6C Is-{FeNO}°® complex and produce N>O.
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Figure 2.29 Overlay of the UV-vis spectra of ~5 uM [Fe(3,5-Me-BAFP)(MI)(NHO)] reacted with
a stoichiometric amount of NO gas at -30 °C in chlorobenzene. Up to 4 equivalents of NO gas are
needed for the heme-HNO complex to react. Prior to reaction with NO gas, the complex shows
some decomposition, to form [Fe(3,5-Me-BAFP)(NO)], as indicated by the asterisks. The 4
equivalents spectrum shows the Soret band at 436 nm (not 437 nm, likely due to the presence of
multiple species with overlapping Soret bands in the sample).

2.4 Discussion

In this work, the formation of [Fe(3,5-Me-BAFP)(MI)(NHO)] was accomplished by the addition
of a moderately strong hydride donor, [TBA](BHa), to the low-spin (Is) {FeNO}° complex [Fe(3,5-
Me-BAFP)(MI)(NO)](OTY) in organic solvent at -30 °C. This complex has the typical Fe(IT)-NO*
type electronic structure of Is-{FeNO!¢ heme complexes with an electrophilic NO* ligand.!#7-93-%
This reaction is analogous to the mechanism of Cyt P450nor, where NAD(P)H performs hydride
transfer to an electrophilic Fe(I)-NO" complex formed in the first step of the reaction.*’ In the
literature, this method has shown limited success when applied to model complexes with hemes

like Ho[TPP] and H>[OEP] and their simple derivatives, as heme-HNO complexes are quite

unstable towards bimolecular disproportionation (see eqn. 1) and therefore often only form in low
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yields.**® Hence, a detailed characterization and reactivity studies of heme-HNO complexes have
been difficult to carry out. In contrast, we were able to make the desired heme-HNO complex
cleanly and in high yield at -30 °C, with a half-life of about 1 hour under these conditions, and
good stability at room temperature in the solid state. The high stability of this complex is due to
the bulky bis-picket fence porphyrin scaffold which prevents the prompt bimolecular
decomposition of the heme-HNO complex to the five-coordinate (5C) Is-{FeNO}’ analog and Ha,
as reported in the literature.®*%° The identity of the complex was confirmed by UV-vis and 'H-
NMR spectroscopy, the latter showing a slow interconversion of multiple heme-HNO conformers
(rotamers) as the temperature is varied between -20 to -40 °C for both the natural abundance and
5N labeled complex. Therefore, whereas Mb(II)-NHO is the most stable heme-HNO adduct in
aqueous media, our complex is the most stable heme-HNO model complex in organic solvents.
With the new compound [Fe(3,5-Me-BAFP)(MI)(NHO)] in hand, we were able to address
a couple of key questions with respect to the spectroscopic properties and the reactivity of heme-
NHO complexes. First, the vibrational properties of heme-HNO complexes were not well defined.
Whereas the N-O stretch had been reported for a number of compounds, not much was known
about the Fe-N stretching and Fe-N-O bending modes of the coordinated HNO ligand. In Mb(II)-
NHO, a weak, isotope sensitive feature had been observed at 651 cm™ by resonance Raman
spectroscopy.”? This mode was automatically assigned to the Fe-N stretch; however, without
further computational and/or vibrational analysis such assignments can be problematic, as
demonstrated, for example, for the assignment of the Fe-NO stretching vs the Fe-N-O bending
mode in six-coordinate (6C) ferrous-heme nitrosyl complexes.!>*?’ Taking advantage of the
enhanced stability of [Fe(3,5-Me-BAFP)(MI)(NHO)], we were able to obtain the first NRVS data

for any heme-HNO complex, which provided detailed insight into the assignments of the low-
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energy Fe-NHO stretching and bending vibrations. Our analysis shows that the Fe-N stretch of
[Fe(3,5-Me-BAFP)(MI)(NHO)] is located at 644 cm™', which finally confirms the assignment of
this mode for the Mb(II)-HNO complex at 651 cm’!. The Fe-N-O bending mode of [Fe(3,5-Me-
BAFP)(MI)(NHO)] is identified at 461 cm™.

The reactivity studies performed here provided useful insight into the protonation state and
iron oxidation state of Intermediate / in Cyt P450nor. Upon the addition of excess NO gas to
[Fe(3,5-Me-BAFP)(MI)(NHO)] at -30 °C, the HNO complex reacts with NO within 5 minutes,
resulting in the conversion of the heme to the ferric, likely hydroxyl bound complex and ultimately
to the 6C Is-{FeNO}° complex [Fe(3,5-Me-BAFP)(OH)(NO)], and quantitative formation of N>O.
Since heme-HNO complexes with axial (proximal) imidazole coordination have an electronic
structure that is best described as an Fe(II)-NHO complex (where the HNO ligand serves as a
relatively weak o-donor and moderate m-acceptor),®™® this result indicates that one-electron
oxidation of the ferrous heme center in the HNO complex takes place upon reaction with NO. The
resulting ferric heme complex then rapidly rebinds NO and regenerates a Is-{FeNO}° complex, as
shown in Figure 2.28. The use of gas headspace IR studies confirms that this reaction directly
models the chemistry of Cyt P450nor, by indicating quantitative N2O production under these
conditions (yield: 91£10%). Similar chemistry was previously reported by Richter-Addo and
coworkers, but due to the fact that their compound, [Fe(OEP)(5-MeIM)(NHO)], can only be
obtained with ~11% yield, N2O generation could be detected, but the amount of N2O formed could
not be quantified, the fate of the heme after the reaction could not be determined, and hence, no
further conclusions about the mechanism of the reaction could be drawn. Our work demonstrates
that NO is quite reactive towards a heme-bound HNO ligand, generating quantitative amounts of

N20 and a ferric heme product. The alternative mechanism, where NO would first coordinate to
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the heme in trans position to HNO and then cause HNO loss, would only generate a 50% N2O
yield (from dimerization of free HNO: 2 HNO - NO + H»0) and the five-coordinate (5C) Is-

{FeNO}’ complex as the product. This alternative mechanism can therefore safely be ruled out.
H__

Figure 2.30 Scheme of possible geometric and electronic structures of Intermediate / in Cyt
P450nor. Scheme adapted from ref.2. Copyright 2021 American Chemical Society.

Based on these new results, we have demonstrated that a heme-HNO complex is a
catalytically competent intermediate for reaction with a second equivalent of NO to generate N>O,
according to the mechanism of Cyt P450nor. In other words, the key intermediate of this enzyme,
termed Intermediate 7, could correspond to the heme-HNO adduct. Further support for this
conclusion comes from recent transient IR-spectroscopic measurements on the enzyme by Shiro
and coworkers. Here, it was possible to obtain the N-O stretching frequency of Intermediate 7,
observed at 1330 and 1290 cm™! with and without NADP*, respectively.’* These N-O stretches are
located close to the typical range of 1380 — 1400 cm™! for reported heme-HNO complexes (see

Table 1). The authors further posit that the somewhat lower N-O stretching frequencies observed
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for Intermediate / compared to these other heme-HNO complexes could be due to the presence of
a unique thiolate (cysteinate) donor as the proximal ligand in the enzyme, which gives this
intermediate an electronic structure that is better described as an Fe''-NHO®~ complex, where the
reduction of the HNO ligand would cause a drop in the N-O stretch. In addition, the radical
character on the HNO ligand in this case would promote fast reactivity with the incoming NO
radical in the enzyme.

The effect of HNO radical character on the reaction with NO can be further probed by
comparison to previous work from our laboratory. As shown in Figure 2.30, another possible
description of Intermediate / would be a Fe(III)-NHOH?® type species,’! where the presence of the
axial cysteinate ligand would increase the basicity of the HNO ligand, allowing for its further
protonation under physiological conditions.’® We were able to prepare such a model system for
Intermediate 7, using the same bis-picket fence porphyrin that was applied in this study. By one-
electron oxidation of the precursor complex, [Fe(3,5-Me-BAFP)(NHOMe)], we obtained the
analogous Fe(III)-NHOMe*® complex [Fe(3,5-Me-BAFP)(NHOMe)]", the electronic structure of
which was confirmed by resonance Raman and Maossbauer spectroscopy. [Fe(3,5-Me-
BAFP)(NHOMe)]" reacts with slight excess NO at -80 °C in under one minute to form the
analogous starting material, [Fe(3,5-Me-BAFP)(SbFy)], with a first order rate constant of 5 x 107
s'1.33 Considering the temperature difference (-80 vs -30 °C), this reaction is actually much faster
than that of [Fe(3,5-Me-BAFP)(MI)(NHO)] with NO at -30 °C, which has a first order rate
constant of 0.17 s and requires a larger excess of NO. This comparison demonstrates that a
radical-type species like Fe(III)-NHOH?® is more reactive towards NO than a heme-HNO complex.
Hence, in revising the previous mechanistic proposal for Cyt P450nor,>? the role of the axial

cysteinate ligand would not be to increase the basicity of the bound HNO to allow for its further
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protonation, but to generate a heme-HNO complex with a Fe-NHO®~ type electronic structure,
which would then be much more reactive towards NO compared to the analogous Fe(II)-NHO
complex in the presence of an axial histidine (imidazole) ligand. The assignment of Intermediate

Ito an Fe'!

-NHO*" type species, potentially in the presence of hydrogen bonding, is in agreement
with the N-O stretching frequency of the intermediate recently determined by Shiro and coworkers
(see above). Future work is now focused on generating a heme-HNO model complex with axial

thiolate coordination, to better model Intermediate / and determine the electronic structure of such

a species, and to investigate its reactivity towards NO.

2.5 Experimental Section

General Considerations

All chemicals were purchased from commercial sources, including Sigma Aldrich, Fisher
Scientific, and Cambridge Isotopes, and used without further purification unless noted below.
Reactions were performed under inert atmosphere via Schlenk techniques. All solvents were dried
and distilled from CaH> and freeze pump thawed four times to remove water and dioxygen.
Preparation and handling of air-sensitive materials were performed under a dinitrogen atmosphere
in an MBraun glovebox, equipped with a circulating purifier (O2, H2O <0.1 ppm). H[3,5-Me-
BAFP], [Fe(3,5-Me-BAFP)(C1)]%, and [Co(TPP)]” were synthesized according to published
procedures. Nitric oxide (Cryogenic Gases Inc., 99.95%) was first passed through an Ascarite II
column and then a -80 °C cold trap to remove higher nitrogen oxide impurities prior to use.
Complexes and solvents were then exposed to NO via a Schlenk line. Isotopically labeled ’NO
was synthesized according to previously reported procedures.'® ’Fe complexes were metalated

analogous to the iron natural abundance isotopes complexes using >’FeCl,*2MeOH, which was
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synthesized from >’Fe powder.!°! Reactivity studies were typically performed with excess NO gas
from a bomb flask. Stoichiometric additions of NO were carried out by NO-saturation of
chlorobenzene in a Schlenk flask under an N> atmosphere. The NO concentration of the solution
was quantified by UV-vis titration of the NO(g)/chlorobenzene solution into a ~40 uM solution of
[Co(TPP)] in tetrahydrofuran. Reactions are complete after observing a Q band shift from 527 to

538 nm. Typical concentrations are 5-6 mM NO(g)/chlorobenzene.

Physical Measurements
UV-vis Spectroscopy/Immersion Probe. All spectra were recorded using an Analytic Jena
Specord S-600 Spectrometer. Using the same spectrometer, dip probe measurements were

conducted using a Hellma low temperature immersion probe with a 10 mm pathlength.

'TH NMR Spectroscopy. A Varian MR 600 instruments was used to record all NMR spectra at

temperatures between -40 and 25 °C.

Elemental Analysis. Elemental analyses were conducted by Atlantic Microlabs (Norcross, GA)

Infrared Spectroscopy (ATR/KBr/Gas). Solid state IR spectra were recorded using a Bruker
Alpha-E FT-IR spectrometer. IR data for KBr disks were obtained on PerkinElmer BX and GX
spectrometers. The same instruments were used to conduct gas headspace measurements using a
10 cm Pike HT gas cell with CaF, windows. The calibration curve for N>O quantification was
generated using 2-18 pmol of Piloty’s acid in 2.5 mL of water at pH 13 in a 25 mL round bottom

flask. After 3 hours of reaction time, the gas headspace of the reaction mixture was extracted for
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exactly 20 seconds and IR measurements were immediately conducted. The amount of N>,O
produced from the reaction was correlated with the integrated area of the asymmetric N-N stretch

of N2O between 2150 and 2275 cm™!. Experiments were conducted in triplicate (Figure 2.22).

Nuclear Resonance Vibrational Spectroscopy (NRVS). NRVS data were obtained at Sector 31D
at the Advanced Photon Source (APS) at Argonne National Laboratory. For each sample, 20-40
mg of compound were packed into a copper cell containing a 4x7x1 mm sample well. All spectra

were taken from 0 to 100 meV. Further experimental details are described in ref. ',

Electron Paramagnetic Resonance (EPR). X-Band EPR spectra were collected using a Bruker
X-band EMX spectrometer with an Oxford Instruments liquid helium cryostat. Samples were
frozen and consisted of 300 uLL of ~1 mM solutions. All spectra were obtained at 77 K, 1.0 G

modulation amplitude, and 2 mW microwave power.

Crystal Structure Determination

[Fe(3,5-Me-BAFP)(MI)(NO)|(BArF24). Red needles of [Fe(3,5-Me-BAFP)(MI)(NO)](BArF24)
were grown by vapor diffusion of pentanes into a concentrated diethyl ether solution of the compound
in a sealed vial at room temperature (20 °C). A crystal of dimensions 0.093 x 0.133 x 0.143 mm was
mounted on a Rigaku AFC10K Saturn 944+ CCD-based X-ray diffractometer equipped with a low
temperature device and a Micromax-007HF Cu-target micro-focus rotating anode (A = 1.54187 A)
operated at 1.2 kW power (40 kV, 30 mA). The X-ray intensities were measured at 85(2) K with the
detector placed at a distance of 42.00 mm from the crystal. A total of 2028 images were collected with
an oscillation width of 1.0° in . The exposure times were 1 second for the low angle images, 5 seconds

for high angle. Rigaku d*TREK images were exported to CrysAlisPro 1.171.43.112a (Rigaku OD,
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2024) for processing and corrected for absorption.'® The integration of the data yielded a total of
194636 reflections to a maximum 20 value of 137.97° of which 25255 were independent. Analysis of
the data showed negligible decay during data collection. Five reflexes were identified as clear outliers
and omitted. The structure was solved using SHELXT 2018'* and refined with SHELXL-2019/2
(Sheldrick, 2019).!°41%5  The obtained molecular structure features two different species co-
crystallized. The major species (70.6%) has two N-methylimidazoles coordinated to the central iron
ion, while the minor species (29.4%) has one N-methylimidazole and one NO bound. The co-
crystallized species was treated as disorder and restrained using SIMU and DELU. The counterion
(BArF24) exhibited severe disorders which were restrained using SADI, SIMU and DELU. After
refinement of the disorder, the following formula for the mixed crystalized species was obtained:
C146.82 H114.24 B F24 Fe N7.71 08.29. All non-hydrogen atoms were refined anisotropically with
the hydrogen atoms placed in a combination of idealized and refined positions using the riding model.
The molecular structure featured four solvent molecules (diethyl ether) disordered over several
positions identified by the electron density in the respective voids in combination with the
crystallization conditions. These solvent molecules could not be refined and were squeezed using
Platon.'*® Full matrix least-squares refinement based on F2 converged at R1 = 0.0558, wR2 = 0.1531

[based on I > 2o(I)], R1 =0.0645, wR2 = 0.1658 for all data. Additional details are presented in .

Density Functional Theory Calculations. All calculations were performed using the program
Gaussian 09.'%7 All geometry optimizations and frequency calculations were performed using
BP86 as the functional and TZVP as the basis set. Calculated frequencies were inspected to ensure
the absence of any imaginary frequencies, to confirm that true energy minima were obtained.

Synthetic Procedures
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Synthesis of [Fe(3,5-Me-BAFP)(OTY)]. [Fe(3,5-Me-BAFP)(Cl)] (244.1 mg, 0.147 mmol) and
silver trifluoromethanesulfonate (36.8 mg, 0.143 mmol) were added to an oven-dried round bottom
flask equipped with a stir bar. The solids were dissolved in 15 mL of 2-Me-THF, resulting in an
immediate color change of the solution from brown to brown/red. Once the reaction was complete
as determined by UV-vis spectroscopy, the reaction was filtered to remove insoluble silver
chloride. The resulting filtrate was layered with hexanes and placed in the glovebox freezer
overnight. The light brown solid product was collected by vacuum filtration the next day and dried
vigorously under vacuum at 120 °C. Yield: 225.5 mg (0.127 mmol, 86%). UV-Vis (2-Me-THF):
401, 520 nm; (CH2Cl>): 410, 520 nm. Elemental analysis: cald (found) for Cio9Ho2F3FeN4O11S0.5

CH.Cly: C, 72.30 (72.41); N, 3.07 (3.11); H, 5.13 (5.24).

Synthesis of [Fe(3,5-Me-BAFP)(MI)(NO)|(OTf). Under an inert atmosphere, [Fe(3,5-Me-
BAFP)(OTf)] (186.4 mg, 0.105 mmol) and 8 puL (0.100 mmol) of 1-methylimidazole (MI) were
dissolved in 5 mL of dichloromethane. The reaction mixture was then exposed to NO gas, resulting
in a bright red solution. The reaction mixture was brought into the glovebox and precipitated with
30-40 mL of hexanes, and then stored at -33 °C in the glovebox freezer overnight. The next day,
the reaction mixture was vacuum filtered in the glovebox through a frit. The resulting bright purple
powder was washed with hexanes. Yield: 173.3 mg (0.092 mmol, 87%). UV-vis (CH2CL): 435,
545 nm. IR (KBr): v(N-O) = 1912 cm. Elemental analysis: cald (found) for

C113HosF3FeN7012S¢0.5 CH2Cla: C, 70.60 (70.69); N, 5.06 (4.93); H, 5.15 (5.07).

Synthesis of [Fe(3,5-Me-BAFP)(MI)(NHO)]. Under an inert atmosphere, a 10-15 mM solution

of [Fe(3,5-Me-BAFP)(MI)(NO)](OTY), dissolved in either chlorobenzene or toluene, was
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precooled in a copper block to -40 °C using a dry ice/acetonitrile bath. One equivalent of
(TBA)[BH4] was added to the solution to form the HNO complex. After ~1 minute of stirring, the
desired complex was precipitated with dry pentanes. The complex was allowed to precipitate at -40

°C for 30 minutes and the solid was filtered and collected for further characterization.
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Chapter 3 Synthesis, Characterization, and Hydride Reactivity Studies with a Thiolate
Bound {FeNO}° Cyt P450nor Mimic Utilizing the Bulky Bis-Picket Fence Porphyrin

3.1 Introduction

Although the heme-HNO complex was successfully stabilized in Chapter 2, this complex
is not an ideal model for Intermediate / of Cytochrome P450nor.? As discussed in Chapter 1, NO
reduction in Cyt P450nor begins with NO binding to a thiolate-bound ferric heme, resulting in a
Is-{FeNO}° complex by Enemark-Feltham notation, Figure 1.5*>*® As shown in Chapter 2, the
neutral imidazole axial ligand is crucial for heme-nitroxyl formation. The presence of the axial
ligand guides hydride attack to the nitrosonium ligand rather than the ferric heme center.**° By
replacing the imidazole with a thiolate, hydride addition to the corresponding Is- {FeNO}° complex
would provide a comparable heme-nitroxyl model to the active site of the native enzyme. While
the formation of the Is- {FeNO}° is made easily in the enzyme, the opposite is observed in synthetic
model complexes.*>* In the presence of a thiolate bound ferric heme, autoreduction occurs upon
NO addition, resulting in the Is-{FeNO}’ complex and disulfide, and/or the unwanted side reaction

between NO and the thiolate, resulting in the formation of an RSNO (Figure 3.1).4%:46:108.109

{FeNO}® {FeNO}’

+NO NO
7 FeNO® + NO
{FeNO} {FeNO} @) @ + RSNO
R
NO

NO +NO
+NO +NO
rs SR+ CFe™ @ ©
R R

Figure 3.1 Potential reaction pathways of thiolate ferric heme complexes with NO to from the Is-
{FeNO}’ complex with stoichiometric (left) and excess NO addition (right).

+ NO
(9)
— 9, ‘

RSNO {FeNO}’
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Despite these challenges, a series of thiolate-bound heme Is-{FeNO}® complexes using
tetraphenylporphyrin, [Fe(TPP)(SR)(NO)], was previously synthesized at low temperatures (-80
°C) with stoichiometric additions of NO to the thiolate-bound ferric heme precursor complexes.
The thiolate-donor strength was tuned by either the presence of electron withdrawing substituents
(-SPh-X, where X = NO,, CF3, or F) or via an electronically tuned intramolecular hydrogen bond
to modulate the strength of the donor (-SPhNHPh-R, where R = CH3, H, Cl, CF3, NO»), as shown
in Figure 3.2.%% It was determined that the 1s-{FeNO}® thiolate complexes generated with a
intramolecular hydrogen bond were more stable with warming with warming up to -40 °C before
beginning to decompose. This is in contrast to the smaller electronically tuned thiolates which rely
solely on the electronic tuning of the phenol thiolate to prevent decomposition.*® Between both
series, the tuning of the thiolate strength was evident in the vibrational data collected, revealing a
direct correlation between the Fe-NO and N-O bonds in these complexes, which occurs due to the
strong ¢ donation from the thiolate ligand that imparts a o-trans effect on the Fe-N-O unit.!!°
Based on the correlation plot in Figure 3.2, stronger thiolate donors result in weaker Fe-NO and
N-O bonds. This strong donation also causes the Fe-N-O unit to deviate from linearity, with an
angle of 161°.!'! The opposite trend is observed for Is-{FeNO}® complexes with a neutral
imidazole donor, where the Fe-NO and N-O bond strengths show an inverse correlation with
respect to the imidazole donor strength, and the Fe-N-O bond is linear.!!!"!'> It was determined
that the Fe(IT)-NO" unit is isoelectronic to Fe(I)-CO, and therefore dominated by n-backbonding,
causing the inverse correlation (and a weakened N-O bond compared to free NO™).!!'*!15 Based on
the vibrational data, Cyt P450nor contains a strongly donating cysteine-thiolate in comparison to
other heme-thiolate containing enzymes.!!® However, the role of this strong thiolate donation in

the context of NO reduction has remained unclear.
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Figure 3.2 Correlation plot of the Fe-N versus N-O stretching frequencies for synthetic model
complexes (black) and native enzymes (red) (top). Thiolate donors listed in order of increasing
strength from right to left where (A) lists the electronically tuned phenol thiolates and (B) lists the
thiolates equipped with an electronically tunable hydrogen bond.*346

The proximal thiolate in Cytochrome P450s play two roles to support the key reactivity of

these enzymes. First, the donating nature of the proximal thiolate causes a “push effect” where the

electron donation of this axial ligand facilitates O-O bond cleavage of the hydroperoxo

intermediate to result in Compound 1.4>%-116117 Additionally, the presence of the proximal thiolate

was found to increase the pKa of Compound II, aiding H-atom abstraction.**%> These roles cannot
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be extended to the thiolate donor of Cyt P450nor, as this enzyme is a reductase rather than an
oxygenase.

In the context of Cyt P450nor, there are two possible electronic structures that could
describe the heme-HNO complex with thiolate ligation (see Figure 1.6).! DFT calculations predict
that strong donation from the axial anionic thiolate increases the basicity of the HNO ligand
(analogous to Compound II), leading to protonation and formation of an Fe'-NHOH® type
species.*>*52 Alternatively, DFT studies have also shown that the anionic nature of the thiolate
aids in forming an elusive ferric heme HNO radical intermediate, Fe'-HNO®~>!>* This
intermediate is predicted to be highly reactive towards NO® to quickly form an N-N bond to
generate N>O.* Recently, Shiro and coworkers studied the reaction of Cyt P450nor with NO using
time-resolved spectroscopic techniques and DFT calculations.>* Here, the N-O stretching mode of
Intermediate / was observed for the first time. N-O stretching frequencies of 1330 cm™ and 1290
cm’! were obtained for the intermediate with and without NAD™ present, respectively.>* These
results paired with DFT calculations suggest that this species is likely singly protonated
(potentially with the Fe'-NHO®- electronic structure).>!->*

This chapter focuses on the stabilization of the thiolate-bound Is-{FeNO}® complex with
the bulky bis-picket fence porphyrin of Chapter 2, 3,5-dimethyl-bisaryloxyfence porphyrin
([H2(3,5-Me-BAFP)], to prevent facile decomposition to the corresponding Is-{FeNO}’ complex
and disulfide. The thiolate chosen for the synthetic model of the active site of Cyt P450nor was
selected based on the cleanest formation of the thiolate complex and the thiolate-bound Is-
{FeNO}®. This model was compared to the active site of Cyt P450nor based on the N-O and Fe-
NO stretching frequencies obtained from IR and rRaman spectroscopy, respectively. With

complete characterization of the Is-{FeNO}® complex by UV-vis, NMR, IR and rRaman
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spectroscopy, ~1 equivalent of hydride was added to the complex to observe the putative thiolate-
bound heme-nitroxyl complex, [Fe(3,5-Me-BAFP)(SR)(NHO)]~, using the bulky bis-picket
porphyrin. This work acts as a foundation for future research on thiolate-bound heme nitroxyl

complexes within the context of Cyt P450nor.

3.2 Synthesis of Thiolate-Bound Precursors

@ excess KOCHj4 @
3,5-Me-BAFP 3,5-Me-BAFP . KCl,
’ CH,Cl,/MeOH

cl OCH,

Figure 3.3 Synthetic scheme for the five-coordinate ferric heme methoxide complex, [Fe(3,5-
Me-BAFP)(OCH3)].

First, the axial chloride of the [Fe(3,5-Me-BAFP)(CI)] complex exchanged to a bound methoxide
to form [Fe(3,5-Me-BAFP)(OCH3)], as shown in Figure 3.3. This was accomplished by
dissolving the chloride complex in dichloromethane and with excess KOCH3 solubilized in

methanol.*?

This reaction was allowed to stir for 1 hour before all solvent was removed by vacuum.
The resulting residue was redissolved in dry dichloromethane and filtered to remove excess
KOCH3 and KCI salts formed from the reaction product. Next, the filtrate was evaporated, the
resulting solid was resuspended in dry methanol, and collected for vacuum filtration. The black
solid was washed with additional methanol to wash away excess KOCH3. The success of this
reaction was assessed by UV-vis spectroscopy, as shown in Figure 3.4, where the chloride
shoulder at 375 nm disappears with a new feature at 378 nm and a shifted Q band to 584 nm,

indicating that Cl~ was successfully displaced by OCH3™. These results are analogous to those

observed for the [Fe(TPP)(OCH3)] complex.*® It should be noted that by changing the porphyrin
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from TPP? to the bis-picket fence porphyrin, 3,5-Me-BAFP?, the complex becomes partially
soluble in nonpolar solvents, such as hexanes and pentanes, which was previously used to
precipitate the methoxide complex and wash away any unreacted [Fe(3,5-Me-BAFP)(Cl)]. Based
on elemental analysis, no chloride ions remained in the sample under these work-up conditions.
The methoxide complex was further characterized by 'H NMR spectroscopy in CD2Cla. This
spectrum shows a peak at 79.61 ppm, which is indicative of the B-pyrrole protons of high-spin

ferric heme porphyrins as shown in Figure 3.5.

1.50

—— [Fe(3,5-Me-BAFP)(CI)]
—— [Fe(3,5-Me-BAFP)(OCH,)]
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Figure 3.4 Normalized UV-vis spectral overlay of [Fe(3,5-Me-BAFP)(CI)] in dichloromethane
(black) and [Fe(3,5-Me-BAFP)(OCH3)] in toluene (blue).
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Figure 3.5 'H NMR spectrum of [Fe(3,5-Me-BAFP)(OCH3)] in CD2Cla.
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Figure 3.6 Synthetic scheme for five-coordinate ferric heme thiolate complexes, [Fe(3,5-Me-
BAFP)(SR)].

Next, the methoxide-bound ferric heme is mixed with 1 equivalent of the desired thiol in
dichloromethane to perform an acid base reaction and form the desired five coordinate thiolate-
bound ferric heme complex and methanol, as shown in Figure 3.6.*> This complex was isolated
by removing the dichloromethane and methanol and the resulting solid was suspended in pentanes

and collected by vacuum filtration.
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Based on previous work with tetraphenylporphyrin, the thiolate donors containing an
intramolecular hydrogen bond produced the most robust Is-{FeNO}® complexes with stability up
to -40 °C.%* The presence of the hydrogen bond prevents the known tautomerization of the ferric
heme thiolate to the unfavored ferrous thiyl radical complex, shown in equation 1, and thus helps
prevent unwanted side reactions upon NO addition.'®

[Fe"(porphyrin)(SR)] « [Fe''(porphyrin)]('SR)] (1)
Due to the inherent steric hinderance between the intramolecular hydrogen bond-containing
thiolate ligands and the bis-picket fence porphyrin, poor thiolate binding to the ferric center was
not unexpected. Therefore, the success of the reaction was studied as a function of thiolate donor
strength, using a strong (—-SPhNHPhCH3) and a weak (—~SPhNHPhCF3) thiolate donor chosen from
the correlation plot in Figure 3.2. As shown in the '"H NMR spectrum in Figure 3.8, the
—SPhNHPhCH3 ligand does in fact bind to the ferric bis-picket fence porphyrin to form [Fe(3,5-
Me-BAFP)(SPhNHPhCH3)]. This is evident from the signal of the B-pyrrole protons, which shifts
from 79.61 ppm of the [Fe(3,5-Me-BAFP)(OCH3)] (Figure 3.5) to 73.48 ppm for the thiolate
bound complex, [Fe(3,5-Me-BAFP)(SPhNHPhCH3)] (Figure 3.7 and Figure 3.8). Additional
signals also appear at 80.10, 66.89 and -91.70 ppm, representing the meta and ortho protons of the
axially bound thiolate, further indicating the successful binding of the thiolate to the ferric

heme 46,119

H,C ﬂ“.
@ \©\ E ~3,5-Me-BAFP
?\3,5-Me-BAFP HSPhNHPh CH, N NH

Figure 3.7 Synthetic scheme for [Fe(3,5-Me-BAFP)(SPhNHPhCH3)].
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Figure 3.8 Key regions of the 'H NMR spectrum of [Fe(3,5-Me-BAFP)(SPhNHPhCH3)] in
CD:Cl,. The full spectrum is shown in the experimental section.
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3 ?‘w
@ \©\ 3,5-Me-BAFP
T’\&S-Me-BAFP HSPhNHPh CF 5 . NH

Figure 3.9 Synthetic scheme for [Fe(3,5-Me-BAFP)(SPhNHPhCF3)].

Similar results were obtained with the weaker —-SPhNHPhCF3 thiolate (Figure 3.9), where
the B-pyrrole protons shifted to 73.00 ppm. Unfortunately, the '"H NMR spectrum shows an
incomplete conversion to the bound thiolate complex as evident from a residual signal at 79.61
ppm, as shown in Figure 3.10. These results are in agreement with those observed for the '°F
NMR spectrum, where a new signal appears at -57.43 ppm corresponding to the formation of the
desired ferric heme thiolate complex, as well as the original signal at -61.53 ppm indicating

unbound thiol despite the addition of slight excess (1.66 equivalents) thiol. To purify the thiolate
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complex from the methoxide complex, the reaction was filtered to remove insoluble
HSPhNHPhCF; as the first step. After repeating both 'H and '"F NMR experiments, the changes
in the integration of the ferric heme thiolate complex and free thiol suggest a shift in the reaction
towards the starting methoxide complex. This result was likely caused by filtering off excess thiol.
Attempts to optimize this reaction were unsuccessful due to a combination of the low solubility of
—SPhNHPhCF3, weak thiolate donation and steric hindrance resulted in loss of the axial ligand
after the desired complex was formed. For this reason, this complex was not brought forward in

the formation of the Is-{FeNO}°® complex.

i

86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 50 60 -70 -80 90 -100 -110 -120 -13

f1 (ppm) f1 (ppm)
Figure 3.10 (left) Key regions of the "H NMR spectrum of [Fe(3,5-Me-BAFP)(SPhANHPhCF3)]
before (green) and after filtering off excess thiol (blue). The asterisk represents unreacted
[Fe(3,5-Me-BAFP)(OCH3)]. The full spectrum is in the experimental section. (right) ’F NMR
of free thiol, HSPhNHPhCF3 (red) [Fe(3,5-Me-BAFP)(SPhNHPhCF3)] in before (green) and
after filtering off excess thiol (blue). The asterisk represents the fluorobenzene reference. All

spectra were taken in CD>Cly.
*3,5-Me-BAFP
CFe™ HSPhF ,CF,
3,5-Me-BAFP ~ F F + CH30H
bc, CH,Cl,

Fs

Figure 3.11 Synthetic scheme for [Fe(3,5-Me-BAFP)(SPhF4CF3)].
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Figure 3.12 NMR spectrum of [Fe(3,5-Me-BAFP)(SPhF4CF3)] in chlorobenzene-ds with a drop
of fluorobenzene (left) '"H NMR spectrum (right) °F NMR spectrum.

Alternatively, one of the smaller electronically tuned phenolthiolates was considered for
the formation of the Is-{FeNO}® complex, using again the bulky bis-picket fence porphyrin.
Despite the absence of the intramolecular hydrogen bond, the bi-spicket fences were thought to
aid in preventing side reactions between the bound thiolate with NO. Based on the vibrational data
in Figure 3.1, the phenolthiolate deemed to form the best electronic model for the Cyt P450nor
active site was —SPh-pCF3. Unfortunately, previous work by Dr. Andrew Hunt demonstrated
challenges in getting NO to fully bind to [Fe(TPP)(SPh-pCF3)] prior to Is-{FeNO}®
decomposition, making this a less attractive choice for future reactivity studies with the bis-picket
fence porphyrin.*® To ensure maximum NO binding to the ferric heme thiolate complex, the
thiolate —SPhF4CF3; was chosen due to its success in forming the [Fe(TPP)(SPhF4+CF3)(NO)]
analog (Figure 3.11). As shown in Figure 3.12, [Fe(3,5-Me-BAFP)(SPhF4CF3)] was formed
quantitatively based on the shift of the B-pyrrole protons at 70.92 ppm by '"H NMR spectroscopy.

The data obtained by '’F NMR spectroscopy show three new signals at 194.96, 85.54, and -176.83
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ppm representing the ortho-F, para-CF3, and meta-F signals of the bound thiolate, respectively.

The temperature dependence of this complex is observed in Figure 3.13.
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Figure 3.13 VT NMR spectra of [Fe(3,5-Me-BAFP)(SPhF4CF3)] in chlorobenzene-ds with
fluorobenzene (left) '"H NMR (right) '°F NMR. The asterisk represents the fluorobenzene reference.

The successful formation of [Fe(3,5-Me-BAFP)(SPhNHPhCH3)] and [Fe(3,5-Me-
BAFP)(SPhF4CF3)] as evident from NMR spectroscopy provides two models for subsequent Is-
{FeNO}% complex formation. The UV-vis data of these complexes in CH>Cl» have Soret bands of
421 and 423 nm, respectively, as shown in Figure 3.14. Additionally, both complexes show a
shoulder analogous to [Fe(3,5-Me-BAFP)(Cl)] at 378 and 381 nm, respectively. Since no chloride
was found in the elemental analysis of [Fe(3,5-Me-BAFP)(OCH3)] prior to the reaction with the

thiols, it is safe to assume that the shoulders belong to the LMCT transitions between the thiolate

ligand and the ferric heme center.!?°
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Figure 3.14 UV-vis spectral overlay of [Fe(3,5-Me-BAFP)(SPhNHPhCH3)] (black) and
[Fe(3,5-Me-BAFP)(SPhF4CF3)] (red).

3.3 Low Temperature Formation of [Fe(3,5-Me-BAFP)(SR)(NO)] Complexes

The formation of the lIs-{FeNO}° complexes using [Fe(3,5-Me-BAFP)(SPhNHPhCH3)]
and [Fe(3,5-Me-BAFP)(SPhF4CF3)] as precursors was initially observed by low temperature UV-
vis dip-probe experiments. The goal of these experiments was to observe the clean formation of
the corresponding Is-{FeNO}°® complex without unwanted side reactions, namely the formation of
the Is-{FeNO}’ decomposition product and disulfide. Upon successful formation, the stability of
the Is-{FeNO}° complexes was assessed at the given temperature to determine the accessible time-
frame for future reactivity studies. Based on the conditions used in these experiments, the Is-
{FeNO}® complexes were prepared for further characterization by NMR, solution IR, and

resonance Raman spectroscopy.
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Figure 3.15 Synthetic scheme for the desired complex [Fe(3,5-Me-BAFP)(SPhNHPhCH3)(NO)].

Initial work was performed with [Fe(3,5-Me-BAFP)(SPhNHPhCH3)], which possessed the
thiolate with the intramolecular hydrogen bond. Here, the reaction was performed at -80 °C where
the limits of NO binding were tested by the addition of 4.5 equivalents of NO gas to a 10 uM
solution of the precursor in toluene to form the Is-{FeNO}® complex, [Fe(3,5-Me-
BAFP)(SPhNHPhCH3)(NO)] (Figure 3.15). As shown in Figure 3.16, a new Soret band grew in
at 439 nm upon NO addition, which agrees with the UV-vis data obtained for the Is-{FeNO}°
tetraphenylporphyrin analog.*® Unfortunately, this reaction was not clean due to the lack of
isobestic points over the course of the reaction. Additionally, it was clear that some Is-{FeNO}’
complex had formed as evidenced by the shoulder at 476 nm, which grew simultaneously with the
Soret band of the Is- {FeNO}® complex. The complexity of this reaction is likely due to the strong
donation of -SPhNHPhCHj3, which results in an equilibrium between the thiolate bound heme and
valence tautomerizes to the ferrous thiyl radical, as shown in equation 1. Despite being equipped
with an intramolecular hydrogen bond, the steric bulk between the porphyrin scaffold and the axial
ligand may strain the hydrogen bonding interaction that would prevent tautomerization to the
ferrous heme thiyl radical complex. Interestingly, as the solution was warmed from -80 °C, the
absorbance of the 439 nm band continued to increase until -48 °C where the complex decayed to
the expected decomposition product, [Fe(3,5-Me-BAFP)(NO)]. Unfortunately, several iterations

of this experiment consistently displayed a mixture of these species at different temperatures and
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equivalents of NO gas added. Due to unwanted side reactions observed in these experiments, this

complex was deemed an unsuitable model for the active site of Cyt P450nor for the generation of

the ferric heme NO adduct.
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Figure 3.16 UV-vis spectral overlay of NO addition to the [Fe(3,5-Me-BAFP)(SPhNHPhCH3)] at
-80 °C in toluene. (top) Addition of 4.5 eq of NO gas over the course of 60 min. (bottom) Warming
of the solution from -80 °C to the decomposition of the {FeNO}¢ complex.
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Figure 3.17 Synthetic scheme for the desired complex [Fe(3,5-Me-
BAFP)(SPhNHPhCH3)(NO)], followed by decomposition to the Is-{FeNO}’ complex, [Fe(3,5-
Me-BAFP)(NO)] in two steps.
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Figure 3.18 UV-vis spectral overlay of [Fe(3,5-Me-BAFP)(SPhF4CF3)] and 5 equivalent of NO gas at
-50 °C in toluene. (left) formation of the {FeNO}°, [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] (right) decay
to the {FeNO}’, [Fe(3,5-Me-BAFP)(NO)].
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Figure 3.19 Overlay of the UV-vis spectra of [Fe(3,5-Me-BAFP)(SPhF4CF3)] before and after
addition of ~ 1 equivalent of NO gas at -50 °C in toluene (left) and at -40 °C in chlorobenzene

(right).

On the other hand, repeating the reaction with [Fe(3,5-Me-BAFP)(SPhF4CF3)] and 5
equivalents of NO gas at -50 °C in toluene led to successful formation of the Is-{FeNO}® adduct
within 4 minutes, as shown in Figure 3.18. Additionally, this complex formed the ls-{FeNO}°
complex and decayed to the expected Is-{FeNO}’ complex in two distinct steps within 40 minutes,
suggesting clean formation without side reactions. While this experiment yielded promising
results, the formation of this complex needed to be optimized with ~1 equivalent of NO rather than
5 equivalents to lengthen the lifetime of the Is- {FeNO}° adduct for reactivity studies. As shown in
Figure 3.19, the successful nitrosylation of the precursor was observed over the course of 1 hour
to form the Is-{FeNO}® complex. Similar observations were made when this experiment was
repeated in chlorobenzene. Once formed, the Is-{FeNO}® complex was stable for a few hours with

minimal decay at temperatures of -50 °C and below, as shown in Figure 3.20. As expected,
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[Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] decayed slowly with substantial decomposition between -30
and -10 °C. This is in comparison to the [Fe(TPP)(SPhF4CF3)(NO)] analog where significant decay

is observed around -50 °C as the solution is warmed.*
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Figure 3.20 UV-vis spectral overlay of the thermal decay to the {FeNO}!’, [Fe(3,5-Me-
BAFP)(NO)] in toluene. The temperature starts at -60 °C due to the accidental over addition of
dry ice.

Next, [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] was characterized by NMR spectroscopy. For
these experiments, a ~ 10 mM solution of [Fe(3,5-Me-BAFP)(SPhF4CF3)] in toluene-ds, or a
mixture of toluene-ds/chlorobenzene-ds was transferred to a 10 mL Schlenk finger and cooled to -
60 to -65 °C. Because the reaction between the precursor and NO gas could not be monitored
directly for completion, the solution was freeze, pump, thawed four times prior to NO addition to
ensure all NO dissolved in solution. The reaction mixture was stirred for 30 to 40 minutes to allow
Is-{FeNO}® formation before being transferred to an NMR tube in a cold copper block. The tube
was transported from the glovebox to the NMR in an isopropanol/dry ice bath.

As shown in the '"H NMR spectrum in Figure 3.21, several sharp peaks appear in the

spectrum associated with a new diamagnetic species, which supports the successful formation of
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the 1s- {FeNO}° adduct. Notably, the appearance of a new peak at 9.43 ppm correlates with the B-
pyrrole proton signals of the porphyrin, further supporting this conclusion. This peak decays upon
warming, completely disappearing by 0°C, which is in agreement with the results obtained by UV-
vis spectroscopy shown in Figure 3.20. Once warmed to -10 °C, the appearance of a broad peak
at ~8 ppm suggests the formation for the Is-{FeNO}’ complex, as expected with warming, as
shown in Figure 3.23. The results from '°F NMR experiments are in agreement with the formation
of the thiolate bound Is- {FeNO}¢ complex with three new peaks present at -56.41, -127.68, and -
145.58 ppm, that disappear at the same temperature, Figure 3.22. With decomposition of this
complex, three additional peaks appear at -56.78, -130.32, and -139.29 ppm consistent with

disulfide formation, known to form alongside the Is-{FeNO}’ complex.
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Figure 3.21 'H NMR spectrum of [Fe(3,5-Me-BAFP)(SPhF4CF;3)(NO)] in toluene-

ds:chlorobenzene-ds, zoomed in (left) and full spectrum (right). Most of the signals between 6.76

and 7.14 ppm correspond to solvent peaks: chlorobenzene-ds, toluene-ds, and fluorobenzene.
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Figure 3.22 "F NMR spectrum of [Fe(3,5-Me-BAFP)(SPhF4sCF3)(NO)] in toluene-
ds:chlorobenzene-ds, zoomed in (left) and full spectrum (right). Referenced to fluorobenzene at
-112.96 ppm.
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Figure 3.23 'H NMR spectra of [Fe(3,5-Me-BAFP)(SPhF4CF;)(NO)] in toluene-
ds:chlorobenzene-ds.
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3.4 Vibrational Characterization of [Fe(3,5-Me-BAFP)(SPhFsCF3)(NO)]|

Complex [Fe(3,5-Me-BAFP)(SPhF4+CF3)(NO)] was vibrationally characterized by IR and
rRaman spectroscopy to determine the N-O and Fe-NO stretching frequencies for comparison to
the vibrational data of the ferric NO adduct of Cyt P450nor. Depending on the technique, a 20 mM
(IR) or 1 mM (rRaman) solution of the precursor was prepared in a mixture of dichloromethane
and toluene. The solution was transferred to a 10 mL Schlenk finger, which underwent four freeze,
pump, thaw cycles prior to NO addition and was allowed to stir for 30 to 40 minutes. The solution
was then transferred cold to either the precooled solution IR cell or an EPR tube for rRaman
analysis.

As shown in Figure 3.24, [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] shows an N-O stretching
frequency of 1860 cm™! that shifts to 1823 cm™ upon N isotopic labeling. As the complex is
warmed, the Is-{FeNO}° decays to the Is-{FeNO}’ complex with an N-O stretching frequency of
1685 cm™ (1656 cm™ upon '°N isotopic labeling). Additionally, the Fe-NO stretching frequency
of the Is- {FeNO}° complex was determined to be 544 cm™! that shifts to 533 cm™ upon '°N isotopic
labeling, as shown in Figure 3.25. Interestingly, the Fe-NO and N-O stretching frequencies of WT
Cyt P450nor were reported to be 530 and 1851 cm™!, respectively, as shown in Table 3.1. It must
be noted that the Fe-NO and N-O stretches obtained for [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] are
closer to those reported for the WT enzyme than those reported for the analogous
tetraphenylporphyrin complex, [Fe(TPP)(SPhF4CF3)(NO)], which are 543 and 1867 cm,

respectively.*%+
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Figure 3.24 Solution IR spectra of [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] in 1:1 CH2Cl,. The *
indicates acetone contamination (left) natural abundance isotopic complex (right) >N isotopically
labeled complex.

Table 3.1 Vibrational Data for Relevant {FeNO}° Complexes

vFe-N (cm™) vN-O (cm™) Ref.
Cytochrome P450nor 530 1851 40
[Fe(TPP)(SPhE;CF3)(NO)] 543 1867 EE
[Fo(3.5-Me-BAFP )(SPhF+CF3)(NO)] 535/544 1860 tw.
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Figure 3.25 rRaman spectra of [Fe(3,5-Me-BAFP)(SPhF4+CF3)(NO)] in 1:1 CH>Cl,. Natural
abundance (black) °N isotopically labeled complex (red) CHCla:toluene background (gray).

Based on the characterization discussed above, [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] was
determined to be a promising model for the active site of Cyt P450nor. In comparison to other
thiolate bound heme {FeNO}° complexes reported in the literature, this complex appears to be the
most stable based on the extended lifetime of this species by UV-vis spectroscopy, coupled with
the ability to obtain the first NMR spectrum of a thiolate-bound ferric heme-NO complex.
Additionally, the vibrational characterization obtained by IR and rRaman spectroscopy indicates

that this complex provides a good electronic model for the FeNO unit in the active site of Cyt

P450nor.
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Absorbance

3.5 Hydride Addition to [Fe(3,5-Me-BAFP)(SPhFs+CF3)(NO)]

With the [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] in hand, reactivity studies were conducted with a
hydride source, [TBA](BH4), with the intent to form the thiolate bound heme nitroxyl complex.
Initial experiments were monitored by solution IR spectroscopy using the same procedure
described on page 83 in 1:1 chlorobenzene-ds:toluene-ds. If hydride transfer is successful, the
resulting IR spectrum should show the absence of the NO stretch of the {FeNO}¢ complex at 1853

cm’! (Figure 3.26).
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Figure 3.26 Solution IR spectra of the thermal decay of [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] in
chlorobenzene-ds:toluene-ds.

The decay of the {FeNO}® was monitored to establish a baseline absorbance of the 1853
cm’! peak at maximum nitrosylation. Based on the solution IR data shown in Figure 3.26, the NO
stretch of the [Fe(3,5-Me-BAFP)(SPhF4CF3)] demonstrated an absorbance of ~ 0.64 that decayed
to ~ 0.1. The decay of the {FeNO}¢ complex is directly correlated with the growth of the 1688 cm’
! peak, indicating formation of the {FeNO}’ complex, [Fe(3,5-Me-BAFP)(NO)]. The reaction was
repeated with a 25 mM solution of [Fe(3,5-Me-BAFP)(SPhF4+CF3)(NO)] assuming full NO

binding. The reaction was diluted to 20 mM with the addition of 1 equivalent of
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tetrabutylammonium borohydride, [TBA](BH4) and allowed to stir for 2 minutes (Figure 3.27).
The solution was transferred cold to a precooled solution IR cell where measurements were taken
every minute until the reaction was complete. As shown in Figure 3.28, the NO stretch at 1853
cm’! decreased by ~ 2/3 upon hydride addition. As the IR cell was warmed, the resulting {FeNO}°
in solution decayed to {FeNO}’, indicating an incomplete reaction with the hydride. This reaction

was repeated to ensure that the results were reproducible, as shown in Figure 3.28.
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Figure 3.27 Synthetic scheme demonstrating in situ generation of the Is-{FeNO}® complex,
followed by hydride addition.
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Figure 3.28 Solution IR spectra of the reaction of [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] and 1
equivalent of [TBA](BH4) in chlorobenzene-ds:toluene-ds.
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Figure 3.29 'H NMR spectra of the addition of 1 equivalent of [TBA](BHa4) to [Fe(3,5-Me-
BAFP)(SPhF4CF3)(NO)] in 1:1 chlorobenzene-ds:toluene-ds -50 °C. Full spectrum (left) and
zoomed spectrum (right).

The reaction between [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] and [TBA](BH4) was
monitored by both 'H and 'F NMR spectroscopy to directly monitor the {FeNO}® upon hydride
addition at -50 °C. As shown in Figure 3.29, most of the initial spectrum demonstrates full
nitrosylation of the thiolate ferric heme, as evidenced by the absence of the B-pyrrole protons
around 97 ppm. Upon hydride addition, there was a notable decrease in intensity of the 9.43 ppm
indicating a reaction with the {FeNO}® complex. This result agrees with the data obtained by
solution IR, where the {FeNO}° does not react completely with the hydride added to the reaction.
Additionally, new peaks appear around 96.91, 14.54 and 16.55 ppm upon hydride addition

indicating the formation of the ferric heme thiolate complex at -50 °C (Figure 3.30).

3,5-Me-BAFP ,\E“ 3,5-Me-BAFP
S
S

~ 1 equivNO ¢, ~ 1 equiv TBABH, 3

E F - . E F
-60 °C E F -50 °C
F F F F
F F

CF CF
3 CF, 3

+NO

3,5-Me-BAFP

Figure 3.30 Synthetic Scheme demonstrating reformation of the ferric heme-thiolate complex,
[Fe(3,5-Me-BAFP)(SPhF4CF3)] upon [TBA](BHa) addition to [Fe(3,5-Me-
BAFP)(SPhF4CF3)(NO)].
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The ""F NMR spectra provide more information about this reaction, as shown in Figure
3.31. Here, the formation of the ferric heme thiolate was confirmed with signals at 142.20 and -
193.18 ppm. The third signal associated with this complex between 200 and 300 ppm was too
broad to be observed in this spectrum. It should be noted that the disulfide peaks present in the
{FeNO}® spectrum disappear upon hydride addition to form two new peaks associated with the
para-CF3 at -53.89 and -55.31 ppm, as well as aryl-F peaks at -135.45, -138.22, -146.94, and -
150.28 ppm, indicating the formation of two new species. Based on these results, the reaction

scheme was redrawn to include the presence of the disulfide in the reaction, as shown in Figure

3.32.
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Figure 3.31 '"F NMR spectra of the addition of 1 equivalent of [TBA](BH4) to [Fe(3,5-Me-
BAFP)(SPhF4CF3)(NO)] in 1:1 chlorobenzene-ds:toluene-ds at -50 °C. Full spectrum (left) and
zoomed spectrum (right). Spectra were referenced to fluorobenzene at -112.96 ppm.
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Figure 3.32 Synthetic Scheme demonstrating the presence of disulfide prior to [TBA](BHa4)
addition. The reaction between the hydride and disulfide lead to unknown products. The
presence of the Is-{FeNO}’ complex, [Fe(3,5-Me-BAFP)(NO)], was excluded for clarity.

Since no changes were observed by either the 'H or '°F spectra over the course of 36
minutes, the reaction was warmed in 10 °C increments. As shown in the 'H NMR spectra in Figure
3.33, the remaining {FeNO}° showed full decay at 0 °C. This is further confirmed by '°F NMR as
shown in Figure 3.34. It must be noted that a new peak was observed at 4.5 ppm as early as -30
°C. Based on both 'H and '°F NMR, the amount of ferric heme thiolate shows slight increase with
warming in addition to the appearance of a broad doublet ~ 8 ppm indicates decomposition to the
{FeNO}’ complex. Based on the '°F NMR in Figure 3.34, the new peaks observed upon hydride
addition grew as the temperature increased indicating that these species are stable at room

temperature.
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Figure 3.33 VT 'H NMR spectra of the reaction between [Fe(3,5-Me-
BAFP)(SPhF4CF3)(NO)] and 1 equivalent of [TBA](BH4) to in 1:1 chlorobenzene-
ds:toluene-ds. The diamagnetic spectrum (top) shows the decay of the {FeNO}°
complex at 9.43 ppm and the appearance of a new species around 4.5 ppm. The
paramagnetic spectrum (bottom) shows prominent growth of the {FeNO}’ around 8
ppm. The amount of ferric heme thiolate complex appears to increase with warming.
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Figure 3.34 VT 'F NMR spectra of the reaction between [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)]
and 1 equivalent of [TBA](BH4) to in 1:1 chlorobenzene-ds:toluene-ds. The full spectra (left)
confirmed a slight increase in the ferric heme thiolate complex with warming. The zoomed spectra
(right) confirmed the decay of the {FeNO}° complex with the growth of two stable species with
respect to temperature. Spectra were referenced to fluorobenzene at -112.96 ppm.

As discussed above, the disulfide appears to react with the hydride source to form two new
species by '°F NMR spectroscopy. Given the reducing nature of [TBA](BH4), the disulfide was
likely reduced to the corresponding thiol and thiolate species, HSPhF4CF3 and [TBA](SPhF4CF3),
generating strong nucleophiles in solution. Since the {FeNO}° complex contains an electrophilic
nitrosonium, these nucleophilic species could scavenge the bound NO™ to form the corresponding
RSNO, ONSPhF4CF;, as well as the starting ferric heme thiolate complex, [Fe(3,5-Me-
BAFP)(SPhF4CF3)] observed by NMR (Figure 3.35). This possibility was examined by preparing
an authentic ONSPhF4CFj3 species by reaction of the thiol and isoamyl nitrite. As shown in Figure
3.36, the ONSPhF4CF; shows signals at -56.58, -129.41, and -139.46 ppm by '"F NMR
spectroscopy and was therefore not observed upon hydride addition to the {FeNO}® reaction

solution, Figure 3.31 and Figure 3.34.

92



+NO
?@ o
CFe™ SH -S 3,5-Me-BAFP N
- 1 cqu ToneH, 35Me-BAFP F F F <8
N . . F F . F F
T s0Cc  F F e E F F
Fs Fa F F F F
F F
Fs 8 3

Figure 3.35 Proposed reaction scheme for RSNO, ONSPhF4CF3 formation.
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Figure 3.36 '°F NMR spectrum of ONSPhF4CF; (red hearts) in toluene-ds:chlorobenzene-ds at
room temperature. Thiol (blue spades) and disulfide (blue diamonds) are also present in the
spectrum. Spectrum was referenced to fluorobenzene at -112.96 ppm (not shown).

Due to the formation of multiple species over the course of the reaction, the formation of a
thiolate bound heme nitroxyl complex could not be confirmed. Therefore, another experiment was
performed using PPh3 as a selective trap for free nitroxyl species formed in the reaction according

to equation (2).5121-123

Phs + HNO — HN=PPh; + O=PPh; )
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The reaction was repeated by sequentially forming the [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] prior
to hydride addition using [THA](BHa4). After addition of the hydride source the reaction was stirred
for two minutes and was subsequently diluted in an air free NMR tube containing excess PPhs. As
shown in Figure 3.37, triphenyl phosphene persisted in the NMR tube at -50 and 25 °C, indicating

that no free HNO is formed in this reaction.

T T

1%0 160 50 0
f1 (ppm)
Figure 3.37 3'P NMR spectrum of the [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] and [THA](BH4)
followed by addition of PPh3 after 2 minutes of reaction time. 25 °C (teal) and -50 °C (red).

3.6 Discussion

In this chapter, the bulky bis-picket fence porphyrin was used to synthesize a thiolate bound
{FeNO}® complex, [Fe(3,5-Me-BAFP)(SPhF4CF4)(NO)]. The formation of the {FeNO}® was
monitored by UV-vis spectroscopy at -50 °C. With the addition of ~5 equivalents of NO gas, the
formation and decay of the {FeNO}¢ occurred in two distinct steps within 40 minutes indicating a
clean formation of the desired complex prior to its decomposition to the {FeNO}’ complex. The
optimization of this reaction with ~ 1 equivalent of NO shows full NO binding within 45 minutes

to an hour depending on the solvent. This data demonstrates that there is a prolonged window of
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stability of the [Fe(3,5-MeBAFP)(SPhF4CF3)(NO)] with full decay between -10 and 0 °C. The
decay of this complex begins ~ 10 °C higher than the previously generated phenol thiolate
[Fe(TPP)(SR)(NO)] complexes which fully decay between -20 and -10 °C.* With this increase in
stability, the first NMR spectra was obtained for a thiolate bond {FeNO}® synthetic model
complex. By solution IR and rRaman spectroscopy, the [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] was
determined to be a good electronic model for the Cyt P450nor active site with N-O and Fe-N
stretching frequencies of 1860 and 544 cm™ in toluene:CH>Cl> which are comparable to those
reported for the Cyt P450nor with N-O and Fe-N stretching frequencies of 1851 and 530 cm™.
Initial reactivity between the [Fe(3,5-Me-BAFP)(SPhF4sCF3)(NO)] and hydride
[TBA](BH4) was monitored by solution IR spectroscopy. After stirring the reaction for ~ 2
minutes, the spectrum demonstrates a significant decrease in the NO stretch at 1853 cm™!, where
it was estimated that ~ 1/3 of the {FeNO}¢ remained post reaction. As the reaction was warmed,
the intensity of the NO stretch at 1688 cm™ was also significantly lower than observed for the
control reaction. Based on this result, the {FeNO}¢ appears to react with the added hydride source
where the product formed does not decay to the {FeNO}’ complex. This reaction was reproducible,

further confirming this conclusion.

[ {FeNO}® {FeNO}’ {FeNO}° (FeNO}’

+NO +NO NO
R A , ?
@ Decay * LR * * @ + " ?
R R R

Figure 3.38 Proposed reaction scheme for the reaction of [Fe(3,5-Me-BAFP)(SPhF4+CF3)(NO)]
and the borohydride salt. The species in brackets are present prior to hydride addition due to the
sensitive conditions required to synthesize the Is-{FeNO}° complex. SR = -SPhF4CFs;.
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The reaction was directly monitored by NMR spectroscopy to observe the species formed
with hydride addition. According to the NMR results, the reaction sequence summarized in Figure
3.38 is proposed. The initial spectrum shows full nitrosylation of the ferric heme thiolate complex
with an apparent overaddition of NO, based on the disulfide signals present in the "F NMR
spectrum. Since these signals were not present in the '’F NMR spectrum of the ferric heme thiolate
precursor prior to NO addition, it is safe to assume some of the Is-{FeNO}¢ complex decomposed
to the disulfide and the corresponding Is-{FeNO}’ complex. Upon hydride addition, features
associated with the Is-{FeNO}® complex appear to decrease immediately, based on both the 'H
and '°F NMR data, in agreement with the observations of the solution IR experiment. Notably,
disulfide consumption was observed in the '’F NMR spectrum, indicating possible reduction upon
hydride addition, resulting in the corresponding unbound thiolate and thiol. It is known that
thiolates and thiols are highly reactive towards nitrosonium (NO™) and nitroxyl (HNO) and can
therefore act as an internal scavenger. Accordingly, the initial formation of a thiolate bound heme
nitroxyl complex cannot be ruled out in these reactions.® The less sterically hindered free thiolate
species, produced from the disulfide after hydride addition, might scavenge both free and bound
nitroxyl species, before the more sterically hindered triphenylphosphine is able to react with the
newly formed species, as shown by the lack of reactivity of PPh; in the *'P NMR spectrum. Free
nitroxyl in solution was ruled out by gas headspace IR spectroscopy, where no N>O gas could be
detected after warming the reaction solution.

On the other hand, the NMR data also indicates possible thiol and/or thiolate attack on the
bound nitrosonium ligand of the Is- {FeNO}°® complex, resulting in its incomplete consumption and

immediate formation of the ferric heme thiolate precursor complex, as discussed above
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The identity of the two new species observed by '°’F NMR is currently unknown and is
therefore represented in Figure 3.38 as a question mark, “?”. It is known that thiolates will also
react with nitroxyl to form an N-hydroxylsulfenamide.®!?*!%5 Alternatively, the potential thiolate
or thiol formed upon disulfide reduction could attack the bound NO* of the Is-{FeNO}® complex
and result in RSNO formation, ONSPhF4CF3.!2® Though this species was not observed by '°F
NMR spectroscopy, RSNO compounds can be reductively cleaved by electron-rich organometallic
complexes'?’ Considering the electron withdrawing nature of this thiolate, the N-S bond of the
ON-SPhF4CF3 could be weaker compared to electron donating thiolates and therefore cleavage of
the N-S bond could be possible in this reaction due to the electron rich nature of the bis-picket
fence porphyrin.®>!?® This reactivity could result in more side reactions after RSNO formation,
increasing the complexity of the products made in the inital reaction between the disulfide and the
borohydride. More work is needed to fully characterize the unknown products generated after
hydride addition to the {FeNO}%/disulfide reaction mixture, since the current proposed reaction in
Figure 3.38 is based on the major species observed by 'H and '°F NMR spectroscopy. With respect

to HNO formation in this system, future work should focus on forming Is-{FeNO}¢ complexes

without the formation of disulfides in solution, so hydride transfer to the lIs-{FeNO}® can be

assessed properly without a number of unwanted and possibly deleterious side reactions.

3.7 Experimental Section

General Considerations
All chemicals were purchased from commercial sources, including Sigma Aldrich, Fisher
Scientific, and Cambridge Isotopes, and used without further purification unless noted below.

Reactions were performed under inert atmosphere via Schlenk techniques. All solvents were dried
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and distilled from CaH> and freeze pump thawed four times to remove water and dioxygen.
Preparation and handling of air-sensitive materials were performed under a dinitrogen atmosphere
in an MBraun glovebox, equipped with a circulating purifier (O2, HoO <0.1 ppm). H>[3,5-Me-
BAFP], [Fe(3,5-Me-BAFP)(C1)]%. Nitric oxide (Cryogenic Gases Inc., 99.95%) was first passed
through an Ascarite II column and then a -80 °C cold trap to remove higher nitrogen oxide
impurities prior to use. Complexes and solvents were then exposed to NO via a Schlenk line.

Isotopically labeled '>’NO was synthesized according to previously reported procedures.'%

Physical Measurements

UV-vis Spectroscopy/Immersion Probe. All spectra were recorded using an Analytic Jena
Specord S-600 Spectrometer. Using the same spectrometer, dip probe measurements were
conducted using a Hellma low temperature immersion probe with a 10 mm pathlength. A 10 uM
solution of the desired ferric heme thiolate bound complex was cooled between -40 and -45 °C in

either toluene or chlorobenzene.

'TH NMR Spectroscopy. A Varian MR 500 and 600 instruments was used to record all NMR

spectra at temperatures between -60 and 25 °C.

Elemental Analysis. Elemental analyses were conducted by Atlantic Microlabs (Norcross, GA)

Infrared Spectroscopy (ATR/KBr/Gas). Solid state and solution IR spectra were recorded using

a Bruker Alpha-E FT-IR spectrometer. IR data for KBr disks were obtained on PerkinElmer BX

and GX spectrometers. Solution IR experiments were conducted using a thin-layer solution cell
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equipped with CaF, windows. The same instruments were used to conduct gas headspace
measurements using a 10 cm Pike HT gas cell with CaF> windows.

Solution IR experiments were conducted with 0.35 mL of a 20 mM [Fe(3,5-Me-
BAFP)(SPhF4CF3)] in 1:1 toluene-ds/chlorobenzene-ds for an appropriate solvent window. The
solution was transferred to a 10 mL Schlenk finger which was sealed with a 14/20 septum and
copper wire. The solution was freeze, pump, thawed four times to increase the solubility of the NO
at low temperatures (-60 to -65 °C). The reaction was allowed to stir for 30 minutes prior to
breaking the vacuum seal and septum removal. The solution was transferred to the precooled
solution IR cell using a precooled plastic syringe. Measurements were taken every minute until

full decomposition to the {FeNO}’ complex.

Resonance Raman (rRaman). Experiments were performed using a INNOVA with a 457 nm
excitation line from a Cobolt 08-DPL diode pumped laser and the laser power was set to 20 mW.
Samples were prepared at ImM in 1:1 CHxCly:toluene and frozen as a glass. Prior to data
collection, samples were transferred to liquid nitrogen inside an EPR cold finger to keep samples
frozen during measurements. The light scattered from the samples was focused on a Acton two-
stage TriVista 555 monochromator and detected by a liquid N2 cooled Princeton Instruments Spec-
10:400B/LN CCD camera. The accumulation and exposure time for each sample was 12
acquisitions for 4 minutes, repeated three times to improve signal to noise. Spectra were plotted
and baseline corrected using OriginPro 2024.

Sample concentration was ImM in 1:1 CH2Cly:toluene and were prepared in a 10 mL
Schlenk finger sealed with a septum and copper wire. The solution was prepared for NO addition

by four freeze, pump, thawed cycles to aid in NO solubility at low temperatures. The Schlenk
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finger was cooled to -60 to -65 °C for 15 minutes. Next, ~1.2 eq of NO gas was added above the
reaction solution and allowed to stir at low temperature for 30 minutes. The vacuum seal of the
flask was carefully broken, and the solution was transferred to a precooled EPR tube in a copper
block using a precooled glass pipette. The tube was removed from the glovebox and frozen in

liquid nitrogen resulting in a glass for further measurements.

Synthetic Procedures

Synthesis of [Fe(3,5-Me-BAFP)(OCHz3)]. [Fe(3,5-Me-BAFP)(Cl)] (314.5 mg, 0.19 mmol) and
potassium methoxide (65.3 mg, 0.93 mmol) were added to an oven-dried schlenk flask equipped
with a stir bar. The solids were dissolved in 7 mL of dry dichloromethane and 1.5 mL of methanol,
resulting in an immediate color change of the solution from brown to green. Once the reaction was
complete as determined by UV-vis spectroscopy, the solvent was removed by vacuum. The
resulting solid was redissolved in dry dichloromethane and filtered to remove excess potassium
methoxide and KCl formed during the reaction. The filtrate was added to a round bottom flask and
all solvent was removed by vacuum. The resulting black complex was suspended in dry methanol
and collected by vacuum filtration and dried vigorously under vacuum at 120 °C. Yield: 286.4 mg
(0.173 mmol, 91%). UV-vis (CH2Cl,): 424, 478, 584 nm. Elemental analysis: cald (found) for

C10oHooF3FeN4O11SH,0: C, 77.98 (77.97); N, 3.34 (3.24); H, 5.82 (5.83); Cl, 0.00 (0.00).

General Synthesis of [Fe(3,5-Me-BAFP)(SR)] Complexes. The synthesis was adapted from a
literature procedure. Under an inert atmosphere, [Fe(3,5-Me-BAFP)(OCH3)] and desired thiol (1
equivalent) were dissolved in minimal dichloromethane causing the solution to change from brown

to brown/red. The reaction was completed immediately by UV-vis spectroscopy. Next, all solvent
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was removed, and the resulting black powder was suspended in pentanes and collected by vacuum
filtration. The solid was washed with more pentanes and dried under vacuum over 100 °C

overnight.

Synthesis of [Fe(3,5-Me-BAFP)(SPhF4CF3)]. Yield: 148.8 mg (0.079 mmol, 90%). UV-vis
(CH2Cl) 381, 423, 520, 593, 674, 714 nm; (toluene) 378, 423, 520, 589, 671, 706 nm;
(chlorobenzene) 378, 425, 520, 594, 674, 709 nm. 'H NMR (Ce¢DsCl): 70.92, 13.63, 12.45, 11.15,
10.18,7.78,7.73,6.55,5.91, 5.08, 3.75, 1.78, -0.05, -1.95 ppm. '°F NMR (C¢DsCl, fluorobenzene):
194.96 (O-ArF), 86.54 (p-CF3), -176.83 (m-ArF) ppm. Elemental analysis: cald (found) for

C115sHoaF7FeN4OsS: C, 73.51 (73.47); N, 2.98 (2.96); H, 4.94 (4.90); S, 1.71 (1.58).
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Figure 3.39 IR spectrum of [Fe(3,5-Me-BAFP)(SPhF4CF3)] (KBr).
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Synthesis of [Fe(3,5-Me-BAFP)(SPhNHPhCH?3)]. Yield: 52 mg (0.028 mmol, 87%). UV-vis
(CH2Clp) 378, 421, 518, 584, 670, 712 nm; (toluene) 371, 421, 517, 583, 670, 706 nm. 'H NMR
(CD2Cl>): 80.10, 73.48, 66.89, -91.70 ppm. Elemental analysis: cald (found) for Ci20H104FeNsO9S:

C, 78.27 (77.57); N, 3.74 (3.77); H, 5.60 (5.70); S, 1.71 (1.63).
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Figure 3.40 'H NMR spectrum of [Fe(3,5-Me-BAFP)(SPhNHPhCH3)] in CD2Cly.
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Synthesis of [Fe(3,5-Me-BAFP)(SPhANHPhCF3)]. Yield: DNR. UV-vis (CH2Clz) nm. 'H NMR

(CDa2Clo): 78.25, 73.27, 64.98, -89.89 ppm. '°F NMR (CD,Cls, fluorobenzene): -57.43 (p-CF3)
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Figure 3.41 'H NMR spectrum of [Fe(3,5-Me-BAFP)(SPhNHPhCF3)] in CD,Cly.
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Chapter 4 Second Coordination Sphere Hydrogen-Bonding Copper Complexes for

Electrochemical Nitric Oxide Generation for Applications in Biomedical Devices

The development and execution of Route 2, as well as the [Cu(Amine-BMPA-Pr)(OAc)] and the

NOA experiments were performed by rotation student Glorimar Miranda-Mendez.

4.1 Introduction

Nitric oxide (NO) is an endogenous gas that is known to play several physiological roles
that are dependent on concentration and location within the human body.%%"'** For example, the
endothelium continuously releases NO at low nM concentrations to control arteriolar tone and
prevent platelet aggregation, while higher uM concentrations of NO are released in nasal
endothelial cells and macrophages as an antimicrobial agent to fight infections.”®!*° Additionally,
physiological NO aids in blood vessel vasodilation, wound healing, and promoting angiogenesis.
71-73.130-134 Bor these reasons, the use of NO in biomedical devices can help to prevent significant
risk factors associated with IV catheters, which include blood clots and bacterial infections.®®

Despite the physiological benefits of NO, the uncontrolled production of NO in the body
leads to toxic effects. Therefore, it is essential to develop a controlled method of NO delivery to
achieve the desired anti-microbial and anti-clotting effects without harm to the patient. To
accomplish this task, NO can be produced electrochemically via nitrite reduction by a copper

t.”6 The inspiration for the catalyst comes from the active site of copper nitrite reductase

catalys
(CuNIR), an enzyme which efficiently reduces NO,~ to NO.”” Electrochemical nitrite reduction

to NO occurs in two steps as shown in equations 1 and 2, where L represents the ligand of the

complex.
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Cu'(L) + e~ - Cul(L) (1)

Cul(L) + NOy +2H" - Cu'(L) + NO + H,0O (2)

In collaboration with Professor Meyerhoff’s laboratory at the University of Michigan, a

series of water-soluble copper catalysts were synthesized using BMPA and BEPA carboxylate
ligands that can generate controlled amounts of NO on demand in IV catheters.®? These catalysts
were analyzed by bulk electrolysis for electrochemical NO generation as a function of linker length

of the BMPA and BEPA arms, as well as the length of the carboxylate arm, as shown in Figure

4.1.

Cu(ll)BEPA-Et Cu(I)BEPA-Pr  Cu(ll)BEPA-Bu

T ﬁ AJ
OL;;N/ CUXNDQ YND

Cu(l)BMPA-Et  Cu(ll)BMPA-Pr Cu(II)BMPA -Bu

Figure 4.1 Previous BMPA and BEPA carboxylate complexes tested for electrochemical nitrite
reduction to NO. X = OHa, Cl, acetate, or nitrite depending on the conditions.

More Negative Ep More Positive Ex

—7 L
T P

+2 NO
N,O + [Cu-NO,]" <—— [Cu-NOJ" == [Cu]* + NO

Figure 4.2 Reaction scheme summarizing selective NO generation by catalysts with more
positive reduction potentials. Catalysts with more negative reduction potentials result in
disproportionation of the generated NO to N2O.
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This series was used to tune the reduction potential of the Cu(II)/Cu(I) couple and study its
role in nitrite reduction to nitric oxide. Based on this work, it was determined that copper
complexes with more positive reduction potentials, for example [Cu(BEPA-Bu)]’, were favored
for selective NO generation without disproportionation to N.O (Figure 4.2).%* Additionally,
complexes with more negative reduction potentials are more O, sensitive, resulting in inhibition
of nitrite reduction upon reduction from Cu(Il) to Cu(I) in the presence of air. Because IV catheters
come in contact with O rich blood, catalysts with more negative reduction potentials become less
than ideal for this biomedical application.

In addition to synthesizing complexes with more positive reduction potentials, an
alternative strategy is to tune the complexes to have a higher affinity for NO,™ and increase the
rate of reduction to NO. One way to achieve this would be to synthesize derivatives that include
hydrogen bond donors in the second coordination sphere (SCS) that can interact with the Cu(I)-
NO> moiety, allowing for facile proton donation, making nitrite reduction more efficient.%!33
Multiple examples in the literature show that nitrite reduction to NO improves in the presence of
hydrogen bond donors in the SCS in nonaqueous solutions.’#7:136-140 - A notable example was
reported by Symes and coworkers where a tetradentate tris(2-methylpyridyl)amine (TMPA)
derivative was synthesized with a pendent carboxylate group, as shown in Figure 4.3. It was
determined that the pendent carboxylate acts as a proton donor to the bound nitrite that facilitates
its reduction to NO. In fact, this catalyst was twice as effective in comparison to the pendent ester

TMPA analog, further highlighting the importance of the proton donation in the SCS.%’
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Figure 4.3 Derivative copper TMPA catalysts with appended carboxylate or ester groups for
electrocatalytic nitrite reduction to NO in nonaqueous solvents.

In this chapter, two derivatives of [Cu(BMPA-Pr)]" were synthesized containing an amine
and amide in the second coordination sphere in aqueous solutions for biomedical applications.
Here, the synthesis of each ligand was optimized via two synthetic routes. The ligands were
synthesized using the most efficient synthetic route and were metalated with Cu(OAc)2¢H20. Next,
the [Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)] were characterized by UV-
vis spectroscopy and CV with and without nitrite. Additionally, these complexes were
characterized by X-ray crystallography. The performance of these catalysts for nitrite reduction
was analyzed by bulk electrolysis coupled with NO quantification to determine their respective
Faradaic efficiencies. The O; sensitivity of the complexes was studied by performing these
experiments under inert conditions with nitrogen gas, as well as oxygen/nitrogen mixtures with 3

and 10% Os. The results of these studies are presented and discussed here.
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4.2 Synthesis and Characterization of Hydrogen Bonding BMPA-Pr Ligands

With the goal of synthesizing BEPA/BMPA carboxylate derivatives capable of hydrogen
bond donation, DFT was used to optimize potential synthetic targets. As proof of concept, the
BMPA-Pr~ scaffold was chosen due to the commercially available chemicals needed to synthesize
derivatives. As shown in Figure 4.4, the hydrogen bonding derivative, [Cu(Amine-BEPA-
Pr)(NO2)]- was optimized using BP86/TZVP. Here, the structure contains a Cu(l) center with
bound NO;™ to determine the hydrogen bond distance from an appended amine to the copper-
bound nitrite, prior to reduction to NO. Based on the optimized structure, this hydrogen bonding
group appears to form a very strong hydrogen bond between the primary amine and the bound
nitrite with a distance of 1.85 A, which can both increase affinity for nitrite binding over oxygen,

as well as act as a proton shuttle to aid in facile nitrite reduction.

Figure 4.4 DFT optimized (BP86/TZVP) structure of [Cu(Amine-BEPA-Pr)(NO»)]~
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Figure 4.5 Route 1 to synthesize [Na(Amide-BMPA-Pr)] and [Na(Amine-BMPA-Pr)].

Initial attempts to synthesize the [Na(Amine-BMPA-Pr)] ligand are shown in Figure 4.5
and labeled as Route 1. Here, half of the BMPA-Pr~ ligand was synthesized as shown on the top
right of Figure 4.5, by reaction of 2-picoloyl amine and methyl acrylate to form the first half of
BMPA-PrOCH3, labeled as MPA-PrOCH;.%? This reaction was quantitative and provided a
foundation for synthesizing BMPA analogs with hydrogen bonding moieties in the second
coordination sphere. Next, the derivatized BMPA arm was prepared using 6-methylpyridin-2-
amine which was equipped with the primary amine, as shown on the top left of Figure 4.5. First,
the amine was protected to form the amide using picolyl chloride, prior to bromination of the 6-
methylpyridine.'*!:'4? Despite the success of the amine protection in the first step, the subsequent
bromination results in a mixture consisting of unreacted starting material, as well as the mono- and
di-brominated products. This product mixture was difficult to column purify due to the poor
separation of the components, resulting in a very low yield of 7.5% for this step. The overall yield

for protection and bromination steps was 5.3% (Figure 4.5). Nevertheless, the product was taken
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forward to perform an Sn2 reaction with the MPA-PrOCH3 component to form the Amide-BMPA-
PrOCH3; derivative with a 64% yield.

Because amides are also considered hydrogen bond donors, the hydrolysis conditions to
obtain the sodium salts of my target ligands branch at this point. To obtain the Amide-BMPA-
Pr~ scaffold, the ester was hydrolyzed by addition of 1 equivalent of NaOH to form the
corresponding carboxylate salt, [Na(amide-BMPA-Pr)]. This hydrolysis reaction was straight
forward: the reaction mixture was heated overnight, and the product was purified by washing with
organic solvents to remove unreacted starting material and dried under vacuum, to obtain the
product with a 93% yield. The success of this reaction was confirmed from the missing methyl

ester in the "TH NMR spectrum in Figure 4.6.
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Figure 4.6 '"H NMR spectrum of [Na(Amide-BMPA-Pr)] in CD;OD.
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Next, the [Na(Amine-BMPA-Pr)] ligand was synthesized by acid hydrolysis of the amide,
which was performed with either [Na(Amide-BMPA-Pr)] or Amide-BMPA-PrOCHj3; as starting
material. As shown in Figure 4.7, excess 1M HCI shows hydrolysis of the amide over the course
of 32 hours. After the first hour, no significant changes were observed, suggesting that the amide
was still fully intact. After 4 hours, new peaks appeared in the spectrum indicating the formation
of a second species. Notably, the amide peak at 1.17 ppm decreased in intensity with the
appearance of a new peak at 0.99 ppm, indicating hydrolyzed amide. After 32 hours, the reaction
stopped progressing, and the ligand was purified by pH adjustment above 13 to fully deprotonate
the primary amine. Unfortunately, the pH adjustment resulted in excess NaCl and NaOH, making
it difficult to purify the [Na(Amine-BMPA-Pr)] ligand, as it is only soluble in water and methanol.
For this reason, the acid was changed to HoSO4 so that neutralization would result in the formation
of NaxSOs4. The reaction mixture was dried after pH adjustment, under vacuum, to remove as much
water as possible. The resulting solid was redissolved in anhydrous methanol to precipitate the
NaxSOs. In changing the acid, the reaction was much faster resulting in more hydrolyzed amine
with reaction times of ~ 5 hours. Unfortunately, the corresponding copper complex could not be
obtained cleanly, as ligand decomposition was observed over the course of the reaction, resulting
in a low yield. Based on these results, an alternative route was needed to successfully synthesize

the [Na(Amine-BMPA-Pr)] scaffold.
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Figure 4.7 Reaction progress of acid hydrolysis by 'H NMR of [Na(Amide-BMPA-Pr)] with HCI
at 1 hour (red), 4 hours (yellow), 8 hours (green), 28 hours (blue), and 32 hours (purple). The
sample was diluted in DO and excess water was solvent suppressed to reduce the signal.
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Figure 4.8 Route 2 to synthesize [Na(Amide-BMPA-Pr)] and [Na(Amine-BMPA-Pr)].

To synthesize the [Na(Amine-BMPA-Pr)] salt, Route 2 was developed and executed by
rotation student, Glorimar Miranda-Mendez as shown in Figure 4.8. Here, the focus is placed on
first synthesizing the derivatized BMPA arm containing either an Amide or Amine group. This
was accomplished by repeating the amine protection of the 6-bromopyridin-2-amine which is
commercially available. The resulting product underwent a Grignard reaction to form an aldehyde
in place of the bromo substituent.'** The yield of the first two steps was determined to be 85% in
comparison to Route 1, which had an overall yield of 5.3%. Next, the Amide-BMPA arm was
synthesized by reductive amination with 2-picolylamine. The amide was further hydrolyzed by
refluxing with 2M HCI over the course of 24 hours to obtain the Amine-BMPA arm.!** At this

point, either the Amide-BMPA-PrOCH3; or Amine-BMPA-PrOCH3 unit was synthesized by
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performing an Sn2 reaction with either the Amide- or Amine-BMPA arm and methyl 3-

1.8 The hydrolysis of both ligands was performed as described for

bromopropanoate in methano
[Na(Amide-BMPA-Pr)] in Route 1. Here, unreacted starting material was washed away, and the
aqueous layer was dried under vacuum to provide both the [Na(Amide-BMPA-Pr)] and
[Na(Amine-BMPA-Pr)] salts.®> While [Na(Amine-BMPA-Pr)] was initially difficult to synthesize,

Route 2 demonstrates a high yielding and clean formation of the sodium salt, as shown in Figure

4.9.
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Figure 4.9 '"H NMR spectrum of [Na(Amine-BMPA-Pr)] in CD;OD.
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4.3 UV-vis Spectroscopy of [Cu(Amide-BMPA-Pr)]* and [Cu(Amine-BMPA-Pr)|*

Complexes

With the [Na(Amide-BMPA-Pr)] and [Na(Amine-BMPA-Pr)] ligands in hand, the
corresponding copper complexes were characterized by titrating Cu(OAc)*H,O with the
respective ligand and following the reaction by UV-vis spectroscopy. The titrations were
performed in milli-Q water with 5 mM of the copper salt. As shown on the left in Figure 4.10,
[Cu(Amide-BMPA-Pr)(OAc)] appears fully formed after the addition of 2 equivalents of ligand
with a Amax of 600 nm. Similar results are observed for [Cu(Amine-BMPA-Pr)(OAc)] shown on
the right in Figure 4.10. Here, full copper binding appears at ~ 1 equivalent of ligand. In this case,
the Amax for [Cu(Amine-BMPA-Pr)(OAc)] appears at 637 nm. To ensure full copper binding during
electrochemical experiments, 1.5 equivalents of the respective ligand were added to the copper
solutions in all experiments.

Additionally, both complexes were further characterized in the presence of 1M NaNO; to
observe changes to the spectrum upon nitrite binding to the Cu(Il) center (Figure 4.11). The
addition of nitrite to the [Cu(Amide-BMPA-Pr)(OAc)] complex results in no changes in the Amax,
which remains at 600 nm, suggesting that nitrite does not bind to the Cu(Il) complex. When
repeated with [Cu(Amine-BMPA-Pr)(OAc)], the Amax shifts from 637 nm to 628 nm, indicating the

formation of [Cu(Amide-BMPA-Pr)(NO>)].
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Figure 4.10 UV-vis spectra for the titration of 5 mM Cu(OAc)2*H20 with the indicated ligand in
milli-Q water, with [Na(Amide-BMPA-Pr)] (left) and [Na(Amine-BMPA-Pr)] (right).
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Figure 4.11 UV-vis spectral overlay of 5 mM [Cu(Amide-BMPA-Pr)(OAc)] (1:1.5 Cu(II):ligand
ratio) (left) and [Cu(Amine-BMPA-Pr)(OAc)] (right) in the presence and absence of 1 M NaNO,.
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4.4 Crystallographic Characterization of Hydrogen Bond Derivatives of [Cu(BMPA-

Pr)(OAc)]

2.055 A
O4

cio
Figure 4.12 Cryst?lO structucri: representation of [Cu(Amide-BMPA-Pr)(OACTCQ)] (left) and
[Cu(Amine-BMPA-Pr)(OAc)] (right). Thermal ellipsoids are shown at 50% probability. All
hydrogen atoms and solvent molecules have been omitted for clarity. Color scheme: C, gray; N,
blue; O, red; Cu, orange.

The [Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)] complexes were
further characterized by X-ray crystallography, as shown in Figure 4.12. Here, both structures
reveal that the acetate counter ion is bound to the Cu(Il) center with bond distances of 1.964 and
2.779 A for [Cu(Amide-BMPA-Pr)(OAc)] and 1.958 A for [Cu(Amine-BMPA-Pr)(OAc)], which
essentially corresponds to a monodentate binding mode. Additionally, the amide/amine group
present in the second coordination sphere is involved in a strong hydrogen bonding interaction
with the O atom of the bound acetate that is only weakly interacting with the copper center, with
H4A-04/H4A-03 distances of 2.055 and 2.194 A for the [Cu(Amide-BMPA-Pr)(OAc)] and
[Cu(Amine-BMPA-Pr)(OAc)], respectively. Based on the UV-vis data, nitrite does not bind to the

Cu(Il) center, therefore the [Cu(Amide-BMPA-Pr)(NO;)] complex could not be structurally

characterized. Additional geometric parameters are summarized in Table 4.1.
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Table 4.1 Geometric parameters of [Cu(BMPA-Pr)]* derivatives obtained from X-ray
crystallography. Bond distances are reported in A.

Bond Distance (A) Cu-X Cu-Op, Cu-Npyr (H-bond donor) Cu-Npy, Cu-Neert amine
[Cu(Amide-BMPA-Pr)(OAc)] | 1.9622.779 | 1.964 2254 2.019 2.040
[Cu(Amine-BMPA-Pr)(OAC)] 1.958 1.981 2230 2.023 2.039

4.4.1 Cyclic Voltammetry (CV) in the Absence and Presence of Nitrite

14

o [Cu(Amide-BMPA-Pr)(OAc)]
| — 10 mV/s
——50 mV/s
1 —— 100 mV/s
1 ——200 mV/s

Current (10° A)

6 . .

Current (10° A)

T
-0.1 -0.2 -0.3

Potential (V)

T T T
-0.4 -0.5

-0.6

_| [Cu(Amide-BMPA-Pr)(OAc)]
—— 200 sweeps (100 mV/s)

0.2

T
-0.3 -04

Potential (V)

0.5 -0.6

Figure 4.13 CV of [Cu(Amide-BMPA-Pr)]" at pH 7.4 in 0.1 M HEPES buffer and 0.1 M NaCl at
varying scan rates (left). Catalyst stability over the course of 200 sweeps 100 mV/s (right).
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Figure 4.14 Cyclic voltammogram of [Cu(Amine-BMPA-Pr)]" at pH 7.4 in 0.1 M HEPES buffer
and 0.1 M NaCl at varying scan rates (left). Catalyst stability over the course of 200 sweeps at 100

mV/s (right).
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Table 4.2 Comparison of the reduction potentials (Er) and Ei» for both derivatives of the
[Cu(BMPA-Pr)]" complex in comparison to the parent complex. All potentials are reported vs
Ag/AgCl in mV and were obtained from CVs measured with a scan rate of 50 mV/s. TOF were
determined with a scan rate of 100 mV/s.

Er (mV) Ein (mV) TOF (s Ref
[Cu(BMPA-Pr)(OAc)] -380 335 478 82
[Cu(Amide-BMPA-Pr)(OAc)] -420 -367 n/a tw.
[Cu(Amine-BMPA-Pr)(OAc)] 324 -280 6.51 tw.

The [Cu(Amide-BMPA-Pr)]" and [Cu(Amine-BMPA-Pr)]" complexes were characterized
by CV to determine their Cu(II)/Cu(I) reduction potentials in comparison to the [Cu(BMPA-Pr)]*
parent complex. As shown in Figure 4.13, the [Cu(Amide-BMPA-Pr)]" complex has a semi-
reversible redox couple with a reduction potential of -420 mV and an E;» of -367 mV at a scan
rate of 50 mV/s. Alternatively, the complex [Cu(Amine-BMPA-Pr)]" exhibits a fully reversible
redox couple with a reduction potential of -324 mV and an Ei» of -280 mV, as shown in Figure
4.14. These data are summarized in Table 4.2 in comparison to the parent complex, [Cu(BMPA-
Pr)]", which has a reduction potential and E1,, of -380 and -335 mV, respectively. The addition of
the hydrogen bond donor in the second sphere appears to induce a slight positive shift in reduction
potential. Based on previous work in our laboratory, it was determined that more positive reduction
potentials lead to selective NO generation and prevent further reduction to N>O.

Next, each complex was titrated with NaNO- to observe catalysis at the cathodic wave,
indicating NO,™ reduction by the copper(l) center. Unfortunately, the [Cu(Amide-BMPA-Pr)]"
complex decays with 200 consecutive sweeps, indicating catalyst decomposition during long term
electrochemical experiments. Since the amide-complex does not bind nitrite and is
electrochemically unstable, this complex was not tested for bulk nitrite reduction by controlled

potential electrolysis (CPE). On the other hand, [Cu(Amine-BMPA-Pr)]" shows catalysis upon
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addition of nitrite as shown in Figure 4.15. This is also evident when compared to [Cu(BMPA-

Pr)]*, which has a TOF of 4.78 s’! at a scan rate of 100 mV/s, whereas the amine complex

demonstrates a TOF of 6.51 s! at this scan rate.
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Figure 4.15 CV of 1 mM [Cu(Amine-BMPA-Pr)]" in 0.1 M HEPES buffer at pH 7.4, 0.1 M
NaCl, titrated with up to 200 mM NaNO: at a scan rate of 100 mV/s.

4.5 Bulk Electrolysis in the Presence of Nitrite and Faradaic Efficiency Determination

Next, Faradaic efficiencies were determined by performing bulk electrolysis experiments
using 1 mM of the Cu(Il) complexes at pH 7.4. The NO generated during the electrochemical
reaction was sparged out of the reaction solution and quantified using a chemiluminescence Siever
2801 Nitric Oxide Analyzer (NOA). The oxygen sensitivity of the [Cu(BMPA-Pr)(OAc)] and
[Cu(Amine-BMPA-Pr)(OAc)] complexes was tested using sparge gases of varying oxygen content

and the Faradaic efficiency was determined based on the charge passed and the moles of NO
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generated. For each complex, three potentials were studied, including the reduction potential (Er)
and £ 70 mV more positive and negative from this potential. For these potentials, bulk electrolysis
experiments performed with the [Cu(BMPA-Pr)(OAc)] were held at -310, -380, and -450 mV,
respectively, as previously determined.? Since the reduction potential of [Cu(Amine-BMPA-Pr)]"
was determined to be -324 mV in the absence of nitrite, bulk electrolysis experiments were carried
out -254, -324, and -394 mV. Each potential was held constant for 15 minutes to allow NO
generation to stabilize, followed by a waiting period to allow NO detection to return to baseline
amounts. The resulting data obtained from the NOA were processed (see Experimental Section)
to obtain the moles of NO generated over the course of the reaction. The data obtained by bulk
electrolysis were converted to moles of electrons over the course of the experiment resulting in
Faradaic efficiency determination. As shown in Figure 4.16, sparging the reaction with 100% N>
resulted in Faradaic efficiencies of 40 and 60% for [Cu(BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-
Pr)(OAc)], respectively, when held at the reduction potential (see Table 4.3). When switching the
sweep gas to 3% Oq, the Faradaic efficiencies decreased to 12.8 and 9.1% for [Cu(BMPA-
Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)], respectively. No further decrease in the Faradaic
efficiency was observed when the sparge gas was switched to 10% O>. Notably, the maximum
amount of NO generated decreased significantly when introducing 3% O: in the sweep gas.

Table 4.3 Faradaic efficiencies of [Cu(BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)]
using sparge gases with varying O, content.

[Cu(BMPA-Pr)(OAc¢)] 310 mV -380 mV -450 mV
N, 61% 40% 40%
3% O, 11.5% 12.8% 11.5%
10% O, 7% 10% 10%
[Cu(Amine-BMPA-Pr)(OAc)] 254 mV 324 mV -394 mV
N, 58% 68% 70%
3% O3 9.4% 9.1% 9%
10% O, 7% 7.2% 7.1%
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Figure 4.16 Bulk electrolysis experiments of [Cu(BMPA-Pr)]* (left) and [Cu(Amine-BMPA -
Pr)]" (right). The potentials were held at Er + 70 mV. Solutions consisted of 0.1 M HEPES at
pH 7.4, 0.1 M NaCl, 1mM catalyst, and 200 mM NaNO; in 6.5 mL of solution. Experiments
were carried out with sparge gases containing varying oxygen content: N> (top); 3% O2

(middle); 10% O> (bottom).

4.6 Discussion

In this Chapter, hydrogen bonding derivatives of the BMPA-Pr~ ligand were synthesized according

to two synthetic routes. It was determined that the Amide-BMPA-Pr~ ligand could be synthesized

using either Route 1 or Route 2. In contrast, Route 2 was determined to be the best synthetic route

to obtain Amine-BMPA-Pr.

The ligands were metallated with Cu(OAc),*H>0O to form the
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corresponding copper complexes, [Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-
Pr)(OAc)] and were characterized by UV-vis spectroscopy, CV, and X-ray crystallography. Based
on X-ray crystallography, a medium strength hydrogen bond is present between the copper bound
acetate and the amide/amine N-H in the second coordinate sphere with a NH-Ooac distance of
2.055 and 2.194 A, for [Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)],
respectively.

Despite the presence of the hydrogen bond, UV-vis data demonstrate poor NO>~ binding
to [Cu(Amide-BMPA-Pr)]" despite being in large excess in solution. It is possible that the strength
of the hydrogen bond associated with [Cu(Amide-BMPA-Pr)(OAc)] stabilizes acetate binding and
therefore prevents its dissociation prior to nitrite binding. In addition to poor nitrite binding to this
complex, the [Cu(Amide-BMPA-Pr)(OAc)] appears to be electrochemically unstable by CV since
the current associated with the redox couple steadily decreases over the course of 200 sweeps. The
combination of poor substrate binding and low electrochemical stability indicates that this complex
is not suitable for electrochemical NO generation. On the other hand, the [Cu(Amine-BMPA-
Pr)(OAc)] complex was determined to bind NO;~ as evidenced by a blue shift in the UV-vis
spectrum from 637 to 627 nm in the presence of 200 equivalents of NaNO». Characterization of
the [Cu(Amine-BMPA-Pr)(OAc)] by CV demonstrates a slightly more positive Er and E1» of -
324 and -280 mV, respectively in comparison to those observed for the [Cu(BMPA-Pr)(OAc)]
complex with values of -380 and -335 mV, respectively. Based on TOF calculations, nitrite
reduction with the [Cu(Amine-BMPA-Pr)(OAc)] complex appears to be faster with a TOF of 6.51
versus 4.78 s™! for the parent complex at 100 mV/s. This change in TOF indicates that the hydrogen
bond donor present in [Cu(Amine-BMPA-Pr)(OAc)] appears to provide a proton to facilitate

nitrite reduction, and therefore confirms our original hypothesis.
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Next, the NO generated via bulk electrolysis was quantified to determine the Faradaic
efficiency for nitrite reduction by [Cu(Amine-BMPA-Pr)]*. Under inert conditions, the
[Cu(Amine-BMPA-Pr)]" catalyst demonstrated a higher Faradaic efficiency of 68% in comparison
to that of the parent [Cu(BMPA-Pr)]* complex with 40%. Between the higher Faradaic efficiency
and TOF reported for the [Cu(Amine-BMPA-Pr)(OAc)] complex, these results demonstrate that
the presence of the hydrogen bond in the SCS facilitates nitrite reduction. To further study the
effect of a SCS hydrogen bond with respect to oxygen sensitivity, the N> sparge gas was swapped
with a 3 and 10% O: in N2 mixture. With the increase in O; content, the amount of NO produced
from nitrite reduction decreased sharply for both [Cu(BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-
Pr)(OAc)], with a 75 and 86% decrease in activity, respectively. While the presence of the amine
in the second coordination sphere showed an increase in performance under inert conditions, these
results indicate that the addition of a hydrogen bond donor in the SCS of the copper catalyst does
not decrease O sensitivity. In fact, it appears that the presence of the hydrogen bond increases the
O sensitivity to further suppress NO generation. There are several examples in enzymes that
demonstrate that hydrogen bonding groups in the SCS stabilize O, binding to metal active sites,
including superoxide dismutase (SOD), superoxide reductases, as well as heme containing
enzymes such as myoglobin and hemoglobin.'*'*® There is literature precedence in synthetic
copper complexes showing that the addition of hydrogen bonds in the SCS increases O> binding
affinity.'* For example, in 2018 Karlin and coworkers reported TMPA derivatives containing an
amide and secondary amines for superoxide stabilization when bubbling solutions of these
complexes with Oz at low temperatures.'*°

Based on the literature precedence, copper catalysts with more positive reduction potentials

appear to be less O sensitive and play a key role in selective NO generation. It is also known that
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the reduction potential can become too positive, resulting in sluggish catalysis. Therefore, catalysts
that contain more positive reduction potentials should be modified with hydrogen bond donors in
the SCS going forward, to determine how this effect could aid in facile NO™ reduction to NO in
the presence of 02.%? Recently, a BEPA sulfonate complex, [Cu(BEPA-EtSO3)]", analogous to the
[Cu(BEPA-Pr)]" parent complex, showed a reduction potential of 55 mV, which is significantly
more positive in comparison to the analogous [Cu(BEPA-Pr)]" complex with a reduction potential
of -80 mV."3! Bulk electrolysis experiments with the [Cu(BEPA-EtSO3)]" complex showed
reduced O; sensitivity in the presence of 3 and 10% sparge gases with no changes to the Faradaic
efficiency with increasing O, content. Future work should explore synthesizing derivatives capable

of hydrogen bonding with catalysts containing more positive reduction potentials.

4.7 Experimental Section

General Considerations

All chemicals were purchased from commercial sources, including Sigma Aldrich, Fisher
Scientific, and Cambridge Isotope Laboratories Inc., and used without further purification unless
noted below. All electrochemical experiments were performed in water obtained from a Milli-Q
filtration  ultrapure  water  system. All  stocks including  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer, (pH adjusted to 7.4 with sodium hydroxide and

hydrochloric acid if necessary), and sodium chloride electrolyte.

Physical Measurements
UV-vis Spectroscopy. All spectra were recorded using an Agilent Cary Series UV-Vis-NIR

Spectrophotometer.
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NMR Spectroscopy. A Varian MR 600 MHz instrument was used to record NMR spectra for
Route 1 at 25 °C. A Bruker Avance Neo 500 MHz instrument was used to record NMR spectra for

Route 2 at 25 °C.

Cyclic Voltammetry (CV). All electrochemical measurements were performed using CH
Instruments potentiostats, models 1600E. Small scale CV experiments were performed with 2 mL
solutions of 1 mM copper (II) complex in a sealed glass cell. The solution contents included a
1:1.5 ratio of the copper salt, Cu(OAc),°H-0, and either the Amide or Amine BMPA-Pr sodium
salt, 0.1 M HEPES buffer (pH 7.4), 0.1 M NaCl in Millipore water. The cell was sparged with
100% N for ~10 minutes to remove oxygen from solution, the reaction was kept under nitrogen
atmosphere during data collection. Data was collected using a three-electrode arrangement using
a Pt disk working electrode, Pt coiled wire counter electrode, and Ag/AgCl stored in saturated KCI

as the reference electrode.

Nitric Oxide Quantification. The nitric oxide produced in the bulk electrolysis experiments was
quantified using a Chemiluminescence Sievers 2801 Nitric Oxide Analyzer (NOA).The sample gas

flow rate was controlled by an Alicat Scientific gas mass flow controller set to 200 SCCM.

Bulk Electrolysis Experiments. A larger electrochemical cell was used to measure 6.5 mL
solutions with the same contents as described. Experiments were carried out with 200 mM NaNO»
100% N2 and certified O2/N2 gas mixtures of 3 and 10% (Metro Welding Supply Corp) to test

oxygen sensitivity of the catalysts. CVs were taken before and after bulk electrolysis experiments
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to monitor any changes at the electrode surface. The cell was connected to the NOA and the cell
was sparged with the appropriate sparge gas to establish a flat baseline for background NO. A
potential was applied to the cell by bulk electrolysis for 15 minutes followed by a 15 minute period
of rest to allow the signal to return to baseline. The NO generated during this period was quantified
by integrating the total peak area for this period. This method was performed at three different

potentials including the Cu(II)/Cu(I) reduction potential, with two additional trials £70 mV.

Density Functional Theory Calculations. All calculations were performed using the program
Gaussian 09.'°7 All geometry optimizations and frequency calculations were performed using
BP86 as the functional and TZVP as the basis set. Calculated frequencies were inspected to ensure

the absence of any imaginary frequencies, to confirm that true energy minima were obtained.

Crystal Structure Determination

[Cu(Amide-BMPA-Pr)(OAc)]. Blue crystals of the complex were grown from a 375 mM
methanolic solution, layered with diethyl ether and left at room temperature.
[Cu(Amine-BMPA-Pr)(OAc)]. Blue crystals of the complex were grown from a 375 mM
methanolic solution, layered with diethyl ether and left at room temperature.

A crystal of dimensions 0.059 x 0.068 x 0.123 for [Cu(Amine-BMPA-Pr)(OAc)] and 0.020 x 0.020 x
0.010 [Cu(Amide-BMPA-Pr)(OAc)] mm was mounted on a Rigaku AFC10K Saturn 944+ CCD-based
X-ray diffractometer equipped with a low temperature device and a Micromax-007HF Cu-target micro-
focus rotating anode (A = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA). The X-ray intensities
were measured at 85(1) K with the detector placed at a distance of 42.00 mm from the crystal. A total
of 2028 images were collected with an oscillation width of 1.0° in ®. The exposure times were 1 sec

for the low angle images, 5 sec for high angle. Rigaku d*TREK images were exported to CrysAlisPro
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1.171.43.112a (Rigaku OD, 2024) for [Cu(Amine-BMPA-Pr)(OAc)] and CrysAlisPro 1.171.40.53
(Rigaku OD, 2019) for [Cu(Amide-BMPA-Pr)(OAc)] for processing and corrected for absorption.'®®
The integration of the data yielded a total of 63017 for [Cu(Amine-BMPA-Pr)(OAc)] and 19641
[Cu(Amide-BMPA-Pr)(OAc)] reflections to a maximum 26 value of 138.82° for [Cu(Amine-BMPA-
Pr)(OAc)] and 138.95° [Cu(Amide-BMPA-Pr)(OAc)] of which 15091 for amine and 4686 for amide
were independent and 13468 for [Cu(Amine-BMPA-Pr)(OAc)] and 3443 [Cu(Amide-BMPA-
Pr)(OAc)] were greater than 26(1). Analysis of the data showed negligible decay during data collection.
The structure was solved using SHELXT 2018'* and refined with SHELXL-2019/2 (Sheldrick, 2019)
for amine'**!% and [Cu(Amide-BMPA-Pr)(OAc)] the Bruker SHELXTL (version 2016/6) software
package was used,'% using the space group P-1 with Z=4 for amine for the formula C35H44Cu2N809
and P-1 with Z = 2 for amide for the formula C24H36CuN407. All non-hydrogen atoms were refined
anisotropically with the hydrogen atoms placed in a combination of idealized and refined positions
using the riding model. [Cu(Amine-BMPA-Pr)(OAc)] featured four solvent molecules (methanol)
disordered over several positions. These solvent molecules could not be fully refined and were
squeezed using Platon detecting 74 ¢ in solvent accessible voids corresponding to approximately four
molecules of methanol.'” Full matrix least-squares refinement based on F2 converged at R1=0.0574
and wR2 =0.1731 for amine and R1 =0.0594, wR2 =0.1423 for amide [based on [ > 2c(I)], R1=0.0622
and wR2=0.1845 for [Cu(Amine-BMPA-Pr)(OAc)] and R1 = 0.0866, wR2 = 0.1686 [Cu(Amide-

BMPA-Pr)(OAc)] for all data. Additional details are presented in Table 4.1.

Synthetic Procedures
Route 1:
Synthesis of 2,2-Dimethyl-N-(6-methyl-2-pyridinyl)propenamide (MPP). MPP was

synthesized according to a literature procedure.'*! 40g (0.37 mol) of 2-amino-6-methylpyridine

128



were dissolved in 500 mL of dichloromethane. After the addition of 57 mL (0.41 mol) of
triethylamine, the reaction was cooled it 0 °C. Trimethylacetylchloride (50 mL, 0.41 mol) were
slowly added to the reaction solution resulting in a white gas and the formation of a white
precipitate. The next day, the white precipitate was filtered off and the filtrate was concentrated.
The filtrate was washed with 200 mL of 1M hydrochloric acid, followed by 200 mL of saturated
sodium bicarbonate solution and 200 mL of saturated sodium chloride solution. The organic layer
was then dried by sodium sulfate and rotovapped to a light orange solid. Yield: 50 g (0.26 mol,
70%) "H NMR (CDCls): 8.03 (d, 1H); 7.92 (br s, 1H); 7.55 (t, 1H); 6.85 (d, 1H); 2.42 (s, 3H); 1.30

(s, 9H) ppm.

Synthesis of N-[6-(bromomethyl)pyridine-2-yl]-2,2-dimethylpropanamide (BPP). BPP was
synthesized according to a literature procedure.'*? 13.97 g (73 mmol) of MPP, 12.71 g (72 mmol)
of NBS and 251.3 mg (1.5 mmol) of AIBN were dissolved in 400 mL of carbon tetrachloride in
an oven dried Schlenk flask. The reaction was heated to 80 °C and refluxed under N> for 7 hour.
Reaction was stirred at room temperature overnight. The product was then purified by silica
column with 1:4 ethyl acetate to petroleum ether. Yield: 1.48 g (5.4 mmol, 7.5%). 'H NMR

(CDClI3): 8.10 (s, 1H); 8.05 (brs, 1H); 7.60 (t, 1H); 7.05 (d, 1H); 4.43 (s, 2H); 1.24 (s, 9H) ppm.

Synthesis of N-(2-Pyridinylmethyl)--alanine methyl ester (MPA-PrOCH3). MPA-PrOCHj3
was synthesized according to a modified literature procedure.®® 2.5 mL (24.3 mmol) of 2-
picolylamine and 2.20 mL (24.3 mmol) of methyl acrylate were dissolved in 36 mL of methanol

and stirred at room temperature overnight. Reaction was rotovapped to dryness and used without
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further purification. Yield: Quantitative (24.3 mmol) 'H NMR (CDCls): 8.54 (d, 1H); 7.63 (t, 1H);

7.30 (d, 1H); 7.14 (¢, 1H); 3.91 (s, 2H); 3.67 (s, 3H); 2.93 (t, 2H); 2.55 (t, 2H) ppm.

Synthesis of methyl 3-(((6-pivalamidopyridin-2-yl)methyl)(pyridin-2-
ylmethyl)amino)propanoate = (Amide-BMPA-PrOCH3).  Amide-BMPA-PrOCH;  was
synthesized according to a literature procedure.’® 1.16 g (6 mmol) N-(2-Pyridinylmethyl)-p-
alanine methyl ester, 1.62 g (6 mmol) N-[6-(bromomethyl)pyridine-2-yl]-2,2-
dimethylpropanamide, and 2.67 g (20 mmol) of potassium carbonate were dissolved in 200 mL of
dry acetonitrile. The reaction was refluxed for 2 hours and then allowed to stir at room temperature
overnight. The reaction mixture was then filtered to remove white solid and rotovapped to dryness.
The product was column purified with 10% hexanes in ethyl acetate on alumina. The resulting
red/brown oil was dried under vacuum. Yield: 1.46 g (3.8 mmol, 64%). 'H NMR (CDCls): 8.43
(d, 1H); 8.01 (d, 1H); 7.90 (s, 1H); 7.57 (t, 2H); 7.39 (d, 1H); 7.12 (d, 1H); 7.06 (t, 1H); 3.75 (s,

2H); 3.63 (s, 2H); 3.54 (s, 3H); 2.84 (t, 2H); 2.49 (t, 2H); 1.24 (s, 9H) ppm.
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Figure 4.17 'H NMR spectrum of Amide-BMPA-PrOCH3 in CDCl; (Route 1).

Route 2:

Synthesis of N-(6-bromopyridin-2-yl)pivalamide. N-(6-bromopyridin-2-yl)pivalamide was
synthesized according to a literature procedure.'** 10 g (58.8 mmol) of 6-bromopyridin-2-amine
was dissolved in 200 mL of dichloromethane. Next, 20 mL of triethylamine (0.143 mol, 2.5 eq)
was added to the solution. The solution was cooled to 0 °C under N> and 8.9 mL of acetyl chloride
(72.7 mmol, 1.26 eq) was added dropwise. The reaction was allowed to warm to room temperature
and stirred overnight. The reaction mixture was washed with water, followed by saturated sodium
bicarbonate, and brine and dried over sodium sulfate. The solution was rotovapped and the
resulting solid was washed with hexanes. The solid was collected and dried under vacuum for 3
days. Yield: 13.1 g (50.9 mmol, 88%). '"H NMR (500 MHz, CDCl3): 8.22 (d, 1H); 7.98 (br s, 1H);
7.55 (t, 1H); 7.20 (d, 1H); 1.32 (s, 9H) ppm. '3C NMR (126 MHz, CDCl3): 177.23; 151.82; 140.73;

139.24; 123.55; 112.40; 40.04; 27.54 ppm.
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Figure 4.18 'H NMR spectrum of N-(6-bromopyridin-2-yl)pivalamide in CDCls.
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Figure 4.19 '*C NMR spectrum of N-(6-bromopyridin-2-yl)pivalamide in CDCl;.
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Synthesis of N-(6-formylpyridin-2-yl)pivalamide. N-(6-formylpyridin-2-yl)pivalamide was
synthesized according to a literature procedure.!** 5.5 g of N-(6-bromopyridin-2-yl)pivalamide (21
mmol) was dissolved in 22 mL of dry toluene and placed in an ice/NaCl water slurry. 25 mL of
isopropyl magnesium chloride (50 mmol) was transferred via cannula to an addition funnel
attached to the reaction vessel and was added dropwise under N> for 1.5 hours. The reaction was
left to stir for an additional 23 hours. At this point, 3.25 mL of DMF (42 mmol) was added to the
reaction and stirred for 30 minutes. Next, the reaction was placed in an ice bath and was quenched
with 50 mL of 10% aqueous acetic acid solution. After 30 minutes, the organic layer was extracted
with 10 mL of toluene and stirred with 22 mL of a 0.6 M sodium disulfite solution and stirred an
additional 30 minutes. Next, the aqueous layer was extracted and stirred 10 minutes with 30 mL
of 1.9 M sodium carbonate solution. The product was extracted with ethyl acetate and dried with
magnesium sulfate. The product was rotovapped to dryness and dried under vacuum overnight.
Yield: 3.26 g (0.016 mol, 74%). 'H NMR (500 MHz, CDCl5): 9.93 (s, 1H); 8.52 (d, 1H); 8.14 (br
s, 1H); 7.89 (t, 1H); 7.68 (d, 1H); 1.36 (s, 9H) ppm. 3C NMR (126 MHz, CDCls): 192.55; 177.55;

152.23; 150.92; 139.51; 118.68; 40.07; 27.60 ppm.
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Figure 4.20 'H NMR spectrum of N-(6-formylpyridin-2-yl)pivalamide in CDCls.
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Figure 4.21 C NMR spectrum of N-(6-formylpyridin-2-yl)pivalamide in CDCls.

Synthesis of N-(6-(((pyridin-2-ylmethyl)amino)methyl)pyridin-2-yl)pivalamide (Amide-
BMPA). Amide-BMPA was synthesized using a modified literature procedure.'** 3.74 g of N-(6-
formylpyridin-2-yl)pivalamide (18.1 mmol) was dissolved in 75 mL of methanol before adding
2.06 mL of 2-picolylamine (19.9 mmol). After 3.5 hours of stirring, the reaction was cooled to 0
°C prior to adding a total of 1.029 g of NaBH4 (27.2 mmol) in small batches. The reaction was
stirred overnight at room temperature. The next day, the reaction was quenched with 100 mL of
water and rotovapped to remove methanol. The product was then extracted with ethyl acetate three
times and dried with sodium or magnesium sulfate before transferring to a vial to dry under vacuum
at room temperature overnight. Yield: 4.99 g (16.7 mmol, 92%). 'H NMR (500 MHz, Chloroform-
d) 6 8.56 (d, J=4.7 Hz, 1H), 8.12 (d, J= 8.3 Hz, 1H), 7.66 — 7.63 (m, 2H), 7.34 (d, J = 7.8 Hz,

1H), 7.18 — 7.16 (m, 1H), 7.05 (d, J = 7.5 Hz, 1H), 3.97 (s, 2H), 3.87 (s, 2H), 1.33 (s, 8H). 1°C
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NMR (126 MHz, CDCl3) & 177.19, 159.77, 158.05, 151.38, 149.49, 138.88, 136.60, 122.50,

122.14, 118.22, 112.14, 54.95, 54.53, 39.94, 27.67.
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Figure 4.22 'H NMR spectrum of Amide-BMPA in CDCls.
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Figure 4.23 1C NMR spectrum of Amide-BMPA in CDCl;.
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Synthesis of 6-(((pyridin-2-ylmethyl)amino)methyl)pyridin-2-amine (Amine-BMPA). The
Amine-BMPA was synthesized according to modified literature procedure.'** 1.2 g of Amide-
BMPA (4 mmol) was dissolved in 51 mL of 2 M HCI solution and heated to 85 °C overnight. The
next day, the reaction was allowed to cool before adjusting the pH >13 with sodium hydroxide.
The product was extracted with dichloromethane four times and dried with sodium sulfate. The
solution was evaporated to give the final product which was dried under vacuum overnight at 30
°C. Yield: 0.79 g (3.7 mmol, 92%). '"H NMR (500 MHz, Chloroform-d) & 8.55 (d, J= 4.6 Hz, 1H),
7.67 —17.60 (m, 1H), 7.37 (t, J= 7.7 Hz, 2H), 7.19 — 7.13 (m, 1H), 6.66 (d, /= 7.3 Hz, 1H), 6.37
(d,J=8.2 Hz, 1H), 4.51 (s, 2H), 3.98 (s, 2H), 3.80 (s, 2H). 3C NMR (126 MHz, CDCl3) § 159.63,

158.38, 157.68, 149.40, 138.35, 136.60, 122.51, 122.11, 112.38, 107.14, 54.71, 54.49.
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Figure 4.24 'H NMR spectrum of Amine-BMPA in CDCls.
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Figure 4.25 '3C NMR spectrum of Amine-BMPA in CDCls.

Synthesis of methyl 3-(((6-pivalamidopyridin-2-yl)methyl)(pyridin-2-
ylmethyl)amino)propanoate (Amide-BMPA-PrOCH3). The Amide-BMPA-PrOCH; was
synthesized according to a modified literature procedure.®> 100 mg of Amide-BMPA (0.34 mmol)
was dissolved in 1 mL of methanol. Next, 71 uL of triethylamine (0.51 mmol) and 56 uL of methyl
3-bromopropanoate (0.51 mmol) were added to the reaction and stirred over night at room
temperature. The next day, 1.5 eq of NaOH was added to the reaction and left to stir. The reaction
was rotovapped and redissolved in acetonitrile and filtered to remove insoluble salts. The filtrate
was dried to give the final product. Yield: 97.8 mg (0.26 mmol, 75%). '"H NMR (500 MHz,
Chloroform-d) & 8.51 (d, 1H), 8.09 (d, 1H), 7.97 (s, 1H), 7.65 (t, 2H), 7.47 (d, 1H), 7.19 (d, 1H),
7.15 (m, 1H), 3.83 (s, 2H), 3.71 (s, 2H), 3.63 (s, 3H), 2.93 (t, 2H), 2.57 (t, 2H), 1.33 (s, 3H) 1*C
NMR (126 MHz, CDCl3) ¢ 177.22, 173.00, 159.53, 157.85, 151.01, 149.14, 138.85, 136.58,

123.05, 122.22, 118.79, 112.11, 60.39, 59.84, 51.71, 50.06, 32.67, 27.67.
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Synthesis of methyl 3-(((6-aminopyridin-2-yl)methyl)(pyridin-2-
ylmethyl)amino)propanoate (Amine-BMPA-PrOCHs). The Amine-BMPA-PrOCH; was
synthesized according to a modified literature procedure.®? 500 mg of Amine-BMPA (2.3 mmol)
was dissolved in 5 mL of methanol. Next, 0.49 mL of triethylamine (3.5 mmol) and 0.38 mL of
(3.5 mmol) methyl 3-bromopropanoate were added and the reaction stirred overnight at room
temperature. The next day, 1.75 mL of 2M NaOH (1.5 eq) was added and stirred for 20 minutes
to reach pH 8.5 to 9. The solution was dried by rotary evaporation to yield a biphasic oil. The
product was extracted with dichloromethane and dried with sodium sulfate. The resulting product
was dried under vacuum for 2 hours at 60 °C. For further purification, the product was redissolved
in acetonitrile and placed in freezer to crash out the triethylamine bromide form during the reaction.
Solution was filtered cold and the product was precipitated with diethyl ether and dried under
vacuum. Yield: 644 mg (2.1 mmol, 93%). '"H NMR (500 MHz, Chloroform-d) & 8.51 (d, 1H), 7.64
(t, 1H), 7.50 (d, 1H), 7.38 (t, 1H), 7.15 (m, 1H), 6.81 (d, 1H), 6.35 (d, 1H), 4.58 (br s, 2H), 3.83
(s, 2H), 3.65 (s, 2H), 3.62 (s, 3H), 2.91 (t, 2H), 2.55 (t, 2H). 3*C NMR (126 MHz, CDCls) 6 173.05,
159.68, 158.12, 157.74, 149.01, 138.21, 136.48, 123.00, 122.05, 112.77, 106.90, 60.24, 60.03,

51.60, 49.88, 32.51.

139



SIWL 000— -
bS'T
5T .
(5T
06'2
Nm.m%
€6'2 - /6T
¢9'E |U =96'T
mm.L,
£8°E 6L'C
A4\ — {6
mm.m._ M/.OO.N
9€'91
kg - To.m [
28'91
VA
b4
ST'L1
£DA 0£°L

LEL .
8c'L M\MM.N |
ob'L ¥

. 86'0
6b'L .

. — 7760
T8l _ g2

. - 260 |
€9'L = Leero
$.NW
99'L
15'8 _ |
Nm.mv Sl

f1 (ppm)
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Hyvdrolysis Conditions:

Synthesis of sodium 3-(((6-pivalamidopyridin-2-yl)methyl)(pyridin-2-
ylmethyl)amino)propanoate [Na(Amide-BMPA-Pr)]. The hydrolysis was performed according
to a modified literature procedure.®? 98.1 mg (0.026 mmol) of Amide-BMPA-PrOCH; was
transferred to a reaction vial and dissolved in 0.25 mL H>O and 0.45 mL of THF. Next, 0.128 mL
of 2M NaOH was added to the solution. The reaction was heated to 60 °C overnight. The next day,
the reaction solution was washed with dichloromethane until colorless and the aqueous solution
was dried under N> flow at 80 °C. Yield: 95.2 mg (0.024 mmol; 93%). 'H NMR (500 MHz,
Methanol-ds) 6 8.40 (d, 2H), 7.86 (d, 1H), 7.76 (t, 2H), 7.69 (t, 1H), 7.64 (d, 1H), 7.27 (d, 1H),
7.24 (m, 2H), 3.82 (s, 2H), 3.71 (s, 2H), 2.88 (m, 2H), 2.44 (m, 2H), 1.31 (s, 9H). '*C NMR (126
MHz, MeOD) ¢ 181.00, 179.65, 160.86, 159.27, 152.57, 149.38, 139.99, 138.61, 124.97, 123.63,

120.44, 113.89, 60.93, 60.85, 53.32, 40.86, 36.95, 27.64.
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Figure 4.30 'H NMR spectrum of [Na(Amide-BMPA-Pr)] in CD;OD.
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Synthesis of sodium 3-(((6-aminopyridin-2-yl)methyl)(pyridin-2-
ylmethyl)amino)propanoate [Na(Amine-BMPA-Pr)]. Route 1: 139.5 mg (0.364 mmol) of
methyl 3-(((6-pivalamidopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate and 5 mL of
1 M (5.45 mmol) sulfuric acid were combined. The reaction mixture was stirred at 50 °C until the
reaction was complete by '"H NMR. The reaction mixture was washed with hexanes to remove
unreacted starting material. The aqueous layer neutralized with sodium hydroxide to form the
desired product as a sodium salt and sodium sulfate. The resulting solution was evaporated and
dried under vacuum overnight to remove water. The dried residue was suspended in anhydrous
methanol and placed in the freezer at -35 °C resulting in an orange/yellow solution with white
precipitate. The white solid was filtered off and the filtrate was evaporated, and the product was

column purified on silica and eluted with methanol. Yield: 24.1 mg (0.078 mmol; 21%)
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Route 2: The hydrolysis of this ligand followed a modified literature procedure.®’ 98.9 mg
of Amine-BMPA-PrOCH3 (0.033 mmol) was transferred to a 10 mL round bottom flask and
dissolved in 0.5 mL of THF:H>O. Next, 0.16 mL of 2M NaOH solution (0.033 mmol) was added
to the reaction. The reaction was heated to 60 °C overnight. The next day, the reaction was washed
with dichloromethane three times to remove unreacted starting material. The resulting aqueous
layer was dried to yield product which was then stored in the freezer until further use. Yield: 88.4
mg (0.29 mmol, 87%). '"H NMR (CDsOD): 8.42 (d, 1H); 7.77 (td, 1H); 7.61 (d, 1H); 7.39 (t, 1H);
7.25 (dt, 1H); 6.76 (d, 1H); 6.41 (d, 1H); 3.78 (s, 2H); 3.59 (s, 2H); 2.84 (t, 2H), 2.43 (t, 2H) ppm.
3C NMR (CD;OD): 181.04; 160.91; 160.64; 149.51; 139.71; 138.61; 124.85; 123.61; 113.13;

108.57; 60.87; 60.83; 53.19 ppm.
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Figure 4.32 'H NMR spectrum of [Na(Amine-BMPA-Pr)] in CD;OD.
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Copper (II) 3-(((6-aminopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate acetate
(Cu(Amine-BMPA-Pr)(OAc)]. 1 equivalent of copper(Il) acetate monohydrate (Cu(OAc), H2O)
was added to 1.5 equivalents of [Na(Amine-BMPA-Pr)] dissolved in water to give a ~100 mM

solution of [Cu(Amine-BMPA-Pr)(OAc)]. UV-vis (H20): 298, 637 nm.

Copper (II) 3-(((6-pivalamidopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate
acetate (Cu(Amide-BMPA-Pr)(OAc)]. 1 equivalent of copper(Il) acetate monohydrate
(Cu(OAc)2 H20O) was added to 1.5 equivalents of [Na(Amide-BMPA-Pr)] dissolved in water to

give a ~100 mM solution of [Cu(Amine-BMPA-Pr)(OAc)]. UV-vis (H20): 298, 600 nm.
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Chapter 5 Conclusions and Future Directions

The denitrification pathway of the nitrogen cycle consists of multiple NOx interconversions that
happen every day in the world around us. Understanding these reactions provides an opportunity
to further apply that knowledge to improve our society. From an environmental perspective, 75%
of N>O emissions are predicted to come from agriculture. One source of these emissions is Cyt
P450nor, where NO reduction leads to N>O formation. Chapter 2 and Chapter 3 focus on
modeling the suspected key intermediate of this enzymatic reaction using a sterically hindered
porphyrin that is spectroscopically characterized. These results can be extrapolated in the context
of Cyt P450nor to learn more about this reaction. From a medical perspective, inspiration was
taken from Nature to improve current biomedical devices like catheters which present risks to
patients, such as bacterial infections and blood clots. NO is known to prevent these risks. Chapter
4 focuses on catalyst development with inspiration from CuNIR, which efficiently reduces NO>~
to NO. The catalysts made in this chapter were characterized electrochemically in conjunction with
NO quantification. These results provide important directions for future copper catalyst

developments for this biomedical application.

5.1 Stabilization and Full Characterization of a Sterically Protected Heme-HNO Complex

The work discussed in Chapter 2 provides a stable heme-nitroxyl adduct with a neutral N donor
as the axial ligand in organic solvents. This work is relevant for modeling enzymes proposed to

have heme-nitroxyl intermediates. Two examples are hydroxylamine oxidoreductase (HAO)
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which contains an axial bound histidine residue, as well as Cytochrome c nitrite reductase (CcNIR)
which contains a lysine residue as the axial ligand. This work focused on full spectroscopic
characterization of a six-coordinate ferrous heme-nitroxyl, [Fe(3,5-Me-BAFP)(MI)(NHO)], as
well as thorough reactivity studies with NO in the context of Cyt P450nor. Though the axial ligand
of the Cyt P450nor active site is a cysteinate residue, the goal of this work was to assess potential
electronic structures of Intermediate / that promote NO reduction to N>O.

The formation of [Fe(3,5-Me-BAFP)(MI)(NHO)] was monitored with the addition of
[TBA](BH4) to the corresponding 6C {FeNOS, [Fe(3,5-Me-BAFP)(MI)(NO)](OTf). This
reaction models the hydride transfer from NAD(P)H in the Cyt P450nor. The heme-nitroxyl
formed from this reaction was found to be stable for hours at -30 °C which was determined to be
the most stable heme-nitroxyl complex in organic solvents. The advantage of the prolonged life-
time of the heme nitroxyl complex allowed for its isolation as a solid which was found to be stable
at room temperature. The vibrational characterization of this complex was coupled with DFT to
formally assign the Fe-N stretch and Fe-N-O bend for the first time in the literature. When excess
NO gas was added to the heme-nitroxyl complex, N2O was formed in a 93% yield. The reformation
of the {FeNO}® after N,O formation indicates that a ferric product forms followed by immediate
binding from the excess NO in solution. Both results indicate that the Fe(II)-HNO complex

contains a viable electronic structure for NO reduction in Cyt P450nor.

5.1.1 Future Directions: Hydrogen Bond Derivatives of the Bulky Bispicket Fence Porphyrin

Water soluble heme nitroxyl models tend to be more stable than those reported in organic solvents.
Two water-soluble heme nitroxyl models are reported in the literature. The first model reported

was the Mb-HNO and was found to be the most stable heme-nitroxyl complex with no significant
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decay. Additionally, a synthetic model [Fe(TPPS)(NHO)]~ was found to form and decay at room
temperature, which has not yet been observed in organic solvents. Based on the most stable model

DFT calculations show that this stability comes from hydrogen bonding between the distal

histidine of Mb and the bound HNO, as shown in Figure 5.1.
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Figure 5.1 Computational models of Mb(II)-NHO, showing a stabilization of the bound HNO
ligand by hydrogen-bonding with His64 and a water molecule. Two possible hydrogen-bonding
networks are shown (panel A and B). Reprinted with Permission from ref ’. Copyright 2011
American Chemical Society.

To achieve this type of stability of a heme nitroxyl complex in organic solvents, the bulky
bispicket fence porphyrin can be modified to include hydrogen bonding groups in the second
coordination sphere of the Fe-HNO moiety. Derivatives of hydrogen bond appended bispicket
fence porphyrins were optimized by DFT to determine promising synthetic targets, [H2(3-HO-
BAFP)] and [H2(3-NH2-BAFP)], as shown in Figure 5.2. The synthesis of these porphyrins are
detailed in Appendix A. Despite the symmetry of these porphyrins, the synthesis of both
derivatives posed their own challenges. Initially, these porphyrins were synthesized using a
modified procedure of the original bulky bispicket fence porphyrin, [H2(3,5-Me-BAFP)]. First, the

aldehyde arm is synthesized with either methoxy or nitro phenol via an Ullman condensation. The

porphyrin is synthesized using the aldehyde arm and subsequent modifications are made to obtain
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the final hydrogen bonding porphyrins. The challenges with this route include difficult purification
due to low solubility and low yield for the [H2(3-NO>-BAFP)] and [H2(3-MeO-BAFP)],
respectively. Alternatively, the porphyrin was synthesized first to make [H2(BrsTPP)] which would
be taken forward to the Ullman condensation prior to modifications to yield the desired porphyrins.
Unfortunately, this posed issues with unwanted copper metalation of the porphyrins which were
difficult to unmetallated. Future students could redesign and optimize the synthesis of these second

sphere bispicket fence porphyrin derivatives.

Figure 5.2 BP86/TZVP optimized structures of simplified versions of hydrogen bonding derivatives
of [Fe(3,5-Me-BAFP)(MI)(NHO)], where the pickets around the MI ligand have been omitted for
simplicity. Left: [Fe(3-NH2-BAFP)(MI)(NHO)], Right: [Fe(3-OH-BAFP)(MI)(NHO)].

5.2 A Synthetic Model Complex for the Active Site of Cyt P450nor

The contributions from Chapter 3 include the formation of a thiolate bound heme Is-{FeNO}°
model complex using the bulky bis-picket fence porphyrin, followed by hydride addition. Here,
the first NMR characterization was obtained for a thiolate bound Is-{FeNO}® synthetic model
complex. By vibrational characterization, the thiolate-bound Is-{FeNO}® complex showed Fe-NO
and N-O stretching frequencies comparable to those of the native enzyme, indicating that it is a

good model for the active site of Cyt P450nor. This work is novel since there is no literature
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precedence for hydride addition to a thiolate-bound heme Is-{FeNO}° synthetic model complex.
Next, hydride was added to the reaction after forming the thiolate bound Is-{FeNO}® complex at
low temperature in situ. Based on solution IR and NMR spectroscopy, the Is-{FeNO}® complex
was consumed upon hydride addition which leads to decreased Is-{FeNO}’ formation. The results
obtained by NMR spectroscopy hint at the undesired reaction between the disulfide present from
the initial Is-{FeNO}¢ complex formation and the hydride source added to the solution.

Due to the side reactions possible between NO, thiol, thiolate, and potential HNO that are
generated over the course of this reaction, future work should focus on performing the full control
experiments to fully understand these side reactions. The knowledge obtained from these studies
will aid in determining the conditions for the successful formation of a synthetic thiolate-bound

heme nitroxyl model complex in the future.

5.3 Hydrogen Bond Appended Copper Catalysts for Electrochemical NO Generation

As discussed in Chapter 4, two second coordination sphere derivatives of the BMPA-Pr~ ligand
were synthesized with either an amide or an amine to make the Amide-BMPA-Pr~ and Amine-
BMPA-Pr~ ligands, respectively. The ligands were metallated with Cu(OAc): to obtain
[Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)] complexes, which were
subsequently characterized by UV-vis spectroscopy and cyclic voltammetry (CV). It was
determined that [Cu(Amide-BMPA-Pr)(OAc)] was not capable of performing nitrite reduction due
to poor substrate binding and low electrochemical stability of the complex. On the other hand,
[Cu(Amine-BMPA-Pr)(OAc)] was able to outperform the parent complex [Cu(BMPA-Pr)(OAc)]

under inert atmosphere. Based on this work, it was determined that the presence of a hydrogen
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bond donor in the second coordination sphere does not reduce O sensitivity as previously
hypothesized.

Future students could synthesize hydrogen bonding derivatives of catalysts with more
positive reduction potentials. Two starting points include BEPA-Pr~ and BEPA-EtSOs, which have
reduction potentials of +10 and +55 mV, respectively, which lower the O sensitivity of these
copper catalysts. Based on previous work it was determined that catalysts with more positive
reduction potentials are more selective toward NO production but are slow with respect to nitrite
reduction. In comparison to the parent complex, the presence of hydrogen bond donors in the
second coordination sphere appears to improve catalysis in comparison to the parent complex
under inert conditions. Therefore, in addition to the appended hydrogen bond donors of the BEPA-
Pr~ and BEPA-EtSO; ligands, a set of asymmetric BMPA/BEPA arms could be synthesized to
make a complex with a slightly more negative reduction potential. The addition of the hydrogen
bond donors can be used to fine tune the reduction potentials for the lowest O» sensitivity with the

highest Faradaic efficiency for NO generation.

5.4 Concluding Remarks

The work compiled in this thesis contributes to the knowledge of NOx interconversions in nature,
more specifically, NO reduction to N>O in Cyt P450nor and NO>" reduction to NO in CuNIR. This
work provides insight into the reaction mechanism of Cyt P450nor, indicating that a ferrous heme
nitroxyl species is capable of NO reduction to N2O. A new ferric heme thiolate complex was
synthesized to better mimic the electronics of the Cyt P450nor active site to study the nitroxyl
complex after hydride transfer. This work provides guidelines for monitoring hydride transfer to a

thiolate bound {FeNO}°® complex in future studies. New copper complexes were synthesized for
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NO generation through electrochemical nitrite reduction for biomedical applications. These
complexes were synthesized with hydrogen bond donors in the second coordination sphere to
reduce the O sensitivity of these types of catalysts. It was determined that the hydrogen bond in
the second coordination sphere does not affect O stability, however it does improve catalysis

under ambient conditions.
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Appendix: Synthesis of Bis-Picket Fence Porphyrins that Carry Hydrogen-Bond Donors in

the Second Coordination Sphere

General Considerations

All chemicals were purchased from commercial sources, including Sigma Aldrich, Fisher
Scientific, and Cambridge Isotopes, and used without further purification unless noted below.
Reactions were performed under inert atmosphere via Schlenk techniques. All solvents were dried
and distilled from CaH> and freeze pump thawed four times to remove water and dioxygen.
Preparation and handling of air-sensitive materials were performed under a dinitrogen atmosphere

in an MBraun glovebox, equipped with a circulating purifier (O2, H2O <0.1 ppm).

Physical Measurements
UV-vis Spectroscopy. All spectra were recorded using an Analytic Jena Specord S-600

Spectrometer.

'"H NMR Spectroscopy. A Varian MR 400 MHz instrument was used to record all NMR spectra

at 25 °C.

Mass Spectrometry. All data were collected using an Agilent 6230 time-of-flight high-

performance liquid chromatography/mass spectrometer.

Density Functional Theory Calculations. All calculations were performed using the program

Gaussian 09.!2 All geometry optimizations and frequency calculations were performed using the
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BP86 functional and the TZVP basis set. ' Calculated frequencies were inspected to ensure the

absence of any imaginary frequencies, to confirm that true energy minima were obtained.

A.1 Design of Second Coordination Sphere Bis-Picket Fence Porphyrin Scaffolds
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Figure A.1 Computational models of Mb(II)-NHO, showing a stabilization of the bound HNO
ligand by hydrogen-bonding with His64 and a water molecule. Two possible hydrogen-bonding
networks are shown (panel A and B). Reprinted with Permission from ref >’. Copyright 2011
American Chemical Society.
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Figure A.2 BP86/TZVP optimized structures of simplified versions of hydrogen bonding derivatives
of [Fe(3,5-Me-BAFP)(MI)(NHO)], where the pickets around the MI ligand have been omitted for
simplicity. Left: [Fe(3-NH2-BAFP)(MI)(NHO)], Right: [Fe(3-OH-BAFP)(MI)(NHO)].

The goal of this project was to understand the potential electronic structure effects of
hydrogen bonds on the HNO adduct. This work was inspired by the aqueous nitroxyl model, Mb-
HNO, which was determined to have unprecedented stability due to two major hydrogen bonding
isomers that involve the distal histidine residue present in the Mb active site, as shown in Figure
A.1.°7 Synthetic model complexes were designed by adding second coordination sphere groups to
the pickets of the [H2(3,5-Me-BAFP)] ligand system, where the methyl substituents can be
modified to amine or hydroxyl groups to engage in hydrogen bonding interactions with iron-
coordinated molecules, in this case HNO. Computationally, scaffolds employing these hydrogen
bonding groups appear to be promising synthetic targets for the goal stated above, as shown in
Figure A.2. Here, the hydrogen bonding distance between the HNO moiety and the appended
hydrogen bonding groups was found to be 2.10 and 1.75 A for the amine and hydroxyl groups,

respectively. The preliminary synthetic pathways for each of these derivatives is discussed below.
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A.2 Route 1: Synthesis of Second Coordination Sphere Porphyrin Scaffolds

KoCO3
CuCI
100°C,24 hrs
O NO,, OCH; pyrrole
CHzClzl BF,-OEt,
DDQ

Figure A.3 Synthetic scheme of the modified [H2(3,5-Me-BAFP)] ligands, where the aldehyde
arm is synthesized prior to porphyrin condensation.

This synthetic route is adapted from the original bis-picket fence porphyrin procedure.
Here, an Ullman condensation was performed to synthesize the fully substituted aldehyde arm.
Although the hydrogen bonding groups are proposed to be an amine or alcohol group, these groups
would perform unwanted side reactions in both the Ullman condensation and the subsequent
porphyrin condensation. Therefore, nitro and methoxy groups were chosen to act as protecting
groups that can be modified to the ideal second coordination sphere groups after the porphyrin is

synthesized.

General synthesis of modified BAFP arms. This synthesis follows a modified literature
procedure.®® In the appropriate size Schlenk flask, 4 equivalents of phenol and potassium carbonate

(with respect to the aldehyde) were suspended in benzene and stirred for an hour to allow full
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deprotonation of the phenol. The solvent was then removed under low pressure. Under an inert
atmosphere, the resulting solid was dissolved in pyridine followed by the addition of 1 equivalent
2,6-dibromobenzaldehyde and 17 mol% copper(I) chloride. The reaction was refluxed under
nitrogen for 17-24 hours. Once the reaction cooled, the solution was poured over ice and acidified
with concentrated hydrochloric acid. The crude product was extracted with dichloromethane and
subsequently washed with water, saturated aqueous sodium bicarbonate, and again with water. The
organic layer was then concentrated using a rotary evaporator to a thick oil. The crude product was
purified by column chromatography on silica eluting typically with dichloromethane, unless
otherwise noted. Fractions were evaporated and the product was further purified by

recrystallization from methanol.

Synthesis of 2,6-bis(3-nitrophenoxy)benzaldehyde (3-NO2-BAFP arm). The crude product was
column purified with 10% hexanes and dichloromethane as the eluent. Yield: 3.01 g (44%) 'H
NMR (CDCls) 6 =10.48 (1H, s); 8.04 (dd, 2H); 7.88 (2H, t); 7.61 (2H, t); 7.59 (2H, t); 7.46 (2H,

dd); 6.88 (2H, d).

Synthesis of 2,6-bis(3-methoxyphenoxy)benzaldehyde (3-MeO-BAFP arm). Yield: 1.8 g

(27%). "H NMR (CDCls) & = 10.56 (s, 1H); 7.34 (t, 1H); 7.27 (t, 2H); 6.72 (d, 2H); 6.64 (m, 6H);

3.80 (s, 6H).
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General synthesis of modified bis-picket fence porphyrins. The synthesis of these porphyrins
follows a modified literature procedure.®® In a round bottom flask, typically 1-2 g of modified
BAFP arm was dissolved in 300 mL of dry dichloromethane followed by the addition of absolute
ethanol making up 5-10% of the reaction mixture by volume. The reaction was sparged with
nitrogen for 10 minutes, followed by the dropwise addition of freshly distilled pyrrole (1 equivalent
with respect to the aldehyde arm) and allowed to sparge for an additional 5 minutes. Next, 0.16
mL of boron trifluoride diethyl etherate (BF3OEt>) was added to the reaction and the mixture was
stirred in the dark under nitrogen atmosphere for 1 hour at room temperature. After one hour, the
reaction mixture was exposed to oxygen and light, and 0.69 equivalents (with respect to pyrrole)
of 2,3-dicyano-4,5-dichlorobenzoquinone (DDQ) were added to form the desired porphyrin,
followed by 0.16 mL of triethylamine to quench remaining BF3OEt>. The reaction was stirred for
one additional hour before it was concentrated by rotary evaporation to a dark oil. The porphyrin

was purified on silica eluting with dichloromethane.

Synthesis of 2,6-bis(3-nitrophenoxy)phenylporphyrin ([H2(3-NO2-BAFP)]). The general
synthesis was performed as outlined above using the 3-NO>-BAFP arm as the aldehyde. Attempts
to purify this porphyrin by column chromatography remained a challenge since the solubility of
the porphyrin was low and would result in the product streaking down the column. Multiple
solvents were considered to achieve better solubility for cleaner purification including
dichloromethane, methanol, ethyl acetate, toluene, hexanes, nitromethane, and nitrobenzene. The
crude product was characterized by UV-vis and mass spectrometry to determine if any porphyrin
was formed. By UV-vis there wasn’t enough heme present to observe a distinct Soret band;

however by mass spectrometry there was a peak present indicating that [H2(3-NO»-BAFP)] had
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indeed been synthesized. Due to the difficult purification conditions, a yield for the [H2(3-NO»-
BAFP)] product could not be determined and the crude product mixture was brought forward in

subsequent synthetic steps. MS: m/z 1713.35 (M+H).

Synthesis of 2,6-bis(3-methoxyphenoxy)phenylporphyrin (|[H2(3-MeO-BAFP)]). The general
synthesis was performed as outlined above using the 3-MeO-BAFP arm as the aldehyde.
Unfortunately, this method demonstrated very low yields in the first trial. Subsequent attempts
showed no product formation by mass spectrometry; therefore, alternate routes were considered to
synthesize this porphyrin. Yield: 30 mg (<1 %). '"H NMR (CH2Cl,) & = 8.94 (s, 8H); 7.64 (t, 4H);
7.08 (d, 8H); 6.74 (t, 8H); 6.32 (d, 8H); 6.14 (d, 8H); 6.07 (s, 8H); 3.18 (s, 24H); -2.96 (s, 2H).

UV-Vis (CH2Cly): 403, 424, 517, 592, 646 nm. MS: m/z 1592.55 (M+H); 796.7762 (M/2).

4191 = -
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Figure A.6 '"H NMR spectrum of [H2(3-MeO-BAFP)] in CH,Cl..
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A.3 Route 2: Synthesis of Second Coordination Sphere Porphyrin Scaffolds
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Figure A.8 Synthetic scheme of modified [H2(3,5-Me-BAFP)], where the porphyrin is
synthesized first and metalated with zinc prior to Ullman condensation.

As discussed above, Route 1 lead to unforeseen challenges including the difficult

purification of the [H2(3-NO2-BAFP)] porphyrin and the very low yields of [H2(3-MeO-BAFP)].

In Route 2, the porphyrin is initially synthesized to solve both challenges described above. This

route allows for the synthesis of one universal porphyrin that can undergo the Ullman condensation

with various phenols to yield multiple modified bis-picket fence porphyrins. Because the Ullman

condensation requires a copper catalyst, the porphyrin was first metalated with zinc to prevent the

unwanted copper metalation.

Synthesis of 5,10,15,20-tetrakis(2,6-dibromophenyl)porphyrin, [H2(BrsTPP)]. The synthesis

of this porphyrin followed a modified literature procedure.®® Due to solubility problems with this

porphyrin after purification, the 'H NMR spectrum was obtained on a very dilute sample. This

161



solubility issue can be mitigated by the addition of acid; however, this was not done as it would
inhibit the metalation step. Yield: 307 mg (34%). 'H NMR (CDCl3) & = 8.58 (s, 8H); 7.97 (d, 8H);
7.49 (t, 4H); -2.54 (s, 2H). UV-Vis (CH2ClL) 405, 422, 516, 597 nm. MS 1245.92 [M+H], 623.26

[M/2]
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Figure A.9 '"H NMR spectrum of [Ho(BrsTPP)] in CDCls.
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Figure A.10 UV-vis spectrum of [Ha(BrsTPP)] in CH2Clo.
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Figure A.11 Synthesis of the [H2(3,5-Me-BAFP)] porphyrin using Route 2, where the
[H2(BrsTPP)] ligand was metalated with zinc prior to the Ullman condensation.

Synthesis of zinc 5,10,15,20-tetrakis(2,6-dibromophenyl)porphyrin, [Zn(BrsTPP)]. In a 250
mL round bottom flask, 307.4 mg (0.247 mmol) of [H2(BrsTPP)] and 5.759 g (106 eq) of Zn(OAc)>
were dissolved in 40 mL of DMF. The reaction was refluxed overnight at 150 °C. The next day,
the reaction mixture was checked by mass spectrometry to ensure metalation had occurred. The
reaction mixture was dried under vacuum and column purified. The fractions were rotary
evaporated to yield a bright pink/purple powder. Yield: 106.4 mg, 33%. 'H NMR (CD,Cly) § =

8.74 (s, 8H); 8.04 (d, 8H); 7.57 (t, 4H). UV-Vis (CH2CLy) 425, 555 nm. MS: 1310 (M+H).
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Figure A.13 'H NMR spectrum of [Zn(BrsTPP)] in CH2Cl.
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Synthesis of [Fe(BrsTPP)(X)]. The metalation of the H>[BrsTPP] ligand was attempted under
multiple conditions with little success. These conditions included multiple different iron sources,
including FeCls, Fe(OTF)s3, Fe(AcAc)s, as well as different solvents, including the typical solvents

used for porphyrin metalation: DMF and THF, as well as pyridine.

Synthesis of 3,5-Dimethyl-bisaryloxyfence porphyrin, [H2(3,5-Me-BAFP)]. This new route
was first repeated with the original bis-picket fence porphyrin to determine if this alternative route
could be a viable synthetic pathway for the second coordination sphere derivatives. Here, the
reaction was adapted based on the synthesis of the 3,5-Me-BAFP arm. In a 10 mL round bottom
flask, 3,5-dimethyl phenol (80.5 mg, 0.659 mmol) and K>COs; (101 mg, 0.731 mmol) were
dissolved in 5 mL of pyridine. After 15 minutes, [Zn(BrsTPP)] (48.2 mg, 0.0368 mmol) and 17%
mol copper(I) chloride was added to the reaction mixture. The resulting solution was refluxed for
three days. After removing the reaction mixture from heat, it was poured over ice, and acidified
with concentrated hydrochloric acid. The change in pH aided in washing out the copper catalyst
after the reaction, but likely also aided in removing the zinc, yielding the free base porphyrin. The
product was then extracted with dichloromethane and washed with water followed by saturated
aqueous sodium bicarbonate and water. The organic layer was then rotary evaporated to a dark
purple solid and column purified on silica with dichloromethane. The purified product was
characterized by '"H NMR, UV-Vis, and MS, all of which matched literature values. Yield: <10

mg, 17%. The '"H NMR and MS are shown in Figure A.14.
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Figure A.14 Left: 'H NMR spectral comparison of the products obtained from the synthesis of

[H2(3,5-Me-BAFP)] by Route 1 (red) and Route 2 (blue). Right: Mass spec of the reaction
mixture after 72 hours.

Synthesis of 2,6-bis(3-methoxyphenoxy)phenylporphyrin (|Zn(3-MeO-BAFP)]). The reaction
was repeated with 0.16 mL (1.46 mmol) of 3-methoxyphenol and 214 mg (1.5 mmol) of K2CO3 in
15 mL of pyridine. Next, 115.4 mg (0.088 mmol) of [Zn(BrsTPP)] and copper(I) chloride was
added to the reaction mixture and refluxed under nitrogen. The resulting solution was monitored
by mass spectrometry until no further changes were observed. After 7 days, the reaction mixture
was worked up as previously described and was column purified twice on silica, eluting with
dichloromethane. Rigorous purification was required for this procedure since a mixture of
incompletely substituted porphyrins was obtained as the crude product. Interestingly, despite
acidification, the porphyrin remained metalated with zinc as evident by both mass spectrometry,
UV-vis and '"H NMR spectroscopy. Yield: 16.3 mg, 11%. UV-vis (CH2Cl,) 433, 564 nm. 'H NMR
(CH2CL) 6 =9.01 (s, 8H); 7.85 (s, 2H); 7.65 (t, 4H); 7.44 (s, 2H); 7.11 (d, 8H); 6.71 (t, 8H); 6.33

(d, 8H); 6.06 (d, 8H); 5.99 (s, 4H); 3.18 (s, 24H).
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Figure A.17 Synthetic scheme of Route 2, where free base porphyrin, [H2(BrsTPP)], was used for
the Ullman condensation.

Synthesis of 2,6-bis(3-methoxyphenoxy)phenylporphyrin ([Cu(3-MeO-BAFP)]). Method B
was performed to compare to the 11% yield obtained by Method A. Here, the reaction was repeated
with the unmetalated porphyrin, [H2(BrsTPP)], in place of the zinc-metalated porphyrin. 'H NMR
was not obtained for this procedure because the porphyrin was metalated with copper and the
complex was paramagnetic. Yield: 26.6 mg, 36%. UV-vis (CH2Clz) 420, 543 nm. MS: 1653.45

[M+H].

Copper Removal from [Cu(3-MeO-BAFP)]|. This synthesis follows a modified synthetic
procedure.'® The reaction was performed at small scale where [Cu(3-MeO-BAFP)] (26 mg,
0.0157 mmol) was added to a 20 mL scintillation vial and cooled to 0 °C. Next, 3 mL of a solution
of 2:1 TFA:H2SO4 was added, and the reaction mixture changed from a bright pink to a dark
blue/green color. At this point, an aliquot of the reaction mixture was removed to obtain a UV-vis

spectrum in dichloromethane. Those data indicated that the copper was successfully removed.
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Unfortunately, the porphyrin became re-metalated during the work up of this product, which
included either neutralizing or diluting the acidic mixture, followed by extraction of the porphyrin
with dichloromethane. Based on this result, copper metalation should be avoided by metalating

with iron prior to the Ullman condensation.

A.4 Modifications to Form the Second Coordination Sphere Porphyrin Scaffolds
O,N H,N

PdIC (10%)
NHg 50

EtOH

Figure A.18 Synthetic scheme for the reduction of the nitro groups of [H2(3-NO»-BAFP)] to
amines to yield the desired porphyrin ligand [H2(3-NH2-BAFP)].

Synthesis of 2,6-bis(3-aminophenoxy)phenylporphyrin, [H2(3-NH2-BAFP)]. This synthesis
followed a modified literature procedure.!>* This reaction was performed with crude porphyrin to
observe the full reduction of all 8 nitro groups to amines. Here, 63 mg of crude [H2(3-NO»-BAFP)]
and 63 mg of Pd/C were added to an oven dried Schlenk flask under inert atmosphere. Since the
porphyrin could not be purified prior to the reaction, the amount of [H2(3-NO>-BAFP)] in the
reaction was unfortunately not exactly known. Using Schlenk techniques, materials were dissolved
in 7.5 mL of absolute ethanol. While under nitrogen, 0.5 mL of hydrazine monohydrate and 1.5
mL of absolute ethanol were added to an addition funnel and added dropwise to the refluxing

solution. The reaction was allowed to reflux overnight. The next day, the solution was filtered over
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celite and washed with 100 mL of hot ethanol and dichloromethane. The reaction mixture was
checked by mass spectrometry to reveal a large m/z at 1471.55, indicating successful reduction of
all 8 amines. Additionally, there were peaks present at 1713.34, 1575, 1558.62, 1534.46, and
1499.80, indicating leftover starting material and partially reduced nitro groups. Unfortunately,
further characterization by UV-vis and '"H NMR spectroscopy could not be obtained since the
reaction was too crude to properly characterize the product. For this reason, the yield is also

unknown.
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Figure A.19 MS of the reaction mixture en route to [H2(3-NH2-BAFP)].
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Figure A.20 Synthetic scheme for the hydrolysis of [H2(3-MeO-BAFP)] to the desired porphyrin
ligand [H2(3-OH-BAFP)].

Synthesis of 2,6-bis(3-hydroxyphenoxy)phenylporphyrin, [H2(3-OH-BAFP)]. This synthesis
followed a modified literature procedure.'>> 20 mg (0.013 mmol) of [H2(3-OH-BAFP)] was added
to a Schlenk flask and dissolved in 1 mL of dichloromethane under inert atmosphere. Next, 0.6
mL of 1 M BBr; in dichloromethane was added to the reaction mixture and allowed to stir at room
temperature for 8§ hours. The reaction mixture was quenched with water followed by the addition
of ethyl acetate to extract the product. The organic layer was dried with sodium sulfate and rotary
evaporated to dryness. No yield was recorded due to the scale of the reaction; however, the crude
product may be purified by chromatography over silica with dichloromethane to elude the starting
material [H2(3-MeO-BAFP)], and with increasing ethyl acetate to elude the product. UV-vis

(CH,CL): 404, 423, 518, 549, 590, 644 nm. 'H NMR (acetone-ds) & = 10.43 (br s, 1H); 9.01 (s,
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8H); 8.14 (s, SH); 7.78 (t, 4H); 7.10 (d, 8H); 6.77 (t, 8H); 6.24 (m, 22H); -2.69 (s, 2H). MS: m/z

1480.43 [M+H].
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Figure A.21 UV-vis spectrum of [H2(3-HO-BAFP)] in CH2Cl.
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As previously stated, the adapted synthetic procedure for the bis-picket fence porphyrin, as
shown in Route 1, had unforeseen difficulties with respect to purification and yield. Therefore,
Route 2 was pursued where the 2,6-dibrominated version of TPP, [Ho(BrsTPP)], was synthesized
prior to the Ullman condensation to attach the modified bis-picket fence arms. This route ensured
that the porphyrin was made in high yield and was easily purified from the crude porphyrin
condensation.

Next, two methods were employed in preparation for the subsequent Ullman condensation.
In Method A, [H2(BrsTPP)] was first metalated with zinc to prevent unwanted copper metalation
since the Ullman condensation uses copper to facilitate the reaction. Unfortunately, this step
provided its own set of challenges since [Ho(BrsTPP)] easily loses its metal in the work up
conditions, causing the yields to be lower than expected. Successfully metalated [Zn(BrsTPP)] was
taken forward in a control reaction with 3,5-dimethyl phenol to synthesize the well-established
3,5-dimethyl-2,6-bisaryloxyfence porphyrin discussed in Chapter 2. Here, a 17% yield was
observed where the zinc is easily removed by acidification during the work up. Based on this result,
this pathway appeared to be a promising synthetic route. However, when repeated with 3-
methoxyphenol, the zinc remained bound to the 3-MeO-BAFP? despite the acidic work up.
Additionally, the 7-day reflux indicated the reaction progression was slow and lead to multiple
porphyrins with varying degrees of substitution.

In contrast, Method B carries the reaction forward with the free-base porphyrin,
[H2(BrsTPP)], and 3-methoxy phenol, which led to differences in reaction progress and yield.
Here, the reaction progression appeared cleaner, yielding fewer, less substituted side products and
with a higher yield of 36%. In addition, the reaction took less time and was completed within 5

days. As expected, the copper did metalate the product resulting in [Cu(3-MeO-BAFP)] which,
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analogous to Method A, did not demetalate post work-up. Based on these two methods, it is
proposed that copper metalation generates an active redox catalyst using the porphyrin as a co-
ligand that is not accessed when zinc is used. Unfortunately, the methoxy-BAFP seems to have a
high affinity for metal ions due to its electron donating substituents, making it difficult to carry out

demetallation based on literature procedures.

A.S Future Directions for the Synthesis Second Coordination Sphere Bis-Picket Fence
Porphyrin Scaffolds

Considering the results discussed above, an alternative route can be used to synthesize the
second coordination sphere hydrogen bonding bis-picket fence porphyrins. Here, the 5,10,15,20-
tetrakis(2,6-dimethoxyphenyl)porphyrin, [H2((MeO)sTPP)] can be synthesized and metalated
according to literature procedure (Figure A.23).!°>!56 The methoxy arms can then be hydrolyzed
to hydroxy groups using BBr; to prepare for an Ullman condensation with a substituted
bromobenzene derivative (Figure A.24). A similar route can be followed to attach the nitro arms
to the methoxy porphyrin, as shown in Figure A.25. The amine porphyrin can be synthesized by

reducing the nitro groups with Pd/C and hydrazine.
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Figure A.24 Proposed synthesis of [Fe(3-OH-BAFP)(Cl)]
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Figure A.25 Proposed synthesis of [Fe(3-NH>-BAFP)(Cl)]
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	Abstract
	Fungi consume nitric oxide (NO) using Cytochrome P450 nitric oxide reductase (Cyt P450nor) by reducing two molecules of NO to nitrous oxide (N2O) – a potent greenhouse gas. The efficiency of this enzyme makes it difficult to study its reactive Intermediate I. For this reason, a bulky bis-picket fence porphyrin was synthesized to prevent the decomposition of an Intermediate I model complex for full vibrational characterization and reactivity studies with NO. Experimental conditions were designed analogous to the reaction in Cyt P450nor with hydride transfer to a Fe(II)-NO+ species to form a ferrous heme nitroxyl species, [Fe(3,5-Me-BAFP)(MI)(HNO)]. This model was determined to be the most stable heme nitroxyl complex in organic solvents, with a half-life of 56 min at -30 C by UV-vis spectroscopy. This stability allowed me to perform the first detailed spectroscopic characterization of a heme-HNO model complex. In addition, this complex demonstrates high reactivity toward NO, exhibiting a 91% N2O by IR spectroscopy that resulted in the formation of a ferric heme species. The obtained results indicate that heme-HNO complexes are catalytically competent intermediates for NO reduction to N2O. 
	The proximal cysteinate in the Cyt P450nor active site is proposed to either stabilize the FeIII-NHO●- valence tautomer of the heme-HNO complex or increase the pKa of the bound nitroxyl in Intermediate I. Previous work has also shown that the presence of the axial thiolate makes the Fe(II)-NO+ species less stable in synthetic model complexes. In this work, the bulky bis-picket fence porphyrin was used to stabilize a thiolate bound heme Fe(II)-NO+ complex, [Fe(3,5-Me-BAFP)(NO)(SPhF4CF3)] at low temperatures. The formation of this complex was verified by UV-vis and NMR spectroscopy. Vibrational characterization of this complex by IR and rRaman spectroscopy demonstrated similar Fe-NO and N-O stretching frequencies in comparison to Cyt P450nor of 1853 and 543, and 1851 and 530 cm-1, respectively. For the first time, hydride transfer reactions to a thiolate-bound ferrous nitrosonium synthetic model complex were conducted in this work, and followed by IR and NMR spectroscopy, to ultimately obtain a thiolate-bound Intermediate I model with direct relevance to the active site of Cyt P450nor. 
	Biomedical devices like IV catheters come with risks to patients, such as bacterial infections and blood clots. NO is known to prevent these risks. This part of my thesis focuses on catalyst development, inspired by copper nitrite reductase, for the electrochemical reduction of nitrite (NO2-) to NO for biomedical applications. The current limitation of these copper catalysts is their oxygen sensitivity, which reduces NO generation. The presence of O2 cannot be avoided in IV catheters, which are in contact with oxygen rich blood. This issue is addressed by synthesizing two second coordination sphere (SCS) derivatives of the BMPA-Pr (BMPA-Pr = bis-(2-methylpyridyl)amine)propionate) ligands, Amide-BMPA-Pr and Amine-BMPA-Pr, to shuttle protons necessary for nitrite reduction and therefore decrease oxygen sensitivity. It was determined that [Cu(Amide-BMPA-Pr)(OAc)] is not capable of performing nitrite reduction due to poor substrate binding and low electrochemical stability of the complex. In contrast, [Cu(Amine-BMPA-Pr)(OAc)] can outperform the initially reported catalyst [Cu(BMPA-Pr)(OAc)] under inert atmosphere, showing that SCS H-bonding residues are able to accelerate nitrite reduction. However, the presence of a hydrogen bond donor does not reduce O2 sensitivity as previously hypothesized.  
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	Sections 1.1 and 1.3 of this chapter are based on the Chemistry Review and Comprehensive Coordination Chemistry III Book Chapter, and JACS paper referenced. The relevant sections included in this chapter were written by me.1-3
	Nitric oxide (NO) is a versatile biological molecule with established roles in immune defense in high ((M) concentrations, as well as vasodilation and nerve signal transduction in low (nM) concentrations in mammals.4 Nitroxyl, HNO/NO-, the one-electron reduced form of NO, is suggested to take part in its own distinct signaling pathways.5-8 Proposed sources of HNO include peroxidation of hydroxylamine in globins and Cytochrome c oxidase (CcO), and L-arginine oxidation in nitric oxide synthase (NOS) in the absence of its tetrahydrobiopterin cofactor.9-11 In addition, work by Doctorovich, Marti and coworkers has shown that simple alcohols like ascorbate and tyrosine, and thiols can reduce NO to HNO under physiologically-relevant conditions.12,13 While HNO is difficult to study in vivo, recent investigations suggest endogenous HNO/NO production may aid in the protection from ischemia-related injuries as a result of cardiovascular events and strokes.9,14,15 Similarly, HNO donors have been shown in animal studies to lessen tissue damage from ischemia when administered exogenously prior to ischemic/reperfusion events.16,17 HNO, generated from the reaction of NO and H2S, has also been proposed to activate the neuroendocrine HNO–TRPA1–CGRP signaling pathway that constitutes an essential element for the control of vascular tone throughout the cardiovascular system.18 Additionally, HNO is a potent anti-alcoholism drug due to its ability to irreversibly inhibit thiol-containing enzymes such as mitochondrial aldehyde dehydrogenase and glyceraldehyde-3-phosphate dehydrogenase.19 Other research suggests that HNO can act as a potential anti-cancer agent by triggering cancer cell apoptosis and reducing tumor growth.20-23 Recently, endogenous HNO production has been demonstrated to take part in redox cell signaling in plants.24 
	/
	Figure 1.1 Overview of the nitrogen cycle. Adapted with permission from ref 25. Copyright 2021 Royal Society of Chemistry.
	Aside from its physiological roles mentioned above, HNO/NO is a proposed key intermediate in heme-enzyme mediated NOx interconversions in the biogeochemical nitrogen (N2) cycle, shown in Figure 1.1.1 Dinitrogen makes up 78% of Earth’s atmosphere and consists of a highly covalent triple bond making it a fairly inert molecule. Nitrogen fixation is performed by microbes symbiotic to leguminous plants that reduce N2 to ammonia (NH3)/ammonium (NH4+) as a usable form of nitrogen for plants and microbes.26 In addition to natural nitrogen fixation, NH3/NH4+ based fertilizers are produced by the industrial Haber-Bosch process using an iron-based catalyst to convert hydrogen (H2) and N2 to NH3 under high pressure and temperature (also referred to a synthetic nitrogen fixation). Since industrial fertilizers are both cheap and abundant, crops are typically overfertilized to produce enough food to support the Earth’s growing population.26 However, only 30-50% of fertilizers are absorbed by crops, leaving the rest to enter different microbial pathways. The NH4+  formed in nitrogen fixation pathway then undergoes nitrification, where ammonium is oxidized to nitrites (NO2) and nitrates (NO3). Soil-borne and seawater dwelling microbes known as autotrophic ammonia oxidizing bacteria and archaea carry out these reactions to support their respiratory function, forming hydroxylamine (NH2OH) and NO as intermediates along the way. One notable heme-containing enzyme in this pathway is hydroxylamine oxidoreductase (HAO). In this case, a nitroxyl intermediate is proposed in the oxidation of NH2OH to NO prior to further oxidation to NO2 and NO3.27 Here, the nitrogen cycle branches into three pathways. First, NO2 and NO3 have low soil retention, causing these compounds to act as pollutants by leaching into waterways, stimulating algal blooms in lakes and coastal waters as well as downstream eutrophication.26 Second, nitrites and nitrates can undergo Dissimilatory Nitrate Reduction to Ammonia (DNRA), where nitrate is reduced back to ammonia by another heme-containing enzyme, Cytochrome c nitrite reductase (CcNIR) (Figure 1.2).28-32 Similarly, assimilatory nitrite reductase is a heme-containing enzyme, and in both cases, nitroxyl intermediates are proposed in their catalytic cycles (Figure 1.2).33 Lastly, NO2 and NO3 are reduced to N2 in the denitrification pathway as the last step that closes the nitrogen cycle.  Here, NO2 is reduced to NO by either a copper or heme-containing nitrite reductase (NIR). An important reaction in this pathway is the reduction of NO to nitrous oxide (N2O), performed by nitric oxide reductases (NOR). N2O is the third most potent greenhouse gas behind carbon dioxide (CO2) and methane (CH4). It is estimated that 75% of N2O emissions come from agriculture.26 Sources of these emissions include fungal denitrification where N2O is the final product and bacterial denitrification where N2O escapes prior to further reduction to N2 by nitrous oxide reductase (N2OR). The fungal enzyme responsible for N2O production is Cytochrome P450 nitric oxide reductase (Cyt P450nor).26 This enzyme is especially interesting as its reactive intermediate is proposed to be a nitroxyl species. For this reason, there is interest in modeling the active site of Cyt P450nor to elucidate the electronic structure and protonation state of its reactive intermediates and provide a full explanation of how N2O is produced by this enzyme.  
	Cyt P450nor is found in soil-dwelling fungi, notably Fusarium oxysporum, Trichoderma harzianum, Histoplamsa capulatum, Cylindrocarpon tonkinense, as well as several strains of yeast. In Fusarium oxysporum, the enzyme is made up of 403 amino acids with a molecular weight of 46 kDa.34 The overall fold of Cyt P450nor is similar to Cyt P450 monooxygenases, for example Cyt P450cam, as shown is Figure 1.3.34-38 While the Cyt P450 superfamily of enzymes is generally known to oxidize its substrates through O2 activation, Cyt P450nor is unique since it utilizes an NAD(P)H cofactor to reduce two molecules of NO to N2O.39 This enzyme is also the most efficient NOR to date, with a fast turnover rate of  ~1200 s-1 at 10 °C.40
	The active sites of Cyt P450 enzymes are conserved, utilizing a heme b cofactor with a proximally bound cysteinate/thiolate, Cys352 in F. oxysporum Cyt P450nor, as shown in Figure 1.4.41 The figure also highlights the main hydrogen bonding network of the proximal Cys residue (the “Cys pocket”) in the active site of Cyt P450nor. Recent work has shown that the strength of the hydrogen bonds to the cysteinate ligand tune enzyme reactivity in Cyt P450 monooxygenases by modulating the strength of the thiolate donation to the iron center,42,43 and the same is expected here in the context of NO reduction. Additionally, the distal pocket of the enzyme contains a hydrogen bonding network formed between Ser286, Thr243, and Asp393 that is crucial for NO reduction by Cyt P450nor, since mutations of each residue either slow or halt N2O production  (see Figure 1.4).35,38,44
	Figure 1.5 Left: The proposed reaction mechanism of Cytochrome P450nor. Right: Overlay of two structures from PDB ID: 1CL6 (NO bound to ferric heme) and PDB ID: 1XQD  (NADPH analog, NAAD, bound in the active site). Adapted with permission from ref 1. Copyright 2021 American Chemical Society.
	Figure 1.5 shows the proposed reaction mechanism of Cyt P450nor.1 In the resting state, the active-site heme of Cyt P450nor is in the ferric oxidation state with a weakly bound water molecule. The water molecule is easily displaced by NO to form an electrophilic low-spin (ls) Fe(II)-NO+ species.40,45-47 Because NO is a non-innocent ligand and forms unusually covalent bonds with metals, Enemark Feltham notation is used as an electron counting method to group nitrosyl complexes by the total number of electrons between the M-NO unit. Here, the Fe(II)-NO+ is designated as ls-{FeNO}6 in the Enemark-Feltham notation48 ({FeNO}n, where the exponent n corresponds to the sum of the number of Fe (d5) and NO (1 *) electrons of the complex).48 Here, the NAD(P)H cofactor performs a direct hydride transfer to the ls-{FeNO}6 adduct, as shown in the structural overlay in Figure 1.5 to form the reactive species “Intermediate I”.40 Subsequent MCD experiments show no C-term signal at the 445 nm Soret band position of Intermediate I, indicating that this species is diamagnetic with St = 0.49 The exact electronic structure and protonation state of Intermediate I is unclear due to its very short lifetime of about 100 ms.40 As indicated in Figure 1.5, Intermediate I could either correspond to the initially formed HNO complex, with either a Fe(II)-NHO or FeIII-NHO● type electronic structure, or the corresponding doubly-protonated species, which could exist in the form of two valence tautomers, either Fe(IV)-NHOH or Fe(III)-NHOH●.49-53 Recently, Shiro and coworkers studied the reaction of Cyt P450nor with NO using time-resolved spectroscopic techniques and DFT calculations.54 In this work, the N-O stretching mode of Intermediate I was observed for the first time. Here, N-O stretching frequencies of 1330 cm-1 and 1290 cm-1 were obtained for the intermediate with and without NAD+ present, respectively.54 These results paired with DFT suggest that this species is likely singly protonated (potentially with the FeIII-NHO● electronic structure).51,54 However, as evident from Figure 1.5, more work is needed to ultimately identify the true nature of Intermediate I that reacts with a second equivalent of NO to generate N2O to complete the catalytic cycle.
	Since heme-HNO intermediates in the above-mentioned enzymes are very difficult to study, due to their high reactivity, model complexes have been found essential in determining most of what we know about heme-HNO species. In aqueous solution, the best spectroscopically characterized and most stable HNO complex is the ferrous Mb-HNO adduct, prepared by Farmer and coworkers.55,56 The remarkable stability of the Mb(II)-NHO complex was attributed to steric shielding of the HNO ligand in the protein matrix and the presence of a hydrogen bonding network within the distal pocket of myoglobin.57 Indeed, as first reported by Ryan and coworkers, heme-HNO model complexes are susceptible to fast bimolecular decomposition, generating the corresponding ls-{FeNO}7 complexes and H2, which is the main cause for the complexes instability.58 Doctorovich and coworkers obtained further evidence that hydrogen-bonding interactions can increase the stability of heme-HNO complexes: they prepared the water-soluble complex [Fe(TPPS)(NHO)]4, where hydrogen bonding of water molecules with the bound HNO ligand is proposed to increase its stability and slow down its decomposition, with a reported half-life of 41 s at room temperature.59 
	 In organic media, heme ls-{FeNO}8 complexes were prepared by both chemical and electrochemical reduction of the corresponding ls-{FeNO}7 precursors. These complexes have Fe(II)-NO electronic structures, where a singlet NO ligand is bound to a ls-Fe(II) center, with a very covalent Fe-NO bond.2,60 Ryan and coworkers were able to obtain the complex [Fe(OEP)(NHO)] (OEP2 = octaethylporphyrin dianion) upon treatment of the corresponding nitroxyl complex [Fe(OEP)(NO)] with phenols (PhOH) as weak acids. Here, the [Fe(OEP)(NHO)] complex seems to form an equilibrium with the hydrogen bonded complex [Fe(OEP)(NO---HOPh)].61,62 Similarly, our group utilized electrochemical reduction followed by protonation with acetic acid to prepare a five-coordinate (5C) HNO complex, [Fe(3,5-Me-BAFP)(NHO)], using a bulky bis-picket fence porphyrin.63 Unfortunately, [Fe(3,5-Me-BAFP)(NHO)] could not be isolated for spectroscopic characterization due to the large excess of electrolyte salt present from bulk electrolysis. On the other hand, Richter-Addo and coworkers prepared a six-coordinate (6C) HNO derivative, [Fe(OEP)(5-MeIm)(NHO)], using a method that is analogous to the reaction catalyzed by Cyt P450nor, where a hydride is added to the electrophilic ls-{FeNO}6 complex, [Fe(OEP)(5-MeIm)(NO)]+.64 Despite the low yield (11%), the HNO complex showed qualitative N2O upon addition of NO gas. However, because the yield of N2O could not be determined, the catalytic competency of the heme-HNO as Intermediate I in Cyt P450nor remains unclear.
	Figure 1.6 Possible geometric and electronic structures of Intermediate I in Cyt P450nor. Scheme adapted from ref. 1. Copyright 2021 American Chemical Society.
	One important question in the context of Cyt P450nor is how the axial thiolate ligand affects the electronic properties of Intermediate I. Based on DFT studies by the Neese group, it was proposed that the anionic nature of the thiolate could promote the formation of a valence tautomer, with an FeIII-HNO● type electronic structure (see Figure 1.6).51 The formation of such a radical species can be expected to aid in the following reaction with the incoming NO•, corresponding to a radical-radical type coupling reaction, which generally have very low activation barriers. Alternatively, DFT calculations predict that the strong electron donation from the axial thiolate ligand increases the basicity of the bound HNO ligand, leading to its further protonation. In this case, the Fe-NHO species could be protonated at neutral pH, forming an Fe-NHOH type species (see Figure 1.6).50 This is analogous to later work by Green and coworkers, where it was shown that the proximal thiolate ligand in Cyt. P450s increases the basicity of Compound II by 9 log units (compared to Mb), which drives the H-atom abstraction from a substrate C-H bond.43,51,65 Experimental support for a Fe-NHOH complex comes from pulse radiolysis experiments with H2NOH, which is known to generate the •NHOH radical under these conditions.66 When H2NOH is irradiated in the presence of ferric P450nor, the Soret band shifts to ~444 nm, which is identical to the position of the Soret band in Intermediate I.67 
	With these considerations in mind, the ferric complex [Fe(3,5-Me-BAFP)(NHOMe)] was prepared, where O-methylhydroxylamide is used as a substitute for hydroxylamide (to increase the stability of the complex) in combination with the sterically shielding 3,5-Me-BAFP2 porphyrin ligand.53 One-electron oxidation of this species at -80 oC then generates [Fe(3,5-Me-BAFP)(NHOMe)]+ as a model for Intermediate I. Spectroscopic studies (especially rRaman and Mössbauer) show that in this complex, the iron center is still in the FeIII state, which means that the complex indeed corresponds to the FeIII-NHOMe• valence tautomer. Reactivity studies of this intermediate with stoichiometric NO• demonstrated fast attack on the coordinated NHOMe• within ~35 s, likely leading to N-N bond formation. These results indicate that a FeIII-NHOMe• type species is indeed highly reactive towards NO•, even at -80 oC, which is in agreement with a radical-radical type reaction.49,53
	In summary, based on spectroscopic studies on Cyt. P450nor, model complex studies, and DFT calculations, there are two possible structures for Intermediate I, the key intermediate in Cyt. P450nor catalysis. This species could either correspond to the  FeII-HNO adduct, proposed to have an FeIII-HNO● electronic structure, or the corresponding protonated species, FeIII-NHOH•, as shown in Figure 1.6.45,49,50,53 Further studies are necessary to fully elucidate the true nature of Intermediate I, and to shed more light on the second half of the catalytic cycle of Cyt. P450nor. 
	In this work, the electronic structure and protonation state of the reactive Intermediate I were investigated within the context of Cytochrome P450nor’s reaction mechanism. Chapter 2 focuses on the stabilization of a six-coordinate Fe(II)-HNO complex, [Fe(3,5-Me-BAFP)(MI)(HNO)] (MI = N-methylimidazole), using a sterically hindered bis-picket fence porphyrin, 3,5-Me-BAFP2 = 3,5-dimethyl-bisaryloxyfence porphyrin, to prolong the stability of the HNO complex for spectroscopic characterization. The formation of this complex mimics the reaction in the enzyme itself, where the conversion of a ls-{FeNO}6 precursor to the corresponding ls-{FeHNO}8 complex is complete upon addition of 1 equivalent of a hydride source. The formation of the ls-{FeHNO}8 complex was monitored in situ using UV-vis and 1H-NMR spectroscopy. Excitingly, this heme-HNO model complex is stable enough to be isolated from the reaction mixtures as a solid for further characterization by IR, temperature-dependent 1H-NMR, and nuclear resonance vibrational spectroscopy (NRVS). Reaction of the 6C heme-HNO complex with NO gas leads to the formation of quantitative amounts of N2O by gas headspace IR spectroscopy. This chapter has been adapted from the manuscript: Manickas, E. C.; LaLonde, A. B.; Hu, M. Y.; Alp, E. E.; Lehnert, N. J. Am. Chem. Soc., 2023, 145, 42, 23014.
	Despite the increased stability of [Fe(3,5-Me-BAFP)(MI)(HNO)], this complex is not a perfect analog of Intermediate I of Cyt P450nor since the active site of the enzyme contains a proximally bound anionic thiolate rather than a neutral imidazole as the axial ligand. Chapter 3 focuses on using the bis-picket fence porphyrin to generate select thiolate-bound ls-{FeNO}6 complexes [Fe(3,5-Me-BAFP)(SR)(NO)]. This expands on previous work from our laboratory that used the tetraphenylporphyrin scaffold (TPP2-) in combination with a number of different thiolate ligands to form thiolate-bound ls-{FeNO}6 complexes.45,46 The stability of each ls-{FeNO}6 complex was initially accessed by UV-Vis spectroscopy and compared to the analogous [Fe(TPP)(SR)(NO)] complexes reported previously. Of these complexes, [Fe(3,5-Me-BAFP)(SPhF4CF3)] generated the cleanest ls-{FeNO}6 complex with the lowest equivalents of NO gas added, and therefore, my work focused on this complex that was subsequently fully characterized by UV-Vis, 1H-NMR, IR and rRaman spectroscopy. The reactivity of this complex was further studied by hydride addition to observe a thiolate-bound nitroxyl intermediate to determine how the identity of the proximal ligand affects the electronic structure and reactivity of the Fe-HNO unit. 
	Biomedical devices, such as intravascular catheters, play an integral role in medical care, enabling hospital staff to monitor patients’ blood as well as deliver drugs and nutrients.  Two major complications of such devices include microbial infections and thrombosis/clotting. Considering catheter-related bloodstream infections (CR-BSIs) alone, about 80,000 patients are infected in intensive care units (ICU) in the United States, leading to 28,000 deaths and an additional $2.3 billion in medical costs each year.68 NO can be used to mitigate microbial infections and blood clotting at the surface of these blood contacting devices since it is already produced endogenously in humans and plays several physiological roles depending on its local concentration. At higher ((M) concentrations, NO can act as an antimicrobial agent in our immune system against invading pathogens, while at low (nM) concentrations, NO can provide therapeutic effects that enhance vasodilation, prevent platelet aggregation, aid in wound healing, and prevent angiogenesis.69-73 
	Previously, catheters were equipped with a polymeric coating capable of NO release at the outer surface of the device to prevent infections and blood clotting.74,75 Limitations of this method include lack of control over NO release that varies by patient to patient, resulting in inconsistent NO fluxes. In collaboration with Prof. Mark E. Meyerhoff at the University of Michigan, current research is aimed at electrochemical NO production via a copper-based catalyst within a dual-lumen catheter as shown in Figure 1.7. This method ensures a controlled rate of NO release by applying an electrochemical potential to an aqueous nitrite solution with a copper catalyst inside of a multi-lumen catheter. 
	Figure 1.7. Schematic of a dual-lumen intravascular catheter for electrochemical NO production. Scheme adapted from ref.76. Copyright 2014 American Chemical Society.
	 Copper nitrite reductase (CuNIR) is an enzyme that plays a key role in the nitrogen cycle (Figure 1.1) in the denitrification pathway where nitrite is reduced to NO anaerobically.77 These enzymes are homotrimers with typically 36 kDa subunits, as shown in Figure 1.8.78 CuNIRs facilitate nitrite reduction using a Type 1 and Type 2 copper center as shown in Figure 1.8, where the Type 1 copper center, coordinated by two histidine, a cysteine and a methionine residue, is responsible for electron transfer and the Type 2 copper center, coordinated by three histidine residues, is the active site responsible for catalysis.79,80 These centers are 12.6 Å apart and are covalently linked via a Cys-His sequence between the metal sites, which allows for facile electron transfer from the Type 1 copper site to the Type 2 copper active site for nitrite reduction.79 With inspiration from CuNIR, catalysts can be designed to model the Type 2 copper active site responsible for nitrite reduction. With the application of a constant electrochemical potential, electrons can be supplied to the catalyst to generate NO to combat bacterial infections and blood clots at the surface of a catheter. 
	Figure 1.8 Crystal structure of CuNIR of Rhodobacter sphaeroides, PDB: 2A3T (left).78 Reproduced with permission of the International Union of Crystallography. The active site of CuNIR during the catalytic process in Achromobacter cycloclastes, PDB: 2BWD (right). Adapted with permission from ref.80. Copyright 2015 American Chemical Society.
	Several water-soluble catalysts have been tested for electrochemical NO production demonstrating reproducible, controlled NO release under an N2 atmosphere, as shown in Figure 1.9.76,81-83 Initial electrochemical experiments were performed with copper(II) tris(2-pyridylmethyl)amine, [Cu(TMPA)]+, which was determined to have a reduction potential of -380 mV (vs Ag/AgCl) displaying a Faradaic efficiency of 6.3%.76 A significant improvement was observed when experiments were repeated with copper(II) 1,4,7-trimethyl-1,4,7-triazacyclononane, [Cu(Me3TACN)]+, which has a reduction potential of -340 mV (versus Ag/AgCl) and shows Faradaic efficiencies for nitrite reduction ranging from 57-84%, depending on the applied potential.81  Despite the improved catalysis observed with [Cu(Me3TACN)]+, NO generation decreased by 75% when changing the sparge gas from N2 to 3% O2. Given that catheters are placed in arteries and veins where oxygen content is 5 and 12%, respectively, decreasing O2 sensitivity is crucial in successfully designing catalysts for this application. Additionally, electrochemical experiments with [Cu(Me3TACN)]+ indicated catalyst disproportionation of the Cu(I) center to Cu(II) and Cu(0), where the latter plates onto the surface of the working electrode and lowers NO production over time.81  
	Figure 1.9 Chemdraw scheme of current copper complexes capable of electrochemical nitrite reduction to NO in aqueous solvent. Scheme adapted with permission from ref.84. Copyright 2021 Wiley.
	To address the O2 sensitivity and disproportionation observed with these catalysts, a series of BEPA/BMPA carboxylate catalysts were synthesized to tune the reduction potential of the Cu(II)/Cu(I) couple and study its role in nitrite reduction to nitric oxide, as shown in Figure 1.9.82 Based on this work, it was determined that copper complexes with more positive reduction potentials, for example [Cu(BEPA-Bu)]+, were favored for selective NO generation without disproportionation to N2O. This complex shows a reduction potential of +10 mV with a Faradaic efficiency for nitrite reduction of 91%.82 Additionally, complexes with more negative reduction potentials are more O2 sensitive, resulting in inhibition of nitrite reduction upon reduction from Cu(II) to Cu(I) in the presence of air. While catalysts with more positive reduction potentials lead to selective NO generation, overall nitrite reduction slows, which is less optimal in terms of desired catalyst performance. For example, [Cu(TMPA)]+ which demonstrates a more negative reduction potential of -380 mV, shows a turnover frequency (TOF) of 13.42 s-1, in contrast to [Cu(BEPA-Bu)]+ which shows a TOF of 1.18 s-1.82
	Figure 1.10 Previously reported copper catalysts with hydrogen bond donors in the second coordination sphere for nitrite reduction. (A) Adapted with permission from ref. 85. Copyright 2022 American Chemical Society. (B) Adapted with permission from ref.86. Copyright 2023 Royal Society of Chemistry. (C)  Adapted with permission from ref.87. Copyright 2018 American Chemical Society. 
	One strategy to increase the rate of nitrite reduction as reduction potentials become more positive is to append hydrogen bond donors in the second coordination sphere (SCS) of these copper catalysts. There are several examples in the literature that demonstrate improved nitrite reduction in nonaqueous solvents with catalysts containing intramolecular hydrogen bond donors , as shown in Figure 1.10. Kundu and coworkers demonstrated nitrite binding to tripodal copper complexes equipped with a protonated amine in the SCS, demonstrating that the formation of a HONO species facilitates NO2 reduction.85,88 Similar observations were discussed by Netto and coworkers where a copper catalyst equipped with a propanol group in the SCS doubled in efficiency toward nitrite reduction, in comparison to two control complexes.86 Symes and coworkers designed TMPA derivatives containing an appended carboxylate or ester in the SCS. It was determined that the carboxylate complex was twice as effective for nitrite reduction in comparison to the ester complex, suggesting that there is a proton relay that facilitates catalysis.87 
	In this work, the oxygen sensitivity of these catalysts was addressed by employing hydrogen bond donors within the second coordination sphere (SCS) of water-soluble copper complexes. The goal of Chapter 4 was to increase the affinity of nitrite binding and allow facile proton transfer to the nitrite prior to reduction to NO. Here, the synthesis of two asymmetric hydrogen bonding derivatives of [Na(BMPA-Pr)] = sodium 3-(bis(pyridin-2-ylmethyl)amino)propanoate are reported. These derivatives include the ligands [Na(Amide-BMPA-Pr)] and [Na(Amine-BMPA-Pr)], which were synthesized according to two synthetic methods. Each corresponding copper complex was characterized by X-ray crystallography, UV-vis spectroscopy and cyclic voltammetry (CV). The effect of the hydrogen-bonds in these copper catalysts was assessed by bulk electrolysis where the amount of nitric oxide produced was quantified using a nitric oxide analyzer (NOA). The Faradaic efficiencies of these complexes were compared between sparge gases with varying oxygen and nitrogen compositions, from pure nitrogen to air, to assess oxygen sensitivity in comparison to the parent complex (that lacks the SCS groups). These results provide a foundation for assessing the effect of SCS hydrogen bond donors in copper complexes and how they affect nitrite reduction to NO.  
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	In this Chapter, a stable heme-HNO complex was isolated and spectroscopically characterized using a bulky bis-picket fence porphyrin. Reactivity studies were performed with NO to assess its competency toward NO reduction in the context of Cyt P450nor. The following chapter was adapted from the referenced publication.3
	Since heme-HNO intermediates in native enzymes are very difficult to study, due to their high reactivity. Protein and synthetic model complexes have been found essential in determining most of what we know to date about heme-HNO species. In aqueous solution, two notable models include the ferrous Mb-HNO adduct prepared by Farmer and coworkers55,56 and the water-soluble complex [Fe(TPPS)(NHO)]4 prepared by Doctorovich and coworkers.59  The prolonged stability of the former was attributed to either the steric shielding of the HNO ligand in the protein matrix and the presence of a hydrogen bonding network with the distal pocket of myoglobin, while the latter was proposed to form hydrogen bonds with water to slow decomposition.57,59 
	 In organic solvents, heme ls-{FeNO}8 complexes were prepared by both chemical and electrochemical reduction of the corresponding ls-{FeNO}7 precursors. Our group utilized electrochemical reduction to prepare a five-coordinate (5C) HNO complex, [Fe(3,5-Me-BAFP)(NHO)], using the same bulky bis-picket fence porphyrin used in this work.63 Unfortunately, the complex could not be isolated due to the presence of large amounts of electrolyte in solution. On the other hand, Richter-Addo and coworkers prepared a low yielding six-coordinate (6C) HNO derivative, [Fe(OEP)(5-MeIm)(NHO)], using a method that is analogous to the reaction catalyzed by Cyt P450nor. 
	 This chapter focuses on the formation of a 6C heme-HNO complex using a sterically hindered bis-picket fence porphyrin to enhance its half-life in organic solvents for isolation, thorough spectroscopic characterization, and reactivity studies with NO gas. This porphyrin scaffold was chosen to slow the known bimolecular decomposition pathway of the heme-HNO complex to {FeNO}7 complex and H2, as discussed in Chapter 1. The formation of the heme-HNO complex in situ was confirmed based on characteristic features provided in the literature. Kinetic studies were performed at different temperatures to confirm that the heme-HNO species is indeed more stable than other synthetic heme-HNO model complexes previously reported in the literature. Precipitation of the complex from solution at low temperatures allowed for spectroscopic studies at room temperature. Reactivity studies of the heme-HNO complex with NO indicates competence toward N2O formation, making it a potential intermediate in the Cyt P450nor reaction mechanism. 
	As described in the Introduction, a sterically hindered bis-picket fence porphyrin was used in this work to stabilize a six-coordinate (6C) heme-HNO model complex for isolation and thorough spectroscopic characterization. The syntheses of the porphyrin, [H2(3,5-Me-BAFP)], and the complex, [Fe(3,5-Me-BAFP)(Cl)], are based on published procedures.63 The ligand and metalated complex were characterized by elemental analysis and 1H-NMR spectroscopy. 
	Prior to nitrosylation, the bound chloride ligand of the metalated complex, [Fe(3,5-Me-BAFP)(Cl)], was exchanged using a silver salt, typically AgOTf to form [Fe(3,5-Me-BAFP)(OTf)]. Once the reaction was complete according to UV-vis spectroscopy (see Figure 2.1), the reaction mixture was filtered to remove silver chloride and the product was collected from the filtrate following precipitation with hexanes. This complex was exposed to NO gas to form the five-coordinate (5C) low-spin (ls) {FeNO}6 complex, [Fe(3,5-Me-BAFP)(NO)](OTf) (see Figure 2.2). In the process of nitrosylation, a sixth (axial) ligand was added as well, which is critical for the following reaction with hydride donors, as shown by Richter-Addo and coworkers.89 Without the axial ligand, it was shown that 5C ls-{FeNO}6 complexes add hydride to the iron center, not the NO+ ligand, ultimately leading to decomposition. Here, we chose 1-methylimidazole (MI) as the sixth ligand, as a model for the proximal histidine ligand in heme proteins. Preparation of the 6C complex, [Fe(3,5-Me-BAFP)(MI)(NO)](OTf), includes the addition of one equivalent of MI to the metathesized complex in dichloromethane, either before or after exposing the reaction solution to excess NO gas, as shown by UV-vis and solution IR spectroscopy in Figure 2.2. 
	The successful preparation of the ls-{FeNO}6 complex, [Fe(3,5-Me-BAFP)(MI)(NO)](OTf), was confirmed by UV-vis, IR, NRVS , and 1H NMR spectroscopy (see Figure 2.2, Figure 2.3, and Figure 2.4. This complex showed the Soret and Q bands at 436 and 545 nm and was characterized by N-O (from IR spectroscopy) and Fe-NO (from NRVS) vibrational frequencies of 1912 and 593 cm-1, respectively. The latter values compare well with those of the 6C complex, [Fe(TPP)(MI)(NO)](SbF6), which has N-O and Fe-NO stretching frequencies of 1920 and 589 cm-1, respectively.90 
	 The [Fe(3,5-Me-BAFP)(MI)(NO)](BArF24) was analyzed by single crystal X-ray diffractometry. The obtained molecular structure exhibits two co-crystallized species of 70.6 and 29.4%, where the major species represents the bis-imidazole bis-picket fence porphyrin, [Fe(3,5-Me-BAFP)(MI)2], and the minor species is the desired 6C {FeNO}6 complex. Due to the significant overlap of the electron density of the nitrogen from the NO and the imidazole, restraints were placed on the coordinated NO of the 6C {FeNO}6. For this reason, the bond lengths and angles for the FeNO unit can only be discussed qualitatively. Typical Fe-N and N-O bond distances of 6C {FeNO}6 complex reported in the literature are typically 1.63-1.65 and 1.13-1.15 Å, respectively.1 The [Fe(3,5-Me-BAFP)(MI)(NO)]+ shows Fe-N and N-O bond lengths of 1.677 and 1.21 Å which are slightly elongated compared to the literature.1
	Table 2.1 Geometric parameters of [Fe(3,5-Me-BAFP)(MI)(NO)]+ obtained by X-ray crystallography. Bond distances are reported in Å.
	*Due to restraints on the Fe-N-O unit, values listed are only for qualitative discussion.
	The formation of [Fe(3,5-Me-BAFP)(MI)(NHO)] was monitored by UV-vis and 1H-NMR spectroscopy in chlorobenzene-d5 between -20 and -40 °C. Upon addition of ~1 equivalent of [TBA](BH4) to a solution of [Fe(3,5-Me-BAFP)(MI)(NO)](OTf), two new peaks initially appeared at 14.59 and 14.66 ppm, indicating the formation of at least two HNO species (see Figure 2.6). We ascribe the observation of multiple HNO signals in the spectra to the formation of rotational isomers within the pocket of the sterically hindered porphyrin scaffold. After ~25 minutes, the two major species equilibrate to a 1:1 ratio at 14.59 and 14.68 ppm (Figure 2.6 and Figure 2.8). When repeated with the 15N-labeled ls-{FeNO}6 complex, both peaks split into doublets with resonances at 14.51 and 14.65, and 14.58 and 14.73 ppm, respectively, after reaching equilibrium (Figure 2.7 and Figure 2.8). The second HNO species is likely a rotational isomer which has been previously observed in both heme HNO model complexes and in protein HNO adducts.64,91 For example, Richter-Addo and coworkers observed a minor amount of a second isomer (~9%) of their HNO complex, [Fe(OEP)(5-MI)(NHO)], and discussed the possibility that these isomers are simple rotamers. The JNH coupling constant of each species was determined to be 75 and 70 Hz, which are within the range of those reported for [Fe(OEP)(5-MI)(NHO)] and Mb(II)-NHO (see Table 2.2).55,64 
	The temperature-dependence of the 1H-NMR signals of the rotational isomers was further examined using variable-temperature NMR experiments. As shown in Figure 2.9, after initial generation of the heme-HNO complex at -30 oC, a lowering of the temperature to -40 °C leads to further separation of the peaks. Warming to -20 °C, on the other hand, leads to a coalescence of the signals, and subsequent cooling to -40 oC separates the signals again, in a fully reversible process. These results demonstrate that [Fe(3,5-Me-BAFP)(MI)(NHO)] contains two major conformations of the heme-HNO complex that slowly interconvert at low temperature. Interestingly, when the HNO complex was warmed from -30 oC to room temperature over the course of 35 minutes, ~30% of the complex remained initially, and then further decomposed within 30 minutes (see Figure 2.10). The resulting decomposition product was isolated and investigated by IR spectroscopy. The IR data show a strong N-O stretching band at 1685 cm-1 (Figure 2.11; confirmed by 15N-labeling), indicating the formation of the corresponding 5C ls-{FeNO}7 complex, [Fe(3,5-Me-BAFP)(NO)], as the decomposition product of [Fe(3,5-Me-BAFP)(MI)(NHO)]. This is in line with previous reports of heme-HNO model complexes, which were found to decompose rapidly due to a bimolecular disproportionation reaction:1,61,63,64
	 2 Fe(II)-NHO  (  2 Fe(II)-NO  +  H2            (1)
	resulting in the formation of the corresponding ls-{FeNO}7 complex. In the case of [Fe(3,5-Me-BAFP)(MI)(NHO)], this decomposition pathway is greatly slowed down due to the bulky H2[3,5-Me-BAFP] ligand, generating a heme-HNO model complex with unprecedented stability.
	The addition of 1 equivalent of a hydride source to [Fe(3,5-Me-BAFP)(MI)(NO)](OTf) was also monitored by UV-vis spectroscopy, under the same conditions. After the addition of 1 equivalent of [TBA](BH4), the Soret band of the heme shifts from 436 to 431 nm, indicating the successful formation of the HNO complex (see Figure 2.12). The UV-vis spectrum of [Fe(3,5-Me-BAFP)(MI)(NHO)] was comparable to that of Mb(II)-NHO, which had a Soret band at 423 nm and a broad Q band around 550 nm.55 When the same experiment was performed at room temperature, the crisp 431 nm Soret band of the heme-HNO complex was not observed. Instead, the 436 nm Soret band of the ls-{FeNO}6 precursor shifted to 421 nm, and a small shoulder appeared at 479 nm, indicating formation of the 5C ls-{FeNO}7 complex, in agreement with the 1H-NMR results described above (see Figure 2.12). Maintaining the temperature of the hydride transfer experiment at -30 °C resulted in a fairly stable heme-HNO complex in solution, with very slow decay of the complex, which was monitored over the course of 5 hours (Figure 2.13). This decay process has a first-order rate constant k = 2.05x10-4 s-1, corresponding to a half-life of 56 minutes, making [Fe(3,5-Me-BAFP)(MI)(NHO)] the by far most stable heme-HNO model complex (in organic solvents) reported to date.
	Due to the remarkable stability of [Fe(3,5-Me-BAFP)(MI)(NHO)] below 0 °C, the decay of the HNO complex was also investigated at 4 °C, to obtain full decomposition to the 5C ls-{FeNO}7 complex. At 4 °C, the heme-HNO complex decays with a first-order rate constant k = 1.73x10-3 s-1 over the course of 30 min, corresponding to a half-life of 6.7 minutes (see Figure 2.14). Kinetic decay parameters for previously reported heme-HNO model complexes in organic media could not be determined due to instability, even at lower temperatures. Mb(II)-NHO shows much better stability, likely due to the fact that the HNO ligand is again sterically protected from decomposition.55 The water-soluble model complex [Fe(TPPS)(NHO)] is stabilized by hydrogen bonding from surrounding water molecules, but still decomposes with a half-life of 41seconds at room temperature, with a first-order rate constant of k = 1.7x10-2 s-1.59
	Previously, our group showed the formation of [Fe(3,5-Me-BAFP)(NHO)] by protonation of the corresponding ls-{FeNO}8 complex [Fe(3,5-Me-BAFP)(NO)], obtained by electrochemical reduction. Despite differences in solvent, coordination number, and method of HNO formation, the 5C complex  [Fe(3,5-Me-BAFP)(NHO)] showed a very similar UV-vis absorption spectrum compared to the 6C complex [Fe(3,5-Me-BAFP)(MI)(NHO)] obtained here, with the Soret and Q bands located at 426 and 545 nm, respectively.63 The complex [Fe(3,5-Me-BAFP)(MI)(NHO)] can be reversibly deprotonated, further confirming that the species obtained  after hydride transfer is indeed a heme-HNO complex (see Figure 2.15). Upon addition of the base, 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), the corresponding ls-{FeNO}8 complex [Fe(3,5-Me-BAFP)(NO)] was formed, as evident from the split Q band at 535 and 560 nm. The complex can then be reversibly protonated with acetic acid, and the Q band returns to its original position at 548 nm. In Figure 2.15, the UV-vis spectrum of the HNO complex before the addition of DBU is overlaid with the spectrum after treatment with DBU and acetic acid, revealing recovery of the heme-HNO complex, with a small amount of 5C ls-{FeNO}7 decomposition product observed in the final spectrum.     
	Isolation of the heme-HNO complex as a solid was typically achieved by cooling the precursor complex [Fe(3,5-Me-BAFP)(MI)(NO)](OTf) to temperatures between -30 and -40 °C and adding 1 equivalent of [TBA](BH4). After 1 minute, the resulting heme-HNO complex was precipitated with dry pentanes, allowing about 30 minutes for the process to complete. The precipitated complex was then filtered at room temperature and collected for rigorous spectroscopic characterization and solid-state stability studies. The heme-HNO complex was in fact quite stable in the solid state at room temperature under anaerobic conditions, as the 431 nm Soret band persists over the course of one month (see Figure 2.16). 
	Immediately after isolation, solid [Fe(3,5-Me-BAFP)(MI)(NHO)] was characterized by IR spectroscopy. As shown in Figure 2.17, three new signals appear at 1685, 1420, and 1393 cm-1, which shifted to 1654 and 1378 cm-1 upon 15N labeling. As previously stated, the 1685 cm-1 signal corresponds to the N-O stretch of the 5C ls-{FeNO}7 decomposition product. More exciting was the observation of the new signals at 1393 and 1420 cm-1, which were assigned to the N-O stretch of the coordinated HNO ligand in [Fe(3,5-Me-BAFP)(MI)(NHO)]. The splitting of the N-O stretch in the natural abundance isotopes compound into two components is either caused by Fermi resonance or is due to accidental, weak mixing with some other normal mode that is very close in energy, evident from the fact that the two signals collapse into one band at 1378 cm-1 in the 15N-labeled compound and at 1405 cm-1 in the deuterated (DNO) complex (see Figure 2.17). The N-O stretching frequency of [Fe(3,5-Me-BAFP)(MI)(NHO)] was consistent with those of other HNO complexes reported in the literature, as shown in Table 2.2, which were typically observed in the 1380-1400 cm-1 range. 
	Table 2.2. Spectroscopic properties of heme-HNO complexes
	 Further vibrational characterization of [Fe(3,5-Me-BAFP)(MI)(NHO)] was performed using NRVS, to determine the Fe-N stretch of the complex. In previous work, Farmer and coworkers had reported the Fe-N stretch of Mb(II)-NHO at 651 cm-1, based on resonance Raman data, but the rather weak signal observed in this case necessitates confirmation by measurements on other compounds and/or using other techniques.92 As shown in Figure 2.18, two 15N-isotope sensitive signals were observed in the NRVS data of [57Fe(3,5-Me-BAFP)(MI)(NHO)] at 461 and 644 cm-1, which shifted to 444 and 624 cm-1 in [57Fe(3,5-Me-BAFP)(MI)(15NHO)]. There appeared to be an additional signal at 396 cm-1 that disappears upon isotopic labeling. Unfortunately, the heme-HNO complex cannot be isolated without the presence of some amount of the decomposition product, [Fe(3,5-Me-BAFP)(NO)]. This complex showed intense signals at 520 and 367 cm-1 (511 and 364 cm-1 in the 15NO compound) that correspond to the Fe-NO stretch and Fe-N-O bend, respectively (see Figure 2.19). This is a particular problem for the 15N-labeled compound, and the corresponding signals in Figure 2.18, top are indicated with an asterisk.  
	To assign the low-energy vibrational features of [Fe(3,5-Me-BAFP)(MI)(NHO)], DFT calculations were employed. For this purpose, the H2[3,5-Me-BAFP] ligand was simplified by removing the bottom pickets surrounding the bound 1-methylimidazole ligand and including the top pickets shielding the bound HNO moiety. This structure was then fully optimized using BP86/TZVP, and the resulting optimized structure is shown in Figure 2.20.  With respect to the Fe-HNO unit, the Fe-NHO, HN-O, H-NO bond lengths are predicted to be 1.79, 1.24, 1.05 Å, respectively, with an Fe-N-O angle of 131°. These values agree well with EXAFS data obtained for Mb(II)-NHO, which display Fe-NHO and HN-O bond distances of 1.82 and 1.24 Å, respectively, with an Fe-N-O angle of 131°. The average Fe-N(porphyrin) and Fe-N(MI) bond lengths are calculated to be 2.01 and 2.10 Å, respectively, again very similar to those reported for Mb(II)-NHO, 2.00 and 2.09 Å, respectively. Frequency calculations performed on this optimized structure predict an N-O stretching frequency of 1456 cm-1 that shifts to 1428 cm-1 upon 15N-isotopic labeling. These values are in good agreement with the experimental N-O stretch of [Fe(3,5-Me-BAFP)(MI)(NHO)], observed at 1393/(1420) cm-1 and 1378 cm-1 with 15N. As shown in Figure 2.18, bottom, the calculations also reproduce the experimental NRVS data well. In the calculations, the Fe-N stretch and the Fe-N-O bend are predicted to be 656 and 444 cm-1 respectively. Upon isotopic labeling, the Fe-N stretch shifts to 630 cm-1, while the Fe-N-O bend splits into multiple modes between 413 and 430 cm-1.  Based on these results, the experimental features at 644 and 461 cm-1 can be assigned to the Fe-N stretch and the Fe-N-O bend, respectively, of the bound HNO ligand. The experimental band at 396 cm-1 could correspond to the out of plane N-H bend of the bound HNO ligand, since it appears to be shifting upon isotope labeling, but this assignment remains tentative. 
	Gas headspace N2O yield measurements were performed to evaluate the reactivity of [Fe(3,5-Me-BAFP)(MI)(NHO)] with excess NO gas at -30 °C in chlorobenzene. For N2O analysis, the reaction mixture of [Fe(3,5-Me-BAFP)(MI)(NHO)] and NO gas was stirred at -30 °C for 15 minutes before warming to room temperature, followed by extraction of the gas headspace of the reaction flask. An analogous experiment was followed with UV-vis spectroscopy, as shown in Figure 2.21, to ensure that 15 minutes is an appropriate reaction time between the heme-HNO complex and excess NO gas at low temperature. Measurements were taken in quadruplicate and converted into µmols of N2O using an appropriate calibration curve (see Figure 2.22). In these experiments, N2O is detected in the gas headspace in 91±10% yield (see Figure 2.23), showing that the heme-HNO complex is catalytically competent to mediate quantitative N2O formation when reacted with NO gas. This N2O yield is indirectly supported by EPR where 30% of the signal accounts for the {FeNO}7 decomposition product, as shown in Figure 2.24. Using IR spectroscopy, an isotope scrambling experiment was performed to provide further evidence that the heme-HNO complex plays a role in N2O formation. As shown in Figure 2.25, [Fe(3,5-Me-BAFP)(MI)(15NHO)] reacts with excess 14NO gas, which generated singly labeled N2O gas (either 15NNO or N15NO, or both), demonstrating that NO attacks the coordinated HNO ligand. This reaction was repeated at room temperature (including the generation of the heme-HNO complex), showing a 28±8% yield of N2O (see Figure 2.26). The reason for the significantly lower N2O yield at room temperature is the reduced stability of [Fe(3,5-Me-BAFP)(MI)(NHO)] under these conditions. This is in agreement with the 1H-NMR experiments, which show that up to ~30% of the heme-HNO complex are present right after warming the sample to room temperature (see Figure 2.10). 
	A series of control experiments were conducted to ensure that the heme-HNO complex is the only species to react with NO gas to form N2O. No N2O was formed during heme-HNO decomposition, nor when excess NO is added to either the 6C ls-{FeNO}6 starting complex or the ls-{FeNO}7 decomposition product. To account for over addition of [TBA](BH4), an additional experiment was conducted with 1 equivalent of [TBA](BH4) and NO gas, resulting in 24±8% of N2O formed (see Figure 2.27). This shows that even in the case where a small amount of excess [TBA](BH4) would be present, for example an extra 10%, this would only minimally contribute to the total N2O produced (in this example, this would add an additional 2-3% to the total N2O yield).  
	 The reaction of [Fe(3,5-Me-BAFP)(MI)(NHO)] and NO gas was further investigated using UV-vis spectroscopy, using either excess or stoichiometric amounts of NO gas, added to the reaction mixture about 1 minute after hydride addition. Upon the addition of excess NO, the 431 nm Soret band of the HNO complex shifts to 437 nm, indicating that the product of the reaction of [Fe(3,5-Me-BAFP)(MI)(NHO)] and NO gas is the ferric heme, which has a high affinity for NO and binds excess NO in solution to reform a six-coordinate ls-{FeNO}6 complex. We suspect that after the reaction, N2O is released, and the ferric heme-OH complex forms. This complex then reacts with NO to form either [Fe(3,5-Me-BAFP)(OH)(NO)] or [Fe(3,5-Me-BAFP)(MI)(NO)]+. Assuming that MI does not displace the hydroxo ligand at the low equivalents of MI present in the reaction mixtures, the initial product would be [Fe(3,5-Me-BAFP)(X)(NO)]. Due to this uncertainty, we do not specify the sixth ligand (X) in the ls-{FeNO}6 product in Figure 2.28. Interestingly, when the experiment was repeated with the addition of exactly 1 equivalent of NO gas, the reaction only proceeded minimally and instead, HNO decomposition became the dominant process over time at low temperature. Further experiments show that it takes about 4 equivalents of NO under our reaction conditions to observe the clean shift of the Soret band to 437 nm, indicating formation of the 6C ls-{FeNO}6 complex (Figure 2.29). This interesting result is further analyzed in the Discussion section.  
	In this work, the formation of [Fe(3,5-Me-BAFP)(MI)(NHO)] was accomplished by the addition of a moderately strong hydride donor, [TBA](BH4), to the low-spin (ls) {FeNO}6 complex [Fe(3,5-Me-BAFP)(MI)(NO)](OTf) in organic solvent at -30 °C. This complex has the typical Fe(II)-NO+ type electronic structure of ls-{FeNO}6 heme complexes with an electrophilic NO+ ligand.1,47,93-96 This reaction is analogous to the mechanism of Cyt P450nor, where NAD(P)H performs hydride transfer to an electrophilic Fe(II)-NO+ complex formed in the first step of the reaction.40 In the literature, this method has shown limited success when applied to model complexes with hemes like H2[TPP] and H2[OEP] and their simple derivatives, as heme-HNO complexes are quite unstable towards bimolecular disproportionation (see eqn. 1) and therefore often only form in low yields.64,89 Hence, a detailed characterization and reactivity studies of heme-HNO complexes have been difficult to carry out. In contrast, we were able to make the desired heme-HNO complex cleanly and in high yield at -30 °C, with a half-life of about 1 hour under these conditions, and good stability at room temperature in the solid state. The high stability of this complex is due to the bulky bis-picket fence porphyrin scaffold which prevents the prompt bimolecular decomposition of the heme-HNO complex to the five-coordinate (5C) ls-{FeNO}7 analog and H2, as reported in the literature.64,89 The identity of the complex was confirmed by UV-vis and 1H-NMR spectroscopy, the latter showing a slow interconversion of multiple heme-HNO conformers (rotamers) as the temperature is varied between -20 to -40 °C for both the natural abundance and 15N labeled complex. Therefore, whereas Mb(II)-NHO is the most stable heme-HNO adduct in aqueous media, our complex is the most stable heme-HNO model complex in organic solvents.
	 With the new compound [Fe(3,5-Me-BAFP)(MI)(NHO)] in hand, we were able to address a couple of key questions with respect to the spectroscopic properties and the reactivity of heme-NHO complexes. First, the vibrational properties of heme-HNO complexes were not well defined. Whereas the N-O stretch had been reported for a number of compounds, not much was known about the Fe-N stretching and Fe-N-O bending modes of the coordinated HNO ligand. In Mb(II)-NHO, a weak, isotope sensitive feature had been observed at 651 cm-1 by resonance Raman spectroscopy.92 This mode was automatically assigned to the Fe-N stretch; however, without further computational and/or vibrational analysis such assignments can be problematic, as demonstrated, for example, for the assignment of the Fe-NO stretching vs the Fe-N-O bending mode in six-coordinate (6C) ferrous-heme nitrosyl complexes.1,50,97 Taking advantage of the enhanced stability of [Fe(3,5-Me-BAFP)(MI)(NHO)], we were able to obtain the first NRVS data for any heme-HNO complex, which provided detailed insight into the assignments of the low-energy Fe-NHO stretching and bending vibrations. Our analysis shows that the Fe-N stretch of [Fe(3,5-Me-BAFP)(MI)(NHO)] is located at 644 cm-1, which finally confirms the assignment of this mode for the Mb(II)-HNO complex at 651 cm-1. The Fe-N-O bending mode of [Fe(3,5-Me-BAFP)(MI)(NHO)] is identified at 461 cm-1. 
	 The reactivity studies performed here provided useful insight into the protonation state and iron oxidation state of Intermediate I in Cyt P450nor. Upon the addition of excess NO gas to [Fe(3,5-Me-BAFP)(MI)(NHO)] at -30 °C, the HNO complex reacts with NO within 5 minutes, resulting in the conversion of the heme to the ferric, likely hydroxyl bound complex and ultimately to the 6C ls-{FeNO}6 complex [Fe(3,5-Me-BAFP)(OH)(NO)], and quantitative formation of N2O. Since heme-HNO complexes with axial (proximal) imidazole coordination have an electronic structure that is best described as an Fe(II)-NHO complex (where the HNO ligand serves as a relatively weak -donor and moderate -acceptor),60,98 this result indicates that one-electron oxidation of the ferrous heme center in the HNO complex takes place upon reaction with NO. The resulting ferric heme complex then rapidly rebinds NO and regenerates a ls-{FeNO}6 complex, as shown in Figure 2.28. The use of gas headspace IR studies confirms that this reaction directly models the chemistry of Cyt P450nor, by indicating quantitative N2O production under these conditions (yield: 91±10%). Similar chemistry was previously reported by Richter-Addo and coworkers, but due to the fact that their compound, [Fe(OEP)(5-MeIM)(NHO)], can only be obtained with ~11% yield, N2O generation could be detected, but the amount of N2O formed could not be quantified, the fate of the heme after the reaction could not be determined, and hence, no further conclusions about the mechanism of the reaction could be drawn. Our work demonstrates that NO is quite reactive towards a heme-bound HNO ligand, generating quantitative amounts of N2O and a ferric heme product. The alternative mechanism, where NO would first coordinate to the heme in trans position to HNO and then cause HNO loss, would only generate a 50% N2O yield (from dimerization of free HNO: 2 HNO  (  N2O + H2O) and the five-coordinate (5C) ls-{FeNO}7 complex as the product. This alternative mechanism can therefore safely be ruled out.
	/
	Figure 2.30 Scheme of possible geometric and electronic structures of Intermediate I in Cyt P450nor. Scheme adapted from ref.2. Copyright 2021 American Chemical Society.
	 Based on these new results, we have demonstrated that a heme-HNO complex is a catalytically competent intermediate for reaction with a second equivalent of NO to generate N2O, according to the mechanism of Cyt P450nor. In other words, the key intermediate of this enzyme, termed Intermediate I, could correspond to the heme-HNO adduct. Further support for this conclusion comes from recent transient IR-spectroscopic measurements on the enzyme by Shiro and coworkers. Here, it was possible to obtain the N-O stretching frequency of Intermediate I, observed at 1330 and 1290 cm-1 with and without NADP+, respectively.54 These N-O stretches are located close to the typical range of 1380 – 1400 cm-1 for reported heme-HNO complexes (see Table 1). The authors further posit that the somewhat lower N-O stretching frequencies observed for Intermediate I compared to these other heme-HNO complexes could be due to the presence of a unique thiolate (cysteinate) donor as the proximal ligand in the enzyme, which gives this intermediate an electronic structure that is better described as an FeIII-NHO● complex, where the reduction of the HNO ligand would cause a drop in the N-O stretch. In addition, the radical character on the HNO ligand in this case would promote fast reactivity with the incoming NO radical in the enzyme.  
	 The effect of HNO radical character on the reaction with NO can be further probed by comparison to previous work from our laboratory. As shown in Figure 2.30, another possible description of Intermediate I would be a Fe(III)-NHOH● type species,51 where the presence of the axial cysteinate ligand would increase the basicity of the HNO ligand, allowing for its further protonation under physiological conditions.50 We were able to prepare such a model system for Intermediate I, using the same bis-picket fence porphyrin that was applied in this study. By one-electron oxidation of the precursor complex, [Fe(3,5-Me-BAFP)(NHOMe)], we obtained the analogous Fe(III)-NHOMe● complex [Fe(3,5-Me-BAFP)(NHOMe)]+, the electronic structure of which was confirmed by resonance Raman and Mössbauer spectroscopy. [Fe(3,5-Me-BAFP)(NHOMe)]+ reacts with slight excess NO at -80 oC in under one minute to form the analogous starting material, [Fe(3,5-Me-BAFP)(SbF6)], with a first order rate constant of 5 x 10-2 s-1.53 Considering the temperature difference (-80 vs -30 oC), this reaction is actually much faster than that of [Fe(3,5-Me-BAFP)(MI)(NHO)] with NO at -30 °C, which has a first order rate constant of 0.17 s-1 and requires a larger excess of NO. This comparison demonstrates that a radical-type species like Fe(III)-NHOH● is more reactive towards NO than a heme-HNO complex. Hence, in revising the previous mechanistic proposal for Cyt P450nor,52 the role of the axial cysteinate ligand would not be to increase the basicity of the bound HNO to allow for its further protonation, but to generate a heme-HNO complex with a FeIII-NHO● type electronic structure, which would then be much more reactive towards NO compared to the analogous Fe(II)-NHO complex in the presence of an axial histidine (imidazole) ligand. The assignment of Intermediate I to an FeIII-NHO● type species, potentially in the presence of hydrogen bonding, is in agreement with the N-O stretching frequency of the intermediate recently determined by Shiro and coworkers (see above). Future work is now focused on generating a heme-HNO model complex with axial thiolate coordination, to better model Intermediate I and determine the electronic structure of such a species, and to investigate its reactivity towards NO.
	General Considerations
	All chemicals were purchased from commercial sources, including Sigma Aldrich, Fisher Scientific, and Cambridge Isotopes, and used without further purification unless noted below. Reactions were performed under inert atmosphere via Schlenk techniques. All solvents were dried and distilled from CaH2 and freeze pump thawed four times to remove water and dioxygen. Preparation and handling of air-sensitive materials were performed under a dinitrogen atmosphere in an MBraun glovebox, equipped with a circulating purifier (O2, H2O <0.1 ppm). H2[3,5-Me-BAFP], [Fe(3,5-Me-BAFP)(Cl)]63, and [Co(TPP)]99 were synthesized according to published procedures.  Nitric oxide (Cryogenic Gases Inc., 99.95%) was first passed through an Ascarite II column and then a -80 oC cold trap to remove higher nitrogen oxide impurities prior to use. Complexes and solvents were then exposed to NO via a Schlenk line. Isotopically labeled 15NO was synthesized according to previously reported procedures.100 57Fe complexes were metalated analogous to the iron natural abundance isotopes complexes using 57FeCl2•2MeOH, which was synthesized from 57Fe powder.101 Reactivity studies were typically performed with excess NO gas from a bomb flask. Stoichiometric additions of NO were carried out by NO-saturation of chlorobenzene in a Schlenk flask under an N2 atmosphere. The NO concentration of the solution was quantified by UV-vis titration of the NO(g)/chlorobenzene solution into a ~40 µM solution of [Co(TPP)] in tetrahydrofuran. Reactions are complete after observing a Q band shift from 527 to 538 nm. Typical concentrations are 5-6 mM NO(g)/chlorobenzene. 
	Physical Measurements
	UV-vis Spectroscopy/Immersion Probe. All spectra were recorded using an Analytic Jena Specord S-600 Spectrometer. Using the same spectrometer, dip probe measurements were conducted using a Hellma low temperature immersion probe with a 10 mm pathlength. 
	1H NMR Spectroscopy. A Varian MR 600 instruments was used to record all NMR spectra at temperatures between -40 and 25 °C. 
	Elemental Analysis. Elemental analyses were conducted by Atlantic Microlabs (Norcross, GA)
	Infrared Spectroscopy (ATR/KBr/Gas). Solid state IR spectra were recorded using a Bruker Alpha-E FT-IR spectrometer. IR data for KBr disks were obtained on PerkinElmer BX and GX spectrometers. The same instruments were used to conduct gas headspace measurements using a 10 cm Pike HT gas cell with CaF2 windows. The calibration curve for N2O quantification was generated using 2-18 µmol of Piloty’s acid in 2.5 mL of water at pH 13 in a 25 mL round bottom flask. After 3 hours of reaction time, the gas headspace of the reaction mixture was extracted for exactly 20 seconds and IR measurements were immediately conducted. The amount of N2O produced from the reaction was correlated with the integrated area of the asymmetric N-N stretch of N2O between 2150 and 2275 cm-1. Experiments were conducted in triplicate (Figure 2.22). 
	Nuclear Resonance Vibrational Spectroscopy (NRVS). NRVS data were obtained at Sector 3ID at the Advanced Photon Source (APS) at Argonne National Laboratory. For each sample, 20-40 mg of compound were packed into a copper cell containing a 4x7x1 mm sample well. All spectra were taken from 0 to 100 meV. Further experimental details are described in ref. 102.
	Electron Paramagnetic Resonance (EPR). X-Band EPR spectra were collected using a Bruker X-band EMX spectrometer with an Oxford Instruments liquid helium cryostat. Samples were frozen and consisted of 300 µL of  ~1 mM solutions. All spectra were obtained at 77 K, 1.0 G modulation amplitude, and 2 mW microwave power.
	Crystal Structure Determination
	[Fe(3,5-Me-BAFP)(MI)(NO)](BArF24). Red needles of [Fe(3,5-Me-BAFP)(MI)(NO)](BArF24) were grown by vapor diffusion of pentanes into a concentrated diethyl ether solution of the compound in a sealed vial at room temperature (20 °C). A crystal of dimensions 0.093 x 0.133 x 0.143 mm was mounted on a Rigaku AFC10K Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device and a Micromax-007HF Cu-target micro-focus rotating anode ( = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA). The X-ray intensities were measured at 85(2) K with the detector placed at a distance of 42.00 mm from the crystal. A total of 2028 images were collected with an oscillation width of 1.0° in . The exposure times were 1 second for the low angle images, 5 seconds for high angle. Rigaku d*TREK images were exported to CrysAlisPro 1.171.43.112a (Rigaku OD, 2024) for processing and corrected for absorption.103 The integration of the data yielded a total of 194636 reflections to a maximum 2 value of 137.97° of which 25255 were independent. Analysis of the data showed negligible decay during data collection. Five reflexes were identified as clear outliers and omitted. The structure was solved using SHELXT 2018104 and refined with SHELXL-2019/2 (Sheldrick, 2019).104,105  The obtained molecular structure features two different species co-crystallized. The major species (70.6%) has two N-methylimidazoles coordinated to the central iron ion, while the minor species (29.4%) has one N-methylimidazole and one NO bound. The co-crystallized species was treated as disorder and restrained using SIMU and DELU. The counterion (BArF24) exhibited severe disorders which were restrained using SADI, SIMU and DELU. After refinement of the disorder, the following formula for the mixed crystalized species was obtained: C146.82 H114.24 B F24 Fe N7.71 O8.29. All non-hydrogen atoms were refined anisotropically with the hydrogen atoms placed in a combination of idealized and refined positions using the riding model. The molecular structure featured four solvent molecules (diethyl ether) disordered over several positions identified by the electron density in the respective voids in combination with the crystallization conditions. These solvent molecules could not be refined and were squeezed using Platon.106 Full matrix least-squares refinement based on F2 converged at R1 = 0.0558, wR2 = 0.1531 [based on I > 2(I)], R1 = 0.0645, wR2 = 0.1658 for all data. Additional details are presented in .
	Density Functional Theory Calculations. All calculations were performed using the program Gaussian 09.107 All geometry optimizations and frequency calculations were performed using BP86 as the functional and TZVP as the basis set. Calculated frequencies were inspected to ensure the absence of any imaginary frequencies, to confirm that true energy minima were obtained.
	Synthetic Procedures
	Synthesis of [Fe(3,5-Me-BAFP)(OTf)]. [Fe(3,5-Me-BAFP)(Cl)] (244.1 mg, 0.147 mmol) and silver trifluoromethanesulfonate (36.8 mg, 0.143 mmol) were added to an oven-dried round bottom flask equipped with a stir bar. The solids were dissolved in 15 mL of 2-Me-THF, resulting in an immediate color change of the solution from brown to brown/red. Once the reaction was complete as determined by UV-vis spectroscopy, the reaction was filtered to remove insoluble silver chloride. The resulting filtrate was layered with hexanes and placed in the glovebox freezer overnight. The light brown solid product was collected by vacuum filtration the next day and dried vigorously under vacuum at 120 °C. Yield: 225.5 mg (0.127 mmol, 86%). UV-Vis (2-Me-THF): 401, 520 nm; (CH2Cl2): 410, 520 nm. Elemental analysis: cald (found) for C109H92F3FeN4O11S•0.5 CH2Cl2: C, 72.30 (72.41); N, 3.07 (3.11); H, 5.13 (5.24).
	Synthesis of [Fe(3,5-Me-BAFP)(MI)(NO)](OTf). Under an inert atmosphere, [Fe(3,5-Me-BAFP)(OTf)] (186.4 mg, 0.105 mmol) and 8 µL (0.100 mmol) of 1-methylimidazole (MI) were dissolved in 5 mL of dichloromethane. The reaction mixture was then exposed to NO gas, resulting in a bright red solution. The reaction mixture was brought into the glovebox and precipitated with 30-40 mL of hexanes, and then stored at -33 °C in the glovebox freezer overnight. The next day, the reaction mixture was vacuum filtered in the glovebox through a frit. The resulting bright purple powder was washed with hexanes. Yield: 173.3 mg (0.092 mmol, 87%). UV-vis (CH2Cl2): 435, 545 nm. IR (KBr): (N-O) = 1912 cm-1. Elemental analysis: cald (found) for C113H98F3FeN7O12S•0.5 CH2Cl2: C, 70.60 (70.69); N, 5.06 (4.93); H, 5.15 (5.07).
	Synthesis of [Fe(3,5-Me-BAFP)(MI)(NHO)]. Under an inert atmosphere, a 10-15 mM solution of [Fe(3,5-Me-BAFP)(MI)(NO)](OTf), dissolved in either chlorobenzene or toluene, was precooled in a copper block to -40 °C using a dry ice/acetonitrile bath. One equivalent of (TBA)[BH4] was added to the solution to form the HNO complex. After ~1 minute of stirring, the desired complex was precipitated with dry pentanes. The complex was allowed to precipitate at 40 °C for 30 minutes and the solid was filtered and collected for further characterization. 
	Chapter 3 Synthesis, Characterization, and Hydride Reactivity Studies with a Thiolate Bound {FeNO}6 Cyt P450nor Mimic Utilizing the Bulky Bis-Picket Fence Porphyrin
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	Although the heme-HNO complex  was successfully stabilized in Chapter 2, this complex is not an ideal model for Intermediate I of Cytochrome P450nor.3 As discussed in Chapter 1, NO reduction in Cyt P450nor begins with NO binding to a thiolate-bound ferric heme, resulting in a ls-{FeNO}6 complex by Enemark-Feltham notation, Figure 1.540,48 As shown in Chapter 2, the neutral imidazole axial ligand is crucial for heme-nitroxyl formation. The presence of the axial ligand guides hydride attack to the nitrosonium ligand rather than the ferric heme center.45,89 By replacing the imidazole with a thiolate, hydride addition to the corresponding ls-{FeNO}6 complex would provide a comparable heme-nitroxyl model to the active site of the native enzyme. While the formation of the ls-{FeNO}6 is made easily in the enzyme, the opposite is observed in synthetic model complexes.40,45 In the presence of a thiolate bound ferric heme, autoreduction occurs upon NO addition, resulting in the ls-{FeNO}7 complex and disulfide, and/or the unwanted side reaction between NO and the thiolate, resulting in the formation of an RSNO (Figure 3.1).45,46,108,109
	Figure 3.1 Potential reaction pathways of thiolate ferric heme complexes with NO to from the ls-{FeNO}7 complex with stoichiometric (left) and excess NO addition (right). 
	Despite these challenges, a series of thiolate-bound heme ls-{FeNO}6 complexes using tetraphenylporphyrin, [Fe(TPP)(SR)(NO)], was previously synthesized at low temperatures (-80 °C) with stoichiometric additions of NO to the thiolate-bound ferric heme precursor complexes.  The thiolate-donor strength was tuned by either the presence of electron withdrawing substituents (-SPh-X, where X = NO2, CF3, or F) or via an electronically tuned intramolecular hydrogen bond to modulate the strength of the donor (-SPhNHPh-R, where R = CH3, H, Cl, CF3, NO2), as shown in Figure 3.2.45,46 It was determined that the ls-{FeNO}6 thiolate complexes generated with a intramolecular hydrogen bond were more stable with warming with warming up to -40 °C before beginning to decompose. This is in contrast to the smaller electronically tuned thiolates which rely solely on the electronic tuning of the phenol thiolate to prevent decomposition.46 Between both series, the tuning of the thiolate strength was evident in the vibrational data collected, revealing a direct correlation between the Fe-NO and N-O bonds in these complexes, which occurs due to the strong ( donation from the thiolate ligand that imparts a (-trans effect on the Fe-N-O unit.110 Based on the correlation plot in Figure 3.2, stronger thiolate donors result in weaker Fe-NO and N-O bonds. This strong donation also causes the Fe-N-O unit to deviate from linearity, with an angle of 161°.111 The opposite trend is observed for ls-{FeNO}6 complexes with a neutral imidazole donor, where the Fe-NO and N-O bond strengths show an inverse correlation with respect to the imidazole donor strength, and the Fe-N-O bond is linear.111-113 It was determined that the Fe(II)-NO+ unit is isoelectronic to Fe(II)-CO, and therefore dominated by π-backbonding, causing the inverse correlation (and a weakened N-O bond compared to free NO+).114,115 Based on the vibrational data, Cyt P450nor contains a strongly donating cysteine-thiolate in comparison to other heme-thiolate containing enzymes.110 However, the role of this strong thiolate donation in the context of NO reduction has remained unclear.
	The proximal thiolate in Cytochrome P450s play two roles to support the key reactivity of these enzymes. First, the donating nature of the proximal thiolate causes a “push effect” where the electron donation of this axial ligand facilitates O-O bond cleavage of the hydroperoxo intermediate to result in Compound I.42,45,116,117 Additionally, the presence of the proximal thiolate was found to increase the pKa of Compound II, aiding H-atom abstraction.43,65 These roles cannot be extended to the thiolate donor of Cyt P450nor, as this enzyme is a reductase rather than an oxygenase. 
	In the context of Cyt P450nor, there are two possible electronic structures that could describe the heme-HNO complex with thiolate ligation (see Figure 1.6).1 DFT calculations predict that strong donation from the axial anionic thiolate increases the basicity of the HNO ligand (analogous to Compound II), leading to protonation and formation of an FeIII-NHOH● type species.45,49-52 Alternatively, DFT studies have also shown that the anionic nature of the thiolate aids in forming an elusive ferric heme HNO radical intermediate, FeIII-HNO●.51,54 This intermediate is predicted to be highly reactive towards NO● to quickly form an N-N bond to generate N2O.49 Recently, Shiro and coworkers studied the reaction of Cyt P450nor with NO using time-resolved spectroscopic techniques and DFT calculations.54 Here, the N-O stretching mode of Intermediate I was observed for the first time. N-O stretching frequencies of 1330 cm-1 and 1290 cm-1 were obtained for the intermediate with and without NAD+ present, respectively.54 These results paired with DFT calculations suggest that this species is likely singly protonated (potentially with the FeIII-NHO● electronic structure).51,54
	This chapter focuses on the stabilization of the thiolate-bound ls-{FeNO}6 complex with the bulky bis-picket fence porphyrin of Chapter 2, 3,5-dimethyl-bisaryloxyfence porphyrin ([H2(3,5-Me-BAFP)], to prevent facile decomposition to the corresponding ls-{FeNO}7 complex and disulfide. The thiolate chosen for the synthetic model of the active site of Cyt P450nor was selected based on the cleanest formation of the thiolate complex and the thiolate-bound ls-{FeNO}6.  This model was compared to the active site of Cyt P450nor based on the N-O and Fe-NO stretching frequencies obtained from IR and rRaman spectroscopy, respectively. With complete characterization of the ls-{FeNO}6 complex by UV-vis, NMR, IR and rRaman spectroscopy, ~1 equivalent of hydride was added to the complex to observe the putative thiolate-bound heme-nitroxyl complex, [Fe(3,5-Me-BAFP)(SR)(NHO)], using the bulky bis-picket porphyrin. This work acts as a foundation for future research on thiolate-bound heme nitroxyl complexes within the context of Cyt P450nor.
	First, the axial chloride of the [Fe(3,5-Me-BAFP)(Cl)] complex exchanged to a bound methoxide to form [Fe(3,5-Me-BAFP)(OCH3)], as shown in Figure 3.3. This was accomplished by  dissolving the chloride complex in dichloromethane and with excess KOCH3 solubilized in methanol.45 This reaction was allowed to stir for 1 hour before all solvent was removed by vacuum. The resulting residue was redissolved in dry dichloromethane and filtered to remove excess KOCH3 and KCl salts formed from the reaction product. Next, the filtrate was evaporated, the resulting solid was resuspended in dry methanol, and collected for vacuum filtration. The black solid was washed with additional methanol to wash away excess KOCH3. The success of this reaction was assessed by UV-vis spectroscopy, as shown in Figure 3.4, where the chloride shoulder at 375 nm disappears with a new feature at 378 nm and a shifted Q band to 584 nm, indicating that Cl was successfully displaced by OCH3. These results are analogous to those observed for the [Fe(TPP)(OCH3)] complex.45 It should be noted that by changing the porphyrin from TPP2- to the bis-picket fence porphyrin, 3,5-Me-BAFP2-, the complex becomes partially soluble in nonpolar solvents, such as hexanes and pentanes, which was previously used to precipitate the methoxide complex and wash away any unreacted [Fe(3,5-Me-BAFP)(Cl)]. Based on elemental analysis, no chloride ions remained in the sample under these work-up conditions. The methoxide complex was further characterized by 1H NMR spectroscopy in CD2Cl2. This spectrum shows a peak at 79.61 ppm, which is indicative of the-pyrrole protons of high-spin ferric heme porphyrins as shown in Figure 3.5.
	Next, the methoxide-bound ferric heme is mixed with 1 equivalent of the desired thiol in dichloromethane to perform an acid base reaction and form the desired five coordinate thiolate-bound ferric heme complex and methanol, as shown in Figure 3.6.45 This complex was isolated by removing the dichloromethane and methanol and the resulting solid was suspended in pentanes and collected by vacuum filtration. 
	 Based on previous work with tetraphenylporphyrin, the thiolate donors containing an intramolecular hydrogen bond produced the most robust ls-{FeNO}6 complexes with stability up to -40 °C.46 The presence of the hydrogen bond prevents the known tautomerization of the ferric heme thiolate to the unfavored ferrous thiyl radical complex, shown in equation 1, and thus helps prevent unwanted side reactions upon NO addition.118 
	   [FeIII(porphyrin)(SR)] ↔ [FeII(porphyrin)](•SR)]   (1)
	Due to the inherent steric hinderance between the intramolecular hydrogen bond-containing thiolate ligands and the bis-picket fence porphyrin, poor thiolate binding to the ferric center was not unexpected.  Therefore, the success of the reaction was studied as a function of thiolate donor strength, using a strong (SPhNHPhCH3) and a weak (SPhNHPhCF3) thiolate donor chosen from the correlation plot in Figure 3.2. As shown in the 1H NMR spectrum in Figure 3.8, the SPhNHPhCH3 ligand does in fact bind to the ferric bis-picket fence porphyrin to form [Fe(3,5-Me-BAFP)(SPhNHPhCH3)]. This is evident from the signal of the -pyrrole protons, which shifts from 79.61 ppm of the [Fe(3,5-Me-BAFP)(OCH3)] (Figure 3.5) to 73.48 ppm for the thiolate bound complex, [Fe(3,5-Me-BAFP)(SPhNHPhCH3)] (Figure 3.7 and Figure 3.8). Additional signals also appear at 80.10, 66.89 and -91.70 ppm, representing the meta and ortho protons of the axially bound thiolate, further indicating the successful binding of the thiolate to the ferric heme.46,119 
	Figure 3.9 Synthetic scheme for [Fe(3,5-Me-BAFP)(SPhNHPhCF3)].
	Similar results were obtained with the weaker SPhNHPhCF3 thiolate (Figure 3.9), where the -pyrrole protons shifted to 73.00 ppm. Unfortunately, the 1H NMR spectrum shows an incomplete conversion to the bound thiolate complex as evident from a residual signal at 79.61 ppm, as shown in Figure 3.10. These results are in agreement with those observed for the 19F NMR spectrum, where a new signal appears at -57.43 ppm corresponding to the formation of the desired ferric heme thiolate complex, as well as the original signal at -61.53 ppm indicating unbound thiol despite the addition of slight excess (1.66 equivalents) thiol. To purify the thiolate complex from the methoxide complex, the reaction was filtered to remove insoluble HSPhNHPhCF3 as the first step. After repeating both 1H and 19F NMR experiments, the changes in the integration of the ferric heme thiolate complex and free thiol suggest a shift in the reaction towards the starting methoxide complex. This result was likely caused by filtering off excess thiol. Attempts to optimize this reaction were unsuccessful due to a combination of the low solubility of SPhNHPhCF3, weak thiolate donation and steric hindrance resulted in loss of the axial ligand after the desired complex was formed. For this reason, this complex was not brought forward in the formation of the ls-{FeNO}6 complex.
	Figure 3.11 Synthetic scheme for [Fe(3,5-Me-BAFP)(SPhF4CF3)].
	Alternatively, one of the smaller electronically tuned phenolthiolates was considered for the formation of the ls-{FeNO}6 complex, using again the bulky bis-picket fence porphyrin. Despite the absence of the intramolecular hydrogen bond, the bi-spicket fences were thought to aid in preventing side reactions between the bound thiolate with NO. Based on the vibrational data in Figure 3.1, the phenolthiolate deemed to form the best electronic model for the Cyt P450nor active site was SPh-pCF3. Unfortunately, previous work by Dr. Andrew Hunt demonstrated  challenges in getting NO to fully bind to [Fe(TPP)(SPh-pCF3)] prior to ls-{FeNO}6  decomposition, making this a less attractive choice for future reactivity studies with the bis-picket fence porphyrin.45 To ensure maximum NO binding to the ferric heme thiolate complex, the thiolate SPhF4CF3 was chosen due to its success in forming the [Fe(TPP)(SPhF4CF3)(NO)] analog (Figure 3.11). As shown in Figure 3.12, [Fe(3,5-Me-BAFP)(SPhF4CF3)] was formed quantitatively based on the shift of the -pyrrole protons at 70.92 ppm by 1H NMR spectroscopy. The data obtained by 19F NMR spectroscopy show three new signals at 194.96, 85.54, and -176.83 ppm representing the ortho-F, para-CF3, and meta-F signals of the bound thiolate, respectively. The temperature dependence of this complex is observed in Figure 3.13.
	 The successful formation of [Fe(3,5-Me-BAFP)(SPhNHPhCH3)] and [Fe(3,5-Me-BAFP)(SPhF4CF3)] as evident from NMR spectroscopy provides two models for subsequent ls-{FeNO}6 complex formation. The UV-vis data of these complexes in CH2Cl2 have Soret bands of 421 and 423 nm, respectively, as shown in Figure 3.14. Additionally, both complexes show a shoulder analogous to [Fe(3,5-Me-BAFP)(Cl)] at  378 and 381 nm, respectively. Since no chloride was found in the elemental analysis of [Fe(3,5-Me-BAFP)(OCH3)] prior to the reaction with the thiols, it is safe to assume that the shoulders belong to the LMCT transitions between the thiolate ligand and the ferric heme center.120 
	 The formation of the ls-{FeNO}6 complexes using [Fe(3,5-Me-BAFP)(SPhNHPhCH3)] and [Fe(3,5-Me-BAFP)(SPhF4CF3)] as precursors was initially observed by low temperature UV-vis dip-probe experiments. The goal of these experiments was to observe the clean formation of the corresponding ls-{FeNO}6 complex without unwanted side reactions, namely the formation of the ls-{FeNO}7 decomposition product and disulfide. Upon successful formation, the stability of the ls-{FeNO}6 complexes was assessed at the given temperature to determine the accessible time-frame for future reactivity studies. Based on the conditions used in these experiments, the ls-{FeNO}6 complexes were prepared for further characterization by NMR, solution IR, and resonance Raman spectroscopy. 
	Figure 3.15 Synthetic scheme for the desired complex [Fe(3,5-Me-BAFP)(SPhNHPhCH3)(NO)].
	Initial work was performed with [Fe(3,5-Me-BAFP)(SPhNHPhCH3)], which possessed the thiolate with the intramolecular hydrogen bond.  Here, the reaction was performed at -80 °C where the limits of NO binding were tested by the addition of 4.5 equivalents of NO gas to a 10 (M solution of the precursor in toluene to form the ls-{FeNO}6 complex, [Fe(3,5-Me-BAFP)(SPhNHPhCH3)(NO)] (Figure 3.15). As shown in Figure 3.16,  a new Soret band grew in at 439 nm upon NO addition, which agrees with the UV-vis data obtained for the ls-{FeNO}6 tetraphenylporphyrin analog.46 Unfortunately, this reaction was not clean due to the lack of isobestic points over the course of the reaction. Additionally, it was clear that some ls-{FeNO}7 complex had formed as evidenced by the shoulder at 476 nm, which grew simultaneously with the Soret band of the ls-{FeNO}6 complex. The complexity of this reaction is likely due to the strong donation of SPhNHPhCH3, which results in an equilibrium between the thiolate bound heme and valence tautomerizes to the ferrous thiyl radical, as shown in equation 1. Despite being equipped with an intramolecular hydrogen bond, the steric bulk between the porphyrin scaffold and the axial ligand may strain the hydrogen bonding interaction that would prevent tautomerization to the ferrous heme thiyl radical complex. Interestingly, as the solution was warmed from -80 °C, the absorbance of the 439 nm band continued to increase until -48 °C where the complex decayed to the expected decomposition product, [Fe(3,5-Me-BAFP)(NO)]. Unfortunately, several iterations of this experiment consistently displayed a mixture of these species at different temperatures and equivalents of NO gas added. Due to unwanted side reactions observed in these experiments, this complex was deemed an unsuitable model for the active site of Cyt P450nor for the generation of the ferric heme NO adduct. 
	On the other hand, repeating the reaction with [Fe(3,5-Me-BAFP)(SPhF4CF3)] and 5 equivalents of NO gas at -50 °C in toluene led to successful formation of the ls-{FeNO}6 adduct within 4 minutes, as shown in Figure 3.18. Additionally, this complex formed the ls-{FeNO}6 complex and decayed to the expected ls-{FeNO}7 complex in two distinct steps within 40 minutes, suggesting clean formation without side reactions. While this experiment yielded promising results, the formation of this complex needed to be optimized with ~1 equivalent of NO rather than 5 equivalents to lengthen the lifetime of the ls-{FeNO}6 adduct for reactivity studies. As shown in Figure 3.19, the successful nitrosylation of the precursor was observed over the course of 1 hour to form the ls-{FeNO}6 complex. Similar observations were made when this experiment was repeated in chlorobenzene. Once formed, the ls-{FeNO}6 complex was stable for a few hours with minimal decay at temperatures of -50 °C and below, as shown in Figure 3.20. As expected, [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] decayed slowly with substantial decomposition between -30 and -10 °C. This is in comparison to the [Fe(TPP)(SPhF4CF3)(NO)] analog where significant decay is observed around -50 °C as the solution is warmed.45 
	Next, [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] was characterized by NMR spectroscopy. For these experiments, a ~ 10 mM solution of [Fe(3,5-Me-BAFP)(SPhF4CF3)] in toluene-d8, or a mixture of toluene-d8/chlorobenzene-d5 was transferred to a 10 mL Schlenk finger and cooled to -60 to -65 °C. Because the reaction between the precursor and NO gas could not be monitored directly for completion, the solution was freeze, pump, thawed four times prior to NO addition to ensure all NO dissolved in solution. The reaction mixture was stirred for 30 to 40 minutes to allow ls-{FeNO}6 formation before being transferred to an NMR tube in a cold copper block. The tube was transported from the glovebox to the NMR in an isopropanol/dry ice bath. 
	As shown in the 1H NMR spectrum in Figure 3.21, several sharp peaks appear in the spectrum associated with a new diamagnetic species, which supports the successful formation of the ls-{FeNO}6 adduct. Notably, the appearance of a new peak at 9.43 ppm correlates with the -pyrrole proton signals of the porphyrin, further supporting this conclusion. This peak decays upon warming, completely disappearing by 0°C, which is in agreement with the results obtained by UV-vis spectroscopy shown in Figure 3.20. Once warmed to -10 °C, the appearance of a broad peak at ~8 ppm suggests the formation for the ls-{FeNO}7 complex, as expected with warming, as shown in Figure 3.23. The results from 19F NMR experiments are in agreement with the formation of the thiolate bound ls-{FeNO}6 complex with three new peaks present at -56.41, -127.68, and -145.58 ppm, that disappear at the same temperature, Figure 3.22. With decomposition of this complex, three additional peaks appear at -56.78, -130.32, and -139.29 ppm consistent with disulfide formation, known to form alongside the ls-{FeNO}7 complex.  
	Complex [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] was vibrationally characterized by IR and rRaman spectroscopy to determine the N-O and Fe-NO stretching frequencies for comparison to the vibrational data of the ferric NO adduct of Cyt P450nor. Depending on the technique, a 20 mM (IR) or 1 mM (rRaman) solution of the precursor was prepared in a mixture of dichloromethane and toluene. The solution was transferred to a 10 mL Schlenk finger, which underwent four freeze, pump, thaw cycles prior to NO addition and was allowed to stir for 30 to 40 minutes. The solution was then transferred cold to either the precooled solution IR cell or an EPR tube for rRaman analysis.
	As shown in Figure 3.24, [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] shows an N-O stretching frequency of 1860 cm-1 that shifts to 1823 cm-1 upon 15N isotopic labeling. As the complex is warmed, the ls-{FeNO}6 decays to the ls-{FeNO}7 complex with an N-O stretching frequency of 1685 cm-1 (1656 cm-1 upon 15N isotopic labeling). Additionally, the Fe-NO stretching frequency of the ls-{FeNO}6 complex was determined to be 544 cm-1 that shifts to 533 cm-1 upon 15N isotopic labeling, as shown in Figure 3.25. Interestingly, the Fe-NO and N-O stretching frequencies of WT Cyt P450nor were reported to be 530 and 1851 cm-1, respectively, as shown in Table 3.1. It must be noted that the Fe-NO and N-O stretches obtained for [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] are closer to those reported for the WT enzyme than those reported for the analogous tetraphenylporphyrin complex, [Fe(TPP)(SPhF4CF3)(NO)], which are 543 and 1867 cm-1, respectively.40,45
	Table 3.1 Vibrational Data for Relevant {FeNO}6 Complexes
	Based on the characterization discussed above, [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] was determined to be a promising model for the active site of Cyt P450nor. In comparison to other thiolate bound heme {FeNO}6 complexes reported in the literature, this complex appears to be the most stable based on the extended lifetime of this species by UV-vis spectroscopy, coupled with the ability to obtain the first NMR spectrum of a thiolate-bound ferric heme-NO complex. Additionally, the vibrational characterization obtained by IR and rRaman spectroscopy indicates that this complex provides a good electronic model for the FeNO unit in the active site of Cyt P450nor.
	With the [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] in hand, reactivity studies were conducted with a hydride source, [TBA](BH4), with the intent to form the thiolate bound heme nitroxyl complex. Initial experiments were monitored by solution IR spectroscopy using the same procedure described on page 19 in 1:1  chlorobenzene-d5:toluene-d8. If hydride transfer is successful, the resulting IR spectrum should show the absence of the NO stretch of the {FeNO}6 complex at 1853 cm-1 (Figure 3.26).
	The  decay of the {FeNO}6 was monitored to establish a baseline absorbance of the 1853 cm-1 peak at maximum nitrosylation. Based on the solution IR data shown in Figure 3.26, the NO stretch of the [Fe(3,5-Me-BAFP)(SPhF4CF3)] demonstrated an absorbance of ~ 0.64 that decayed to ~ 0.1. The decay of the {FeNO}6 complex is directly correlated with the growth of the 1688 cm-1 peak, indicating formation of the {FeNO}7 complex, [Fe(3,5-Me-BAFP)(NO)]. The reaction was repeated with a 25 mM solution of [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] assuming full NO binding. The reaction was diluted to 20 mM with the addition of 1 equivalent of tetrabutylammonium borohydride, [TBA](BH4) and allowed to stir for 2 minutes (Figure 3.27). The solution was transferred cold to a precooled solution IR cell where measurements were taken every minute until the reaction was complete. As shown in Figure 3.28, the NO stretch at 1853 cm-1 decreased by ~ 2/3 upon hydride addition. As the IR cell was warmed, the resulting {FeNO}6 in solution decayed to {FeNO}7, indicating an incomplete reaction with the hydride. This reaction was repeated to ensure that the results were reproducible, as shown in Figure 3.28. 
	/
	Figure 3.29 1H NMR spectra of the addition of 1 equivalent of [TBA](BH4) to [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] in 1:1 chlorobenzene-d5:toluene-d8 -50 °C. Full spectrum (left) and zoomed spectrum (right).
	The reaction between [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] and [TBA](BH4) was monitored by both 1H and 19F NMR spectroscopy to directly monitor the{FeNO}6 upon hydride addition at -50 °C. As shown in Figure 3.29, most of the initial spectrum demonstrates full nitrosylation of the thiolate ferric heme, as evidenced by the absence of the -pyrrole protons around 97 ppm. Upon hydride addition, there was a notable decrease in intensity of the 9.43 ppm indicating a reaction with the {FeNO}6 complex. This result agrees with the data obtained by solution IR, where the {FeNO}6 does not react completely with the hydride added to the reaction. Additionally, new peaks appear around 96.91, 14.54 and 16.55 ppm upon hydride addition indicating the formation of the ferric heme thiolate complex at -50 °C (Figure 3.30).
	The 19F NMR spectra provide more information about this reaction, as shown in Figure 3.31. Here, the formation of the ferric heme thiolate was confirmed with signals at 142.20 and -193.18 ppm. The third signal associated with this complex between 200 and 300 ppm was too broad to be observed in this spectrum. It should be noted that the disulfide peaks present in the {FeNO}6 spectrum disappear upon hydride addition to form two new peaks associated with the para-CF3 at -53.89 and -55.31 ppm, as well as aryl-F peaks at -135.45, -138.22, -146.94, and -150.28 ppm, indicating the formation of two new species. Based on these results, the reaction scheme was redrawn to include the presence of the disulfide in the reaction, as shown in Figure 3.32.
	Figure 3.31 19F NMR spectra of the addition of 1 equivalent of [TBA](BH4) to [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] in 1:1 chlorobenzene-d5:toluene-d8 at -50 °C. Full spectrum (left) and zoomed spectrum (right). Spectra were referenced to fluorobenzene at -112.96 ppm.
	Since no changes were observed by either the 1H or 19F spectra over the course of 36 minutes, the reaction was warmed in 10 °C increments. As shown in the 1H NMR spectra in Figure 3.33, the remaining {FeNO}6 showed full decay at 0 °C. This is further confirmed by 19F NMR as shown in Figure 3.34. It must be noted that a new peak was observed at 4.5 ppm as early as -30 °C. Based on both 1H and 19F NMR, the amount of ferric heme thiolate shows slight increase with warming in addition to the appearance of a broad doublet ~ 8 ppm indicates decomposition to the {FeNO}7 complex. Based on the 19F NMR in Figure 3.34, the new peaks observed upon hydride addition grew as the temperature increased indicating that these species are stable at room temperature.
	/
	Figure 3.34 VT 19F NMR spectra of the reaction between [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] and 1 equivalent of [TBA](BH4) to in 1:1 chlorobenzene-d5:toluene-d8. The full spectra (left) confirmed a slight increase in the ferric heme thiolate complex with warming. The zoomed spectra (right) confirmed the decay of the {FeNO}6 complex with the growth of two stable species with respect to temperature. Spectra were referenced to fluorobenzene at -112.96 ppm.
	 As discussed above, the disulfide appears to react with the hydride source to form two new species by 19F NMR spectroscopy. Given the reducing nature of [TBA](BH4), the disulfide was likely reduced to the corresponding thiol and thiolate species, HSPhF4CF3 and [TBA](SPhF4CF3), generating strong nucleophiles in solution. Since the {FeNO}6 complex contains an electrophilic nitrosonium, these nucleophilic species could scavenge the bound NO+ to form the corresponding RSNO, ONSPhF4CF3, as well as the starting ferric heme thiolate complex, [Fe(3,5-Me-BAFP)(SPhF4CF3)] observed by NMR (Figure 3.35). This possibility was examined by preparing an authentic ONSPhF4CF3 species by reaction of the thiol and isoamyl nitrite. As shown in Figure 3.36, the ONSPhF4CF3 shows signals at -56.58, -129.41, and -139.46 ppm by 19F NMR spectroscopy and was therefore not observed upon hydride addition to the {FeNO}6 reaction solution, Figure 3.31 and Figure 3.34.
	Figure 3.35 Proposed reaction scheme for RSNO, ONSPhF4CF3 formation.
	Due to the formation of multiple species over the course of the reaction, the formation of a thiolate bound heme nitroxyl complex could not be confirmed. Therefore, another experiment was performed using PPh3 as a selective trap for free nitroxyl species formed in the reaction according to equation (2).6,121-123
	Ph3 + HNO → HN=PPh3 + O=PPh3     (2)
	The reaction was repeated by sequentially forming the [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] prior to hydride addition using [THA](BH4). After addition of the hydride source the reaction was stirred for two minutes and was subsequently diluted in an air free NMR tube containing excess PPh3. As shown in Figure 3.37, triphenyl phosphene persisted in the NMR tube at -50 and 25 °C, indicating that no free HNO is formed in this reaction. 
	In this chapter, the bulky bis-picket fence porphyrin was used to synthesize a thiolate bound {FeNO}6 complex, [Fe(3,5-Me-BAFP)(SPhF4CF4)(NO)]. The formation of the {FeNO}6 was monitored by UV-vis spectroscopy at -50 °C. With the addition of ~5 equivalents of NO gas, the formation and decay of the {FeNO}6 occurred in two distinct steps within 40 minutes indicating a clean formation of the desired complex prior to its decomposition to the {FeNO}7 complex. The optimization of this reaction with ~ 1 equivalent of NO shows full NO binding within 45 minutes to an hour depending on the solvent. This data demonstrates that there is a prolonged window of stability of the [Fe(3,5-MeBAFP)(SPhF4CF3)(NO)] with full decay between -10 and 0  °C. The decay of this complex begins ~ 10 °C higher than the previously generated phenol thiolate [Fe(TPP)(SR)(NO)] complexes which fully decay between -20 and -10 °C.45 With this increase in stability, the first NMR spectra was obtained for a thiolate bond {FeNO}6 synthetic model complex. By solution IR and rRaman spectroscopy, the [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] was determined to be a good electronic model for the Cyt P450nor active site with N-O and Fe-N stretching frequencies of 1860 and 544 cm-1 in toluene:CH2Cl2 which are comparable to those reported for the Cyt P450nor with N-O and Fe-N stretching frequencies of 1851 and 530 cm-1. 
	 Initial reactivity between the [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] and hydride [TBA](BH4) was monitored by solution IR spectroscopy. After stirring the reaction for ~ 2 minutes, the spectrum demonstrates a significant decrease in the NO stretch at 1853 cm-1, where it was estimated that ~ 1/3 of the {FeNO}6 remained post reaction. As the reaction was warmed, the intensity of the NO stretch at 1688 cm-1 was also significantly lower than observed for the control reaction. Based on this result, the {FeNO}6 appears to react with the added hydride source where the product formed does not decay to the {FeNO}7 complex. This reaction was reproducible, further confirming this conclusion. 
	Figure 3.38 Proposed reaction scheme for the reaction of [Fe(3,5-Me-BAFP)(SPhF4CF3)(NO)] and the borohydride salt. The species in brackets are present prior to hydride addition due to the sensitive conditions required to synthesize the ls-{FeNO}6 complex. SR = -SPhF4CF3. 
	The reaction was directly monitored by NMR spectroscopy to observe the species formed with hydride addition. According to the NMR results, the reaction sequence summarized in Figure 3.38 is proposed. The initial spectrum shows full nitrosylation of the ferric heme thiolate complex with an apparent overaddition of NO, based on the disulfide signals present in the 19F NMR spectrum. Since these signals were not present in the 19F NMR spectrum of the ferric heme thiolate precursor prior to NO addition, it is safe to assume some of the ls-{FeNO}6 complex decomposed to the disulfide and the corresponding ls-{FeNO}7 complex. Upon hydride addition, features associated with the ls-{FeNO}6 complex appear to decrease immediately, based on both the 1H and 19F NMR data, in agreement with the observations of the solution IR experiment. Notably, disulfide consumption was observed in the 19F NMR spectrum, indicating possible reduction upon hydride addition, resulting in the corresponding unbound thiolate and thiol. It is known that thiolates and thiols are highly reactive towards nitrosonium (NO+) and nitroxyl (HNO) and can therefore act as an internal scavenger. Accordingly,  the initial formation of a thiolate bound heme nitroxyl complex cannot be ruled out in these reactions.6 The less sterically hindered free thiolate species, produced from the disulfide after hydride addition, might scavenge both free and bound nitroxyl species, before the more sterically hindered triphenylphosphine is able to react with the newly formed species, as shown by the lack of reactivity of PPh3 in the 31P NMR spectrum. Free nitroxyl in solution was ruled out by gas headspace IR spectroscopy, where no N2O gas could be detected after warming the reaction solution.  
	On the other hand, the NMR data also indicates possible thiol and/or thiolate attack on the bound nitrosonium ligand of the ls-{FeNO}6 complex, resulting in its incomplete consumption and immediate formation of the ferric heme thiolate precursor complex, as discussed above. After 36 minutes, minimal changes were observed with respect to the ls-{FeNO}6 signals in both the 1H and 19F NMR spectra, indicating no further reaction with the unreacted borohydride in solution under these conditions. Upon warming the solution, the ls-{FeNO}6 complex appeared to fully decompose between -10 and 0 °C, as observed in both the 1H and 19F NMR spectra, indicating potentially no reaction with the leftover borohydride in solution under these conditions.  
	The identity of the two new species observed by 19F NMR is currently unknown and is therefore represented in Figure 3.38 as a question mark, “?”. It is known that thiolates will also react with nitroxyl to form an N-hydroxylsulfenamide.6,124,125 Alternatively, the potential thiolate or thiol formed upon disulfide reduction could attack the bound NO+ of the ls-{FeNO}6 complex and result in RSNO formation, ONSPhF4CF3.126 Though this species was not observed by 19F NMR spectroscopy, RSNO compounds can be reductively cleaved by electron-rich organometallic complexes127 Considering the electron withdrawing nature of this thiolate, the N-S bond of the ON-SPhF4CF3 could be weaker compared to electron donating thiolates and therefore cleavage of the N-S bond could be possible in this reaction due to the electron rich nature of the bis-picket fence porphyrin.63,128 This reactivity could result in more side reactions after RSNO formation, increasing the complexity of the products made in the inital reaction between the disulfide and the borohydride. More work is needed to fully characterize the unknown products generated after hydride addition to the {FeNO}6/disulfide reaction mixture, since the current proposed reaction in Figure 3.38 is based on the major species observed by 1H and 19F NMR spectroscopy. With respect to HNO formation in this system, future work should focus on forming ls-{FeNO}6 complexes without the formation of disulfides in solution, so hydride transfer to the ls-{FeNO}6 can be assessed properly without a number of unwanted and possibly deleterious side reactions. 
	General Considerations
	All chemicals were purchased from commercial sources, including Sigma Aldrich, Fisher Scientific, and Cambridge Isotopes, and used without further purification unless noted below. Reactions were performed under inert atmosphere via Schlenk techniques. All solvents were dried and distilled from CaH2 and freeze pump thawed four times to remove water and dioxygen. Preparation and handling of air-sensitive materials were performed under a dinitrogen atmosphere in an MBraun glovebox, equipped with a circulating purifier (O2, H2O <0.1 ppm). H2[3,5-Me-BAFP], [Fe(3,5-Me-BAFP)(Cl)]63.  Nitric oxide (Cryogenic Gases Inc., 99.95%) was first passed through an Ascarite II column and then a -80 oC cold trap to remove higher nitrogen oxide impurities prior to use. Complexes and solvents were then exposed to NO via a Schlenk line. Isotopically labeled 15NO was synthesized according to previously reported procedures.100 
	Physical Measurements
	UV-vis Spectroscopy/Immersion Probe. All spectra were recorded using an Analytic Jena Specord S-600 Spectrometer. Using the same spectrometer, dip probe measurements were conducted using a Hellma low temperature immersion probe with a 10 mm pathlength. A 10 (M solution of the desired ferric heme thiolate bound complex was cooled between -40 and -45 °C in either toluene or chlorobenzene.
	1H NMR Spectroscopy. A Varian MR 500 and 600 instruments was used to record all NMR spectra at temperatures between -60 and 25 °C. 
	Elemental Analysis. Elemental analyses were conducted by Atlantic Microlabs (Norcross, GA)
	Infrared Spectroscopy (ATR/KBr/Gas). Solid state and solution IR spectra were recorded using a Bruker Alpha-E FT-IR spectrometer. IR data for KBr disks were obtained on PerkinElmer BX and GX spectrometers. Solution IR experiments were conducted using a thin-layer solution cell equipped with CaF2 windows. The same instruments were used to conduct gas headspace measurements using a 10 cm Pike HT gas cell with CaF2 windows. 
	 Solution IR experiments were conducted with 0.35 mL of a 20 mM [Fe(3,5-Me-BAFP)(SPhF4CF3)] in 1:1 toluene-d8/chlorobenzene-d5 for an appropriate solvent window. The solution was transferred to a 10 mL Schlenk finger which was sealed with a 14/20 septum and copper wire. The solution was freeze, pump, thawed four times to increase the solubility of the NO at low temperatures (-60 to -65 °C). The reaction was allowed to stir for 30 minutes prior to breaking the vacuum seal and septum removal. The solution was transferred to the precooled solution IR cell using a precooled plastic syringe. Measurements were taken every minute until full decomposition to the {FeNO}7 complex.
	Resonance Raman (rRaman). Experiments were performed using a INNOVA with a 457 nm excitation line from a Cobolt 08-DPL diode pumped laser and the laser power was set to 20 mW. Samples were prepared at 1mM in 1:1 CH2Cl2:toluene and frozen as a glass. Prior to data collection, samples were transferred to liquid nitrogen inside an EPR cold finger to keep samples frozen during measurements. The light scattered from the samples was focused on a Acton two-stage TriVista 555 monochromator and detected by a liquid N2 cooled Princeton Instruments Spec-10:400B/LN CCD camera. The accumulation and exposure time for each sample was 12 acquisitions for 4 minutes, repeated three times to improve signal to noise. Spectra were plotted and baseline corrected using OriginPro 2024. 
	Sample concentration was 1mM in 1:1 CH2Cl2:toluene and were prepared in a 10 mL Schlenk finger sealed with a septum and copper wire. The solution was prepared for NO addition by four freeze, pump, thawed cycles to aid in NO solubility at low temperatures. The Schlenk finger was cooled to -60 to -65 °C for 15 minutes. Next, ~1.2 eq of NO gas was added above the reaction solution and allowed to stir at low temperature for 30 minutes. The vacuum seal of the flask was carefully broken, and the solution was transferred to a precooled EPR tube in a copper block using a precooled glass pipette. The tube was removed from the glovebox and frozen in liquid nitrogen resulting in a glass for further measurements. 
	Synthetic Procedures
	Synthesis of [Fe(3,5-Me-BAFP)(OCH3)]. [Fe(3,5-Me-BAFP)(Cl)] (314.5 mg, 0.19 mmol) and potassium methoxide (65.3 mg, 0.93 mmol) were added to an oven-dried schlenk flask equipped with a stir bar. The solids were dissolved in 7 mL of dry dichloromethane and 1.5 mL of methanol, resulting in an immediate color change of the solution from brown to green. Once the reaction was complete as determined by UV-vis spectroscopy, the solvent was removed by vacuum. The resulting solid was redissolved in dry dichloromethane and filtered to remove excess potassium methoxide and KCl formed during the reaction. The filtrate was added to a round bottom flask and all solvent was removed by vacuum. The resulting black complex was suspended in dry methanol and collected by vacuum filtration and dried vigorously under vacuum at 120 °C. Yield: 286.4 mg (0.173 mmol, 91%). UV-vis (CH2Cl2): 424, 478, 584 nm. Elemental analysis: cald (found) for C109H92F3FeN4O11S•H2O: C, 77.98 (77.97); N, 3.34 (3.24); H, 5.82 (5.83); Cl, 0.00 (0.00).
	General Synthesis of [Fe(3,5-Me-BAFP)(SR)] Complexes. The synthesis was adapted from a literature procedure. Under an inert atmosphere, [Fe(3,5-Me-BAFP)(OCH3)] and desired thiol (1 equivalent) were dissolved in minimal dichloromethane causing the solution to change from brown to brown/red. The reaction was completed immediately by UV-vis spectroscopy. Next, all solvent was removed, and the resulting black powder was suspended in pentanes and collected by vacuum filtration. The solid was washed with more pentanes and dried under vacuum over 100 °C overnight. 
	Synthesis of [Fe(3,5-Me-BAFP)(SPhF4CF3)]. Yield: 148.8 mg (0.079 mmol, 90%). UV-vis (CH2Cl2) 381, 423, 520, 593, 674, 714 nm; (toluene) 378, 423, 520, 589, 671, 706 nm; (chlorobenzene) 378, 425, 520, 594, 674, 709 nm. 1H NMR (C6D5Cl): 70.92, 13.63, 12.45, 11.15, 10.18,7.78, 7.73, 6.55, 5.91, 5.08, 3.75, 1.78, -0.05, -1.95 ppm. 19F NMR (C6D5Cl, fluorobenzene): 194.96 (O-ArF), 86.54 (p-CF3), -176.83 (m-ArF) ppm. Elemental analysis: cald (found) for C115H92F7FeN4O8S: C, 73.51 (73.47); N, 2.98 (2.96); H, 4.94 (4.90); S, 1.71 (1.58).
	Synthesis of [Fe(3,5-Me-BAFP)(SPhNHPhCH3)]. Yield: 52 mg (0.028 mmol, 87%). UV-vis (CH2Cl2) 378, 421, 518, 584, 670, 712 nm; (toluene) 371, 421, 517, 583, 670, 706 nm. 1H NMR (CD2Cl2): 80.10, 73.48, 66.89, -91.70 ppm. Elemental analysis: cald (found) for C122H104FeN5O9S: C, 78.27 (77.57); N, 3.74 (3.77); H, 5.60 (5.70); S, 1.71 (1.63).
	Synthesis of [Fe(3,5-Me-BAFP)(SPhNHPhCF3)]. Yield: DNR. UV-vis (CH2Cl2)  nm. 1H NMR (CD2Cl2): 78.25, 73.27, 64.98, -89.89 ppm. 19F NMR (CD2Cl2, fluorobenzene): -57.43 (p-CF3) ppm.
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	The development and execution of Route 2, as well as the [Cu(Amine-BMPA-Pr)(OAc)] and the NOA experiments were performed by rotation student Glorimar Miranda-Mendez.
	Nitric oxide (NO) is an endogenous gas that is known to play several physiological roles that are dependent on concentration and location within the human body.69,129 For example, the endothelium continuously releases NO at low nM concentrations to control arteriolar tone and prevent platelet aggregation, while higher (M concentrations of NO are released in nasal endothelial cells and macrophages as an antimicrobial agent to fight infections.70,130 Additionally, physiological NO aids in blood vessel vasodilation, wound healing, and promoting angiogenesis. 71-73,130-134 For these reasons, the use of NO in biomedical devices can help to prevent significant risk factors associated with IV catheters, which include blood clots and bacterial infections.68   
	Despite the physiological benefits of NO, the uncontrolled production of NO in the body leads to toxic effects. Therefore, it is essential to develop a controlled method of NO delivery to achieve the desired anti-microbial and anti-clotting effects without harm to the patient. To accomplish this task, NO can be produced electrochemically via nitrite reduction by a copper catalyst.76 The inspiration for the catalyst comes from the active site of copper nitrite reductase (CuNIR), an enzyme which efficiently reduces NO2 to NO.77  Electrochemical nitrite reduction to NO occurs in two steps as shown in equations 1 and 2, where L represents the ligand of the complex. 
	CuII(L) +e→CuI(L)       (1)
	CuI(L) + NO2- + 2H+ → CuII(L) + NO + H2O    (2)
	 In collaboration with Professor Meyerhoff’s laboratory at the University of Michigan, a series of water-soluble copper catalysts were synthesized using BMPA and BEPA carboxylate ligands that can generate controlled amounts of NO on demand in IV catheters.82 These catalysts were analyzed by bulk electrolysis for electrochemical NO generation as a function of linker length of the BMPA and BEPA arms, as well as the length of the carboxylate arm, as shown in Figure 4.1. 
	This series was used to tune the reduction potential of the Cu(II)/Cu(I) couple and study its role in nitrite reduction to nitric oxide. Based on this work, it was determined that copper complexes with more positive reduction potentials, for example [Cu(BEPA-Bu)]+, were favored for selective NO generation without disproportionation to N2O (Figure 4.2).82 Additionally, complexes with more negative reduction potentials are more O2 sensitive, resulting in inhibition of nitrite reduction upon reduction from Cu(II) to Cu(I) in the presence of air. Because IV catheters come in contact with O2 rich blood, catalysts with more negative reduction potentials become less than ideal for this biomedical application. 
	In addition to synthesizing complexes with more positive reduction potentials, an alternative strategy is to tune the complexes to have a higher affinity for NO2 and increase the rate of reduction to NO. One way to achieve this would be to synthesize derivatives that include hydrogen bond donors in the second coordination sphere (SCS) that can interact with the Cu(I)-NO2 moiety, allowing for facile proton donation, making nitrite reduction more efficient.88,135 Multiple examples in the literature show that nitrite reduction to NO improves in the presence of hydrogen bond donors in the SCS in nonaqueous solutions.85-87,136-140  A notable example was reported by Symes and coworkers where a tetradentate tris(2-methylpyridyl)amine (TMPA) derivative was synthesized with a pendent carboxylate group, as shown in Figure 4.3. It was determined that the pendent carboxylate acts as a proton donor to the bound nitrite that facilitates its reduction to NO. In fact, this catalyst was twice as effective in comparison to the pendent ester TMPA analog, further highlighting the importance of the proton donation in the SCS.87 
	In this chapter, two derivatives of [Cu(BMPA-Pr)]+ were synthesized containing an amine and amide in the second coordination sphere in aqueous solutions for biomedical applications. Here, the synthesis of each ligand was optimized via two synthetic routes. The ligands were synthesized using the most efficient synthetic route and were metalated with Cu(OAc)2•H2O. Next, the [Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)] were characterized by UV-vis spectroscopy and CV with and without nitrite. Additionally, these complexes were characterized by X-ray crystallography. The performance of these catalysts for nitrite reduction was analyzed by bulk electrolysis coupled with NO quantification to determine their respective Faradaic efficiencies. The O2 sensitivity of the complexes was studied by performing these experiments under inert conditions with nitrogen gas, as well as oxygen/nitrogen mixtures with 3 and 10% O2. The results of these studies are presented and discussed here.
	With the goal of synthesizing BEPA/BMPA carboxylate derivatives capable of hydrogen bond donation, DFT was used to optimize potential synthetic targets. As proof of concept, the BMPA-Pr scaffold was chosen due to the commercially available chemicals needed to synthesize derivatives. As shown in Figure 4.4, the hydrogen bonding derivative, [Cu(Amine-BEPA-Pr)(NO2)]  was optimized using BP86/TZVP. Here, the structure contains a Cu(I) center with bound NO2 to determine the hydrogen bond distance from an appended amine to the copper-bound nitrite, prior to reduction to NO. Based on the optimized structure, this hydrogen bonding group appears to form a very strong hydrogen bond between the primary amine and the bound nitrite with a distance of 1.85 Å, which can both increase affinity for nitrite binding over oxygen, as well as act as a proton shuttle to aid in facile nitrite reduction. 
	Figure 4.5 Route 1 to synthesize [Na(Amide-BMPA-Pr)] and [Na(Amine-BMPA-Pr)].
	 Initial attempts to synthesize the [Na(Amine-BMPA-Pr)] ligand are shown in Figure 4.5 and labeled as Route 1. Here, half of the BMPA-Pr ligand was synthesized as shown on the top right of Figure 4.5, by reaction of 2-picoloyl amine and methyl acrylate to form the first half of BMPA-PrOCH3, labeled as MPA-PrOCH3.82 This reaction was quantitative and provided a foundation for synthesizing BMPA analogs with hydrogen bonding moieties in the second coordination sphere. Next, the derivatized BMPA arm was prepared using 6-methylpyridin-2-amine which was equipped with the primary amine, as shown on the top left of Figure 4.5. First, the amine was protected to form the amide using picolyl chloride, prior to bromination of the 6-methylpyridine.141,142 Despite the success of the amine protection in the first step, the subsequent bromination results in a mixture consisting of unreacted starting material, as well as the mono- and di-brominated products. This product mixture was difficult to column purify due to the poor separation of the components, resulting in a very low yield of 7.5% for this step. The overall yield for protection and bromination steps was 5.3% (Figure 4.5). Nevertheless, the product was taken forward to perform an SN2 reaction with the MPA-PrOCH3 component to form the Amide-BMPA-PrOCH3 derivative with a 64% yield. 
	 Because amides are also considered hydrogen bond donors, the hydrolysis conditions to obtain the sodium salts of my target ligands branch at this point. To obtain the Amide-BMPA-Prscaffold, the ester was hydrolyzed by addition of 1 equivalent of NaOH to form the corresponding carboxylate salt, [Na(amide-BMPA-Pr)]. This hydrolysis reaction was straight forward: the reaction mixture was heated overnight, and the product was purified by washing with organic solvents to remove unreacted starting material and dried under vacuum, to obtain the product with a 93% yield. The success of this reaction was confirmed from the missing methyl ester in the 1H NMR spectrum in Figure 4.6.
	Next, the [Na(Amine-BMPA-Pr)] ligand was synthesized by acid hydrolysis of the amide, which was performed with either [Na(Amide-BMPA-Pr)] or Amide-BMPA-PrOCH3 as starting material. As shown in Figure 4.7, excess 1M HCl shows hydrolysis of the amide over the course of 32 hours. After the first hour, no significant changes were observed, suggesting that the amide was still fully intact. After 4 hours, new peaks appeared in the spectrum indicating the formation of a second species. Notably, the amide peak at 1.17 ppm decreased in intensity with the appearance of a new peak at 0.99 ppm, indicating hydrolyzed amide. After 32 hours, the reaction stopped progressing, and the ligand was purified by pH adjustment above 13 to fully deprotonate the primary amine. Unfortunately, the pH adjustment resulted in excess NaCl and NaOH, making it difficult to purify the [Na(Amine-BMPA-Pr)] ligand, as it is only soluble in water and methanol. For this reason, the acid was changed to H2SO4 so that neutralization would result in the formation of Na2SO4. The reaction mixture was dried after pH adjustment, under vacuum, to remove as much water as possible. The resulting solid was redissolved in anhydrous methanol to precipitate the Na2SO4. In changing the acid, the reaction was much faster resulting in more hydrolyzed amine with reaction times of ~ 5 hours. Unfortunately, the corresponding copper complex could not be obtained cleanly, as ligand decomposition was observed over the course of the reaction, resulting in a low yield. Based on these results, an alternative route was needed to successfully synthesize the [Na(Amine-BMPA-Pr)] scaffold. 
	Figure 4.8 Route 2 to synthesize [Na(Amide-BMPA-Pr)] and [Na(Amine-BMPA-Pr)].
	 To synthesize the [Na(Amine-BMPA-Pr)] salt, Route 2 was developed and executed by rotation student, Glorimar Miranda-Mendez as shown in Figure 4.8. Here, the focus is placed on first synthesizing the derivatized BMPA arm containing either an Amide or Amine group. This was accomplished by repeating the amine protection of the 6-bromopyridin-2-amine which is commercially available. The resulting product underwent a Grignard reaction to form an aldehyde in place of the bromo substituent.143 The yield of the first two steps was determined to be 85% in comparison to Route 1, which had an overall yield of 5.3%. Next, the Amide-BMPA arm was synthesized by reductive amination with 2-picolylamine. The amide was further hydrolyzed by refluxing with 2M HCl over the course of 24 hours to obtain the Amine-BMPA arm.144 At this point, either the Amide-BMPA-PrOCH3 or Amine-BMPA-PrOCH3 unit was synthesized by performing an SN2 reaction with either the Amide- or Amine-BMPA arm and methyl 3-bromopropanoate in methanol.82 The hydrolysis of both ligands was performed as described for [Na(Amide-BMPA-Pr)] in Route 1. Here, unreacted starting material was washed away, and the aqueous layer was dried under vacuum to provide both the [Na(Amide-BMPA-Pr)] and [Na(Amine-BMPA-Pr)] salts.82 While [Na(Amine-BMPA-Pr)] was initially difficult to synthesize, Route 2 demonstrates a high yielding and clean formation of the sodium salt, as shown in Figure 4.9.
	With the [Na(Amide-BMPA-Pr)] and [Na(Amine-BMPA-Pr)] ligands in hand, the corresponding copper complexes were characterized by titrating Cu(OAc)2•H2O with the respective ligand and following the reaction by UV-vis spectroscopy. The titrations were performed in milli-Q water with 5 mM of the copper salt. As shown on the left in Figure 4.10, [Cu(Amide-BMPA-Pr)(OAc)] appears fully formed after the addition of 2 equivalents of ligand with a λmax of 600 nm. Similar results are observed for [Cu(Amine-BMPA-Pr)(OAc)] shown on the right in Figure 4.10. Here, full copper binding appears at ~ 1 equivalent of ligand.  In this case, the λmax for [Cu(Amine-BMPA-Pr)(OAc)] appears at 637 nm. To ensure full copper binding during electrochemical experiments, 1.5 equivalents of the respective ligand were added to the copper solutions in all experiments. 
	Additionally, both complexes were further characterized in the presence of 1M NaNO2 to observe changes to the spectrum upon nitrite binding to the Cu(II) center (Figure 4.11). The addition of nitrite to the [Cu(Amide-BMPA-Pr)(OAc)] complex results in no changes in the λmax, which remains at 600 nm, suggesting that nitrite does not bind to the Cu(II) complex. When repeated with [Cu(Amine-BMPA-Pr)(OAc)], the λmax shifts from 637 nm to 628 nm, indicating the formation of [Cu(Amide-BMPA-Pr)(NO2)]. 
	Figure 4.12 Crystal structure representation of [Cu(Amide-BMPA-Pr)(OAc)] (left) and [Cu(Amine-BMPA-Pr)(OAc)] (right). Thermal ellipsoids are shown at 50% probability. All hydrogen atoms and solvent molecules have been omitted for clarity. Color scheme: C, gray; N, blue; O, red; Cu, orange. 
	 The [Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)] complexes were further characterized by X-ray crystallography, as shown in Figure 4.12. Here, both structures reveal that the acetate counter ion is bound to the Cu(II) center with bond distances of 1.964 and 2.779 Å for [Cu(Amide-BMPA-Pr)(OAc)] and 1.958 Å for [Cu(Amine-BMPA-Pr)(OAc)], which essentially corresponds to a monodentate binding mode. Additionally, the amide/amine group present in the second coordination sphere is involved in a strong hydrogen bonding interaction with the O atom of the bound acetate that is only weakly interacting with the copper center, with H4AO4/H4AO3 distances of 2.055 and 2.194 Å for the [Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)], respectively. Based on the UV-vis data, nitrite does not bind to the Cu(II) center, therefore the [Cu(Amide-BMPA-Pr)(NO2)] complex could not be structurally characterized. Additional geometric parameters are summarized in Table 4.1. 
	Table 4.1 Geometric parameters of [Cu(BMPA-Pr)]+ derivatives obtained from X-ray crystallography. Bond distances are reported in Å.
	Table 4.2 Comparison of the reduction potentials (ER) and E1/2 for both derivatives of the [Cu(BMPA-Pr)]+ complex in comparison to the parent complex. All potentials are reported vs Ag/AgCl in mV and were obtained from CVs measured with a scan rate of 50 mV/s. TOF were determined with a scan rate of 100 mV/s.
	The [Cu(Amide-BMPA-Pr)]+ and [Cu(Amine-BMPA-Pr)]+ complexes were characterized by CV to determine their Cu(II)/Cu(I) reduction potentials in comparison to the [Cu(BMPA-Pr)]+ parent complex. As shown in Figure 4.13, the [Cu(Amide-BMPA-Pr)]+ complex has a semi-reversible redox couple with a reduction potential of -420 mV and an E1/2 of -367 mV at a scan rate of 50 mV/s. Alternatively, the complex [Cu(Amine-BMPA-Pr)]+ exhibits a fully reversible redox couple with a reduction potential of -324 mV and an E1/2 of -280 mV, as shown in Figure 4.14. These data are summarized in Table 4.2 in comparison to the parent complex, [Cu(BMPA-Pr)]+, which has a reduction potential and E1/2 of -380 and -335 mV, respectively. The addition of the hydrogen bond donor in the second sphere appears to induce a slight positive shift in reduction potential. Based on previous work in our laboratory, it was determined that more positive reduction potentials lead to selective NO generation and prevent further reduction to N2O. 
	Next, each complex was titrated with NaNO2 to observe catalysis at the cathodic wave, indicating NO2- reduction by the copper(I) center. Unfortunately, the [Cu(Amide-BMPA-Pr)]+ complex decays with 200 consecutive sweeps, indicating catalyst decomposition during long term electrochemical experiments. Since the amide-complex does not bind nitrite and is electrochemically unstable, this complex was not tested for bulk nitrite reduction by controlled potential electrolysis (CPE). On the other hand, [Cu(Amine-BMPA-Pr)]+ shows catalysis upon addition of nitrite as shown in Figure 4.15. This is also evident when compared to [Cu(BMPA-Pr)]+, which has a TOF of 4.78 s-1 at a scan rate of 100 mV/s, whereas the amine complex demonstrates a TOF of 6.51 s-1 at this scan rate. 
	Next, Faradaic efficiencies were determined by performing bulk electrolysis experiments using 1 mM of the Cu(II) complexes at pH 7.4. The NO generated during the electrochemical reaction was sparged out of the reaction solution and quantified using a chemiluminescence Siever 280i Nitric Oxide Analyzer (NOA). The oxygen sensitivity of the [Cu(BMPA-Pr)(OAc)]  and [Cu(Amine-BMPA-Pr)(OAc)] complexes was tested using sparge gases of varying oxygen content and the Faradaic efficiency was determined based on the charge passed and the moles of NO generated. For each complex, three potentials were studied, including the reduction potential (ER) and ± 70 mV more positive and negative from this potential. For these potentials, bulk electrolysis experiments performed with the [Cu(BMPA-Pr)(OAc)] were held at -310, -380, and -450 mV, respectively, as previously determined.82 Since the reduction potential of [Cu(Amine-BMPA-Pr)]+ was determined to be -324 mV in the absence of nitrite, bulk electrolysis experiments were carried out -254, -324, and -394 mV. Each potential was held constant for 15 minutes to allow NO generation to stabilize, followed by a waiting period to allow NO detection to return to baseline amounts. The resulting data obtained from the NOA were processed (see Experimental Section) to obtain the moles of NO generated over the course of the reaction. The data obtained by bulk electrolysis were converted to moles of electrons over the course of the experiment resulting in Faradaic efficiency determination.  As shown in Figure 4.16, sparging the reaction with 100% N2 resulted in Faradaic efficiencies of 40 and 60% for [Cu(BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)], respectively, when held at the reduction potential (see Table 4.3). When switching the sweep gas to 3% O2, the Faradaic efficiencies decreased to 12.8 and 9.1% for [Cu(BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)], respectively. No further decrease in the Faradaic efficiency was observed when the sparge gas was switched to 10% O2. Notably, the maximum amount of NO generated decreased significantly when introducing 3% O2 in the sweep gas. 
	Table 4.3 Faradaic efficiencies of [Cu(BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)]   using sparge gases with varying O2 content.
	In this Chapter, hydrogen bonding derivatives of the BMPA-Pr ligand were synthesized according to two synthetic routes. It was determined that the Amide-BMPA-Pr ligand could be synthesized using either Route 1 or Route 2. In contrast, Route 2 was determined to be the best synthetic route to obtain Amine-BMPA-Pr. The ligands were metallated with Cu(OAc)2•H2O to form the corresponding copper complexes, [Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)] and were characterized by UV-vis spectroscopy, CV, and X-ray crystallography. Based on X-ray crystallography, a medium strength hydrogen bond is present between the copper bound acetate and the amide/amine N-H in the second coordinate sphere with a NH-OOAc distance of 2.055 and 2.194 Å, for [Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)], respectively. 
	Despite the presence of the hydrogen bond, UV-vis data demonstrate poor NO2 binding to [Cu(Amide-BMPA-Pr)]+ despite being in large excess in solution. It is possible that the strength of the hydrogen bond associated with [Cu(Amide-BMPA-Pr)(OAc)] stabilizes acetate binding and therefore prevents its dissociation prior to nitrite binding. In addition to poor nitrite binding to this complex, the [Cu(Amide-BMPA-Pr)(OAc)] appears to be electrochemically unstable by CV since the current associated with the redox couple steadily decreases over the course of 200 sweeps. The combination of poor substrate binding and low electrochemical stability indicates that this complex is not suitable for electrochemical NO generation. On the other hand, the [Cu(Amine-BMPA-Pr)(OAc)] complex was determined to bind NO2 as evidenced by a blue shift in the UV-vis spectrum from 637 to 627 nm in the presence of 200 equivalents of NaNO2. Characterization of the [Cu(Amine-BMPA-Pr)(OAc)] by CV demonstrates a slightly more positive ER and E1/2 of -324 and -280 mV, respectively in comparison to those observed for the [Cu(BMPA-Pr)(OAc)] complex with values of -380 and -335 mV, respectively. Based on TOF calculations, nitrite reduction with the [Cu(Amine-BMPA-Pr)(OAc)] complex appears to be faster with a TOF of 6.51 versus 4.78 s-1 for the parent complex at 100 mV/s. This change in TOF indicates that the hydrogen bond donor present in [Cu(Amine-BMPA-Pr)(OAc)] appears to provide a proton to facilitate nitrite reduction, and therefore confirms our original hypothesis.
	 Next, the NO generated via bulk electrolysis was quantified to determine the Faradaic efficiency for nitrite reduction by [Cu(Amine-BMPA-Pr)]+. Under inert conditions, the [Cu(Amine-BMPA-Pr)]+ catalyst demonstrated a higher Faradaic efficiency of 68% in comparison to that of the parent [Cu(BMPA-Pr)]+ complex with 40%. Between the higher Faradaic efficiency and TOF reported for the [Cu(Amine-BMPA-Pr)(OAc)] complex, these results demonstrate that the presence of the hydrogen bond in the SCS facilitates nitrite reduction. To further study the effect of a SCS hydrogen bond with respect to oxygen sensitivity, the N2 sparge gas was swapped with a 3 and 10% O2 in N2 mixture.  With the increase in O2 content, the amount of NO produced from nitrite reduction decreased sharply for both [Cu(BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)], with a 75 and 86% decrease in activity, respectively. While the presence of the amine in the second coordination sphere showed an increase in performance under inert conditions, these results indicate that the addition of a hydrogen bond donor in the SCS of the copper catalyst does not decrease O2 sensitivity. In fact, it appears that the presence of the hydrogen bond increases the O2 sensitivity to further suppress NO generation. There are several examples in enzymes that demonstrate that hydrogen bonding groups in the SCS stabilize O2 binding to metal active sites, including superoxide dismutase (SOD), superoxide reductases, as well as heme containing enzymes such as myoglobin and hemoglobin.145-148  There is literature precedence in synthetic copper complexes showing that the addition of hydrogen bonds in the SCS increases O2 binding affinity.149 For example, in 2018 Karlin and coworkers reported TMPA derivatives containing an amide and secondary amines for superoxide stabilization when bubbling solutions of these complexes with O2 at low temperatures.150  
	Based on the literature precedence, copper catalysts with more positive reduction potentials appear to be less O2 sensitive and play a key role in selective NO generation. It is also known that the reduction potential can become too positive, resulting in sluggish catalysis. Therefore, catalysts that contain more positive reduction potentials should be modified with hydrogen bond donors in the SCS going forward, to determine how this effect could aid in facile NO2 reduction to NO in the presence of O2.82 Recently, a BEPA sulfonate complex, [Cu(BEPA-EtSO3)]+, analogous to the [Cu(BEPA-Pr)]+ parent complex, showed a reduction potential of 55 mV, which is significantly more positive in comparison to the analogous [Cu(BEPA-Pr)]+ complex with a reduction potential of -80 mV.151 Bulk electrolysis experiments with the [Cu(BEPA-EtSO3)]+  complex showed reduced O2 sensitivity in the presence of  3 and 10% sparge gases with no changes to the Faradaic efficiency with increasing O2 content. Future work should explore synthesizing derivatives capable of hydrogen bonding with catalysts containing more positive reduction potentials.
	General Considerations
	All chemicals were purchased from commercial sources, including Sigma Aldrich, Fisher Scientific, and Cambridge Isotope Laboratories Inc., and used without further purification unless noted below. All electrochemical experiments were performed in water obtained from a Milli-Q filtration ultrapure water system. All stocks including 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, (pH adjusted to 7.4 with sodium hydroxide and hydrochloric acid if necessary), and sodium chloride electrolyte. 
	Physical Measurements
	UV-vis Spectroscopy. All spectra were recorded using an Agilent Cary Series UV-Vis-NIR Spectrophotometer. 
	NMR Spectroscopy. A Varian MR 600 MHz instrument was used to record NMR spectra for Route 1 at 25 °C. A Bruker Avance Neo 500 MHz instrument was used to record NMR spectra for Route 2 at 25 °C. 
	Cyclic Voltammetry (CV). All electrochemical measurements were performed using CH Instruments potentiostats, models 1600E. Small scale CV experiments were performed with 2 mL solutions of 1 mM copper (II) complex in a sealed glass cell. The solution contents included a 1:1.5 ratio of the copper salt, Cu(OAc)2•H2O, and either the Amide or Amine BMPA-Pr sodium salt, 0.1 M HEPES buffer (pH 7.4), 0.1 M NaCl in Millipore water. The cell was sparged with 100% N2 for ~10 minutes to remove oxygen from solution, the reaction was kept under nitrogen atmosphere during data collection. Data was collected using a three-electrode arrangement using a Pt disk working electrode, Pt coiled wire counter electrode, and Ag/AgCl stored in saturated KCl as the reference electrode. 
	Nitric Oxide Quantification.  The nitric oxide produced in the bulk electrolysis experiments was quantified using a Chemiluminescence Sievers 280i Nitric Oxide Analyzer (NOA).The sample gas flow rate was controlled by an Alicat Scientific gas mass flow controller set to 200 SCCM. 
	Bulk Electrolysis Experiments. A larger electrochemical cell was used to measure 6.5 mL solutions with the same contents as described. Experiments were carried out with 200 mM NaNO2 100% N2 and certified O2/N2 gas mixtures of 3 and 10% (Metro Welding Supply Corp) to test oxygen sensitivity of the catalysts. CVs were taken before and after bulk electrolysis experiments to monitor any changes at the electrode surface. The cell was connected to the NOA and the cell was sparged with the appropriate sparge gas to establish a flat baseline for background NO. A potential was applied to the cell by bulk electrolysis for 15 minutes followed by a 15 minute period of rest to allow the signal to return to baseline. The NO generated during this period was quantified by integrating the total peak area for this period. This method was performed at three different potentials including the Cu(II)/Cu(I) reduction potential, with two additional trials ±70 mV.
	Density Functional Theory Calculations. All calculations were performed using the program Gaussian 09.107 All geometry optimizations and frequency calculations were performed using BP86 as the functional and TZVP as the basis set. Calculated frequencies were inspected to ensure the absence of any imaginary frequencies, to confirm that true energy minima were obtained.
	Crystal Structure Determination
	[Cu(Amide-BMPA-Pr)(OAc)]. Blue crystals of the complex were grown from a 375 mM methanolic solution, layered with diethyl ether and left at room temperature. 
	[Cu(Amine-BMPA-Pr)(OAc)]. Blue crystals of the complex were grown from a 375 mM methanolic solution, layered with diethyl ether and left at room temperature.
	A crystal of dimensions 0.059 x 0.068 x 0.123 for [Cu(Amine-BMPA-Pr)(OAc)] and 0.020 x 0.020 x 0.010 [Cu(Amide-BMPA-Pr)(OAc)] mm was mounted on a Rigaku AFC10K Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device and a Micromax-007HF Cu-target micro-focus rotating anode ( = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA). The X-ray intensities were measured at 85(1) K with the detector placed at a distance of 42.00 mm from the crystal. A total of 2028 images were collected with an oscillation width of 1.0° in . The exposure times were 1 sec for the low angle images, 5 sec for high angle. Rigaku d*TREK images were exported to CrysAlisPro 1.171.43.112a (Rigaku OD, 2024) for [Cu(Amine-BMPA-Pr)(OAc)] and CrysAlisPro 1.171.40.53 (Rigaku OD, 2019) for [Cu(Amide-BMPA-Pr)(OAc)] for processing and corrected for absorption.103 The integration of the data yielded a total of 63017 for [Cu(Amine-BMPA-Pr)(OAc)] and 19641 [Cu(Amide-BMPA-Pr)(OAc)] reflections to a maximum 2 value of 138.82° for [Cu(Amine-BMPA-Pr)(OAc)] and 138.95° [Cu(Amide-BMPA-Pr)(OAc)] of which 15091 for amine and 4686 for amide were independent and 13468 for [Cu(Amine-BMPA-Pr)(OAc)] and 3443 [Cu(Amide-BMPA-Pr)(OAc)] were greater than 2(I). Analysis of the data showed negligible decay during data collection. The structure was solved using SHELXT 2018104 and refined with SHELXL-2019/2 (Sheldrick, 2019) for amine104,105 and [Cu(Amide-BMPA-Pr)(OAc)]  the Bruker SHELXTL (version 2016/6) software package was used,105 using the space group P-1 with Z=4 for amine for the formula C35H44Cu2N8O9 and P-1 with Z = 2 for amide for the formula C24H36CuN4O7. All non-hydrogen atoms were refined anisotropically with the hydrogen atoms placed in a combination of idealized and refined positions using the riding model. [Cu(Amine-BMPA-Pr)(OAc)] featured four solvent molecules (methanol) disordered over several positions. These solvent molecules could not be fully refined and were squeezed using Platon detecting 74 e- in solvent accessible voids corresponding to approximately four molecules of methanol.106 Full matrix least-squares refinement based on F2 converged at R1=0.0574 and wR2 =0.1731 for amine and R1 = 0.0594, wR2 = 0.1423 for amide [based on I > 2(I)], R1=0.0622 and wR2=0.1845 for [Cu(Amine-BMPA-Pr)(OAc)] and R1 = 0.0866, wR2 = 0.1686 [Cu(Amide-BMPA-Pr)(OAc)] for all data. Additional details are presented in Table 4.1.
	Synthetic Procedures
	Route 1:
	Synthesis of 2,2-Dimethyl-N-(6-methyl-2-pyridinyl)propenamide (MPP). MPP was synthesized according to a literature procedure.141 40g (0.37 mol) of 2-amino-6-methylpyridine were dissolved in 500 mL of dichloromethane. After the addition of 57 mL (0.41 mol) of triethylamine, the reaction was cooled it 0 °C. Trimethylacetylchloride (50 mL, 0.41 mol) were slowly added to the reaction solution resulting in a white gas and the formation of a white precipitate. The next day, the white precipitate was filtered off and the filtrate was concentrated. The filtrate was washed with 200 mL of 1M hydrochloric acid, followed by 200 mL of saturated sodium bicarbonate solution and 200 mL of saturated sodium chloride solution. The organic layer was then dried by sodium sulfate and rotovapped to a light orange solid. Yield: 50 g (0.26 mol, 70%) 1H NMR (CDCl3): 8.03 (d, 1H); 7.92 (br s, 1H); 7.55 (t, 1H); 6.85 (d, 1H); 2.42 (s, 3H); 1.30 (s, 9H) ppm.
	Synthesis of N-[6-(bromomethyl)pyridine-2-yl]-2,2-dimethylpropanamide (BPP). BPP was synthesized according to a literature procedure.142 13.97 g (73 mmol) of MPP, 12.71 g (72 mmol) of NBS and 251.3 mg (1.5 mmol) of AIBN were dissolved in 400 mL of carbon tetrachloride in an oven dried Schlenk flask. The reaction was heated to 80 °C and refluxed under N2 for 7 hour. Reaction was stirred at room temperature overnight. The product was then purified by silica column with 1:4 ethyl acetate to petroleum ether. Yield:  1.48 g (5.4 mmol, 7.5%). 1H NMR (CDCl3): 8.10 (s, 1H); 8.05 (br s, 1H); 7.60 (t, 1H); 7.05 (d, 1H); 4.43 (s, 2H); 1.24 (s, 9H) ppm.  
	Synthesis of N-(2-Pyridinylmethyl)-β-alanine methyl ester (MPA-PrOCH3). MPA-PrOCH3 was synthesized according to a modified literature procedure.82 2.5 mL (24.3 mmol) of 2-picolylamine and 2.20 mL (24.3 mmol) of methyl acrylate were dissolved in 36 mL of methanol and stirred at room temperature overnight. Reaction was rotovapped to dryness and used without further purification. Yield: Quantitative (24.3 mmol) 1H NMR (CDCl3): 8.54 (d, 1H); 7.63 (t, 1H); 7.30 (d, 1H); 7.14 (t, 1H); 3.91 (s, 2H); 3.67 (s, 3H); 2.93 (t, 2H); 2.55 (t, 2H) ppm.
	Synthesis of methyl 3-(((6-pivalamidopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate (Amide-BMPA-PrOCH3). Amide-BMPA-PrOCH3 was synthesized according to a literature procedure.82 1.16 g (6 mmol) N-(2-Pyridinylmethyl)-β-alanine methyl ester,  1.62 g (6 mmol)  N-[6-(bromomethyl)pyridine-2-yl]-2,2-dimethylpropanamide, and 2.67 g (20 mmol) of potassium carbonate were dissolved in 200 mL of dry acetonitrile. The reaction was refluxed for 2 hours and then allowed to stir at room temperature overnight. The reaction mixture was then filtered to remove white solid and rotovapped to dryness. The product was column purified with 10% hexanes in ethyl acetate on alumina. The resulting red/brown oil was dried under vacuum. Yield: 1.46 g (3.8 mmol, 64%). 1H NMR (CDCl3): 8.43 (d, 1H); 8.01 (d, 1H); 7.90 (s, 1H); 7.57 (t, 2H); 7.39 (d, 1H); 7.12 (d, 1H); 7.06 (t, 1H); 3.75 (s, 2H); 3.63 (s, 2H); 3.54 (s, 3H); 2.84 (t, 2H); 2.49 (t, 2H); 1.24 (s, 9H) ppm. 
	Route 2: 
	Synthesis of N-(6-bromopyridin-2-yl)pivalamide. N-(6-bromopyridin-2-yl)pivalamide was synthesized according to a literature procedure.143 10 g (58.8 mmol) of 6-bromopyridin-2-amine was dissolved in 200 mL of dichloromethane. Next, 20 mL of triethylamine (0.143 mol, 2.5 eq) was added to the solution. The solution was cooled to 0 °C under N2 and 8.9 mL of acetyl chloride (72.7 mmol, 1.26 eq) was added dropwise. The reaction was allowed to warm to room temperature and stirred overnight. The reaction mixture was washed with water, followed by saturated sodium bicarbonate, and brine and dried over sodium sulfate. The solution was rotovapped and the resulting solid was washed with hexanes. The solid was collected and dried under vacuum for 3 days. Yield: 13.1 g (50.9 mmol, 88%). 1H NMR (500 MHz, CDCl3): 8.22 (d, 1H); 7.98 (br s, 1H); 7.55 (t, 1H); 7.20 (d, 1H); 1.32 (s, 9H) ppm.  13C NMR (126 MHz, CDCl3): 177.23; 151.82; 140.73; 139.24; 123.55; 112.40; 40.04; 27.54 ppm.
	Synthesis of N-(6-formylpyridin-2-yl)pivalamide. N-(6-formylpyridin-2-yl)pivalamide was synthesized according to a literature procedure.143 5.5 g of N-(6-bromopyridin-2-yl)pivalamide (21 mmol) was dissolved in 22 mL of dry toluene and placed in an ice/NaCl water slurry. 25 mL of isopropyl magnesium chloride (50 mmol) was transferred via cannula to an addition funnel attached to the reaction vessel and was added dropwise under N2 for 1.5 hours. The reaction was left to stir for an additional 23 hours. At this point, 3.25 mL of DMF (42 mmol) was added to the reaction and stirred for 30 minutes. Next, the reaction was placed in an ice bath and was quenched with 50 mL of 10% aqueous acetic acid solution. After 30 minutes, the organic layer was extracted with 10 mL of toluene and stirred with 22 mL of a 0.6 M sodium disulfite solution and stirred an additional 30 minutes. Next, the aqueous layer was extracted and stirred 10 minutes with 30 mL of 1.9 M sodium carbonate solution. The product was extracted with ethyl acetate and dried with magnesium sulfate. The product was rotovapped to dryness and dried under vacuum overnight. Yield: 3.26 g (0.016 mol, 74%). 1H NMR (500 MHz, CDCl3): 9.93 (s, 1H); 8.52 (d, 1H); 8.14 (br s, 1H); 7.89 (t, 1H); 7.68 (d, 1H); 1.36 (s, 9H) ppm.  13C NMR (126 MHz, CDCl3): 192.55; 177.55; 152.23; 150.92; 139.51; 118.68; 40.07; 27.60 ppm.
	Synthesis of N-(6-(((pyridin-2-ylmethyl)amino)methyl)pyridin-2-yl)pivalamide (Amide-BMPA). Amide-BMPA was synthesized using a modified literature procedure.144 3.74 g of N-(6-formylpyridin-2-yl)pivalamide (18.1 mmol) was dissolved in 75 mL of methanol before adding 2.06 mL of 2-picolylamine (19.9 mmol). After 3.5 hours of stirring, the reaction was cooled to 0 °C prior to adding a total of 1.029 g of NaBH4 (27.2 mmol) in small batches. The reaction was stirred overnight at room temperature. The next day, the reaction was quenched with 100 mL of water and rotovapped to remove methanol. The product was then extracted with ethyl acetate three times and dried with sodium or magnesium sulfate before transferring to a vial to dry under vacuum at room temperature overnight. Yield: 4.99 g (16.7 mmol, 92%). 1H NMR (500 MHz, Chloroform-d) δ 8.56 (d, J = 4.7 Hz, 1H), 8.12 (d, J = 8.3 Hz, 1H), 7.66 – 7.63 (m, 2H), 7.34 (d, J = 7.8 Hz, 1H), 7.18 – 7.16 (m, 1H), 7.05 (d, J = 7.5 Hz, 1H), 3.97 (s, 2H), 3.87 (s, 2H), 1.33 (s, 8H). 13C NMR (126 MHz, CDCl3) δ 177.19, 159.77, 158.05, 151.38, 149.49, 138.88, 136.60, 122.50, 122.14, 118.22, 112.14, 54.95, 54.53, 39.94, 27.67.
	Synthesis of 6-(((pyridin-2-ylmethyl)amino)methyl)pyridin-2-amine (Amine-BMPA). The Amine-BMPA was synthesized according to modified literature procedure.144 1.2 g of Amide-BMPA (4 mmol) was dissolved in 51 mL of 2 M HCl solution and heated to 85 °C overnight. The next day, the reaction was allowed to cool before adjusting the pH >13 with sodium hydroxide. The product was extracted with dichloromethane four times and dried with sodium sulfate. The solution was evaporated to give the final product which was dried under vacuum overnight at 30 °C. Yield: 0.79 g (3.7 mmol, 92%). 1H NMR (500 MHz, Chloroform-d) δ 8.55 (d, J = 4.6 Hz, 1H), 7.67 – 7.60 (m, 1H), 7.37 (t, J = 7.7 Hz, 2H), 7.19 – 7.13 (m, 1H), 6.66 (d, J = 7.3 Hz, 1H), 6.37 (d, J = 8.2 Hz, 1H), 4.51 (s, 2H), 3.98 (s, 2H), 3.80 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 159.63, 158.38, 157.68, 149.40, 138.35, 136.60, 122.51, 122.11, 112.38, 107.14, 54.71, 54.49.
	Synthesis of methyl 3-(((6-pivalamidopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate (Amide-BMPA-PrOCH3). The Amide-BMPA-PrOCH3 was synthesized according to a modified literature procedure.82 100 mg of Amide-BMPA (0.34 mmol) was dissolved in 1 mL of methanol. Next, 71 (L of triethylamine (0.51 mmol) and 56 (L of methyl 3-bromopropanoate (0.51 mmol) were added to the reaction and stirred over night at room temperature. The next day, 1.5 eq of NaOH was added to the reaction and left to stir. The reaction was rotovapped and redissolved in acetonitrile and filtered to remove insoluble salts. The filtrate was dried to give the final product. Yield: 97.8 mg (0.26 mmol, 75%). 1H NMR (500 MHz, Chloroform-d) δ 8.51 (d, 1H), 8.09 (d, 1H), 7.97 (s, 1H), 7.65 (t, 2H), 7.47 (d, 1H), 7.19 (d, 1H), 7.15 (m, 1H), 3.83 (s, 2H), 3.71 (s, 2H), 3.63 (s, 3H), 2.93 (t, 2H), 2.57 (t, 2H), 1.33 (s, 3H) 13C NMR (126 MHz, CDCl3) δ 177.22, 173.00, 159.53, 157.85, 151.01, 149.14, 138.85, 136.58, 123.05, 122.22, 118.79, 112.11, 60.39, 59.84, 51.71, 50.06, 32.67, 27.67.
	Synthesis of methyl 3-(((6-aminopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate (Amine-BMPA-PrOCH3). The Amine-BMPA-PrOCH3 was synthesized according to a modified literature procedure.82 500 mg of Amine-BMPA (2.3 mmol) was dissolved in 5 mL of methanol. Next, 0.49 mL of triethylamine (3.5 mmol) and 0.38 mL of (3.5 mmol) methyl 3-bromopropanoate were added and the reaction stirred overnight at room temperature. The next day, 1.75 mL of 2M NaOH (1.5 eq) was added and stirred for 20 minutes to reach pH 8.5 to 9. The solution was dried by rotary evaporation to yield a biphasic oil. The product was extracted with dichloromethane and dried with sodium sulfate. The resulting product was dried under vacuum for 2 hours at 60 °C. For further purification, the product was redissolved in acetonitrile and placed in freezer to crash out the triethylamine bromide form during the reaction. Solution was filtered cold and the product was precipitated with diethyl ether and dried under vacuum. Yield: 644 mg (2.1 mmol, 93%). 1H NMR (500 MHz, Chloroform-d) δ 8.51 (d, 1H), 7.64 (t, 1H), 7.50 (d, 1H), 7.38 (t, 1H), 7.15 (m, 1H), 6.81 (d, 1H), 6.35 (d, 1H), 4.58 (br s, 2H), 3.83 (s, 2H), 3.65 (s, 2H), 3.62 (s, 3H), 2.91 (t, 2H), 2.55 (t, 2H). 13C NMR (126 MHz, CDCl3) δ 173.05, 159.68, 158.12, 157.74, 149.01, 138.21, 136.48, 123.00, 122.05, 112.77, 106.90, 60.24, 60.03, 51.60, 49.88, 32.51.
	Hydrolysis Conditions:
	Synthesis of sodium 3-(((6-pivalamidopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate [Na(Amide-BMPA-Pr)].  The hydrolysis was performed according to a modified literature procedure.82 98.1 mg (0.026 mmol) of Amide-BMPA-PrOCH3 was transferred to a reaction vial and dissolved in 0.25 mL H2O and 0.45 mL of THF. Next, 0.128 mL of 2M NaOH was added to the solution. The reaction was heated to 60 °C overnight. The next day, the reaction solution was washed with dichloromethane until colorless and the aqueous solution was dried under N2 flow at 80 °C. Yield: 95.2 mg (0.024 mmol; 93%). 1H NMR (500 MHz, Methanol-d4) δ 8.40 (d, 2H), 7.86 (d, 1H), 7.76 (t, 2H), 7.69 (t, 1H), 7.64 (d, 1H), 7.27 (d, 1H), 7.24 (m, 2H), 3.82 (s, 2H), 3.71 (s, 2H), 2.88 (m, 2H), 2.44 (m, 2H), 1.31 (s, 9H). 13C NMR (126 MHz, MeOD) δ 181.00, 179.65, 160.86, 159.27, 152.57, 149.38, 139.99, 138.61, 124.97, 123.63, 120.44, 113.89, 60.93, 60.85, 53.32, 40.86, 36.95, 27.64.
	Synthesis of sodium 3-(((6-aminopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate [Na(Amine-BMPA-Pr)]. Route 1: 139.5 mg (0.364 mmol) of methyl 3-(((6-pivalamidopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate and 5 mL of 1 M (5.45 mmol) sulfuric acid were combined. The reaction mixture was stirred at 50 °C until the reaction was complete by 1H NMR. The reaction mixture was washed with hexanes to remove unreacted starting material. The aqueous layer neutralized with sodium hydroxide to form the desired product as a sodium salt and sodium sulfate. The resulting solution was evaporated and dried under vacuum overnight to remove water. The dried residue was suspended in anhydrous methanol and placed in the freezer at -35 °C resulting in an orange/yellow solution with white precipitate. The white solid was filtered off and the filtrate was evaporated, and the product was column purified on silica and eluted with methanol. Yield: 24.1 mg (0.078 mmol; 21%) 
	Route 2: The hydrolysis of this ligand followed a modified literature procedure.82 98.9 mg of Amine-BMPA-PrOCH3 (0.033 mmol) was transferred to a 10 mL round bottom flask and dissolved in 0.5 mL of THF:H2O. Next, 0.16 mL of 2M NaOH solution (0.033 mmol) was added to the reaction. The reaction was heated to 60 °C overnight. The next day, the reaction was washed with dichloromethane three times to remove unreacted starting material. The resulting aqueous layer was dried to yield product which was then stored in the freezer until further use. Yield: 88.4 mg (0.29 mmol, 87%). 1H NMR (CD3OD): 8.42 (d, 1H); 7.77 (td, 1H); 7.61 (d, 1H); 7.39 (t, 1H); 7.25 (dt, 1H); 6.76 (d, 1H); 6.41 (d, 1H); 3.78 (s, 2H); 3.59 (s, 2H); 2.84 (t, 2H), 2.43 (t, 2H) ppm. 13C NMR (CD3OD): 181.04; 160.91; 160.64; 149.51; 139.71; 138.61; 124.85; 123.61; 113.13; 108.57; 60.87; 60.83; 53.19 ppm. 
	Copper (II) 3-(((6-aminopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate acetate (Cu(Amine-BMPA-Pr)(OAc)]. 1 equivalent of copper(II) acetate monohydrate (Cu(OAc)2 H2O) was added to 1.5 equivalents of [Na(Amine-BMPA-Pr)] dissolved in water to give a ~100 mM solution of [Cu(Amine-BMPA-Pr)(OAc)]. UV-vis (H2O): 298, 637 nm.
	Copper (II) 3-(((6-pivalamidopyridin-2-yl)methyl)(pyridin-2-ylmethyl)amino)propanoate acetate (Cu(Amide-BMPA-Pr)(OAc)]. 1 equivalent of copper(II) acetate monohydrate (Cu(OAc)2 H2O) was added to 1.5 equivalents of [Na(Amide-BMPA-Pr)] dissolved in water to give a ~100 mM solution of [Cu(Amine-BMPA-Pr)(OAc)]. UV-vis (H2O): 298, 600 nm.
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	The denitrification pathway of the nitrogen cycle consists of multiple NOx interconversions that happen every day in the world around us. Understanding these reactions provides an opportunity to further apply that knowledge to improve our society. From an environmental perspective, 75% of N2O emissions are predicted to come from agriculture. One source of these emissions is Cyt P450nor, where NO reduction leads to N2O formation. Chapter 2 and Chapter 3 focus on modeling the suspected key intermediate of this enzymatic reaction using a sterically hindered porphyrin that is spectroscopically characterized. These results can be extrapolated in the context of Cyt P450nor to learn more about this reaction. From a medical perspective, inspiration was taken from Nature to improve current biomedical devices like catheters which present risks to patients, such as bacterial infections and blood clots. NO is known to prevent these risks. Chapter 4 focuses on catalyst development with inspiration from CuNIR, which efficiently reduces NO2 to NO. The catalysts made in this chapter were characterized electrochemically in conjunction with NO quantification. These results provide important directions for future copper catalyst developments for this biomedical application.
	The work discussed in Chapter 2 provides a stable heme-nitroxyl adduct with a neutral N donor as the axial ligand in organic solvents. This work is relevant for modeling enzymes proposed to have heme-nitroxyl intermediates. Two examples are hydroxylamine oxidoreductase (HAO) which contains an axial bound histidine residue, as well as Cytochrome c nitrite reductase (CcNIR) which contains a lysine residue as the axial ligand. This work focused on full spectroscopic characterization of a six-coordinate ferrous heme-nitroxyl, [Fe(3,5-Me-BAFP)(MI)(NHO)], as well as thorough reactivity studies with NO in the context of Cyt P450nor. Though the axial ligand of the Cyt P450nor active site is a cysteinate residue, the goal of this work was to assess potential electronic structures of Intermediate I that promote NO reduction to N2O. 
	 The formation of [Fe(3,5-Me-BAFP)(MI)(NHO)] was monitored with the addition of [TBA](BH4) to the corresponding 6C {FeNO}6, [Fe(3,5-Me-BAFP)(MI)(NO)](OTf). This reaction models the hydride transfer from NAD(P)H in the Cyt P450nor. The heme-nitroxyl formed from this reaction was found to be stable for hours at -30 °C which was determined to be the most stable heme-nitroxyl complex in organic solvents. The advantage of the prolonged life-time of the heme nitroxyl complex allowed for its isolation as a solid which was found to be stable at room temperature. The vibrational characterization of this complex was coupled with DFT to formally assign the Fe-N stretch and Fe-N-O bend for the first time in the literature. When excess NO gas was added to the heme-nitroxyl complex, N2O was formed in a 93% yield. The reformation of the {FeNO}6 after N2O formation indicates that a ferric product forms followed by immediate binding from the excess NO in solution. Both results indicate that the Fe(II)-HNO complex contains a viable electronic structure for NO reduction in Cyt P450nor.
	Water soluble heme nitroxyl models tend to be more stable than those reported in organic solvents. Two water-soluble heme nitroxyl models are reported in the literature. The first model reported was the Mb-HNO and was found to be the most stable heme-nitroxyl complex with no significant decay. Additionally, a synthetic model [Fe(TPPS)(NHO)] was found to form and decay at room temperature, which has not yet been observed in organic solvents.  Based on the most stable model DFT calculations show that this stability comes from hydrogen bonding between the distal histidine of Mb and the bound HNO, as shown in Figure 5.1. 
	/
	Figure 5.1 Computational models of Mb(II)−NHO, showing a stabilization of the bound HNO ligand by hydrogen-bonding with His64 and a water molecule. Two possible hydrogen-bonding networks are shown (panel A and B). Reprinted with Permission from ref 57. Copyright 2011 American Chemical Society.
	To achieve this type of stability of a heme nitroxyl complex in organic solvents, the bulky bispicket fence porphyrin can be modified to include hydrogen bonding groups in the second coordination sphere of the Fe-HNO moiety. Derivatives of hydrogen bond appended bispicket fence porphyrins were optimized by DFT to determine promising synthetic targets, [H2(3-HO-BAFP)] and [H2(3-NH2-BAFP)], as shown in Figure 5.2. The synthesis of these porphyrins are detailed in Appendix A. Despite the symmetry of these porphyrins, the synthesis of both derivatives posed their own challenges. Initially, these porphyrins were synthesized using a modified procedure of the original bulky bispicket fence porphyrin, [H2(3,5-Me-BAFP)]. First, the aldehyde arm is synthesized with either methoxy or nitro phenol via an Ullman condensation. The porphyrin is synthesized using the aldehyde arm and subsequent modifications are made to obtain the final hydrogen bonding porphyrins. The challenges with this route include difficult purification due to low solubility and low yield for the [H2(3-NO2-BAFP)] and [H2(3-MeO-BAFP)], respectively. Alternatively, the porphyrin was synthesized first to make [H2(Br8TPP)] which would be taken forward to the Ullman condensation prior to modifications to yield the desired porphyrins. Unfortunately, this posed issues with unwanted copper metalation of the porphyrins which were difficult to unmetallated. Future students could redesign and optimize the synthesis of these second sphere bispicket fence porphyrin derivatives.
	The contributions from Chapter 3 include the formation of a thiolate bound heme ls-{FeNO}6 model complex using the bulky bis-picket fence porphyrin, followed by hydride addition. Here, the first NMR characterization was obtained for a thiolate bound ls-{FeNO}6 synthetic model complex. By vibrational characterization, the thiolate-bound ls-{FeNO}6 complex showed Fe-NO and N-O stretching frequencies comparable to those of the native enzyme, indicating that it is a good model for the active site of Cyt P450nor. This work is novel since there is no literature precedence for hydride addition to a thiolate-bound heme ls-{FeNO}6 synthetic model complex. Next, hydride was added to the reaction after forming the thiolate bound ls-{FeNO}6 complex at low temperature in situ. Based on solution IR and NMR spectroscopy, the ls-{FeNO}6 complex was consumed upon hydride addition which leads to decreased ls-{FeNO}7 formation. The results obtained by NMR spectroscopy hint at the undesired reaction between the disulfide present from the initial ls-{FeNO}6 complex formation and the hydride source added to the solution.
	Due to the side reactions possible between NO, thiol, thiolate, and potential HNO that are generated over the course of this reaction, future work should focus on performing the full control experiments to fully understand these side reactions. The knowledge obtained from these studies will aid in determining the conditions for the successful formation of a synthetic thiolate-bound heme nitroxyl model complex in the future. 
	As discussed in Chapter 4, two second coordination sphere derivatives of the BMPA-Pr ligand were synthesized with either an amide or an amine to make the Amide-BMPA-Pr and Amine-BMPA-Pr ligands, respectively. The ligands were metallated with Cu(OAc)2 to obtain [Cu(Amide-BMPA-Pr)(OAc)] and [Cu(Amine-BMPA-Pr)(OAc)] complexes, which were subsequently characterized by UV-vis spectroscopy and cyclic voltammetry (CV). It was determined that [Cu(Amide-BMPA-Pr)(OAc)] was not capable of performing nitrite reduction due to poor substrate binding and low electrochemical stability of the complex. On the other hand, [Cu(Amine-BMPA-Pr)(OAc)] was able to outperform the parent complex [Cu(BMPA-Pr)(OAc)] under inert atmosphere. Based on this work, it was determined that the presence of a hydrogen bond donor in the second coordination sphere does not reduce O2 sensitivity as previously hypothesized.  
	 Future students could synthesize hydrogen bonding derivatives of catalysts with more positive reduction potentials. Two starting points include BEPA-Pr and BEPA-EtSO3, which have reduction potentials of +10 and +55 mV, respectively, which lower the O2 sensitivity of these copper catalysts. Based on previous work it was determined that catalysts with more positive reduction potentials are more selective toward NO production but are slow with respect to nitrite reduction. In comparison to the parent complex, the presence of hydrogen bond donors in the second coordination sphere appears to improve catalysis in comparison to the parent complex under inert conditions. Therefore, in addition to the appended hydrogen bond donors of the BEPA-Pr and BEPA-EtSO3 ligands, a set of asymmetric BMPA/BEPA arms could be synthesized to make a complex with a slightly more negative reduction potential. The addition of the hydrogen bond donors can be used to fine tune the reduction potentials for the lowest O2 sensitivity with the highest Faradaic efficiency for NO generation.
	The work compiled in this thesis contributes to the knowledge of NOx interconversions in nature, more specifically, NO reduction to N2O in Cyt P450nor and NO2- reduction to NO in CuNIR. This work provides insight into the reaction mechanism of Cyt P450nor, indicating that a ferrous heme nitroxyl species is capable of NO reduction to N2O. A new ferric heme thiolate complex was synthesized to better mimic the electronics of the Cyt P450nor active site to study the nitroxyl complex after hydride transfer. This work provides guidelines for monitoring hydride transfer to a thiolate bound {FeNO}6 complex in future studies. New copper complexes were synthesized for NO generation through electrochemical nitrite reduction for biomedical applications. These complexes were synthesized with hydrogen bond donors in the second coordination sphere to reduce the O2 sensitivity of these types of catalysts. It was determined that the hydrogen bond in the second coordination sphere does not affect O2 stability, however it does improve catalysis under ambient conditions. 
	Appendix: Synthesis of Bis-Picket Fence Porphyrins that Carry Hydrogen-Bond Donors in the Second Coordination Sphere
	A.1 Design of Second Coordination Sphere Bis-Picket Fence Porphyrin Scaffolds
	A.2 Route 1: Synthesis of Second Coordination Sphere Porphyrin Scaffolds
	A.3 Route 2: Synthesis of Second Coordination Sphere Porphyrin Scaffolds
	A.4 Modifications to Form the Second Coordination Sphere Porphyrin Scaffolds
	A.5 Future Directions for the Synthesis Second Coordination Sphere Bis-Picket Fence Porphyrin Scaffolds

	General Considerations
	All chemicals were purchased from commercial sources, including Sigma Aldrich, Fisher Scientific, and Cambridge Isotopes, and used without further purification unless noted below. Reactions were performed under inert atmosphere via Schlenk techniques. All solvents were dried and distilled from CaH2 and freeze pump thawed four times to remove water and dioxygen. Preparation and handling of air-sensitive materials were performed under a dinitrogen atmosphere in an MBraun glovebox, equipped with a circulating purifier (O2, H2O <0.1 ppm). 
	Physical Measurements
	UV-vis Spectroscopy. All spectra were recorded using an Analytic Jena Specord S-600 Spectrometer. 
	1H NMR Spectroscopy. A Varian MR 400 MHz instrument was used to record all NMR spectra at 25 °C. 
	Mass Spectrometry. All data were collected using an Agilent 6230 time-of-flight high-performance liquid chromatography/mass spectrometer.
	Density Functional Theory Calculations. All calculations were performed using the program Gaussian 09.152 All geometry optimizations and frequency calculations were performed using the BP86  functional and the TZVP basis set. 107 Calculated frequencies were inspected to ensure the absence of any imaginary frequencies, to confirm that true energy minima were obtained.
	/
	Figure A.1 Computational models of Mb(II)−NHO, showing a stabilization of the bound HNO ligand by hydrogen-bonding with His64 and a water molecule. Two possible hydrogen-bonding networks are shown (panel A and B). Reprinted with Permission from ref 57. Copyright 2011 American Chemical Society.
	The goal of this project was to understand the potential electronic structure effects of hydrogen bonds on the HNO adduct. This work was inspired by the aqueous nitroxyl model, Mb-HNO, which was determined to have unprecedented stability due to two major hydrogen bonding isomers that involve the distal histidine residue present in the Mb active site, as shown in Figure A.1.57 Synthetic model complexes were designed by adding second coordination sphere groups to the pickets of the [H2(3,5-Me-BAFP)] ligand system, where the methyl substituents can be modified to amine or hydroxyl groups to engage in hydrogen bonding interactions with iron-coordinated molecules, in this case HNO. Computationally, scaffolds employing these hydrogen bonding groups appear to be promising synthetic targets for the goal stated above, as shown in Figure A.2. Here, the hydrogen bonding distance between the HNO moiety and the appended hydrogen bonding groups was found to be 2.10 and 1.75 Å for the amine and hydroxyl groups, respectively. The preliminary synthetic pathways for each of these derivatives is discussed below.
	Figure A.3 Synthetic scheme of the modified [H2(3,5-Me-BAFP)] ligands, where the aldehyde arm is synthesized prior to porphyrin condensation.
	This synthetic route is adapted from the original bis-picket fence porphyrin procedure. Here, an Ullman condensation was performed to synthesize the fully substituted aldehyde arm. Although the hydrogen bonding groups are proposed to be an amine or alcohol group, these groups would perform unwanted side reactions in both the Ullman condensation and the subsequent porphyrin condensation. Therefore, nitro and methoxy groups were chosen to act as protecting groups that can be modified to the ideal second coordination sphere groups after the porphyrin is synthesized.
	General synthesis of modified BAFP arms. This synthesis follows a modified literature procedure.63 In the appropriate size Schlenk flask, 4 equivalents of phenol and potassium carbonate (with respect to the aldehyde) were suspended in benzene and stirred for an hour to allow full deprotonation of the phenol. The solvent was then removed under low pressure. Under an inert atmosphere, the resulting solid was dissolved in pyridine followed by the addition of 1 equivalent 2,6-dibromobenzaldehyde and 17 mol% copper(I) chloride. The reaction was refluxed under nitrogen for 17-24 hours. Once the reaction cooled, the solution was poured over ice and acidified with concentrated hydrochloric acid. The crude product was extracted with dichloromethane and subsequently washed with water, saturated aqueous sodium bicarbonate, and again with water. The organic layer was then concentrated using a rotary evaporator to a thick oil. The crude product was purified by column chromatography on silica eluting typically with dichloromethane, unless otherwise noted. Fractions were evaporated and the product was further purified by recrystallization from methanol.
	Synthesis of 2,6-bis(3-nitrophenoxy)benzaldehyde (3-NO2-BAFP arm). The crude product was column purified with 10% hexanes and dichloromethane as the eluent. Yield: 3.01 g (44%) 1H NMR (CDCl3) δ = 10.48 (1H, s); 8.04 (dd, 2H); 7.88 (2H, t); 7.61 (2H, t); 7.59 (2H, t); 7.46 (2H, dd); 6.88 (2H, d).
	Synthesis of 2,6-bis(3-methoxyphenoxy)benzaldehyde (3-MeO-BAFP arm). Yield: 1.8 g (27%). 1H NMR (CDCl3) δ = 10.56 (s, 1H); 7.34 (t, 1H); 7.27 (t, 2H); 6.72 (d, 2H); 6.64 (m, 6H); 3.80 (s, 6H).
	General synthesis of modified bis-picket fence porphyrins. The synthesis of these porphyrins follows a modified literature procedure.63 In a round bottom flask, typically 1-2 g of modified BAFP arm was dissolved in 300 mL of dry dichloromethane followed by the addition of absolute ethanol making up 5-10% of the reaction mixture by volume. The reaction was sparged with nitrogen for 10 minutes, followed by the dropwise addition of freshly distilled pyrrole (1 equivalent with respect to the aldehyde arm) and allowed to sparge for an additional 5 minutes. Next, 0.16 mL of boron trifluoride diethyl etherate (BF3OEt2) was added to the reaction and the mixture was stirred in the dark under nitrogen atmosphere for 1 hour at room temperature. After one hour, the reaction mixture was exposed to oxygen and light, and 0.69 equivalents (with respect to pyrrole) of 2,3-dicyano-4,5-dichlorobenzoquinone (DDQ) were added to form the desired porphyrin, followed by 0.16 mL of triethylamine to quench remaining BF3OEt2. The reaction was stirred for one additional hour before it was concentrated by rotary evaporation to a dark oil. The porphyrin was purified on silica eluting with dichloromethane.
	Synthesis of 2,6-bis(3-nitrophenoxy)phenylporphyrin ([H2(3-NO2-BAFP)]). The general synthesis was performed as outlined above using the 3-NO2-BAFP arm as the aldehyde. Attempts to purify this porphyrin by column chromatography remained a challenge since the solubility of the porphyrin was low and would result in the product streaking down the column. Multiple solvents were considered to achieve better solubility for cleaner purification including dichloromethane, methanol, ethyl acetate, toluene, hexanes, nitromethane, and nitrobenzene. The crude product was characterized by UV-vis and mass spectrometry to determine if any porphyrin was formed. By UV-vis there wasn’t enough heme present to observe a distinct Soret band; however by mass spectrometry there was a peak present indicating that [H2(3-NO2-BAFP)] had indeed been synthesized. Due to the difficult purification conditions, a yield for the [H2(3-NO2-BAFP)] product could not be determined and the crude product mixture was brought forward in subsequent synthetic steps. MS: m/z 1713.35 (M+H).
	Synthesis of 2,6-bis(3-methoxyphenoxy)phenylporphyrin ([H2(3-MeO-BAFP)]). The general synthesis was performed as outlined above using the 3-MeO-BAFP arm as the aldehyde. Unfortunately, this method demonstrated very low yields in the first trial. Subsequent attempts showed no product formation by mass spectrometry; therefore, alternate routes were considered to synthesize this porphyrin. Yield: 30 mg (<1 %). 1H NMR (CH2Cl2) δ = 8.94 (s, 8H); 7.64 (t, 4H); 7.08 (d, 8H); 6.74 (t, 8H); 6.32 (d, 8H); 6.14 (d, 8H); 6.07 (s, 8H); 3.18 (s, 24H); -2.96 (s, 2H). UV-Vis (CH2Cl2): 403, 424, 517, 592, 646 nm. MS: m/z 1592.55 (M+H); 796.7762 (M/2). 
	Figure A.8 Synthetic scheme of modified [H2(3,5-Me-BAFP)], where the porphyrin is synthesized first and metalated with zinc prior to Ullman condensation.
	As discussed above, Route 1 lead to unforeseen challenges including the difficult purification of the [H2(3-NO2-BAFP)] porphyrin and the very low yields of [H2(3-MeO-BAFP)]. In Route 2, the porphyrin is initially synthesized to solve both challenges described above. This route allows for the synthesis of one universal porphyrin that can undergo the Ullman condensation with various phenols to yield multiple modified bis-picket fence porphyrins. Because the Ullman condensation requires a copper catalyst, the porphyrin was first metalated with zinc to prevent the unwanted copper metalation. 
	Synthesis of 5,10,15,20-tetrakis(2,6-dibromophenyl)porphyrin, [H2(Br8TPP)]. The synthesis of this porphyrin followed a modified literature procedure.63 Due to solubility problems with this porphyrin after purification, the 1H NMR spectrum was obtained on a very dilute sample. This solubility issue can be mitigated by the addition of acid; however, this was not done as it would inhibit the metalation step. Yield: 307 mg (34%). 1H NMR (CDCl3) δ = 8.58 (s, 8H); 7.97 (d, 8H); 7.49 (t, 4H); -2.54 (s, 2H). UV-Vis (CH2Cl2) 405, 422, 516, 597 nm. MS 1245.92 [M+H], 623.26 [M/2]
	Method A
	Figure A.11 Synthesis of the [H2(3,5-Me-BAFP)] porphyrin using Route 2, where the [H2(Br8TPP)] ligand was metalated with zinc prior to the Ullman condensation.
	Synthesis of  zinc 5,10,15,20-tetrakis(2,6-dibromophenyl)porphyrin, [Zn(Br8TPP)]. In a 250 mL round bottom flask, 307.4 mg (0.247 mmol) of [H2(Br8TPP)] and 5.759 g (106 eq) of Zn(OAc)2 were dissolved in 40 mL of DMF. The reaction was refluxed overnight at 150 °C. The next day, the reaction mixture was checked by mass spectrometry to ensure metalation had occurred. The reaction mixture was dried under vacuum and column purified. The fractions were rotary evaporated to yield a bright pink/purple powder. Yield: 106.4 mg, 33%. 1H NMR (CD2Cl2) δ = 8.74 (s, 8H); 8.04 (d, 8H); 7.57 (t, 4H). UV-Vis (CH2Cl2) 425, 555 nm. MS: 1310 (M+H). 
	Synthesis of [Fe(Br8TPP)(X)]. The metalation of the H2[Br8TPP] ligand was attempted under multiple conditions with little success. These conditions included multiple different iron sources, including FeCl3, Fe(OTF)3, Fe(AcAc)3, as well as different solvents, including the typical solvents used for porphyrin metalation: DMF and THF, as well as pyridine.  
	Synthesis of 3,5-Dimethyl-bisaryloxyfence porphyrin, [H2(3,5-Me-BAFP)]. This new route was first repeated with the original bis-picket fence porphyrin to determine if this alternative route could be a viable synthetic pathway for the second coordination sphere derivatives. Here, the reaction was adapted based on the synthesis of the 3,5-Me-BAFP arm. In a 10 mL round bottom flask, 3,5-dimethyl phenol (80.5 mg, 0.659 mmol) and K2CO3 (101 mg, 0.731 mmol) were dissolved in 5 mL of pyridine. After 15 minutes, [Zn(Br8TPP)] (48.2 mg, 0.0368 mmol) and 17% mol copper(I) chloride was added to the reaction mixture. The resulting solution was refluxed for three days. After removing the reaction mixture from heat, it was poured over ice, and acidified with concentrated hydrochloric acid. The change in pH aided in washing out the copper catalyst after the reaction, but likely also aided in removing the zinc, yielding the free base porphyrin. The product was then extracted with dichloromethane and washed with water followed by saturated aqueous sodium bicarbonate and water. The organic layer was then rotary evaporated to a dark purple solid and column purified on silica with dichloromethane. The purified product was characterized by 1H NMR, UV-Vis, and MS, all of which matched literature values. Yield: <10 mg, 17%. The 1H NMR and MS are shown in Figure A.14.
	/
	Figure A.14 Left: 1H NMR spectral comparison of the products obtained from the synthesis of [H2(3,5-Me-BAFP)] by Route 1 (red) and Route 2 (blue). Right: Mass spec of the reaction mixture after 72 hours.
	Synthesis of 2,6-bis(3-methoxyphenoxy)phenylporphyrin ([Zn(3-MeO-BAFP)]). The reaction was repeated with 0.16 mL (1.46 mmol) of 3-methoxyphenol and 214 mg (1.5 mmol) of K2CO3 in 15 mL of pyridine. Next, 115.4 mg (0.088 mmol) of [Zn(Br8TPP)] and copper(I) chloride was added to the reaction mixture and refluxed under nitrogen. The resulting solution was monitored by mass spectrometry until no further changes were observed. After 7 days, the reaction mixture was worked up as previously described and was column purified twice on silica, eluting with dichloromethane. Rigorous purification was required for this procedure since a mixture of incompletely substituted porphyrins was obtained as the crude product. Interestingly, despite acidification, the porphyrin remained metalated with zinc as evident by both mass spectrometry, UV-vis and 1H NMR spectroscopy. Yield: 16.3 mg, 11%. UV-vis (CH2Cl2) 433, 564 nm. 1H NMR (CH2Cl2) δ = 9.01 (s, 8H); 7.85 (s, 2H); 7.65 (t, 4H); 7.44 (s, 2H); 7.11 (d, 8H); 6.71 (t, 8H); 6.33 (d, 8H); 6.06 (d, 8H); 5.99 (s, 4H); 3.18 (s, 24H). 
	Method B
	Figure A.17 Synthetic scheme of Route 2, where free base porphyrin, [H2(Br8TPP)], was used for the Ullman condensation.
	Synthesis of 2,6-bis(3-methoxyphenoxy)phenylporphyrin ([Cu(3-MeO-BAFP)]). Method B was performed to compare to the 11% yield obtained by Method A. Here, the reaction was repeated with the unmetalated porphyrin, [H2(Br8TPP)], in place of the zinc-metalated porphyrin. 1H NMR was not obtained for this procedure because the porphyrin was metalated with copper and the complex was paramagnetic. Yield: 26.6 mg, 36%. UV-vis (CH2Cl2) 420, 543 nm. MS: 1653.45 [M+H].
	Copper Removal from [Cu(3-MeO-BAFP)]. This synthesis follows a modified synthetic procedure.153 The reaction was performed at small scale where [Cu(3-MeO-BAFP)] (26 mg, 0.0157 mmol) was added to a 20 mL scintillation vial and cooled to 0 °C. Next, 3 mL of a solution of 2:1 TFA:H2SO4 was added, and the reaction mixture changed from a bright pink to a dark blue/green color. At this point, an aliquot of the reaction mixture was removed to obtain a UV-vis spectrum in dichloromethane. Those data indicated that the copper was successfully removed. Unfortunately, the porphyrin became re-metalated during the work up of this product, which included either neutralizing or diluting the acidic mixture, followed by extraction of the porphyrin with dichloromethane. Based on this result, copper metalation should be avoided by metalating with iron prior to the Ullman condensation.
	Figure A.18 Synthetic scheme for the reduction of the nitro groups of [H2(3-NO2-BAFP)] to amines to yield the desired porphyrin ligand [H2(3-NH2-BAFP)].
	Synthesis of 2,6-bis(3-aminophenoxy)phenylporphyrin, [H2(3-NH2-BAFP)]. This synthesis followed a modified literature procedure.154 This reaction was performed with crude porphyrin to observe the full reduction of all 8 nitro groups to amines. Here, 63 mg of crude [H2(3-NO2-BAFP)] and 63 mg of Pd/C were added to an oven dried Schlenk flask under inert atmosphere. Since the porphyrin could not be purified prior to the reaction, the amount of [H2(3-NO2-BAFP)] in the reaction was unfortunately not exactly known. Using Schlenk techniques, materials were dissolved in 7.5 mL of absolute ethanol. While under nitrogen, 0.5 mL of hydrazine monohydrate and 1.5 mL of absolute ethanol were added to an addition funnel and added dropwise to the refluxing solution. The reaction was allowed to reflux overnight. The next day, the solution was filtered over celite and washed with 100 mL of hot ethanol and dichloromethane. The reaction mixture was checked by mass spectrometry to reveal a large m/z at 1471.55, indicating successful reduction of all 8 amines. Additionally, there were peaks present at 1713.34, 1575, 1558.62, 1534.46, and 1499.80, indicating leftover starting material and partially reduced nitro groups. Unfortunately, further characterization by UV-vis and 1H NMR spectroscopy could not be obtained since the reaction was too crude to properly characterize the product. For this reason, the yield is also unknown. 
	Figure A.20 Synthetic scheme for the hydrolysis of [H2(3-MeO-BAFP)] to the desired porphyrin ligand [H2(3-OH-BAFP)].
	Synthesis of 2,6-bis(3-hydroxyphenoxy)phenylporphyrin, [H2(3-OH-BAFP)]. This synthesis followed a modified literature procedure.155 20 mg (0.013 mmol) of [H2(3-OH-BAFP)] was added to a Schlenk flask and dissolved in 1 mL of dichloromethane under inert atmosphere. Next, 0.6 mL of 1 M BBr3 in dichloromethane was added to the reaction mixture and allowed to stir at room temperature for 8 hours. The reaction mixture was quenched with water followed by the addition of ethyl acetate to extract the product. The organic layer was dried with sodium sulfate and rotary evaporated to dryness. No yield was recorded due to the scale of the reaction; however, the crude product may be purified by chromatography over silica with dichloromethane to elude the starting material [H2(3-MeO-BAFP)], and with increasing ethyl acetate to elude the product. UV-vis (CH2Cl2): 404, 423, 518, 549, 590, 644 nm. 1H NMR (acetone-d6) δ = 10.43 (br s, 1H); 9.01 (s, 8H); 8.14 (s, 5H); 7.78 (t, 4H); 7.10 (d, 8H); 6.77 (t, 8H); 6.24 (m, 22H); -2.69 (s, 2H). MS: m/z 1480.43 [M+H].
	 As previously stated, the adapted synthetic procedure for the bis-picket fence porphyrin, as shown in Route 1, had unforeseen difficulties with respect to purification and yield. Therefore, Route 2 was pursued where the 2,6-dibrominated version of TPP, [H2(Br8TPP)], was synthesized prior to the Ullman condensation to attach the modified bis-picket fence arms. This route ensured that the porphyrin was made in high yield and was easily purified from the crude porphyrin condensation. 
	Next, two methods were employed in preparation for the subsequent Ullman condensation. In Method A, [H2(Br8TPP)] was first metalated with zinc to prevent unwanted copper metalation since the Ullman condensation uses copper to facilitate the reaction. Unfortunately, this step provided its own set of challenges since [H2(Br8TPP)] easily loses its metal in the work up conditions, causing the yields to be lower than expected. Successfully metalated [Zn(Br8TPP)] was taken forward in a control reaction with 3,5-dimethyl phenol to synthesize the well-established 3,5-dimethyl-2,6-bisaryloxyfence porphyrin discussed in Chapter 2. Here, a 17% yield was observed where the zinc is easily removed by acidification during the work up. Based on this result, this pathway appeared to be a promising synthetic route. However, when repeated with 3-methoxyphenol, the zinc remained bound to the 3-MeO-BAFP2- despite the acidic work up. Additionally, the 7-day reflux indicated the reaction progression was slow and lead to multiple porphyrins with varying degrees of substitution. 
	In contrast, Method B carries the reaction forward with the free-base porphyrin, [H2(Br8TPP)],  and 3-methoxy phenol, which led to differences in reaction progress and yield. Here, the reaction progression appeared cleaner, yielding fewer, less substituted side products and with a higher yield of 36%. In addition, the reaction took less time and was completed within 5 days. As expected, the copper did metalate the product resulting in [Cu(3-MeO-BAFP)] which, analogous to Method A, did not demetalate post work-up. Based on these two methods, it is proposed that copper metalation generates an active redox catalyst using the porphyrin as a co-ligand that is not accessed when zinc is used. Unfortunately, the methoxy-BAFP seems to have a high affinity for metal ions due to its electron donating substituents, making it difficult to carry out demetallation based on literature procedures. 
	Considering the results discussed above, an alternative route can be used to synthesize the second coordination sphere hydrogen bonding bis-picket fence porphyrins. Here, the 5,10,15,20-tetrakis(2,6-dimethoxyphenyl)porphyrin, [H2((MeO)8TPP)] can be synthesized and metalated according to literature procedure (Figure A.23).155,156 The methoxy arms can then be hydrolyzed to hydroxy groups using BBr3 to prepare for an Ullman condensation with a substituted bromobenzene derivative (Figure A.24). A similar route can be followed to attach the nitro arms to the methoxy porphyrin, as shown in Figure A.25. The amine porphyrin can be synthesized by reducing the nitro groups with Pd/C and hydrazine.
	Figure A.23 Overall synthetic scheme of [Fe((OH)8TPP)(Cl)]
	Figure A.24 Proposed synthesis of [Fe(3-OH-BAFP)(Cl)]
	Figure A.25 Proposed synthesis of [Fe(3-NH2-BAFP)(Cl)]
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