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Abstract

Increasing human population is driving the need to produce increasing amounts of food without
the ability to dramatically increase farmland area. This has been accomplished by the application of
increasing amounts of nitrogen containing fertilizers onto croplands. Nitrogen fertilizer overuse is causing
imbalance in the natural nitrogen cycle via excessive amounts of high oxidation-state nitrogen entering
both the atmosphere and aquatic ecosystems, which are major contributors to global warming and
environmental damage. There is a need to explore synthetic systems which are capable of the reduction
of these pollutants through pathways such as denitrification. This thesis will explore the functionalization
of a dinuclear dinitrosyl iron complex which is capable of coupling nitrosyl to release nitric oxide. The
activity of this system is explored through examination of mono-nuclear dinitrosyl complexes as well as
modification of the secondary-sphere ligand interactions which allow control of nitrous oxide evolution
from a dinuclear dinitrosyl complex. The complete denitrification of nitrate by divalent samarium in a
“single pot” is presented, which represents one of few synthetic systems that are capable of such
reactivity. Preliminary results on nitrate binding and activating iron complexes based on the

pyridinediimine ligand scaffold with tunable secondary-sphere interactions are introduced.
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1.1 Nitrogen Oxides as Pollutants

Though often overlooked as a major source of pollution, agriculture is a significant contributor to
global greenhouse gas (GHG) production as well as pollution of fresh and sea water systems.! Worldwide
agriculture production is expected to increase by 100% between 2005 and 2050 to accommodate for a
growing world population and the development of nations, since developed nations will consume more
calories per capita.2 To accommodate this growth in agriculture, increased use of inorganic fertilizers will
be necessary. From 1961 to 2013, nitrogen (N) fertilizer use increased from 0.9 to 7.4 grams of N per
square meter of cropland per year.® Currently, about 30 to 50% of crop yields are attributed to the
application of commercial fertilizers.* While increased fertilizer input is required to increase crop vyield,
poor government planning of assistance programs and lack of farmer education on the appropriate

application of fertilizers leads to fertilizer overuse.>®
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Figure 1.1.1. Average nitrogen fertilizer input for the top five fertilizer consuming countries. Adapted from
Chaoqun, L. Earth Syst. Sci. Data, 2017, 9, 181-192.

With this drastic increase in fertilizer use it is no surprise that 24% of anthropogenic GHG
emissions can be attributed to agriculture,® with 72% of agricultural nitrous oxide emissions coming
directly from fields and grazing areas.” Approximately 50% of the N that is added to fields is not taken up

by crops, instead being washed away by irrigation or consumed by denitrifying bacteria.® GHG emissions



from agriculture are dominated by nitrous oxide, ammonia, methane, and carbon dioxide. Farming
contributes to 80% of total yearly nitrous oxide emissions while ammonia and methane are 70% and 40%

respectively.®10

GHG emissions are not the only source of agriculture pollution, however, with nitrite and nitrate
pollution having serious adverse effects on aquatic systems.!! With approximately half of applied fertilizer
not being taken up by crops, an average of 25% of the unabsorbed N is transported to coastal waters with
the rest being converted to gaseous N and stored in soils.!? The presence of fertilizer run-off in aquatic
ecosystems leads to a serious problem. Algal blooms, driven by the presence of significant quantities of N
in estuaries such as the Mississippi river basin, cause massive areas of hypoxia (low oxygen concentrations
in water) which stifles marine life. The amounts of phosphorous (P) from fertilizer has little effect in highly

saline water, however, it should not be overlooked, especially in freshwater systems.*

The increase in use of nitrogen fertilizer is affecting the natural nitrogen cycle. Anthropogenic
pollution is causing a buildup of nitrate which must be addressed. Taking inspiration from nature,
scientists can develop synthetic systems capable of reducing the pollutant nitrate back to benign

compounds or even useful feedstocks to close the loop and complete the nitrogen cycle**

N, =N, O<+—=NO<— NO,

2 2

Nitrogen Denitrification

Fixation
NH, NO,

3
Nitrification
NHZOH — Noz'

Figure 1.1.2. A simplified nitrogen cycle showing the major pathways.



1.2 Nitric Oxide as a Signaling Molecule

Nitric oxide, a component of the nitrogen cycle, is not only toxic but also an important signaling
molecule in many biological systems. The small molecule easily passes through cell membranes and at
modest concentrations (nanomolar) is able to affect various essential processes from smooth muscle
relaxation, thrombosis, cell propagation, and many others.'® The production of nitric oxide is handled by
the enzyme nitric oxide synthase (NOS) found in many different tissues, endothelial NOS (eNOS) and
inducible NOS (iNOS) are thought to primarily act as cardiovascular signalers and inflammation response
initiators, respectively.’® The family of enzymes produce nitric oxide through the oxidation of L-arginine
shown by equation 1.1 While nitric oxide is primarily thought to be produced from L-arginine, as shown
below, more recently it has been found that the nitrite anion is also a source of cellular nitric oxide,

particularly when the cell is experiencing hypoxia.t®

2 L-arginine + 3 NADPH + 3 H" + 4 O, < 2 citrulline +2 NO + 4 H,0 + 3 NADP* (1.1)

Soluble guanylyl cyclase (sGC), a heme-centered protein, is a known target for eNOS generated
nitric oxide.® Upon reaction with sGC, the five-coordinate iron mononitrosyl complex (MNIC) is formed
which in turn produces cyclic guanosine monophosphate (cGMP), the signal for vasodilation as well as
many of the other important functions of nitric oxide such as neurotransmission, smooth muscle
relaxation, and anti-platelet aggregation.'® Nitric oxide also plays a role as a cytotoxic agent, and has been
investigated as a potential anti-cancer agent. Tumor cells that have been modified to over-express iNOS
have shown promise as potential treatment with a minimum therapeutic concentration of nitric oxide
around 200 nM, although achieving these high concentrations of nitric oxide has proven difficult.?° Nitric
oxide has also been studied in E. coli bacteria for its cytotoxic effects, where it was found that nitric oxide
deactivates an iron-sulfur cluster, dihydroxyacid dehydratase (llvD), causing branched chain amino acid

(BCAA) depletion and subsequent cell death.?!



Figure 1.2.1. The heme domain of mammalian sGC with an O, ligand bound to the iron featuring a
hydrogen bond to a tyrosine residue (a) and close-up of the heme (b). Adapted from Poulos, T. Current
Opinion in Structural Biology, 2006, 16, 736-743.

So far, approximately 200 unique iron-sulfur cluster containing proteins have been identified,
controlling important biological processes such as sugar metabolism, heme and biotin biosynthesis, amino
acid synthesis, RNA modification, DNA synthesis and repair, and gene expression regulation.?? Nitric oxide
is thought to act as a biological signal by modification of these non-heme iron-sulfur cluster proteins as
well as targeting heme-containing proteins.?! In vitro studies have shown that, when introduced to nitric
oxide, iron-sulfur proteins form dinitrosyl iron complexes (DNICs). Formation of these complexes is often
times monitored by the appearance of an electron paramagnetic resonance (EPR) signal at g = 2.04.%3
Nitric oxide plays a significant role in biology, therefore, studying the pathways that nitric oxide controls

as well as the products of its biological targets is of importance to the greater scientific community.



1.3 Biological Roles of DNICs

Various studies have shown that nitric oxide is used in biological systems to modify [2Fe-2S] and
[4Fe-4S] type cluster proteins to form stable DNICs,?® however, it has been suggested that these DNICs
are not only the inactivated or modified forms of iron-sulfur clusters, but are also capable of delivering
nitric oxide themselves.?* DNICs are thought to be the most abundant nitric oxide containing species in
cells because nitric oxide is highly reactive; DNIC concentration in cells tracks with the upregulation of
iNOS even at low concentrations of nitric oxide (50 nM).?> The ultimate fate of these intercellular DNICs,

however, is still not well understood.

/\ protein
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x - m e

"Fe(NO),"
Transfer
Storage and
Trangsport RS _I B
Targets such as /\ \,_ .wNO
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RS NO
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Figure 1.3.1. Nitric Oxide targeting of a generic [2Fe-2S] protein with subsequent DNIC transfer and heme
nitrosylation.

As the importance of DNICs in biological systems is slowly understood, their exact function is still

a mystery and the focus of intense research.?® Repair of DNICs back to [Fe-S] motifs often can be



undertaken without the need for new protein synthesis such as in the case of endonuclease lll repair by

I-cysteine, cysteine desulfurase (IscS) and ferrous iron.?”

Roussin’s red ester and the reduced Roussin’s red ester have been studied as biomimetics of [2Fe-
2S] clusters, the latter of which is easily studied due to being EPR active.? The reaction of nitric oxide with
Rieske type clusters, [2Fe-2S] clusters where one of the irons is bound to histidine ligands rather than the
usual cystine, indicates that dinuclear DNICs are likely the prominent species that is responsible for the
biological roles of nitric oxide when bound to iron-sulfur clusters. Other dinuclear, non-iron-sulfur clusters
have been synthesized to try and model the reactivity seen in biological DNICs as well as in other systems

such as functional mimics of nitric oxide reductase.?*3!

B N\/‘W\N . _
ON S NO ( _Fe-N-N-g ) ) /
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oN” 87 N 'z T\) s

Figure 1.3.2. A generic Roussin’s red ester (left) and two examples of synthetic DNICs.
1.4 Denitrification in Nature and Synthetic Systems

Denitrification is an important pathway in the nitrogen cycle, encompassing the reduction of
nitrate to dinitrogen. Nature utilizes four different metalloenzymes to complete the transformation from
nitrate to dinitrogen, a five electron and six proton process to yield half an equivalent of dinitrogen. To
date, there are only two synthetic systems that are capable of the transformation from nitrate to
dinitrogen on a single metal center, the first being a nickel centered PNP complex and the second a
lanthanide system.3%* Many microbes that perform tasks along the denitrification pathway are unable to

complete the process leading to the release of gaseous nitrogen oxides as GHG’s.>



Nitrite Nitrate Nitric Oxide Nitrous Oxide
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Figure 1.4.1. Denitrification in biology, enzymes are named above each step with the active site metal
below.

The conversion of nitrate to nitrite is handled biologically by nitrate reductase (NR) which is
dependent on a molybdenum cofactor in all forms of NR.3* Synthetically, there are several systems which
boast the ability to reduce nitrate. Notable examples include inner sphere reduction of nitrate by the
lanthanide cerium(lll) to nitrite.®> Other examples are iron pyridinediimine (PDI) complexes with hydrogen
bond donors in the secondary coordination-sphere that reduce nitrate to nitrosyl,® and a molybdenum

complex that releases nitrite.3’

» R
R%'\L \N)

Figure 1.4.2. A general scheme of nitrate reduction by a Ce(lll) complex (top) and a Fe PDI complex
(bottom).

Nitrite reduction biologically can go through two different pathways, either by the multielectron

reduction to ammonium,® or the single electron reduction to nitrosyl.>® The reduction to ammonium



being utilized for protein synthesis and reduction to nitrosyl as a terminal electron acceptor for anerobic
respiration. Many synthetic systems have been designed to mimic the activity of the latter case, for
example the above iron PDI complex and its associated complexes are able to reduce nitrite to nitrosyl
forming stable DNICs.**%4! The DNICs formed through this reaction have been studied extensively for
their ability to act as mimics of the DNICs formed in intracellular nitric oxide reactions and because of their

unusual electronic structures.?%4?

Nitric oxide reduction, the next step along the denitrification pathway, is handled by the family of
enzymes known as nitric oxide reductase (NOR). Bacterial cytochrome c dependent NOR (cNOR) features
a bimetallic active center with a heme and non-heme, Glu, His, His, His coordinated iron center,* the
mechanism of this reaction is still debated.* The aforementioned reaction, done by bacteria in soil, is the
largest contributor to global nitrous oxide emissions and research has been undertaken to try and limit
the activity of such bacteria.®® In synthetic systems, nitric oxide reduction is often reported to proceed
through a hyponitrite species,?* and the N-N bond formation and N-O bond cleavage in the reductive

coupling of nitric oxide are of particular interest to synthetic chemists.*?

His207

His258 ﬂ
N Glu280

His259 \ ')_

Figure 1.4.3. lllustration of the active site from bacterial nitric oxide reductase showing the heme bs iron
and the non-heme Glu, His, His, His coordinated iron centers with a bridging oxide. Adapted from Hino, T.
Science 2010, 330, 1666-1670.



The final step in denitrification, the reduction of nitrous oxide to dinitrogen is handled by nitrous
oxide reductase (N,OR) in denitrifying bacteria. These bacteria use nitrous oxide as an electron acceptor
for respiration, utilizing a dicopper active site.*” This reaction is of particular interest due to the potency
of nitrous oxide as a GHG and its deleterious effects on the ozone layer.*® Several homogeneous systems

have been developed to mimic this reactivity by catalytic hydrogenation of nitrous oxide.**°

The denitrification pathway of the nitrogen cycle is an important set of reactions. These reactions
not only are important in biology, where plants and bacteria use nitrogen oxides for synthesis and
respiration, but also in synthetic chemistry where N-N bond formation is desired, or when fighting the

advance of climate change induced by human activity.

1.5 Redox Active Ligands

Redox active ligands can accept (or donate) electrons, but this class of ligand generally has a
clearly defined oxidation state, where as a ligand classified as redox non-innocent has an ambiguous
oxidation state. Redox non-innocent ligands are not a new concept in coordination chemistry, with
Jorgensen classifying ligands as “innocent” or “noninnocent” in 1966.%! There are many different non-
innocent ligands, however, potentially the most ubiquitous is the porphyrin. Many examples of porphyrins
exist in biology with one example of this being compound | in cytochrome P450; this heme acts as a
hydroxylation catalyst which involves a radical cation intermediate.>? Though these radicals are generally

short-lived, some examples of porphyrinoid radicals are very stable.>

Nitric oxide or nitrosyl as discussed earlier is another example of a common redox non-innocent
ligand. Nitrosyl as a ligand is capable of assuming one of three different oxidation states, NO*, NO°®, and
NO".>3 In metal mono-nitrosyl complexes, the oxidation state of the nitrosyl can sometimes be indicated
by the bending of the M-N-O unit with decreasing bond angle indicating a more reduced nitrosyl.>* In the
case of dinitrosyl complexes, and particularly DNICs, structural analysis often falls short, requiring the use

of the Enemark-Feltham notation because of the ambiguity of metal-ligand oxidation states.>® The



notation {M(NO)}Y is used to describe the metal nitrosyl unit as a whole with ‘y’ denoting the number of
d-electrons shared between the metal and the nitrosyl(s). For example, a cationic Fe(NO), unit bound to
two methionines would have a Enemark-Feltham notation of {Fe(NO),}° because the iron has eight d-
electrons, each nitrosyl has one electron, thiols are neutral ligands (L-type), and the overall charge is +1
so one is subtracted from the count to give nine. Much work has been done to elucidate the formal

oxidation states of DNICs with the help of computation.*?

| | |
M M M

Figure 1.5.1. The three oxidation states of nitric oxide, showing an increasing M-N-O bond angle with
reduction. Approximate ranges for M-N-O bond angles are as follows; NO* > 165°, NO* > 135°, NO < 135°.

Finally, the pyridinediimine (PDI) is an example of a redox-active ligand scaffold that has received
much attention. The ability of the PDI to store electrons means that the redox chemistry of the complex
is not limited only to what oxidation states are accessible to the metal center itself, but complimented by
the ligand scaffold.>® This ligand scaffold is not only a store for electrons, but also has a highly modifiable
secondary sphere, the parts of the ligand that aren’t directly involved in binding the metal center.
Examples of this include crown-ethers used for anion reduction rate enhancements,*® hydrogen bond
donors that are able to stabilize an iron(ll) hydroxo species,® and even Lewis bases that are able to

enhance rate kinetics while also stabilizing reaction intermediates.>®
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Figure 1.5.2. Three oxidation states of the PDI ligand scaffold which features a N,N,N coordination
environment.

These, of course, are not the only examples of redox active ligands.>* The examples here are
important because often the early transition metals are limited in their oxidation states, these types of
redox active ligands may lend themselves to enhancing the redox chemistry of the more abundant early

metals while granting more noble metal-like properties.

1.6 Lanthanide Deoxygenation

Oxygen atom abstraction has been of interest as a possible route to denitrification, such as the
use of the Mashima reagent to reduce nitrate to nitrosyl on a chromium center,* or a nickel center that
forms a bimetallic complex.'* The only work that has focused on reduction of nitrate on a lanthanide was
shown only as a route to nitrite, the two electron reduced product.? There has been work conducted by
Evans et. al. demonstrating (Cp*).Sm(THF), as a powerful reductant, capable of deoxygenating nitrous
oxide to form a u-O trivalent samarium complex.®® Furthermore, it has been shown that divalent
samarium is capable of forming N-N bonds from the reduction of nitro groups, which then can be further
reduced to form aryl amines.®! We reasoned that as the lanthanides are reasonably oxophilic,% it should

be possible to complete the deoxygenation of nitrate to more useful or benign products.
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1.7 Project Goals

This thesis will explore denitrification through two pathways, 1) the characterization of the
reactivity of a lanthanide system that completes the denitrification pathway on a single metal center and
2) characterization of a Fe(PDI) system that reduces nitrite to nitrosyl which it then couples to release
nitrous oxide. The former has shown potential to be an electro-catalytically active system, which has never
before been seen in the literature for a lanthanide complex. The latter is applicable to the continued study
of iron-nitrosyl complexes as they pertain to biological systems as well as the mechanism of N-N bond

formation, which is of interest to synthetic chemists.
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2.1 Nitrite Reduction

As described in section 1.4, nitrite reduction is undertaken in natural systems by a class of enzymes
known as nitrite reductases. These enzymes utilize either a dicopper active site or a d; heme to facilitate
the reduction of nitrite to nitric oxide, a two proton and one electron process.®® There are many examples
of synthetic complexes that will reduce nitrite to nitric oxide, many of which are based on iron
coordination complexes that form stable mono and di-nitrosyl complexes.?54%%8 Studying this reaction as

well as the products that are formed can give valuable insight into the activity of biological systems.

The iron-PDI complex, *™'PDIFe(CO), (1Fe(CO),), can perform the reduction of two equivalents of
nitrite at room temperature and pressure. The reaction is facilitated by the addition of a stoichiometric
amount of acid; in this case, two protons per nitrite. The major product that is formed, [P""'PDIFe(NO),]*
([1Fe(NO).]*), is characterized as a {Fe(NO),}° in the Enemark-Feltham notation.>® This notation is useful
to scientists studying metal nitrosyl complexes because the redox-noninnocence of the nitrosyl ligands
makes formal assignment of metal and nitrosyl oxidation states nearly impossible. Using this notation, the
iron-nitrosyl moiety is treated as a single entity with DNIC complexes having two accessible oxidation
states. An {Fe(NO),}° complex, as mentioned above, is the oxidized version of a DNIC which has 9 valence

electrons, whereas the {Fe(NO),}** would be the reduced version of a DNIC having 10 valence electrons.

NO, : N7
A 2 - ipr Il 7
j o 2CO a | -H,0 % j
i o O . i
iPr o N -HZO iPr = N) iPr ZO (@) N

Scheme 2.1.1. A hemi-labile pyrrolidine in the secondary coordination-sphere (left; 1Fe(CO),) allows for
the isolation of a nitrite reduction intermediate complex (center; [LFe(NO)]*) with the ultimate formation
of a {Fe(NO).}° complex (right; [1Fe(NO).]*).

The rate of nitrite reduction is sensitive to the groups present in the secondary-coordination sphere

of the metal and can be increased through the addition of a Lewis acid encapsulated in a crown ether,*
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or drastically increased by the addition of a proton relay such as is the case with 1Fe(C0),.>® The proton
relay in the secondary-coordination sphere was found to be involved not only in assisting proton transfer
to the active site, but also as a base that could interact with the metal center itself; this interaction is
important in the stabilization of a nitrite reduction intermediate. The presence of a hemi-labile base in
the secondary sphere, therefore, could stabilize other similar interactions because of the increase in

coordination sites.

2.2 Dinuclear DNIC Synthesis and Characterization

Electrochemical analysis of [1Fe(NO).]* shows two reversible events in MeCN at E % =-0.9063 and
-1.8388 V, internally referenced to ferrocene (Fc/Fc* E % = 0.00 V), with the former event corresponding
to the {Fe(NO),}**°redox couple and the latter to the reduction of the PDI backbone. With this knowledge,
work was undertaken to isolate the one electron reduced product, ¥™'PDIFe(NO), (1Fe(NO),). It was
found that instead of the formation of the expected mono-nuclear product, *™'PDIFe;(NO)s (1Fez(NO)a)
was formed. Reduction of [1Fe(NO),]* to form 1Fe,(NO)s was carried out using the one-electron reductant
cobaltocene (E %5 =-1.33 Vin DCM) (Figure 2.2.1). Upon addition of a concentrated cobaltocene solution
to a stirring DCM solution of [1Fe(NO).]* a color change from brown to red/brown was observed as well
as the formation of a bright yellow precipitate. Reaction completeness was monitored by transmission IR,
following the strong, characteristic vno. The solution was allowed to stir for 1 hour before being filtered
through celite to remove the yellow precipitate, cobaltocenium hexafluorophosphate, and dried to yield

crude product.
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Figure 2.2.1. Cyclic voltammogram of [1Fe(NO)]* (approximately 5 mM) in CHsCN, glassy carbon working
electrode, platinum wire counter electrode, and 0.1 M TBAPF¢ supporting electrolyte. OCP: -0.4 V.

Upon reduction, the vyo of the [1Fe(NO),]* at 1785 and 1716 cm™ (Figure S1) shift bathochromically
approximately 92 cm™ to 1688 and 1629 cm™ (Figure 2.2.2). This shift is consistent with a one-electron
reduction of the Fe(NO), unit and caused by increased occupancy of the NO antibonding orbitals,
weakening the bond.?® The two observed vno for [LFe(NO),]* split forming four distinct nitrosyl vibrations
with an decreased Avno (57 and 61 Acm™ for 1Fez(NO)4 versus 70 Acm™ for [1Fe(NO),]*) which indicate
the geometry around the iron centers, as well as the number of nitrosyl ligand, has changed. The identity
of the nitrosyl vibrations was confirmed via °N labeling of the nitrosyl ligands in the synthesis of

[1Fe(NO),]* via Na®®NO,, which resulted in a Avno of 34 cm™ (calculated Avyo: 33 cm™).
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Figure 2.2.2. Transmission IR spectrum of 1Fez(NO), in DCM with 1Fe,(**NO), (dotted line).

The crude DCM solution of 1Fe(NO)s was layered with pentane to form dark red/brown crystals
suitable for X-ray crystallography in 48% yield. The ORTEP image of 1Fe;(NO), (Figure 2.2.3) confirms the
formation of a new complex featuring two, tetrahedral, dinitrosyl iron centers (74, = 0.855 Fe(1) and 0.867
Fe(2)) (T4 = 1 for tetrahedral and = 0 for square planar). Formation of similar complexes was not observed
for PDI ligands with no base in the secondary-coordination sphere or with bases that are too sterically
encumbered to enter the van der Waals radius of the iron. Analysis of the Cimine-Nimine bonds between
[1Fe(NO).]* and 1Fex(NO)s (1.284 A and 1.280 A, respectively) indicate the PDI scaffold is not directly
involved in the reduction. Comparison of the average Cimine-Cpoyrigine bonds shows no significant difference
(1.488 A for [1Fe(NO).]* and 1.475 A for 1Fe;(NO)s), however, these bonds are distorted in 1Fe,(NO)s
(A0.020 A) because of the change in conformation and therefore comparison of these bonds between the
two complexes should be avoided. The lack of Cimine-Nimine lengthening upon reduction indicates that the
PDI ligand remains in the neutral oxidation state. This is in good agreement with the literature assignment
of the E % = -0.9063 V redox event of [1Fe(NO).]* belonging to the {Fe(NO).,}*’*° couple while the latter
event likely belongs to the reduction of the PDI backbone. The nitrosyls on both iron centers are in an
‘attracto’ conformation and the average nitrosyl bond length increases by 0.015 A while the Fe-N(O) bonds
are observed to shorten by 0.046 A, a result of the increased m-backbonding between the metal and

nitrosyl.
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Figure 2.2.3. Reduction of [1Fe(NO).]* to form 1Fe,(NO), with ORTEP view of 1Fe;(NO), (top) and
synthesis of the {Fe(NO),}!° complex 5Fe(NO); with a bulky pendant amine, preventing the formation of
a dinuclear complex (bottom).

The *H NMR of 1Fez(NO)s in CD,Cl, shows that the complex is diamagnetic (S = 0) (Figure S20), which
is confirmed in the SQUID experiment see