© Copyright 2021

Chaau Yan Poon



Dioxygen Activation by Thiolate Ligated Complexes
with Tunable w-acceptor N-heterocyclic Ligands

Chaau Yan Poon

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2021

Reading Committee:
Julie A. Kovacs, Chair
Brandi M. Cossairt

Daniel R. Gamelin

Program Authorized to Offer Degree:

Chemistry



University of Washington

Abstract

Dioxygen Activation by Thiolate Ligated Complexes
with Tunable n-acceptor N-heterocyclic Ligands

Chaau Yan Poon

Chair of the Supervisory Committee:

Professor Julia A. Kovacs

Department of Chemistry
Dioxygen reduction and water oxidation are critical processes for aerobic life. Developing a
better understanding of O-O bond activation and formation mechanisms mediated by
metalloenzymes involving first-row transition metals such as Fe and Mn, would provide valuable
insights for catalyst and drug development. While synthetic iron and copper oxo species
generated from Oz have been extensively studied, the process of manganese dioxygen activation
and its intermediates is comparatively unexplored. This dissertation focuses on the synthesis,
characterization, and dioxygen reactivity of structurally analogous Mn- and Fe-thiolate
complexes with tunable N-heterocyclic amine ligands. Chapter one provides an introduction to
oxygen-evolving and oxygen-dependent metalloenzymes containing Mn and Fe
metallocofactors. Chapter two highlights how metal ion Lewis acidity and steric properties
influence the kinetics and thermodynamics of O activation by a series of structurally analogous

Mn-thiolate complexes. A total of four high-valent Mn-oxo intermediates were observed along

the O activation pathway, including Mn'"'"Mn'(u-ox0)(u-OH) intermediates. Chapter three



covers the hydrogen atom transfer activity by the Mn"'Mn'V(u-oxo)(u-OH) intermediate
characterized in chapter two. Chapter four focuses on the synthesis, characterization, and
preliminary O reactivity of Fe-thiolate complexes that possess a tunable N-heterocyclic amine,
wherein a less Lewis acidic Fe'' species within the structurally analogous series led to the
observation of a new O activation intermediate. Chapter five discusses the comparison between
the structures and reactivities of alkoxide- and thiolate-ligated Mn alkylperoxo species with
otherwise identical ligand frameworks, which demonstrates key insight into how the primary

coordination sphere of active sites could alter their reactivity.
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Chapter 1. Introduction

1.1 Bioinorganic Chemistry

Proteins, made of amino acids, are critical for biological processes in living organisms.
One third of crystallographically characterized proteins are shown to contain metal cofactors,
most of them are first row transition metals, such as manganese, iron, cobalt, nickel, copper, and
zinc.? Apart from nickel, the five earth abundant transition metals named above are essential to
human health.®> Among them, redox active manganese, iron, cobalt, and copper are involved in
many catalytic processes, such as water oxidation*>, DNA replication and repair®, dioxygen
transport’, and removing reactive oxygen species (ROS)®°. The availability of different oxidation
states of these transition metals affords various available coordination geometries and allows for
changes in ligand affinities. These properties are crucial for molecule and electron transfer
reactions. Further understanding of these well-tailored metalloenzymes’ processes would provide
insights into probing catalysts and drugsi®. However, direct mechanism studies on these
metalloenzymes have limitations due to the highly reactive nature of their intermediates.
Isolation and characterization of short-lived intermediates in the enzymatic systems have proven
to be difficult due to the solubility and temperature constraints of the large-size proteins, and the
amino acid residues surrounding the active site of interest.

The field of bioinorganic chemistry is a combination of many disciplines, including
biochemistry, inorganic chemistry, coordination chemistry, molecular and structural biology.3 As
the environments of active sites in natural metalloenzymes are well-tailored for their specific
processes, it is important to understand the reasoning behind the selections of metal cofactor and
substrates. Through small synthetic transition metal complexes mimicking the primary

coordination sphere of the metal active sites, bioinorganic chemists are able to gain important



insights into the functions of metalloproteins, and their catalytic mechanisms. With biomimetic
models, one could replace the metal centers as well as modifying the ligand scaffold for
electronic and steric purposes.!* This benefit will be illustrated throughout this dissertation, as
the N-heterocyclic ligand scaffold of the study was modified with more electron donating and

less sterically bulky substituents.

1.2 Oxygen Evolving Complex of Photosystem I

Using the isotopic ratio of sulfur formed, it was determined that concentration of
dioxygen, key to all aerobic life, increased significantly and became a major component of the
Earth’s atmosphere roughly 2.45 billion years ago, also known as the “Great Oxidation
Event” 1213 Dioxygen in the atmosphere, along with four protons and four electrons, are the
products of sunlight-powered water oxidation in photosynthesis. (Equation 1.1) Along with
oxygen reduction, the two redox reactions are, without a doubt, the most crucial processes for all
aerobic organisms.

2H,0 > Oz +4H* + 4~ (L.1)

Photosystem Il (PSII), found in algae, plants, and cyanobacteria, is the most efficient
natural system in converting solar energy into chemical energy. The catalytic core in PSII,
known as oxygen evolving complex (OEC), is a CaMnsOx cluster, which accumulates oxidizing
equivalents in the water oxidation processes through a range of Mn oxidation states.!*" (Figure
1.1) The proposed catalytic cycle for water splitting by this heteronuclear oxo-bridged cluster is
known as the Kok cycle, shown in Scheme 1.1.18° Each of the S states (So to S4) represents five

different manganese oxidation states of the OEC throughout the process of water oxidation and



dioxygen evolution. Specifically, the Kok cycle begins with the most reduced cluster (So state,
Mn"'sMn'Y), followed by stepwise oxidations to the cluster, forming the dark-stable S; state
(Mn'";Mn"Y2), and then the S, state (Mn""Mn'V3). Umena et al. reported a high-resolution X-ray
structure of the Sy state with 1.9 A resolution in 2001.2° However, while significant progress on
characterization of the cluster and mechanistic pathway has been developed for the conversion
from So to Ss (Mn'Vy) states through electronic absorption, X-ray, and EPR spectroscopies,'#1%?1-
23 the crucial process from Ss to So involving the O-O bond formation and O2 evolution remain
elusive.’® The O-O bond formation prior to the release of Oz involving the transient Ss state is

believed to be the rate-determining step (RDS) of water splitting of the OEC.'®?4% An

unobserved peroxo intermediate is proposed along Ss to So, prior to the O, evolution,?426-32

Figure 1.1. ChemDraw representation of oxygen evolving complex (OEC), a CaMn4Os cluster,
and its ligand environment.*?°



Scheme 1.1. Kok cycle®® of water oxidation by oxygen evolving complex. Each S states (So to
Ss) represents the CaMn4Ox cluster intermediates at different Mn oxidation states, labelled in
yellow boxes.*
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Biomimetic models have been developed in the hopes of providing more thorough
structural, spectroscopic properties of the OEC, not only for a better understanding of the water
splitting mechanism, but also for the development of water oxidation catalyst. Recently, the
Agapie group successfully synthesized a rare tetranuclear Mn'V4O4 cluster that mimics the high
valent S; state of OEC.>® This S = 3 ground state model not only matches the Mn oxidation states
of the S state, but also reported a spin state change mirroring the oxidation from S, (S = 1/2) to
Ss state (S = 3), which is its reduced form Mn'"'"Mn'V3.33 In spite of the efforts contributed to
harnessing the water oxidation power of OEC, the development of manganese oxo clusters
mimicking the active site, even more so for synthetic models that could perform water oxidation,

has been proven challenging.3* Hence, studies on O, activation, the microscopic reverse of O-O



bond formation, would be beneficial for insight on the unobserved intermediates proposed for

the Sz to So mechanism.

1.3 Dioxygen Chemistry with Manganese Synthetic Models

Unlike Fe and Cu®“, which nature often employs for enzymatic O, activation,
manganese dioxygen chemistry with synthetic models remains relatively unexplored.*>*> The
exploration of manganese-oxo intermediates continuously provides a more complete picture for
the O-O bond cleavage pathway.*>#6%° (Scheme 1.2) Previously the Kovacs group has shown a
crystallographically characterized Mn'',-p-peroxo with O, activation by a Mn'-thiolate
complex, [Mn"[(LMeP)]* (LMePY = (6-Me-DPEN)N4M2S).42 An unobserved Mn'V=0 intermediate
was proposed to be following the O-O bond cleavage of the peroxo intermediate, en route to the
thermodynamic product Mn'"'>-(u-0x0).#? (Scheme 1.2, gold highlight) A Mn'""-OH species can
be generated through hydrolysis from Mn'",-(u-0x0).%! Further discussion expanding on O
activation with structurally analogous Mn'' complexes will be discussed in chapter two.

Another two pathways are demonstrated by the Borovik group® (Scheme 1.2, purple
highlight) and Duboc group®®5® (Scheme 1.2, grey highlight). Dioxygen reactivity with tripodal-
ligated [Mn'(1%?)(OAC)]* reported by the Borovik group results in a Mn"'-OH, through
hydrogen atom transfer (HAT) by a proposed Mn'V=0 intermediate®. (Scheme 1.2, purple
highlight) Meanwhile, a dinuclear [Mn''>(LS)(LSH)]* complex characterized by the Duboc group
reacts with O, and forms a Mn'"y(u-oxo)(u-hydroperoxo) intermediate, which
comproportionates with the starting Mn'"; species to form a Mn'"'»(u-OH) product.>®>® (Scheme

1.2, grey highlight)



Scheme 1.2. Generic proposed mechanisms for dioxygen activation by synthetic Mnll
complexes, the O, activation products for each system are highlighted in: Purple: O reaction
scheme with [Mn''(1%P)(OAC)]* proposed by Borovik et al., yielding a Mn"'-OH product®?;
Gold: 02 activation with thiolate ligated [Mn'"(LM®")]* by the Kovacs group, forming Mn'"',-pi-
oxo, which further reacts with H,O, forming Mn'"'-OH.*2%!; Grey: O-O bond cleavage by
[Mn'"2(LS)(LSH)]* reported by the Duboc ground, resulting in a Mn'"""2(u-OH) species®®%2,
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While various mechanisms of Mn'' O, activation have been proposed with synthetic
models, understanding on the ability to tune the O activation landscape by a systemic alteration
of the ligand environment is limited.*” Chapter two of this dissertation will unfold the
investigation of how metal ion Lewis acidity and steric properties influence the kinetics and
thermodynamics of O activation by a series of structurally analogous Mn-thiolate complexes.
With the aid of stopped-flow experiments, a total of four intermediates, including a superoxo and

peroxo intermediates were observed.



1.4 Ribonucleotide Reductase

Iron and manganese, being the fourth most abundant element and third most abundant
transition metal in the Earth’s crust respectively, are found in about 14% of metalloenzymes.>*
Both ions with +2 oxidation state, proximal in the Irving-Williams series®®, have similar ionic
radii, coordination number preferences, and ligand affinities. Mis-metalation between the two
ions have been shown in enzymes,®® 8 leading to defective function of the protein. The
determinants of how nature selects their transition metals, in particular between iron and
manganese for reasons mentioned above, have yet to be thoroughly explored.>*°658-60 The
bimetallic Class I of ribonucleotide reductase (RNR) might shed light onto this matter.

Ribonucleotide reductase mediates the synthesis of deoxynucleotides, which is essential
for accurate DNA replication and repair in all organisms. The family of RNRs are categorized
into three classes (Class | to Ill) depending on their oxygen dependence (aerobic versus
anaerobic), quaternary structure of the enzyme, as well as the type of metal and cofactor.®6%62
Class I RNRs are consist of two homodimeric subunits, a2 and 2. Catalytic ribonucleotide
reduction occurs at a2 while tyrosyl radical (Y*) is generated in subunit 2.662%2 The tyrosyl
radical is then transferred via proton-coupled electron transfer (PCET) to oxidize a cysteine thiyl
radical responsible for reducing nucleotides are the surface of the protein.®%® While the metal
cofactors in the radical generating active sites of aerobic Class I RNR 2 subunit share common
environment, two histidine residues and four carboxylate ligands, the family of proteins are
divided into five subclasses (Class la to 1le), based on the radical species and/or binuclear

metallocofactors (Fe/Fe, Mn/Fe, or Mn/Mn) that participate place in the generation of tyrosyl

radical (Y*).5:61.62



The metallocofactors in the radical generating Class la and Ib RNR, are Fe''Fe'' and
Mn""Mn"" respectively. While both classes are oxygen dependent, Class la enzymes can be
found in all eukaryotes, apart from unicellular Euglena gracilis, and Class Ib, on the other hand,
are found in eubacteria.®52 While the inactive diiron (Fe''Fe') cofactor of Class la is activated
by O2 (Scheme 1.3, top), the resting dimaganese cofactor (Mn""Mn'", Figure 1.2) in Class Ib is
unreactive towards O, and is oxidized by superoxide (O2*").54% A flavoprotein activator (Nrdl)
is essential to reduce O to superoxide prior to the oxidation of Mn''Mn'"' to Mn"'Mn'!", required
for the radical generation.5*® (Scheme 1.3, bottom) Grave et al. has shown with Bacillus
anthracis class Ib RNR, that the enzyme naturally chooses manganese over iron.>® It was
suggested that the residue near the metal binding site plays a significant role in metal selectivity
between the two metals.> Other than active site environment, the reduction potential difference
between the weakly binding Fe and Mn is among the key aspects considered for nature’s

discrimination between the two metals, despite defying the Irving-William series.®®
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Figure 1.2. ChemDraw representation of dimanganese active site of Class Ib ribonucleotide
reductase from Escherichia coli and its ligand environment.5’

O



Scheme 1.3. Metallocofactor activation and radical generation pathways in Class la (top) and
Class Ib (bottom) RNRs.%
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As the mechanisms of tyrosyl oxidation for Class la and Ib are explored (Scheme 1.3),
further knowledge on the properties of their intermediates could provide insights to the
discernment between iron and manganese in these systems. In both radical activation pathways,
the Fe!''Fe!"" and Mn"'Mn'" cofactors are oxidized by O, and O;*~ to form an Fe''Fe'V and
Mn""Mn'Y intermediates, respectively.®%4 The Mn'""Mn'"V intermediate has been observed and
characterized by stopped-flow UV-vis spectroscopy and rapid freeze quench electron
paramagnetic resonance (EPR) spectroscopy.®® The two manganese ions are proposed to bridge
through an oxo and a hydroxo. (Scheme 1.3, bottom) As a means to understand this short-lived
intermediate better and potentially provide explanation for nature’s selection between the two
transition metals, synthetic biomimetic models and their reactivities with dioxygen and other
reactive oxygen species (ROS) are heavily relied upon. In chapter two and three, characterization
and reactivities of a binuclear Mn'"'"Mn'"V intermediate, generated via O; activation by a Mn'-

thiolate complex, will be discussed.
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1.5 Importance of Thiolate

Amino acid residue cysteine (Cys) has been found in key metalloenzymes that promote
electron transfer and bond activation.%®%® The thiolate (RS) of the residue is found to be ligated
to the first row transition metal cofactors, including iron”®'2 and copper*-%8, at the active sites.
For example, the electron donating cysteinate in cytochrome P450 has been shown to be
responsible for the enzymes’ ability to activate C-H bonds of saturated hydrocarbons (100
kcal/mol).®° Thiolates (RS™) have been shown to form highly covalent bonds to transition metals,
which helps lower the metal’s reduction potential and stabilize the metal at higher oxidation
states through electron transfer and bond activation processes.” " Low spin states of cysteine-
ligated metallocofactors are favored due to the nephelauxetic effect, i.e., the delocalization of

electrons promoted by the covalent metal-thiolate bonds lowering the electron pairing energy.”®

78

1.6 Reactive Oxygen Species and Superoxide Reductases

As mentioned previously, water oxidation and dioxygen reduction are the most crucial
processes for human and other aerobic life. The four-electron oxidizing power of life-depending
02, byproduct of the 4 protons, 4 electrons water splitting by OEC of PSII, provides the energy
sustaining all living organisms through protein mediated biochemical processes.58979-81
However, the highly endothermic spin-forbidden conversion from the triplet ground state to
singlet ground state of O provides significant challenges for the thermodynamically favored O-
activation.®®2% Nature employs well-refined proteins, most of which are known to contain

transition metal cofactor, to overcome the barrier to nature’s four-electron storage, and
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efficiently control the reduction process of 0,.37408688 Ag jllustrated with Class la
ribonucleotide reductase earlier, the stable Fe'Fe'' cofactor was activated by O, prior to the
radical generation by the oxidized Fe'"Fe'V cofactor.5:61:62

However, along the process of O> reduction to water (equation 1.2), the formation of
excess reactive oxygen species (ROS), including superoxide (O2°*"), hydrogen peroxide (H20,),
and hydroxyl radical (HO®)®, (Scheme 1.4) are known to cause cancer, Parkinson’s and
Alzheimer’s diseases.8°? Nature employs metalloproteins, including catalase®*°*, superoxide
dismutase®!"819  superoxide reductase®®%%  and peroxidase®1® to protect against the
accumulation of harmful ROS species in living systems. Among these antioxidant enzymes,
superoxide dismutase (SOD) and superoxide reductase (SOR) are nature’s seasoned weapons to
lower the concentration of the potent superoxide in both aerobic and anaerobic organisms since

the start of the “Great Oxidation Event”3.

Oz +4H* +4e~ > 2H,0  (1.2)

Scheme 1.4. Sequential four-electron, four-proton reductions of dioxygen to water.
2H + e H +e H' +e

0, —= 05 —= H,0, — "OH — H,0
H,0

Even through both SODs and SORs are redox-active metalloenzymes detoxifying
superoxide, the four SODs (FeSOD, MnSOD, NiSOD, and CuZnSOD) disproportionate O2* to
0 and H20; in aerobic organisms®%t, while Fe-only SORs reduce O*~ in anaerobic organisms

to hydrogen peroxide (H20,)31%. Each of these enzymes are found in a wide range of archaea,
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bacteria, and/or eukarya, with different quaternary structures (e.g., dimer, tetramer, hexamer).®
The active site of FeSOD contains a trigonal bipyramidal Fe"""" metal center, ligated by three
histidine residues, a carboxylate, and a H,O (Fe'") or HO~ (Fe'") molecule.® (Figure 1.3, left)
In contrast, the square pyramidal Fe'' catalytic site of FeSOR is surrounded by four histidine
moieties and a cysteinate trans to the open site.®1%? (Figure 1.3, right) The electron rich
properties of the cysteinate, and highly covalent Fe-SR bonds, have been shown to favor
superoxide reduction by lowering the Fe!' oxidation potential.*® Better understanding on how the
surrounding environment of the metallocofactor affects the superoxide reduction pathway by
FeSOR would improve biomimetic catalyst and drug design to avoid the buildup of toxic

superoxide radical.

N, \
l

Fe—0
N N//

Figure 1.3. Left: ChemDraw representation of FeSOD active site and its ligand environment.
Right: ChemDraw representation of FeSOR active site and its ligand environment.

Although the superoxide reduction process by SOR has been extensively
investigated,®®1% the first step involving the formation of Fe'"-OOH species remains open for
debate.'%2 Two potential pathways for the ferric intermediate, includes, (a) a sequential oxidative

addition of O2*~ to the Fe'' center, affording an unobserved Fe'-O,* species, which converts to
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the Fe'"-OOH by abstracting a proton (H*); (b) superoxide ion reacts with a proton (equation
1.3), prior to concerted addition of the resulting HO. to the ferrous open site. (Scheme 1.5)
Computational studies by the Niviere and Klein groups suggest the binding of superoxide ion to
the ferrous center, forming an Fe'-O2*~ prior to the protonation converting to Fe'''-OQH.104105
Chapter four in this thesis will discuss the synthesis and characterization of an intensely colored
Fe'l-thiolate complex containing r-accepting N-heterocyclic ligand, allowing Fe'' reactivity with
small molecules to be monitored with electronic absorption spectroscopy (EAS), and,

specifically, the preliminary investigation into its dioxygen reactivity.

O +HA G HO+ A~ (1.3)

Scheme 1.5. Proposed mechanisms (concerted versus sequential) for the formation of Fe'''-OOH
intermediate in superoxide reduction by SOR.
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Chapter 2. Metal Ion Lewis Acidity and Steric Properties Influence the
Barrier to Dioxygen Binding, Peroxo O-O Bond Cleavage, and
Reactivity

Components of this chapter have been republished or adapted with permission of the Journal of
the American Chemical Society from How Metal lon Lewis Acidity and Steric Properties
Influence the Barrier to Dioxygen Binding, Peroxo O-O Bond Cleavage, and Reactivity, Poon,
Penny Chaau Yan; Dedushko, Maksym A.; Sun, Xianru; Yang, Guang; Toledo, Santiago; Hayes,
Ellen C.; Johansen, Audra; Piquette, Marc C.; Rees, Julian A.; Stoll, Stefan; Rybak-Akimova,
Elena; Kovacs, Julie A. J. Am. Chem. Soc. 2019. 141, 15046-15057.; Copyright 2019 American

Chemical Society.

2.1 Introduction

Fundamental scientific research is needed in order to develop methods for efficiently
capturing sunlight and converting its energy into storable fuels. Nature accomplishes this via
photosynthesis, which converts solar energy into energy that is stored in a chemical bond by
extracting electrons from H,0 to form O2.1* The sluggish kinetics of H>O oxidation has been a
major concern for existing fuel cells.® Nature had a few billion years to refine its Mn-containing
photosynthetic H-O oxidation catalyst, therefore understanding the mechanism by which it
facilitates this reaction, or its microscopic reverse, would be of value. However, despite its
relevance to photosynthesis,®® the dioxygen chemistry of Mn remains relatively unexplored,51%-

12 relative to that of Fe and Cu.'*'° Very little is known about the Mn-induced O-O bond
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forming step,?® because it occurs following the rate-determining step.?*?% An unobserved peroxo
intermediate is proposed to form during photosynthesis,??-2* which then readily evolves 02 %

Previously we showed that coordinatively unsaturated [Mn"(LMe)]* (1Mepy, | Mepy= (G-
Me-DPEN)NsM®2S) reacts with O, at low temperatures (-40 °C) to form dioxygen-bound
[Mn(LMeP)(O2)]" (2MePY), en route to the first example of a crystallographically characterized
binuclear peroxo-bridged dimer, {{Mn"'(LMeP)],(u-O2)}%** (3MePY).6 Dioxygen binding to 1Mepy
was shown to occur on the millisecond time-scale.® A thiolate was incorporated into our ligand
scaffold in order to 1) provide a chromophore that facilitates the spectroscopic observation of
metastable intermediates,®2"3! 2) lower the activation barrier to O, binding, and 3) provide
stability to highly reactive M-O; species.®?3® The rate at which peroxo-bridged 3MePY forms is
slow enough at -40 °C to monitor using a benchtop UV-vis spectrometer. However, with the
LMepY ligand system it was not possible to determine the mechanism by which the O-O bond of
peroxo-bridged 3Mey cleaves to afford mono-oxo bridged Mn"'-O-Mn'"" (6Mepy, Scheme 2.1),
because this step was shown to be rate-determining.®

Scheme 2.1. Low temperature reaction between 1MePY and O, affords 6MePY via observable
superoxo 2Mepy and peroxo 3MePY intermediates.

zMepy

r Mn” (] I\‘lcpy)
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Mechanisms for O-O bond cleavage with Fe and Cu have been shown to involve either
protonation of a M-OOH at the distal oxygen,®* or the addition of a second metal ion to the distal
oxygen to form a bridging peroxo. Ideally an n?, n?-side-on peroxo forms so as to maximize
overlap with the empty *(0-0).241° In contrast, mechanistic details regarding Mn-promoted O-
O bond cleavage versus formation remain relatively unexplored.®>*! An end-on peroxo complex
is expected to be more stable than a side-on peroxo complex, perhaps explaining why we were
able to crystallize 3MePY.8 Prior to our work,® there were no crystallographically characterized
examples of binuclear end-on or side-on Mn'"!-peroxos, and there were only a handful of
examples of monomeric n?-side-on Mn'""'-peroxos,%42*only one of which is derived from O,,°
an end-on Mn'""-peroxo compound, however it was not crystallographically characterized.*®

A series of structurally analogous five-coordinate, thiolate-ligated Mn'' complexes (e.g.,
1Mepy of Scheme 2.1) was previously reported by our group, which incorporate readily
derivatized N-heterocycles amines (NA" = 6-H-pyridine (1?Y), 6-Me-pyridine (1MePY), and
quinoline (1Quin%)), providing us with a method for tuning their steric and electronic
properties.5*” In order to obtain more information regarding the mechanism of the O-O bond
cleaving step, we explore herein the low-temperature dioxygen chemistry of quinoline-ligated
[Mn'!(LQuinoy]* (1Quino) 48 jn addition to that of a new Mn" complex, [Mn'"(LMeOPY)]* (1MeOpy),
containing a more electron donating substituent on the pyridine ring. We will show that the
energetic barriers of the reaction, including O2 binding and release, and O-O bond cleavage, can

be adjusted by changing the electron donor character of the ligand.*’
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2.2 Experimental

General Methods. All manipulations were performed using Schlenk techniques or under an N>
atmosphere in a glovebox. Reagents and solvents were purchased from commercial vendors,
were of highest available purity, and were used without further purification unless otherwise
noted. Methylene chloride (DCM), tetrahydrofuran (THF), diethyl ether (Et20), and acetonitrile
(MeCN) were rigorously degassed, and purified using solvent purification columns housed in a
custom stainless-steel cabinet, dispensed via a stainless steel Schlenk-line (GlassContour).
Methanol (MeOH) was dried over magnesium methoxide and distilled prior to use. *H NMR
spectra were recorded on a Bruker AV 300 FT NMR spectrometer at ambient temperature and
were referenced to residual solvent. Chemical shifts are listed in parts per million (ppm), and
coupling constants (J) in Hz. UV-vis spectra were recorded on a Varian Cary 50
spectrophotometer equipped with a fiber optic cable connected to an ATR “dip” probe (C-
technologies). A custom-built two-neck solution sample holder equipped with a threaded glass
connector was sized specifically to fit the “dip” probe. Electrospray-ionization mass
spectrometry (ESI-MS) data were obtained on a Bruker Esquire Liquid Chromatograph-lon Trap
mass spectrometer. Cyclic voltammograms were recorded in MeCN with "BusN(PFs) supporting
electrolyte (0.100 M) using a CH Instruments (CHIG00E) potentiostat with a glassy carbon
working electrode, an Ag*/AgNOs reference electrode, and a platinum auxiliary electrode. EPR
spectra were recorded on a Bruker E580 CW-EPR spectrometer operating at X-band frequency
and equipped with an Oxford helium cryostat and dual mode cavity. EPR data were fit with
EasySpin.*® X-ray crystallography data were recorded on a Bruker APEX 11 single Crystal X-ray
diffractometer with Mo Ko radiation. Magnetic moments (solution state) were obtained using the

Evans’ method as modified for super-conducting solenoids.®®®* Organic ligands, 1-(tert-
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butyloxycarbonyl)ethyldiamine (NNBoc) and 3-methyl-3-metcapto-2-butanone, Mn'' complex
1Quino \were synthesized according to a published procedure. 2

2.2.1. Synthesis of methyl 6-methyloxy-2-pyridinecarboxylate (L1). To a stirred suspension of
6-hydroxypyridine-2-carboxylic acid (1.50 g, 10.8 mmol) and silver carbonate (4.46 g, 16.2
mmol) in 500 mL CHCI3z was added iodomethane (2.75 mL, 43.2 mmol) at room temperature in
the dark. The mixture was brought to reflux overnight. After cooling back to room temperature,
the mixture was filtered over Celite and the filtrate concentrated to give L1 as a dark yellow oil.
The product was purified by column chromatography (4:1 Hexanes/EtOAc) to give the final
product L1 as a colorless solid (1.57 g 83.2%). *H NMR (300 MHz, CDCls) § 7.70 (m, 2H), 6.94
(d, J= 7.3 Hz, 1H), 4.03 (s, 3H), 3.97 (s, 3H); ESI-MS m/z: 168.2 (M+H").

2.2.2. Synthesis of 6-methoxy-2-pyridinemethanol (L2). To a stirring suspension of LiAlH4
(0.808 g, 21.3 mmol) in THF (80 mL) at 0 °C was added L1 (1.780 g, 10.7 mmol) dropwise as a
solution in THF (20 mL). The reaction mixture was warmed to room temperature and allowed to
stir until the reaction is complete. The reaction mixture was then cooled to 0 °C and quenched
with DI H20. The mixture was filtered through Celite and the filtrate was concentrated in vacuo
to give the final product L2 as a colorless oil (0.953 g, 64%). *H NMR (300 MHz, CDCls) & 7.57
(t, = 7.5 Hz, 1H), 6.82 (d, J= 7.3 Hz, 1H), 6.65 (d, 8.2 Hz, 1H), 4.69 (d, J= 4.2 Hz, 2H), 3.58 (t,
J= 4.4 Hz, 3H) ; ESI-MS m/z; 140.1 (M+H").

2.2.3. Synthesis of 2-(chloromethyl)-6-methoxypyridine hydrochloride (L3). Thionyl chloride
(4.827 g, 40.6 mmol) was added dropwise to a solution of 6- methoxy-2-pyridinemethanol
(0.941 g, 6.76 mmol) in dry DCM (10 mL) at 0 °C. The reaction mixture was stirred for one
hour. Volatiles were removed in vacuo and the resulting solid was dissolved in a minimum

amount of hot ethanol and cooled to -30 °C overnight, inducing crystallization of the product L3



32

as colorless needles. *H NMR (300 MHz, CDCls) & 7.98 (t, J= 7.9 Hz, 1H), 7.33 (d, J= 7.5 Hz,
1H), 6.95 (d, J= 8.4 Hz, 1H), 5.00 (s, 2H), 4.15 (s, 3H).

2.2.4. Synthesis of N-(tert-butyloxycarbonyl)-N’,N’-[bis(6-methoxy-2-pyridilmethyl)ethane-
1,2-diamine] (6-MeO-DPENBoc, L4). NNBoc (0.542 g, 3.38 mmol) and L3 (6.67 mmol) were
dissolved in 5 M NaOH (7 mL) and stirred at room temperature for 4 days in air. Water (10 mL)
was added and the aqueous layer was extracted 3x with DCM (30 mL each). The organic extracts
were washed twice with brine (30 mL each) and dried over sodium sulfate. Removal of solvent
in vacuo yielded L4 as a dark orange oil. If shown necessary by TLC, product may be further
purified by column chromatography (5% MeOH/DCM). *H NMR (300 MHz, CDCls) § 7.48 (t,
J=7.6 Hz, 2H), 6.97 (d, J= 7.2 Hz, 2H), 6.58 (d, J= 8.2 Hz, 2H), 5.55 (bs, 1H), 3.92 (s, 6H), 3.72
(s, 4H), 3.23 (m, 2H), 2.70 (t, J= 5.8 Hz, 2H), 1.40 (s, 9H); ESI-MS m/z; 403.2 (M+H*).

2.2.5. Synthesis of N,N-bis(6-methoxy-2-pyridilmethyl)ethane-1,2-diamine (6-MeO-DPEN,
L®). Trifluoroacetic acid (4.625 g, 40.6 mmol) was added dropwise to a solution of L4 (1.360 g,
3.38 mmol) in DCM (15 mL) at 0 °C. The mixture was slowly warmed to room temperature
while stirring and the volatiles were removed in vacuo. To the remaining oil, 5 M NaOH (20
mL) was added and the mixture was extracted with DCM (3 x 30 mL). The combined organic
extracts were washed with brine (2 x 30 mL) and dried over sodium sulfate. Concentration of
organic extracts in vacuo gave L5 as a dark orange oil. tH NMR (300 MHz, CDCl3) § 7.49 (t, J=
7.5 Hz, 2H), 7.04 (d, J= 7.2 Hz, 2H), 6.55 (d, J= 8.2 Hz, 2H), 3.88 (s, 6H), 3.73 (s, 4H), 2.77 (t,
J=5.5 Hz, 2H), 2.65 (t, J= 5.5 Hz, 2H), 1.41 (bs, 2H); ESI-MS m/z: 303.1 (M+H").

2.2.6. Synthesis of [Mn''(SMe2N4(6-MeO-DPEN))]2(PFs)2 (1MeOPY)(PFe)2. Sodium methoxide
(0.079 g, 1.46 mmol), 3-mercapto-3-methyl-2-butanone (0.173 g, 1.46 mmol), 6-MeO-DPEN

(L°, 0.441 g, 1.46 mmol), manganese sulfate monohydrate (0.247 g, 1.46 mmol), and sodium
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hexafluorophosphate (0.245 g, 1.46 mmol) were each dissolved or slurred in MeOH (2 mL)
under an inert atmosphere in a dry box. Each reagent was subsequently added to a Schlenk flask
charged with a stir bar. After gently stirring the resulting reaction mixture at room temperature
for two days. All volatiles were removed to afford a crude yellow solid. The crude product was
redissolved in minimal MeCN (~5 mL) and filtered through a fine fritted filter. The resulting
solution was layered with ~15 mL Et,O and was allowed to crystallize at -30 °C to afford the title
product as a slight purple solid in 39 % yield (0.345 g, 0.574 mmol).

2.2.7. Synthesis of [Mn'!(SMe2Ny(6-MeO-DPEN))]2(BPha4)2  (1MeOPY)(BPhs)2.  Sodium
methoxide (0.079 g, 1.46 mmol), 3-mercapto-3-methyl-2-butanone (0.173 g, 1.46 mmol), 6-
MeO-DPEN (L5, 0.441 g, 1.46 mmol), manganese sulfate monohydrate (0.247 g, 1.46 mmol),
and sodium tetraphenylborate (0.499 g, 1.46 mmol) were each dissolved or slurred in MeOH (2
mL) under an inert atmosphere in a dry box. Each reagent was subsequently added to a Schlenk
flask charged with a stir bar. After gently stirring the resulting reaction mixture at room
temperature for two days. All volatiles were removed to afford a crude yellow solid. The crude
product was redissolved in minimal MeCN (~5 mL) and filtered through a fine fritted filter. The
resulting solution was layered with ~15mL Et.O and was allowed to crystallize at -30 °C to
afford the title product as a slight purple solid in 39% yield (0.345 g, 0.574 mmol).

2.2.8. Synthesis of [Mn'"'(SMe2N4(6-MeO-DPEN))]2(n-O) (BPha)2 (6MeOPY)(BPha)2. A solution
of (1MeOpY)(BPhy), (0.300 g, 0.499 mmol) was prepared in MeCN (1 mL) under an inert
atmosphere in a dry box. The solution was allowed to stir in air at ambient temperature for
approximately five minutes during which time the colorless solution turned dark purple. The
resulting solution was then carefully layered with EtoO (9mL). The mixture was allowed to

diffuse together at room temperature overnight. Recrystallization of the resulting dark purple
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solid afforded the title compound in 37.6 % yield (0.124 g, 0.187 mmol). Electronic absorption
spectrum: Amax (nm) (e (M*cm™)) MeCN: 565 (958), DCM: 575 (1013). ESI-MS: Expected m/z
for [Ca2HssNsOsS2Mn2]?* = 464.1, found m/z = 463.0.

2.2.9. Formation of Putative Mn""Mn'V (5MeOw) via Oz Addition to 1MeOpy at -73 °C. A
solution of 1MeOpy (3,75 x 10 mmol) was dissolved in 5 mL DCM, placed in an argon purged
dip probe cell and brought to -73 °C using acetone/dry ice bath. After 10 minutes, a stream of O
was introduced to the solution. The formation of the metastable Mn'"Mn'V (5MeOpy) was
characterized by UV-vis with Amax = 505 nm.

2.2.13. Stopped Flow Kinetic Measurements. Acetonitrile (MeCN) or propionitrile (EtCN)
solutions of the reagents were prepared in an MBraun glove box filled with ultra-high purity
argon and placed into Hamilton gastight syringes. Time-resolved spectra (400-800 nm) were
acquired at low temperatures using a Hi-Tech Scientific SF-61DX2 Multi-Mixing CryoStopped-
Flow instrument (TgK Scientific Ltd.) equipped with a MCS UV/NIR light source (Spectralytics,
DenMark) and a J&M TIDAS-DAQ diode array detector. The stopped-flow instrument was
equipped with PEEK tubing fitted inside stainless-steel plumbing, a 1.00 cm?® quartz mixing cell,
and an anaerobic kit purged with argon. The temperature in the mixing cell was maintained to
0.1 °C and the mixing time was 2-3 ms. All flow lines of the instrument were extensively washed
with degassed, anhydrous acetonitrile before charging the driving syringes with reactant
solutions. The reactions were studied by rapid scanning spectrophotometry under pseudo-first-
order conditions with excess O». Saturated solutions of O2 were prepared by bubbling dry O gas
for 15 minutes into gastight syringes containing dry MeCN or EtCN; dilutions of the O
saturated solvent were performed anaerobically to obtain the desired [O2]. The solubility of O

was taken as 8.1 mM in MeCN at 25°C.%3 All of the experiments were performed in a single-
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mixing mode of the instrument, with a 1:1 (v/v) mixing ratio. A series of three or four
measurements gave an acceptable standard deviation (within 10%). Data analysis was performed
with Kinetic Studio (TgK Scientific Ltd.) and ReactLab Kinetics (JPlus Consulting Pty Ltd.)
software programs.

2.2.14. X-ray Crystallographic Structure Determination.

A black block of peroxo-bridged 32U, with dimensions 0.03 x 0.03 x 0.01 mm?3, was mounted
on a glass capillary with oil. Data was collected at -173 °C. The crystal-to-detector distance was
set to 40 mm and the exposure time was 100 seconds per degree for all sets of exposure. The
scan width was 0.5°. Data collection was 96.6% complete to 25.0° in 3. A total of 11,234 partial
and complete reflections were collected covering the indices h = -16 to 16, k = -16 to 16, | = -11
to 17. 8,380 reflections were symmetry independent and the Rint = 0.2126 indicated that the data
was very poor (0.07 average quality). Indexing and unit cell refinement indicated a triclinic P
lattice with the space group P 1 (No.2).

A colorless prism of 1MeOpy measuring 0.10 x 0.04 x 0.035 mm? was mounted on a loop with oil.
Data was collected at -173 ‘C on a Bruker APEX Il single crystal X-ray diffractometer, Mo-
radiation. The crystal-to-detector distance was set to 40 mm and the exposure time was 20
seconds per frame for all sets of exposure. The scan width was 0.5°. Data collection was 100%
complete to 25 in 9. A total of 67246 reflections were collected covering the indices, h = -13 to
13, k = -16 to 16, | = -18 to 18. 7942 reflections were symmetry independent and the Rint =
0.1095 indicated that the data was of slightly less than average quality (0.07). Indexing and unit
cell refinement indicated a triclinic lattice. The space group was found to be P 1 (No.2). A
purple rod of mono oxo-bridged 6MeOPY, measuring 0.10 x 0.10 x 0.05 mm? was mounted on a

loop with oil. Data was collected at -163 'C on a Bruker APEX Il single crystal X-ray
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diffractometer, Mo-radiation. The crystal-to-detector distance was set to 40 mm, and exposure
time was 100 seconds per degree for all sets. The scan width was 0.5". Data collection was 100%
complete to 25" in 9. A total of 51131 (merged) reflections were collected covering the indices, h
=-16 to 16, k =-24 to 25, | = -23 to 17. 10048 reflections were symmetry independent and the
Rint = 0.0937 indicated that the data was of less than average quality (0.07). Indexing and unit
cell refinement indicated a primitive monoclinic lattice. The space group was found to be P 2i/c
(No.14).

All X-ray data sets were integrated and scaled using hkI-SCALEPACK or SAINT, SADABS
within the APEX2 software package by Bruker.>* Solutions obtained via direct methods
(SHELXS, SIR97)°>% produced complete heavy atom phasing models consistent with each
proposed structure. Structures were completed via difference Fourier synthesis with
SHELXL97,%°8 or SHELXTL 6.10. Scattering factors were taken from Waasmair and Kirfel.
Hydrogen atoms were placed in geometrically idealized positions and constrained to ride on their
parent atoms with C-H distances in the range 0.95-1.00 A. Isotropic thermal parameters Ueq Were
fixed such that they were 1.2U¢q of their parent atom Ueq for C-Hs and 1.5Ueq for methyl groups.

All non-hydrogen atoms were refined anisotropically by full-matrix least-squares.

2.2.15. Computational Details. Calculations were performed using the ORCA v. 4.0.0 quantum
chemistry package developed by Neese and coworkers.® Initial geometry optimizations utilized
B3LYP hybrid functional and 6-311G basis set for all complexes. Further geometry
optimizations employed a polarized triple-zeta def2-TZVP basis set, the def2/J auxiliary basis set
for Coulomb fitting, and the atom-pairwise dispersion correction of Grimme (D3BJ).%! Tight

convergence criteria were required for self-consistent field (SCF) solutions. The Grid4 (GridX4)
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integration grid size, and the conductor-like polarizable continuum model (CPCM), were used
for geometry optimizations.®> Geometry optimizations and analytical frequency calculations
were performed using the PBEO functional, with the resolution of identity (RI) chain-of-spheres
(RIJCOSX) approximation,®*®* and initiated from the crystallographic coordinates when
available. Analytical frequency calculations were performed on all optimized structures to
determine whether the obtained stationary points corresponded to local minima.

Crystal structures of [Mn"(LMe™)] * (1Mery) and [Mn'/(LQUIn0)]* (1Quino) were used as a starting
point for geometry optimizations using a B3LYP/6-311G functional/basis set, followed by
PBEO/def2-TZVP optimization. A monomeric [Mn''(LMeOPY)]* (1MeOpy) model was constructed
by replacing methyl groups of 1Mepy with methoxy moieties, since crystallographic coordinates
were not available. Crystallographic coordinates were used as a starting point for geometry
optimizations of peroxo {[Mn"(LoUM)],(u—02)}%" (3Un%) using a B3LYP/6-311G
functional/basis set. Since a structure was not available peroxo-bridged {[Mn'"'(LMeOPY]5(u—
02)}?* (3MeOmy), the p-oxo bridged structure of {{Mn'"'(LMeOPY],(4—0)}?* (6MeOPY) was used as a
starting point by replacing the bridging oxo atom with peroxo moiety, with Mn-O bond length of
1.875 A ,and O-O bond distance of 1.450 A.

The broken-symmetry formalism to model the coupled paramagnetic sites of peroxo-
bridged 3Ruin° and 3MeOpy, This involved SCF calculations for the high spin (HS) state of the Mn-
peroxo complex, Mn""'(S = 4/2, 1)-0,-Mn'"'(S = 4/2, 1). Next, a broken symmetry state was set up
with the spin-flip chosen at one of the Mn centers (final total ms = 0) and another SCF
calculation was carried out in order to calculate energy of the “broken symmetry” (BS), Mn'"(S =
4/2, 1)-02-Mn'"'(S = 4/2, 1). state. Finally, the energies of both the HS and BS states were used to

estimate the coupling constant, J, (associated with the phenomenological Hamiltonian H = —
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2J12515%) using the equation J = — (Ens — Egs)/(<S?>ns — <S?>gs), which is valid over the entire
coupling strength regime. Where, Ens and Egs are the energies of the high-spin (HS), and the
broken-symmetry (BS) states, respectively, and <S?> are the expectation values of the squared
spin operator for the HS and BS states.®® The coupling constant of J° = 3.8 cm™ was obtained
for 3Quino gngd Jealc = — 0.53 cm* for 3MeOpY,

Hybrid time-dependent DFT (TD-DFT) calculations employed the RIJCOSX and the
Tamm-Dancoff approximations (TDA).®56" Excited states from TD-DFT calculations were
analyzed using Natural Transition orbitals (NTOs) and by visualizing their difference densities
between the ground and excited states. Canonical molecular orbital isosurfaces and natural
transition orbitals in the TD-DFT calculations were visualized at an isovalue of 0.05 ao® using

UCSF Chimera.58

2.3 Results and Discussion

2.3.1 Ligand Design Rationale

Rationale for the ligand design of the complexes studied herein stems in part from a
previous study in which a correlation between peroxo O-O bond lengths and MneeeN”" distances
(NA" = N-heterocycle) was observed with a series of alkylperoxo @M°Mepy| Mn"-OO0R (R = 'Bu,
Cm) compounds.®® We refer to the interaction between the Mn ion and the N”" ligand as
MneeeN”" because, although not within bond distance, the N”" ligand was shown (by X-ray
crystallography) to point directly towards the metal ion, and (by spectroscopic methods) to
influence properties of the complex in a systematic way. A decrease in the mean MneeeNA'

distance (from 2.510 A to 2.411 A) was found to elongate the peroxo O-O bond (from 1.431 A to
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1.468 A).%7 In addition, the kinetic barrier to alkylperoxo O-O bond cleavage (AH¥) was shown
to directly correlate with the MneeeNA" distance was shown to depend upon the steric properties
of the NA" ligand scaffold.*% Inspection of space filling models shows that the substituent in the
6-position of the pyridine ring clashes with one of the gem-dimethyls adjacent to the thiolate
sulfur. This prevents the pyridine nitrogen from approaching the metal to the optimum Mn'"'-NA
bond distance, if the substituent is larger than a hydrogen. With a hydrogen in the 6-position, the
Mn-NA" distance is within the normal bonding range (Table 2.1), and thus the use of a single line
to represent a bond. With larger substituents, the MneeeN”" separation is well outside the normal
bonding range. For example, with a methyl group, the MneeeN”", separation is 0.33 A longer
than that of the less sterically encumbered 6-H derivative, 67 (Table 2.1), resulting in a more
Lewis acidic metal ion. If this is extrapolated to the corresponding peroxo compounds, the more
Lewis acidic metal ion associated with bulkier substituents would facilitate 7 back-donation of
electron density out of the peroxo antibonding ©*(0-O) to the metal ion, thereby strengthening
the peroxo O-O bond.®® Conversely, the shorter Mn'"'-NA" bond associated with 6-H-pyridine
would be more electron-rich, thereby weakening the peroxo O-O bond, and facilitating its
cleavage. Consistent with this, no intermediates are observed in the reaction between O, and
[Mn"'(LP)]* (17Y),% even at temperatures as low as -78 °C, whereas peroxo compound 3Mepy

(Scheme 2.2) is stable enough to crystallize.
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Scheme 2.2. Low temperature reaction between 1 and O affords mono oxo bridged 6 via
superoxo 2 and peroxo 3 intermediates. L = pyridine, 6-Me-pyridine, 6-MeO-pyridine, and
quinoline.
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In order to obtain more information regarding the O-O bond-cleaving step, we turned to
ligand systems that support a MneeeN”" separation in the crystallographically characterized
binuclear oxo-bridged, {{Mn"'(LNAN].-(u-0)}?* (6), which is shorter than 6-Me-pyridine 6MepY,
but longer than pyridine 6PY. Distances in 6 were used as a predictive parameter since we do not
have structures for all the peroxo compounds. Quinoline {[Mn"!/(L2U"%)],-(u-0)}?* (62uin%)*8 and
6-MeO-pyridine {[Mn""(LMeOPY)],-(u-0)}2* (6MeOPY) both fit this criterion (Table 2.1).

Table 2.1. Mean crystallography-determined MneeeN”" distance for bimetallic mono-oxo
bridged Mn'" complexes, 6.

NAT Complex MneeeNATyq (A)
6-H-pyridine 6"y 2.23(1)
6-MeO-pyridine 6MeOpy 2.413(3)
Quinoline HES 2.5(1)

6-Me-pyridine gMepy 2.56(2)
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Below, we examine the temperature-dependent kinetics of the reaction between O> and
the Mn'"" precursors to 6Quin° and 6MeOpy, [Mn'/(LQUINO)]* (1Quino) and [Mn'!(LMeOP)]+ (1MeOpy),
respectively. We will show that the relative stability and reactivity of metastable intermediates,
and the barriers to O barriers to Oz binding or release, and peroxo O-O bond cleavage, is highly
dependent on the supporting ligands. By changing the solvents and corresponding C-H bond
strength, or by adding a sacrificial H-atom donor, we are able to spectroscopically observe two
new intermediates, each of which is capable of abstracting H-atoms from strong X-H bonds (X =

C, or O).

2.3.2 Reactivity of 124" with Dioxygen

The low-temperature (-73 °C) reaction between colorless [Mn"(LQUI")]* (1Quin0)48 gnd O,
affords a metastable green intermediate, 3QU"°, which rapidly converts to mono oxo-bridged
6QuIno (3 max = 580 Nm).*® The stability of 3Quino s temperature-dependent. In MeCN (f.p. = -40
°C, C-H BDE = 93 kcal/mol), metastable species 3RU"° decays in ~30 seconds at -40 °C, and is
therefore best observed using a stopped-flow instrument. In DCM, (f. p. =-90 °C, C-H BDE =
98 kcal/mol), on the other hand, intermediate 32U js more stable at -90 °C (t3Quino=>6Quino = 7
minutes) making it possible to obtain a spectrum using a benchtop UV-vis spectrometer (Figure
2.1). Given the close similarity of its electronic absorption spectrum, to that of peroxo-bridged

3Mepy (Amax = 640 nm).® it was deemed likely that 32Uino js also a peroxo-bridged dimer,

{[MnIII(LQUinO)]z(M-Oz)}2+ (3Quin0)_
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Figure 2.1. Electronic absorption spectrum of putative peroxo 3Quino (green) generated via the
addition of O to 1.0 mM 12uin° jn DCM at -73 °C, and 3MeY (black) generated via the addition
of Oz to 0.9 mM 1MePY and O, in MeCN at -40 °C.

Figure 2.2. ORTEP diagram of low resolution (R? = 20%) X-ray structure showing connectivity
of metastable 3Quin°,

This is supported by a low-resolution crystal structure (Figure 2.2), the connectivity of
which indicates that there are two bridging oxygens (Table 2.2). In addition, 0.48 equivalent of
H20; are released per Mn ion upon the addition of 1.34 equivalents of H2SO4 to 3RU"° consistent

with a peroxo-bridged dimer. Metrical parameters (Table 2.3) of the DFT optimized structure
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(Figure 2.3), calculated using the spin-unrestricted B3LYP hybrid functional and the 6-311G
basis set, are consistent with a trans-z-1,2-peroxo-bridged Mn'""'> dimer (O-O = 1.516 A, Mn(1)-
0O(1) = 1.856 A, Mn(2)-0(2) = 1.846 A, Mn-Sayg = 2.35 A, Mn(1)eeeMn(2) = 4.244 A, Mn-O-
Oavyg = 101°). The time-dependent DFT (TD-DFT) calculated electronic absorption spectrum
(Figure 2.3) is in good agreement with the experimental spectrum (Figure 2.1).

Table 2.2. Comparison of selected bond distances (A) and angles (°), obtained from crystal

structure of [MNn"(LRUIN%Y],(u-O)(PFs)2¢(CH2Cl,) (6Quino), [Mn"M(LauroY]5(p-
02)(BPhs)2CH3CH2CN (3uin%) and [Mn"'(LMePY)]o(u1-O2)(BPh4)202CH3CH2CN (3Quine) 648

1Quino 6Quino 3Quino 3Mepy
Mn(1)-S(1) 2.3835(9) 2.292(1) 2.25(1) 2.2747(12)
Mn(1)-N(1) 2.170(2) 2.010(3) 1.88(3) 2.040(3)
Mn(1)-N(2) 2.274(2) 2.130(3) 2.17(3) 2.203(3)
Mn(1)-N(3) 2.225(3) 2.543(3) 2.38(1) 2.410(3)
Mn(1)-N(4) 2.200(3) 2.370(3) 2.48(1) 2.492(3)
Mn(1)-O(1) N/A 1.7599(6) 1.82(5) 1.832(3)
0(1)-0(2) N/A N/A 1.24(6) 1.452(5)
S(1)-Mn(1)-N(1)  82.20(7) 82.60(8) 82(1) 105.61(9)
S(1)-Mn(1)-N(2)  156.10(7) 163.90(9) 163(1) 163.3(1)
S(1)-Mn(1)-N(3)  106.98(7) 101.40(8) 118.4(7) 109.0(1)
S(1)-Mn(1)-N(4)  123.09(7) 109.23(8) 103.7(5) 105.6(1)
O(1)-Mn(1)-S(1)  N/A 99.20(3) 89(1) 85.12(9)
Mn(1)-0(1)-0(2) N/A N/A 103(5) 97.5(6)
Mn(L)eeeMn(2)  N/A 3.512 4.09 4.113

Transition-difference density plots show that these bands correspond to charge transfer
transitions, and involve a mixed peroxo/thiolate - Mn(d) transition at higher energies and a
thiolate > Mn(d) transition at lower energies (Figure 2.3). The calculated exchange coupling
constant, J%?'° = 3.8 cm?, indicates that the two Mn'"' ijons are essentially uncoupled. The
calculated peroxo O-O bond length of 32uino js 0.06 A longer than the crystallographically
determined O-O bond of peroxo-bridged 3Mery (1452(5) A).® indicating that this bond should be

more readily cleaved in 3Quin°,
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Table 2.3. Selected DFT optimized bond lengths (A) and angles (°) for peroxo-bridged
[MnIII(LQUino)]z(I,L-Oz)2+ (3quino).

Metrical Parameters Calculated Distance (A) and Angles (°)
0(1)-0(2) 1.516
Mn(1)-O(1) 1.856
Mn(2)-0(2) 1.846
Mn(1)-S(1) 2.349
Mn(2)-S(2) 2.351

Mn(1)eeeMn(2) 4.244
MneeeN(3)avg 2.480
MneeeN(4)ayg 2.348

Mn(1)-0(1)-0(2) 97.4

Mn2)-0(2)-O(1) 104.1

N(1)-Mn(1)-O(1) 166.4

N(5)-Mn(2)-0(2) 168.6

S(1)-Mn(1)-0(1) 85.1

S(2)-Mn(2)-0(2) 86.6

Calculated Intensity

0 L 1 1 L L ]
300 400 500 600 700 800 900 1000 1100

Wavelength (nm)
Figure 2.3. TD-DFT calculated electronic absorption spectrum of peroxo-bridged
[Mn"(LU%Y]o(u-0,)(BPha),  (3Ruin), Transition difference densities for the most intense
transitions are shown at an isovalue of 0.003 ao®, with areas of decreased electron density
(donors) shown in teal and increased electron density (acceptors) shown in purple.
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2.3.3 Temperature-Dependent Kinetics for the Formation of Peroxo 39U

Kinetics data for the formation of peroxo 3%UI"° and its subsequent conversion to mono-
oxo bridged 62U, were collected at low temperatures using a stopped-flow instrument in
collaboration with the Rybak-Akimova group. The build-up and decay of 3Run° was followed at
749 nm, where interference from 62U is minimal. As illustrated in the time-resolved electronic
absorption spectra of Figure 2.4, intermediate 32U"° forms in less than 10 s at -20 °C (blue trace,

Amax = 652 nm) en route to the purple mono oxo bridged product, 62" (pink trace, Amax = 565
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Figure 2.4. Time-resolved spectral changes obtained upon mixing 12Uin° (0.30 mM) and O (4.05
mM) at -20 °C in MeCN. Insets: kinetic traces at A = 650 nm (left) and A = 749 nm (right)
showing formation of peroxo intermediate 32U"° (blue traces) and its subsequent conversion to
3Quino (pink traces). All concentrations are reported after mixing.

No additional intermediates, prior to 32U, or in between 3Quin° and 6QUno, were detected
with this ligand system (vide infra). The general kinetic scheme reflecting the two
spectrophotometrically observed processes is shown in equations 2.1 and 2.2 below. Under

pseudo first-order conditions, in the presence of excess O, kinetic traces could be fit to the bi-
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exponential equation 2.3, affording the pseudo-first-order rate constants (Kiobs’2“™ and ksops?“"™)

of equations 2.1 and 2.2, respectively.

2 MI‘IH (]Quilm) + 02 _— MnI”-Oz-MHI” (3Qui1m) 21
klobs,QumO
. 2H .
MI]HI-O‘;-M[]IH (SQumo) —_— MnIII_O_MnlI] (6Qum0) + H20 22
< Jk%bs(‘)u1no

Quino

Ouiuul 2 ~

rate = ae"f"}ohs" Tt he obs

Residuals were slightly larger for fits to a single exponential relative to fits to a bi-
exponential. The observed rate constant for equation 2.1, Kions’®“™, was found to increase
linearly (Table 2.4) with increasing O concentration (Figure 2.5), indicating that the reaction is
1% order with respect to [O;]. The second-order rate constant (ki’'"") was obtained from the

slope of kions’ @ vs [O2] plots (Table 2.5) at four different temperatures.
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Figure 2.5. Plot of pseudo first order rate constants (kios’?"") for the formation of peroxo 3Quine
as a function of dioxygen concentration and temperature. The slope of each line provides the
second-order rate constants (ky’ "),



47

Table 2.4. Observed pseudo first order rate constants for peroxo 3Quino formation as a function of
dioxygen concentration and temperature. [Mn'" (1Quin%)] = 0.3 mM.

Temperature (K) [O2] (mM) K1obs*@Uin° (s1)
233.15 1.62 0.06357
2.43 0.08565
3.24 0.10717
4.05 0.13156
243.15 1.65 0.08239
2.43 0.10872
3.24 0.13306
4.05 0.1729
253.15 1.64 0.11179
2.43 0.14862
3.24 0.18557
4.05 0.22757
263.15 1.62 0.14739
2.45 0.19665
3.24 0.23654
4.05 0.2801
273.15 1.62 0.20301
2.45 0.25301
3.24 0.29725
4.05 0.35773

The non-zero, and increasing value of the y-intercept with temperature in Figure 2.5,
indicates that either peroxo 3Quin formation (equation 2.1), or a step prior to peroxo formation, is
reversible. The final absorbance values associated with the maximum accumulation of 6Quino
were found to be independent of [O2], providing support for irreversible formation of peroxo
3Quino Together these suggest that a step prior to peroxo 3Quno formation, i.e. Oz binding, is
reversible (vide infra). The observed pseudo first-order rate constants, ksons2""™, for equation 2.2
were found to be independent of [O2] over the temperature range examined (Figure 2.6)

indicating that the rate of 3Ruin® to 6QUIN° conversion is zero-order with respect to [O2].
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Table 2.5. Experimental obtained rate constants and activation parameters for the formation of
peroxo-bridged 3?uino (k") from 1°un° (0.30 mM) + O (4.1 mM) in MeCN, and its
conversion to mono oxo-bridged 6Quino (k;Quino),

Temperature (K) kq’Quino (\-1sT) kaQuino (N1 1)
243.15 3.7+0.3x 10* 1.49+0.78 x 107
253.15 4.78 + 0.08 x 10* 2.07 £ 0.26 x 1072
263.15 5.42 + 0.06 x 10! 3.01+0.13 x 107?
273.15 6.3+0.2 x 10* 3.33+0.11 x 10

AH?* (kJ mol?) 7.8(9) 13(1)
AS* (3 molt K1) -182 (3) -220(4)
Ea (kJ mol) 10(1) 15(1)
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Figure 2.6. Plot of pseudo first order rate constants (ksops?“") for conversion of 32U to mono

oxo-bridged {[Mn"'(LOU")],(u-0)}?* (62Uin0) in MeCN, as a function of [O2] and temperature,
showing that the rate of formation of 62" is independent of [Oa].

In the next set of stopped-flow experiments, the concentration of 1°Uin° was varied (0.2-
0.8 mM after mixing) while maintaining a fixed excess concentration of O, (4.1 mM after
mixing) at -10 °C), allowing us to verify the proposed mechanism, and determine the reaction
order with respect to Mn'" (1Quin%). The observed rate constants (Kiobs?'™ and ksons2'™) were

obtained by fitting kinetic traces to equation 2.3. The observed pseudo-first-order rate constant

for the formation of 32U in the presence of excess [O2] (Figure 2.7), confirming second-order
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dependence on Mn" overall. This would be consistent with 3Quin° being a binuclear peroxo
(Figures 2.2 and 2.3). A large non-zero intercept (Figure 2.7) indicates that a process that is first
order in Mn" (e.g., equation 2.4) contributes to the rate-determining step. Observed rate
constants, ksops", for the conversion of peroxo 3QUino to oxo-bridged 62U, in the presence of
excess [Oz], are independent of [1Qu"°] indicating that this step (equation 2.6) is zero-order with

respect to Mn (Figure 2.8).

0.25 -
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y = 0.1436x + 0.1185
—_ 2=
Zots - R? = 0.9294
: o
5
20.10
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[M]‘IH (lQuino)l (I‘I‘IM)
Figure 2.7. Plot of the observed rate constant (Kiops’®"°), for the formation of peroxo 3Quino,
from 1Quino + excess O, in MeCN, versus the concentration of 1?Uin® at -10 °C in MeCN. [O¢]
after mixing = 4.1 mM. The dependence of kiobs’? on [1QUin°] indicates that the reaction is
second order overall with respect to [Mn'"]. A large, non-zero intercept indicates that a
process that is first order in Mn contributes to the rate-limiting step.

M]‘l“ (lQumo) + O2 W MI‘II“-02 (ZQumo) )4

I\/IHIII_O2 (2Quinu) + Mn!! (lQuinu) W MHIH-Oz-MnIH (3Quino) 55

2H"
MDHI'Oz-MnH] (3Qlli11()) m} MHHI-O-MHHI (6Quinn) + H20 26
ks
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Figure 2.8. Plot of the observed rate constant (ksons?'™™°) for the conversion of peroxo 3QUire to
mono oxo-bridged 62U in MeCN, versus [1QUn°] at -10 °C, showing that the process is
independent of 12Uin°, [O,] after mixing = 4.1 mM.

Collectively, the O, and Mn'' concentration-dependence experiments described above are
consistent with the proposed stepwise mechanism, outlined in equations 2.4 through 2.6 above.
This reaction sequence is analogous to that previously established for the reaction between Mn'"
1Mepy  and O, Although not directly observed spectrophotometrically, superoxo
[MNn(LQUm)(02)]* (2QUin) s proposed to form as a transient intermediate (equation 2.4), prior to
the formation of the observable peroxo intermediate 32U (equation 2.5). The analogous 6-Me-
pyridine superoxo 2MePY (Scheme 2.1) is, in contrast, directly observed by stopped-flow.® The

rate laws for each step in the mechanism are provided in equations 2.7 through 2.9 below.

rater = ks @™ [Mn" (1247)][O;] 2.7
rate, = sz“i”O[Mn-Og (2Quino)][Mnll (1Quino)] 28

rates = nguino[Mnlll_Oz_Mnlll (3Quino)] 29
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The first two rate laws, equations 2.7 and 2.8, are analogous to that previously established
for [Mn"(LMe)]* (1Mepy, Scheme 2.1).° Information regarding the rate of peroxo O-O bond
cleavage was not available for the 6-Me-pyridine system, however, as this step was too slow to
be observed with stopped-flow experiments.

Table 2.6. Calculated rate constants, obtained from global fits to time-resolved spectra, and
activation parameters for the formation of putative superoxo 2QUn® (kic,c24i"°), peroxo-bridged

3QUIN0. (o1 2UM%) - and oxo-bridged 62UIN° (kscalc?U™) in the reaction between 1°Ur° and Oy in
MeCN.

Temperature (K)

KicalcQuino (M'l S'l)

K2calcQUin (|\/|'1 S'l)

K3calcQUin (S'l)

243.15 1.79 + 0.05 x 10* 8.80 + 0.05 x 10° 154 + 0.16 x 102
253.15 2.24+0.01 x 10* 1.30 + 0.20 x 10* 2.31+0.12 x 10
263.15 3.00 + 0.08 x 10 1.59 + 0.06 x 10* 3.07 +0.30 x 102
273.15 4.98 +0.09 x 10 2.30 + 0.30 x 10* 3.12 +0.25 x 102
AH? (kJ mol) 16(3) 15(6) 16(2)
AS* (3 molt K1) -150(12) -106(5) -211(6)
Ea (kJ mol) 18(3) 17(5) 18(3)

The proposed mechanism for the formation of quinoline peroxo 32U and its conversion
to mono oxo-bridged 62U, summarized in equations 2.4-2.6, was verified using global fits to
the time-resolved spectra using ReactLab. The rate constants (Kicaic?"™, kacaic?"°) obtained from
these global fits (Table 2.6) show that the rate at which Oz binds to 1QUn® (KicscQ™, Table 2.5,
Scheme 2.3). In other words, the rate-determining step in peroxo 32Uin° formation involves O2
binding. Consistent with this, the rate at which superoxo 2Quino converts to peroxo 3Quino (k,uino
is two orders of magnitude faster (Table 2.6) than the rate at which it forms (k;2"), making it
impossible to observe (Scheme 2.3). Calculated spectra (Figure 2.9) are in good agreement with

the experimentally measured spectrum (Figure 2.1).%®
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Scheme 2.3. Dioxygen reactivity of Mn'" 1Quino showing rate constant labeling scheme, as well
as observed versus unobserved intermediates.

kl,Quino
k1 Quino szuino .
Il - |
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Figure 2.9. Calculated spectra obtained from global fits (ReactLab) to the time-resolved spectra
in MeCN. [Mn'! (1Quin%)], = 0.3 mM and [O2]o = 4.1 mM after mixing at -20 °C.

A comparison with our previously reported system,® shows that the rate at which O

binds to 1Quino (30.0(8)

M7 st Table 2.6) is two orders of magnitude slower than the rate at

which O binds to 1Mepy (3.8(2) x 10° M s1) at 263 K. The rate at which superoxo 2Quino

converts to peroxo 3°uino (1.6(6) x 10* M s, Table 2.6), on the other hand, is two orders of
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magnitude faster (at 263 K) than the conversion (Scheme 2.1) of superoxo 2MéPY to peroxo 3Mepy
(kMY = 4.17(3) x 10? M1s1).8 It is worth noting that the rate constant k,2U™ is less reliable than
ks since it was calculated using global fits. The non-zero and increasing value of the y-
intercept with temperature in the kions’®™ vs [O;] plots of Figure 2.5 indicates that the rate-
determining step, i.e., Oz binding to 12U is reversible. One can obtain the rate constant
associated with the release of O» from the intercept of these plots and then calculate the
temperature-dependent equilibrium constants, Keq2U"° = k;QUino/k ;Ui symmarized in Table 2.7.

Table 2.7. Temperature-dependent rate-constant for O release from 2Quino and temperature-
dependent equilibrium constant for reversible O binding to 1Quin°,

Temperature (K) K-1Quino (g1 KegQuUiro (M-1)
273.15 9.8 x 1072 640
263.15 6.1x 107 890
253.15 3.3x 1072 1500
243.15 1.9x10% 1900

Previously reported superoxo 2MePY, on the other hand, does not release O. once O:
binding occurs.® Thermodynamic parameters for O binding to 12uin° (AH = -20 kJ mol™* and AS
= -23 J mol* K!) were obtained from a Van’t Hoff plot (Figure 2.10). The negative entropy
value is consistent with an associative process. The activation parameters for O release from
2Quino £, = 30(5) kJ mol™, AH* = 28(3) and AS* = -160(9), were obtained from Arrhenius (Figure
2.11) and Eyring (Figure 2.12) plots, respectively. Although the negative entropy of activation is
not what one would expect for a dissociative process, it indicates that the barrier associated with
the bond rearrangement required for electron transfer (Mn(I11)=>Mn(ll)) is large enough to offset
the entropy gained via O release. The Keq for Oz hinding to 124" is four orders of magnitude
larger than Keq for Oz binding to [(py)Mn"(TPP)] (Keq(298 K) = 2.3 x 102 M™),* but
comparable to Keq for Oz binding to [Co"(SalMeDPT)] (7, Keq(233 K) = 1.63 x 10° M™1).7° The

kinetic barrier to Oz binding, AH?, is 3.4 kJ mol™ higher than that of 77° but 7 kJ mol* lower than
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02 binding to MbFe(ll) (Mb = myoglobin).”* The barrier to Oz release is 13 kJ mol™ higher than

that of 7-O2,"° and 9 kJ mol™ higher than that of MbFe-0,."
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Figure 2.10. Van’t Hoff plot for Oz binding to _1Q“i”° in MeCN, from which the thermodynamic
parameters AH;Q4" = -21(2) kJ mol™* and AS; %" = -23(9) J mol™? K were obtained.
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Figure 2.11. Arrhenius plot for O release from 2°U"° in MeCN, from which the activation
energy Ea = 30(5) kJ mol™?, was obtained. The rate constants k12" were obtained from the
intercepts of the temperature-dependent plots of Figure 6.
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Figure 2.12. Eyring plot for O release from 2Quino in MeCN, from which activation parameters
AH12""% = 28(3) kJ mol™* and AS.1U"°% = -160(9) J mol* K™* were obtained. The first-order rate
constants k1?'"° were obtained from the intercept of Figure 2.5.

Activation parameters (Tables 2.5 and 2.6) for peroxo 32Uin° formation (Figures 2.13 and
2.14), O2 binding to 12U (Figures 2.15 and 2.16), as well as superoxo 2QUin° - peroxo 3QUin
conversion (Figures 2.17 and 2.18), were obtained from Eyring and Arrhenius plots. The largest
errors are associated with the conversion of superoxo 29U to peroxo 3%UI"°, since the superoxo
intermediate is not directly observed. The enthalpy of activation (AH1*M¢P) associated with O
binding to 1MePy (26(2) kJ/mol)® is 1.6 times greater than that for O, binding to 1Quin° (16(3)
kJ/mol, Table 2.6). A negative entropy of activation (AS1*M®", Table 2.6) is seen with both 1Mepy
and 1Quino consistent with an associative process. With the 6-Me-pyridine ligand system, the
barrier to the conversion of superoxo 2MePY to peroxo 3MePY (E, = 49 kJ mol™?) is significantly
higher than the barrier to Oz binding (Ea = 26(2) kJ mol?), explaining why the superoxo
intermediate is observed. For the quinoline system, both of these barriers are significantly lower
(Ea = 18(3) kJ mol, Figure 2.17), and E, = 17(5) kJ mol (Figure 2.18), respectively), and the

reaction landscape is relatively flat, explaining why it is more difficult to trap superoxo 2Quin°,



56

-1.40 -

-1.55 - A

1
—
h

~1
<

y =-944.334x + 1.883
R*=10.976

-1.85 -

In(k, Quino/T)

-2.00 -

-2.15 T T T T T )
0.0036  0.0037  0.0038  0.0039 0.004 0.0041 0.0042

UT (K'Y
Figure 2.13. Eyring plot for the formation of peroxo-bridged 3Qu"° via the addition of O, (4.1
mM in MeCN) to 1?uin° (0.30 mM in MeCN), from which activation parameter AH; @un%t =
7.8(9) kI mol! and AS;"not = -182(3) J mol? K, were obtained. The second-order rate
constants, ki’ were experimentally obtained.
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Figure 2.14. Arrhenius plot for the formation of peroxo-bridged 3QU"° via the addition of O, (4.1
mM in MeCN) to 1Quin (0.30 mM in MeCN), from which the activation energy, Ea = 10(1) kJ
mol, was obtained. The second-order rate constants ki’?'"° experimentally obtained.
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Figure 2.15. Eyring plot for O binding to 12U to form putative superoxo intermediate 2°2U° in
MeCN, from which activation parameters AH;U"°* = 16(3) kJ mol™* and AS; QU+ = -150(12) J
molK, were derived. The calculated second-order rate constants Kicaic?“™ were obtained from
a kinetic model using ReactLab.
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Figure 2.16. Arrhenius plot for O binding to 1°U" to form putative superoxo intermediate
2Quino jn MeCN, from which the activation energy, Ea = 18(3) kJ mol?, was obtained. The
calculated second-order rate constants kicac?® were obtained from the kinetic model using
ReactLab.
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Figure 2.17. Eyring plot for the conversion of superoxo 2QUIn° to peroxo 32UI°, from which
activation parameters AHz caic?U"* = 15(6) kJ mol™ and AS; cac?™* = -106(5) J mol* K1, were
obtained. The calculated second-order rate constants kacaic?'"® were obtained from a Kinetic
model using ReactLab.
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Figure 2.18. Arrhenius plot for the conversion of superoxo 22U to peroxo 32U in MeCN,
from which the activation energy, Ea = 17(5) kJ mol, was obtained. The calculated second-order
rate constants kacaic?“"® were obtained from a kinetic model using ReactLab.
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2.3.4 The Barrier to Peroxo O-O Bond Cleavage

With the 6-Me-pyridine ligand scaffold, cleavage of the peroxo O-O bond of 3MePY was
determined to be slow and rate-limiting, making it difficult to obtain information regarding the
mechanism of 3MePY to mono oxo-bridged 6MePY conversion (Scheme 2.1).% In contrast, the rate at
which the less stable quinoline peroxo, 3RU"° converts to mono-oxo bridged 62U (Table 2.8) is
an order of magnitude faster (vide infra), allowing us to obtain stopped-flow kinetics data for this
step. Calculated rate constants (Kscac®™) obtained from global fits (Table 2.6) are in good
agreement with the experimentally determined rate constants (ks®'"°, Table 2.5).

Activation parameters (Table 2.5) for peroxo O-O bond cleavage were obtained from
Eyring and Arrhenius plots (Figures 2.19-2.22). Although activation parameters are not available
for comparison to other Mn-peroxo compounds, the barrier to cleavage of the peroxo O-O bond
of 3Quino of the peroxo O-O bond of 3Quino js comparable to the barrier to homolytic O-O bond
cleavage for a known Fe-hydroperoxo [(TMC)Fe''-O0OH]?*.7
Table 2.8. Observed pseudo first order rate constants for the peroxo 3Qui"° O-O bond cleavage as

a function of dioxygen concentration and temperature. Data obtained by monitoring the decay of
peroxo 3QUin at ), = 749 nm, [Mn'! (1Quin°)] = 0.3 mM.

Temperature (K) [O2] (mM) K3obs”QUin° (s°1)
233.15 2.40 0.01074
3.12 0.01010
3.96 0.01021
223.15 1.67 0.01080
2.39 0.01118
3.08 0.01118
4.00 0.01114
213.15 1.64 0.00985
2.35 0.01060
3.08 0.01119
3.96 0.01112
203.15 1.80 0.00932
2.46 0.01096
3.27 0.01094

4.40 0.01150
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Figure 2.19. Eyring plot for cleavage of the peroxo O-O bond of 3Ruin° and its conversion to
mono oxo-bridged 62Uin° in MeCN, from which activation parameters AHz*?'"° = 13(1) kJ mol*!
and AS3Un° = _220(4) J mol* K1, were obtained. First-order rate constants ks?“" were obtained
from stopped-flow experiments.
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Figure 2.20. Arrhenius plot for O-O bond cleavage of peroxo 3°UI"° in MeCN, from which the
activation energy, Ea = 15(1) kJ mol, was obtained. The first order rate constants ks?'"° were
experimentally obtained by monitoring the disappearance of 3Qu"° at A = 749 nm.
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Figure 2.21. Eyring plot for the conversion of peroxo-bridged 3°U"° to mono oxo-bridged 6°uin°
via O-O bond cleavage in MeCN, from which activation parameters AH3z*"" = 16(2) kJ mol
and AS3tUn° = -211(6) J mol* K, were derived. The calculated second-order rate constants
kscalc2U"® were obtained from a kinetic model using ReactLab.
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Figure 2.22. Arrhenius plot for the cleavage of the O-O bond of peroxo-bridged 3Qui" jn MeCN,
from which the activation energy, Ea = 18(1) kJ mol™, was obtained. The second-order rate
constants kscaic?“"™ were obtained from the kinetic model using a global model in ReactLab.

If Mn peroxo 32U follows a pathway (Scheme 2.3) analogous to that of Cu- and Fe-
peroxo compounds,'*° then homolytic O-O bond cleavage would afford a high-valent bis-oxo-

bridged compound, LMMn'Y(pu-0)oMn'VLUNo (4Quino) - Two electrons, and two protons, or,
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two H-atoms, would then be required to convert this high-valent bis-oxo intermediate to mono-
oxo bridged LU"Mn",(u-0) (62uin%). We were unable to observe intermediates following
quinoline peroxo 3Quno however, even at temperatures as low as -120 °C (in Me-THF). This
implies that O-O bond cleavage is the rate-determining step in this case. In order to increase the
stability of high-valent intermediates and increase the likelihood of observing intermediates
beyond the peroxo, we synthesized a more electron-rich ligand system, containing a 6-MeO-

pyridine substituent, LMeOY,

2.3.5 Ligand Design and Synthesis

The pentadentate ligand LM®OPY which is a structural derivative of previously reported
LMeY was synthesized according to the procedure outlined in the experimental section. This
ligand features a 6-methoxy-pyridine substituent, which is simultaneously more electron-
donating and less-sterically-encumbering than LMY (A-value = 0.6 vs 1.7 for MeO and Me
respectively).”® The synthetic scheme for the N-heterocyclic ligand precursor N,N-bis(6-
methoxy-2-pyridinilmethyl)ethane-1,2-diamine (6-MeO-DPEN, Ls) is shown in Scheme 2.4. The
ligand synthesis has an overall yield of 20.9%. The first step involves methylation of alcohol
groups of 6-hydroxypyridine-2-carboxylic acid by iodomethane in the presence of silver
carbonate to produce methyl 6-methyloxy-2-pyridinecarboxylate (L1). Reduction of L1 using
LiAlH4 yield 6-methoxy-2-pyridinemethanol (L2). The following ligands were synthesized using
similar procedures to that of the quinoline and 6-Me-DPEN ligands with chromatography
conditions modified accordingly.®°? These ligands were characterized by *H NMR (Figures 2.23-

2.27).
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Scheme 2.4. Five-step synthetic scheme to isolate N,N-bis(6-methoxy-2-pyridinilmethyl)ethane-
1,2-diamine (6-MeO-DPEN, Ls).
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Figure 2.24. *H NMR of 6-methoxy-2-pyridinemethanol (L>) in CDCI3
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2.3.6 Synthesis of a New Mn"" Complex Containing a Less Sterically Encumbered, More

Electron-Donating Pyridine Substituent

The corresponding Mn'" complex, [Mn'l(LMeOP)],2* (1MeOpy) was synthesized via a
metal-templated Schiff-based condensation between N,N-bis(6-methoxy-2-
pyridinilmethyl)ethane-1,2-diamine and  3-methyl-3-mercapto-2-butanone, as previously
described for 1Mepy and 1Quino 48 Crystallographic characterization showed that the Mn'' complex
derived from this ligand, 1My, is dimeric in solid state (Figure 2.28). Comparing to the trigonal
bipyramidal geometry of 1Mepy (t = 0.59)* and 1Quin° (t = 0.55)?, the t-value for 1MeOPY (0.42)
reflects the Mn'" ion is a more distorted square pyramidal geometry, which is in part due to the
bis-p-thiolate. Instead of a 6-coordinate Mn' center, one of the pyridine ligands is not
coordinated to the metal center in the solid-state structure. The flexibility of the ligand
framework would provide better stability for high valent bis-p-oxo species, as the Mn ion would
be six-coordinate with the reversible binding pyridine ligand.

Despite the dimeric structure in solid state, the magnetic moment measured by Evans’
method® (perr = 5.88 B.M., MeCN, 298 K), solution-state ESI-MS (Figure 2.29), X-band EPR
spectrum (hyperfine splitting 90 G, Figure 2.30), and cyclic voltammogram (Figure 2.31) all
indicate that 1MeOPY js monomeric in solution. Both solution state magnetic moment and EPR
data confirms the complex as high spin Mn'"' (S = 5/2). The cyclic voltammogram of 1MeOpy
display a quasi-reversible Mn""""wave at 0.378 V (vs SCE, in MeCN) that is much lower relative
to 1Mepy (0.412 V vs SCE)* and 1Quin® (0.452 V vs SCE)®2. This implies a less Lewis acidic Mn
ion for 1MeOpy compared to 1MePY and 1Qui, which was expected for the more electron donating

6-methoxy-pyridine ligand.
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Figure 2.28. ORTEP diagram of [Mn'"(LMeOP)],2* (1MeOpy). Hydrogens and counterions have
been omitted for clarity.
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Figure 2.29. ESI-MS of [Mn"'(LMeOP)],2+ (1MeOpy) in MeCN with a low skim-voltage, showing
that dimeric 1MeOPY cleaves into monomeric complex in solution.

2800 3300 3800
Magnetic Field (G)
Figure 2.30. X-band (9.64 GHz) EPR spectrum of 1MeOpy (perpendicular-mode) in MeOH/EtOH
at 6.6 K, and 5 mW power. The hyperfine splitting between the prominent lines is 90 G.
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Figure 2.31. Cyclic voltammogram of the monomeric derivative of [Mn'/(LMeOPY)],2* (1MeOpy)
that forms in MeCN at 298 K. Potentials shown are versus SCE, with 0.1 M BusNPFs supporting
electrolyte, a glassy carbon electrode, and scan rate of 500 mV/sec.

2.3.7 Reactivity of 1MeOPY with Dioxygen

Like Mn'" complexes 1Mepy and 1°Quino reduced 1MeOPY rapidly reacts with Oz under
ambient conditions to ultimately afford binuclear mono oxo-bridged {[Mn'"'(LMeOP)]o(u-0)}?*
(6MeOPY), characterized by its Amax = 565 nm (g = 1030 M cm™) in the electronic absorption

spectrum (Figure 2.32), the ORTEP of which is shown in Figure 2.33.
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Figure 2.32. Electronic absorption spectrum of {[Mn""'(LMOPY)],(u-0)}2* (6MeOPY) in DCM at 25
°C.

Figure 2.33. ORTEP diagram of mono oxo bridged 6MeOpY formed in the reaction between
1MeOpy and O.. Hydrogens have been omitted for clarity.

The mean MneeeN”" separation in 6MeOPY js 0.15 A shorter than that of 6-Me-pyridine
6Mepy and 0.18 A longer than that of 6-H-pyridine 6P (Table 2.1), indicating, based on
previously established trends,® that the corresponding peroxo derivative should have a weaker

0-0 bond, but will likely be observable (vide supra). In addition, the more electron-rich metal



70

ion should be capable of stabilizing high-valent intermediates (vide infra). Consistent with this,
four metastable intermediates are observed en route to mono oxo-bridged 6MeCPY. At low
temperatures (-73 °C) a metastable green intermediate, 3MeOPY, (Amax (EtCN) = 612 nm, Amax
(DCM) = 630 nm) is observed in the reaction between 1MeOpY and O, (Figure 2.34). Given the
similarity of this spectrum (Figure 2.34) to that of peroxo-bridged 3M®? (Amax = 660 nm, Figure
2.1), this intermediate was tentatively assigned as a peroxo-bridged dimer, {{Mn""'(LMOPY)]o(ui-

02)}2+ (3Me0py).

27 396 \?\
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Figure 2.34. Electronic absorption spectrum of peroxo intermediate 3MeOPY formed in the
reaction between 1Me9pY and O, (5 mL dry Oz gas) in EtCN at -73 °C.

DFT and TD-DFT calculations were found to support this assignment. Metrical
parameters (Table 2.9) for the DFT optimized structure, calculated using the spin-unrestricted
B3LYP hybrid functional and the 6-311G basis set, are consistent with 3MeOPY peing a trans-p-
1,2-peroxo-bridged Mn"" dimer (Figure 2.35), analogous to 3MePy and 3Quino, The TD-DFT
calculated electronic absorption spectrum (Figure 2.36) is in good agreement with the

experimental spectrum of Figure 2.29, and the calculated exchange coupling constant, J¢3°¢ = -
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0.53 cm™, indicates that the two Mn'"" jons are essentially uncoupled. The calculated O-O bond
length (1.518 A) is 0.02 A longer than that of 3Ruin and 0.07 A longer than that of 3MePY (O-O =
1.452(5) A),% indicating that this bond should cleave more readily in 3MeOPY, Consistent with this,
3MeOpy s |ess stable than 3MePY and 3RUin°, and is not readily observed at temperatures above -73
°C unless a stopped-flow instrument is used.

Table 2.9. Selected DFT optimized bond lengths (A) and angles (°) for peroxo-bridged
[MnIII(LMeOpy)]z(},l-Oz)2+ (3Me0py)'

Metrical parameters Calculated distance (A) and angles (°)
0O(1)-0(2) 1.518
Mn(1)-O(1) 1.848
Mn(2)-0(2) 1.866
Mn(1)-S(1) 2.332
Mn(2)-S(2) 2.329
Mn(1)eeeMn(2) 4.361
MneeeN(3)avg 2.455
MneeeN(4)ayg 2.310
Mn(1)-0(1)-0(2) 109.5
Mn(2)-O(2)-0O(1) 101.5
N(1)-Mn(1)-O(1) 176.7
N(5)-Mn(2)-O(2) 175.7
S(1)-Mn(1)-0(1) 91.6
S(2)-Mn(2)-0(2) 91.7

Figure 2.35. DFT optimized structure of peroxo-bridged 3MeOpy,
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Figure 2.36. TD-DFT calculated electronic absorption spectrum of peroxo-bridged
{IMn"(LMeOP)Ja(u-0)}>* (3Me0).
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Kinetic data for O, binding to Mn'' 1MeOpy and the formation of putative peroxo 3MeOpy
were collected at low temperatures using a stopped-flow instrument. The build-up and decay of
putative superoxo 2MeOpy was followed at 515 nm. As illustrated in the time-resolved electronic
absorption spectra of Figure 2.37, 2MeOpY forms in approximately 3 s at -80 °C, en route to
putative peroxo 3MeOPY (Amax = 612 nm). The electronic absorption spectrum of 2MeOPY js similar
to that of our previously reported superoxo, 2MePY (Scheme 2.1, Amax = 515 nm),® which forms en
route to crystallographically characterized 3MePY, suggesting that 2MeOPY js a superoxo,
[MN(LMEOPY)(0,)]* (2MeOPY). In contrast to 2Mepy, 2MeOpy js only cleanly observed if > 20-fold
excess [O2] (8 mM [O2] vs 0.375 mM [1MeOmv]), and lower temperatures (-80 °C to -62 °C) are
used (Table 2.10, Figure 2.38). These conditions are likely required in order to ensure that Mn'"
1MeOpy s consumed by the excess O, thereby slowing down the conversion of 2MeOPy to

binuclear peroxo-bridged 3MeOPY (Scheme 2.5 and Figure 2.38) and increasing its lifetime.



73

Table 2.10. Observed pseudo first order rate constants for dioxygen binding to Mn'! 1MeOpy s a
function of dioxygen concentration and temperature. Data collected by monitored at A = 504 nm
using a stopped flow instrument, [Mn'! (1MeOpy)] = 0.75 mM.

Temperature (K) [O2] (mM) K1obsMeOPY (s71)
193.15 2.2 0.19759
4.4 0.29557
6.6 0.40904
8.8 0.36095
202.15 8.8 0.58759
211.15 8.8 0.77636
220.15 8.8 1.10650
0.5 1 1
: G
"
1] e cossessnns
803
% ? ? * Time (s) d ¢ ;
;% 0.2 612
900 ms/
0.1 -
0 . ' ' . . ;
425 500 575 650 725 800 875

Wavelength (nm)

Figure 2.37. Time-resolved electronic absorption spectra, for dioxygen binding to 1MeOPY in
EtCN at -80 °C, obtained using a stopped-flow instrument, under pseudo-first-order conditions
with excess O ([1MeOPY] = 0.375 mM, [O2] = 8 mM after mixing). Inset: kinetic trace obtained at

Amax = 504 and 612 nm.
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Figure 2.38. Monitoring the growth of putative peroxo 3MeOpY, and putative superoxo 2MeOw in
EtCN at -80 °C ([1Me9P¥] = 0.75 mM, [02] = 0.75 mM).

Scheme 2.5. Dioxygen reactivity of 6-MeO-pyridine 1MeOPY showing rate constant labeling
scheme, and observed intermediates.
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The general kinetic scheme used to analyze the data was the same as that used for 1Mepy
Reactions were run under pseudo first-order conditions, in the presence of excess O.. Psuedo
first-order rate constants, Kiops"'*°" and kaonsM™, as a function of [O2], temperature, and
[1MeOPY] are assembled in Tables 2.10-2.12, respectively. The observed rate constant Kiobs'*OPY

was found to increase linearly (Figure 2.39) with increasing Oz concentration, indicative of a 1%
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order reaction with respect to [Oz]. The second order rate constant for O binding kiM% was
obtained from the slope, and the first order rate constant for O release at -80 °C, k-1MeOPY, was
obtained from the intercept of Figure 2.39. Intermediates 2MeOpy and 3MeOpy were found to be too
unstable at temperatures above -80 °C if lower concentrations of dioxygen (i.e., [O2] < 8.8 mM)
were used, requiring that, at higher temperatures, k-1M®" parameters be obtained from global
fits. Second order rate constants for the conversion of superoxo 2MeOpY to peroxo 3MeOpy, k,MeOPy,
were also obtained from global fits to the [O2] = 8.8 mM data using ReactLab. Superoxo 2MeOpy
is not observed at temperatures above -62 °C.
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Figure 2.39. Plot of pseudo first order rate constants (Kiops™°"Y) for O binding to 1MeOPY as a
function of [O2] at -80 °C, from which the second-order rate constant kiM¢"Y, and first-order rate
constant k.1M¢°P were obtained.

Table 2.11. Observed pseudo first order rate constants for the conversion of superoxo 2MeOpy to
peroxo 3MeOPY as a function of dioxygen concentration and temperature. Data obtained by

monitoring reaction at A = 504 nm by stopped-flow, [Mn!' (1MeOpy)] = 0.75 mM.

Temperature (K) [O2] (mM) K2obsMeOPY (s71)
193.15 2.2 0.006417
4.4 0.007637
6.6 0.007670
8.8 0.005773
202.15 8.8 0.01062
211.15 8.8 0.000853
220.15 8.8 0.00944
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Table 2.12. Pseudo first order rate constants for the conversion of superoxo 2MeOPY to peroxo
3MeOpy as a function of Mn'! 1MeOpy congentration and temperature. Data obtained by monitoring
reaction at A = 630 nm by stopped-flow, [O2] = 8.8 mM.

Temperature (K)  [1MeOPY] (mM) K20bs™MeOPY (571

193.15 0.75 0.041
0.60 0.038
0.45 0.037
0.30 0.028

Temperature-dependent rate constants for the reaction between 1MeOPY and O, are
summarized in supplemental Tables 2.10-2.11, and Tables 2.13-2.14. The rate constant
numbering scheme and observed intermediates are shown in Scheme 2.5. Dioxygen binding to
1MeOpy (k,MeOPY (211 K) = 70.9(8) M s, Table 2.12, Figure 2.39) is two orders of magnitude
slower than O, binding to 1MePY (kycaic?"™ (263 K) = 3.8(2) x 10° M s1),6 and approximately
twice as fast as Oz binding to 1QU° (kycac 2™ (263 K) = 30.0(8) M* s, Table 2.6), albeit, at
lower temperatures, where entropy favors an associative binding process. This step is rate
determining, with respect to formation of peroxo 3Quino and 3MeOpy phut not 3MePY, Dioxygen binds
reversibly to 1MeOpY, as well as 1Quino (vide supra), but irreversibly to 1MePY, Dioxygen release
from 2MeOpy s three orders of magnitude slower (k-1M°PY = 2.4(2) x 102 s%, Table 2.15) than O
binding (k:M°" = 70.9(8) M s1) at -80 °C. Due to the instability of superoxo 2MeOpy at
temperatures above -80 °C, and the limitations of the low-temperature stopped-flow instrument,
the error associated with the kinetic parameters, k-1M¢9, for O, release is too large to reasonably
obtain equilibrium constants. The apparent low affinity for O, (based on the intercept of Figure
2.39), and the reversibility of Oz binding to 1Me©pY indicates that, consistent with our design, the
electron donating LM®°? ligand decreases the metal ion Lewis acidity of the 6-MeO-pyridine
dioxygen derivatives. This is reflected in the Mn'"""" redox potentials for 1MeOpY versus 1Quine and

1Mepy (vide infra). This is not only an electronic effect, but also a steric effect since the decreased
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steric bulk of the 6-MeO-pyridine substituent favors shorter MneeeNA" distances, which should

increase electron density at the metal ion (vide supra, Table 2.1).11:°

Table 2.13. Temperature-dependent rate constants for O, binding to 1MeOPY O, release from
2MeOpy and the conversion of superoxo 2MeOPY to peroxo 3MeCPY in EtCN.

-80 °C -71°C -62 °C
kiMeOpy (M1 51 34(4) 43.6(5) 70.9(8)
k.1 MeOPY (51 8.4(3) x 103 1.8(9) x 102 2.4(9) x 1072
k,MeOpy (|\/|'1 S'l) 1.1(4) x 103 9.5(2) x 102 2.0(3) x 102

Table 2.14. Rate constants, obtained from global fits for cleavage of the peroxo 3MeOPy O-O
bond (ksMe9?) and HAT (ksMeOP) to the putative Mn'VMn'Y bis oxo 4MeOpy as a function of [Oa].
Data obtained at -80 °C. Rate constants ki€ = 34 M? 51, k4MOPY = 0.0084 s, and k,MeOP =
1070 M s were obtained from excess-O2 experiments and used without optimization.

[Mn] (MM) [02] (MM) ksMeOPy k4MeOPy
0.75 0.375 6.19(6) x 102 8(4) x 10°3
0.75 7.8(6) x 10”2 1.00(4) x 10
15 1.39(3) x 10 1.3(2) x 102
15 0.375 3.0(8) x 10° 1.0(2) x 102
0.75 2.35(4) x 102 3.3(4) x 10°®
15 2.8(1) x 10”2 1.5(2) x 10"

Eyring and Arrhenius plots were used to obtain activation parameters for Oz binding to
1MeOpy (Figure 2.40-2.41), O, release from 2MeOpy (Figure 2.42-2.43), and the conversion of
superoxo 2MeOpy tg peroxo 3MeOPY (Figure 2.44-2.45), and are compared with the corresponding
parameters for 1Mepy and 1Quino jn Table 2.15. An analysis of the factors that govern the
magnitude of these kinetic barriers shows that both metal ion Lewis acidity and metal ion
accessibility play a role. For example, there is a strong correlation (R?> = 0.999) between the
barrier to O, binding and the cathodic peak potential, Epc,*® an experimental parameter that
reflects metal ion Lewis acidity: the higher the redox potential, the higher the barrier to O>
binding (Figure 2.46). This indicates O> binding is coupled with the oxidation of the metal ion,

as one would expect for a process that converts O» to superoxide, O»*~. Peak potentials, as
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opposed to Ei» values are compared in Figure 2.46, since the cyclic voltammogram wave

associated with the 19Uin° js irreversible.%?
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Figure 2.40. Eyring plot for O binding to 1MeOPY to form putative superoxo intermediate 2MeOpy
in EtCN, from which activation parameters AH:*MeOPY = 11.9(8) kJ mol™* and AS;*MeOPY = -151(6)
Jmol™? K, were derived. The second-order rate constants k;MPY were experimentally obtained.
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Figure 2.41. Arrhenius plot for Oz binding to 1Me9PY to form putative superoxo intermediate
2MeOpy in EtCN, from which the activation energy, Ea = 14(1) kJ mol, was obtained.
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Figure 2.42. Eyring plot for O release from superoxo 2MeO® in EtCN, from which activation
parameters AH.1*MeOP = 18(2) kJ mol™ and AS.;*MeOPY = -127(9) J mol* K, were derived.
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Figure 2.43. Arrhenius plot for O2 release from superoxo 2MeOPY in EtCN, from which the
activation energy, Ea = 20(1) kJ mol, was obtained.
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Figure 2.44. Eyring plot for the conversion of superoxo intermediate 2MeOPY to peroxo 3MeOPY in
EtCN, from which activation parameters AH*™MePY = 10(2) kJ mol™ and AS;*MeOPY = -132(3) J
mol* K, were derived.
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Figure 2.45. Arrhenius plot for the conversion of superoxo intermediate 2MeOpY to peroxo 3MeOpy
in EtCN, from which the activation energy, Ea = 12(6) kJ mol™* was obtained.
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Table 2.15. Comparison of the activation barriers to dioxygen binding to 1MeOpy 1Quino ang
1Mepy_ dioxygen release from superoxo 2MeOPY, superoxo 2MeOPY to peroxo 3MeOPY conversion, and
peroxo 3MeOpy O-O bond cleavage.

Ligand Activation
Scaffold Parameter

LMoY AHE (kJ mol?)
ASt (J mol? K
1

_ Ea (kJ mol?)

Lo AH (kJ mol™)
ASt (3 molt K
1
Ea (kJ mol™)

Lhalsz7 AH* (kJ mol™?)
AS* (3 mol? K-
1

Ea (kJ mol™)

30 1

25 A

E,(O, Binding) (kJ/mol)
wn

02 O2  Superoxo  O-O Peroxo Ep, M0
binding release 2 to Cleavage Half- (mV vs
tol from2 peroxo 3 life SCE)
11.9 18.5 10.0 N/A 115s +288
-151 -127 -132 (193 K)

13.5 20.2 11.7

16(3)  28(4)  16(2) 16(2) 23s +312
- 160 -106(6)  -211(6) (221 K)
150(12) 30(5)  17(5) 18(3)

18(3)

26(2)  NIA 47(1) N/A  290s  +360
-76(7) -15(6) (233 K)

28(1) 49(1)

1Mepy

]Quinu
v =0.202x - 44.929

R?=0.999
1 MeOpy
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Figure 2.46. Correlation between the activation barrier (Ez) to O2 binding and the cathodic peak

potential, Ep.c.

In addition, comparison of the steric properties shows that the activation barrier decreases

as the metal ion becomes more (Figures 2.47-2.49). The Mn'" ion is more accessible in 1MeOpy,

less so in 1Quino and less accessible in the more sterically encumbered 1MePY. A similar
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correlation is observed between the redox potential and the kinetic barrier to the conversion of

superoxo 2 to the corresponding peroxo 3 (Figure 2.48).

Figure 2.47. Steric properties of the ligand influence metal ion (shown in purple) accessibility,
as shown by space filling diagrams of 1Mepy (left), 1Quin° (center), and 1MeOFY (right).
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Figure 2.48. Correlation between cathodic peak potential, Epc, and the kinetic barrier to the
conversion of superoxo 2 to peroxo 3.
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Figure 2.49. Arrhenius plot for the conversion of superoxo intermediate 2MeOPY to peroxo 3MeOPy
in EtCN, from which the activation energy, Ea = 12(6) kJ mol™?, was obtained.

2.3.8 Barrier to O-O Bond Cleavage and the Observation of Additional Intermediates

As noted in the introduction, the steric properties of the substituted N-heterocycles differ
dramatically, and have been shown to influence the barrier to alkylperoxo O-O bond cleavage.®
The least sterically encumbered complexes contain shorter MneeeN”" distances and weaker
alkylperoxo O-O bonds. This is because the metal ion becomes less Lewis acidic as the
MneeeN”" distance decreases, and this decreases the m-back bonding from the filled peroxo
n*(0O-0) orbital to the metal ion. X-ray emission (XES) spectroscopically calibrated calculations
showed that peroxo 3MePY adheres to this correlation, as well.}! Presumably this also applies to
the other dioxygen-derived peroxos, 3QUn° and 3MeOpy, described herein. Kinetic studies were
used to determine whether the orbitals followed this correlation.

Observation of peroxo 3MeOPY, and the metastable intermediates that follow, is optimized
when excess amounts of Oz ([O2] = 8.8 mM vs [1MeOpY] = 0.375 mM) and high temperatures (-44

°C), are used (Figure 2.50). These conditions speed up the formation of superoxo 2MeOpY and its



84

conversion to peroxo 3MeOpy, Under these conditions, peroxo 3MeOpy forms within 1.2 s (Figure
2.50), and then converts to a metastable species, 4MeOPY, within 21s. There is a clean isosbestic
point at 730 nm, indicating that at most two species contribute to the absorbance at higher
wavelengths. However, at wavelengths below 525 nm, the isosbestic points are less clear because
several species (including superoxo 2MeOpy and peroxo 3MeOPY) contribute to this region of the
spectrum. Based on global fits to the data 4MeCPY possesses absorption bands at 805 nm and 497

nm, and a shoulder at 532 nm (Figure 2.50).
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Figure 2.50. Conversion of peroxo 3MeOpy tg a metastable species, 4MeOPY with Amax = 805 nm
monitored by transient absorption spectroscopy in EtCN at -44 °C. [O2] = 8.8 mM, [1MeOpy] =
0.375 mM, after mixing.

According to the reaction scheme of Scheme 2.3, the species most likely to form
following peroxo 3MeOpy would be a high-valent bis p-oxo, [((LMEOP)Mn'V)a(u2-0)2]?* (4MeOry),
Conversion of 3MeOpy tg 4MeOpy would involve peroxo O-O bond cleavage, explaining why
higher temperatures are required. Rate constants for the conversion of 3MeOPY to 4MeOpY \yere

obtained from global fits to the data. A comparison of the half-lives of 3MeOpy (kgMeOPY (193 K) =

0.06(3) s!, ti, = 11.5 s), 3Quin (Table 2.15), and 3MéPY (Table 2.15), shows that there is a
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correlation between the barrier to peroxo O-O bond cleavage and the experimentally measured
redox potential, Ep M. This effect is enhanced if one takes into account the fact that these
half-lives were measured at different temperatures, due to the fact that peroxo-bridged 3MeCY js
not observed above 233 K, and temperatures below 233 K were required for an accurate
determination of rate constants for 3RUIn° dye to its instability. The higher the redox potential, the
more Lewis acidic the metal ion, and the more = back-donation from the filled peroxo n* orbital
is facilitated. Redox potentials for the Mn"""" couple are used, as opposed to the Mn"""" couple,
because our Mn(IV) derivatives are too reactive (vide infra) to obtain the latter. The metastable,
reactive nature of 4MeOpY contrasts with the majority of bis-oxo bridged Mn"™VMn'V dimers,’-®
likely reflecting the electron donating properties of the thiolate.

Following its formation, putative high-valent bis oxo Mn'VMn'V (4MeOpy )., = 805 nm)
converts more slowly (Table 2.12) to metastable red species with Amax = 505 nm, and a
reproducibly observed multi-line L-mode EPR signal (Figure 2.51). The spectrum of Figure 2.51
is well simulated with an S = 1/2 system with a rhombic g-tensor with principal values 1.994,
2.004, and 2.016 coupled to two >*Mn nuclei with isotropic hyperfine couplings of 325 MHz and
180 MHz.*® These values are consistent with an antiferromagnetically coupled Mn"'‘Mn'v

bimetallic species, 5MeOpy, 77-83
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Figure 2.51. Low temperature (6.6 K) perpendicular-mode X-band (9.645 GHz) EPR spectrum
of the Mn""Mn'"V intermediate 5MeOpy, observed following peroxo 3MeOPY, Microwave power =
0.2 mW, modulation amplitude = 0.75 mT.

2.4 Conclusion

With this study, we have shown that the relative stability of metastable dioxygen
intermediates can be tuned by adjusting the supporting ligands. Whereas O binds irreversibly to
1Mepy_ kinetics data shows that O, binding was less favored for the less Lewis acidic complexes
1Quino and 1MeOpy and the microscopic reverse process involving Oz releasing process involving
O, release from superoxo 2°Quino and 2Quine was more favorable. The Mn'' complexes 1MéPY and
1Quino are complementary in that the initial O, binding step to form a superoxo intermediate was
observable with 1MéPY, but not with 1Quin°_ Information regarding the barrier to peroxo O-O bond
cleavage can be obtained for peroxo 3RUin° but not for 3Mepy, or 3MeOPY phecause the reaction step
was too slow, or too fast, respectively. The incorporation of a more electron rich, less sterically
encumbered ligand (6-MeO-pyridine) decreases the barrier to O2 binding and releasee, as well as

peroxo O-O bond cleavage, relative to the other derivatives. A strong correlation between the
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Mn""" redox potential and the ligand-dependent activation barrier to Oz binding and the
conversion of superoxo 2 to peroxo 3 is observed. The reaction landscape for the dioxygen
chemistry of 1Quino and 1MeOpy js shown to be relatively flat, compared to that of 1MePY, with
respect to the barriers separating metastable intermediates. With a more electron-donating, less
sterically encumbered 6-MeO-pyridine ligand, a total of four intermediates are observed at low
temperatures, including two reactive intermediates following peroxo 3MeO®y, en route to the final
mono oxo-bridged dimer product, 6Me9PY, The highly reactive nature of a putative Mn'VMn'V
dimer contrasts with the majority of Mn'"VMn'V dimers, which are stable. The reactivity reflects
the electron donating properties of the thiolate ligand. Further investigation on the O activation
pathway of 1MeOpY along with hydrogen atom abstraction (HAT) reactivity with 5MeOpyY will be
discussed | the following chapter, as high-valent metal oxo species are often involved in HAT

reactivity.
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Chapter 3. Hydrogen Atom Transfer Reactivity with Metastable
Thiolate-ligated Mn"Mn!'V Intermediate Derived from Dioxygen

Activation

Portions of this chapter have been republished or adapted with permission of the Journal of the
American Chemical Society from “How Metal lon Lewis Acidity and Steric Properties Influence
the Barrier to Dioxygen Binding, Peroxo O-O Bond Cleavage, and Reactivity”, Poon, Penny
Chaau Yan; Dedushko, Maksym A.; Sun, Xianru; Yang, Guang; Toledo, Santiago; Hayes, Ellen
C.; Johansen, Audra; Piquette, Marc C.; Rees, Julian A.; Stoll, Stefan; Rybak-Akimova, Elena;
Kovacs, Julie A. J. Am. Chem. Soc. 2019. 141, 15046-15057.; Copyright 2019 American

Chemical Society.

3.1 Introduction

High-valent manganese-oxo species have been proposed to be key intermediates in vital
biological processes, such as water oxidation by the oxygen evolving complex (OEC) of
photosystem 11 (PSIl) % and the production of deoxyribonucleotides by ribonucleotide
reductases (RNR)"°. In these processes, hydrogen atom transfer (or, transfer of a proton and an
electron) takes place to relay electrons and protons through the enzyme. The redox relay between
D1-His190 and tyrosine (YY) in PSII, which is believed to contribute to the high efficiency of
water oxidation by the enzyme, has been shown to go through proton-coupled electron transfer
(PCET).1%12 On the other hand, hydrogen atom transfer (HAT) occurs in ribonucleotide
reductase (RNR) as the enzyme utilizes a bimetallic active site to generate a tyrosyl radical (Tyr-

0°) essential for the reduction of ribonucleotides to deoxyribonucleotides, the building blocks of
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DNA. In the Mn-dependent class Ib RNR, superoxide (O2*") oxidizes the Mn''Mn'" active site to
Mn""Mn'"Y, which is then reduced to Mn""Mn'""!' by oxidizing a tyrosine residue (Tyr-OH) to a
tyrosyl radical (Tyr-O®) via HAT."8131% The Mn""Mn'V intermediate, which is proposed to
contain a bridging p-oxo and a bridging u-hydroxo, has been observed and characterized with
stopped-flow UV-vis electronic absorption and EPR spectroscopy.®%°

In the previous chapter, dioxygen activation by the MeO-derivative Mn'-thiolate
complex 1MeOPy |ed to a series of metastable Mn-oxo intermediates, including a Mn""Mn"!! -
peroxo (3MeorY), Mn'VMn!Y bis-p-oxo (4MeOPY), and Mn'""Mn'V(u-oxo)(u-hydroxo) (5MeOPY). The
metastable Mn'""Mn'V 5MeOpy stable at -73 °C within a bench-top UV-vis setup, resembles the
Mn""Mn" intermediate with bridging p-oxo and p-hydroxo in class Ib RNR mentioned above.
While the O activation mechanism was determined via stopped-flow kinetics and EPR
spectroscopy, the extended reactivities of Mn'' 1MeOpy and Mn'"Mn'V 5MeOpy with common HAT
substrates have yet to be investigated. In this chapter, hydrogen atom transfer reactivities will be

explored with the Mn'! species 1MeOpY and the metastable Mn'!'Mn'V 5MeOpy,
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3.2 Experimental

General Methods. All manipulations were performed using Schlenk techniques or under an N
atmosphere in a glovebox. Reagents and solvents were purchased from commercial vendors,
were of highest available purity, and were used without further purification unless otherwise
noted. Methylene chloride (DCM), tetrahydrofuran (THF), diethyl ether (Et2O), and acetonitrile
(MeCN) were rigorously degassed, and purified using solvent purification columns housed in a
custom stainless-steel cabinet, dispensed via a stainless steel Schlenk-line (GlassContour).
Methanol (MeOH) was dried over magnesium methoxide and distilled prior to use. *H NMR
spectra were recorded on a Bruker DPX-200 or AV 300 FT NMR spectrometer at ambient
temperature and were referenced to residual solvent. Chemical shifts are listed in parts per
million (ppm) and coupling constants (J) in Hz. EAS spectra were recorded on a Varian Cary 50
or Varian Cary 60 spectrophotometer equipped with a fiber optic cable connected to an ATR
“dip” probe (C-technologies). A custom-built two-neck solution sample holder equipped with a
threaded glass connector was sized specifically to fit the “dip” probe. Electrospray-ionization
mass spectrometry (ESI-MS) data were obtained on a Bruker Esquire Liquid Chromatograph-lon
Trap mass spectrometer. Gas chromatography-mass spectrometry (GC-MS) data were obtained
on an Agilent 5973 Gas Chromatograph/Mass spectrometer. Organic ligands, 1-(tert-
butyloxycarbonyl)ethyldiamine (NNBoc) and 3-methyl-3-metcapto-2-butanone were synthesized
according to published procedures.'®'’ Synthesis of hydrogen atom donor TEMPO-H was
synthesized according to a published procedure!® and D.O was used in place of H.0 to
synthesize the deuterium version TEMPO-D. Synthesis of 6-MeO-DPEN ligand and Mn"

complex 1MeOpy as well as generation of putative Mn''"Mn'V (5MeOpY) were reported in Chapter 2.
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3.2.1. Room Temperature Reaction between 1Me°pY and O: in the absence of hydrogen atom
donors. A solution of 1MeOpy (3,75 x 10° mmol) was dissolved in 5 mL DCM, placed in an
argon purged dip probe cell at ambient temperature. Dry O addition to the solution resulted in
the formation of mono oxo-bridged 6Me°PY (Amax = 575 nm) in 57.4 + 1.0% yield. The reactions
were monitored by EAS.

3.2.2. Room Temperature Reaction between 1MeOPY and O: in the presence of 1,4-
Cyclohexadiene (CHD). A solution of 1MeOpy (3,75 x 10° mmol) was dissolved in 5 mL DCM,
placed in an argon purged dip probe cell at ambient temperature. A diluted solution of 100 equiv.
CHD (100 pL, 3.75 M) was added to 1MeOpY, The mixture was then introduced to O, resulting in
the formation of mono oxo-bridged 6Me°PY (Amax = 575 nm) in 73.0 £ 0.5% yield. The reactions
were monitored by EAS.

3.2.3. Room Temperature Reaction between 1MeOpY and Oz in the presence of TEMPO-H. A
solution of 1MeOpy (3,75 x 10 mmol) was dissolved in 5 mL DCM, placed in an argon purged
dip probe cell at ambient temperature. A DCM solution of 100 equiv. TEMPO-H (100 uL, 3.75
M) was added to 1MeOpy, The mixture was then introduced to O, resulting in the formation of
mono oxo-bridged 6MeOPY (Amax = 575 nm) in 98.0 + 1.5% vyield. The reactions were monitored
by EAS.

3.2.4. Low Temperature Reaction between Putative Mn''"Mn'V (5MeOpy) and 1,4-
Cyclohexadiene (CHD). A solution of 1MeOpy (3,75 x 10 mmol) was dissolved in 5 mL DCM,
placed in an argon purged dip probe cell and brought to -73 °C using acetone/dry ice bath. After
10 minutes, the solution was opened to air, resulting in the formation of an EPR-active (in L-
mode) red species, putative Mn""Mn'V (5MeOpY) - with Amax = 505 nm. Addition of 100 equiv.

CHD (100 pL, 3.75 x 10* mmol) to the resulting solution caused the 505 nm species to slowly
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convert to mono oxo-bridged 6Me°PY, The reaction mixture was then filtered through Celite. GC-
MS analysis of the reaction mixture confirmed the formation of 0.5(1) equivalents of benzene
per equivalent of Mn.

3.25. Low Temperature Reaction between 1MeO»y and 1,4-Cyclohexadiene (CHD). A
solution of 1MeOpy (3,75 x 10 mmol) was dissolved in 5 mL DCM, placed in an argon purged
dip probe cell and 100 equiv. of CHD (100 pL, 3.75 x 10 mmol) was added. The reaction
mixture was brought to -73 °C using acetone/dry ice bath. After 10 minutes, the solution was
opened to air. Formation of the mono oxo-bridged 6Me°PY was observed by EAS with Amax = 575
nm. The reaction mixture was then filtered through Celite. GC-MS analysis of the reaction
mixture confirmed the formation of 1.0(1) equivalents of benzene per equivalent of Mn.

3.2.6. Low Temperature Kinetics for the Reaction between Mn''"Mn!V (5MeOpy) and
TEMPO-H(D). A solution of 1MeOpy (3,75 x 10 mmol) was dissolved in 5 mL DCM, placed in
an argon purged dip probe cell and cooled to -73 °C. After 10 minutes, the solution was opened
to air resulting in the formation of metastable 5M°pY (505 nm). To this solution, 100 equiv. of
TEMPO-H(D) (0.060 g, 3.75 x 10 mmol) dissolved in 100 uL DCM was added. The 505 nm
species was observed to rapidly convert to 6MeOPY (Amax = 575 nm). Data was collected at regular
time intervals, and pseudo first-order kinetics plots were used to obtain kobs Values. By varying
the concentration of TEMPO-H(D), second order rate constants were obtained from the plot of
Kobs Vs [TEMPO-H(D)].

3.2.7. Low Temperature Kinetics for the Reaction between Mn''"Mn!V (5MeOpy) and
Hydrazine. A solution of 1MeOpy (3,75 x 10 mmol) was dissolved in 5 mL DCM, placed in an
argon purged dip probe cell and cooled to -73 °C. After 10 minutes, dry Oz gas was introduced to

the solution, resulting in the formation of metastable 5MeOPY (Amax = 505 nm). To this solution, a
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100 pL solution of 10 equiv. hydrazine (3.75 x 10° mmol) in DCM was added. The 505 nm
species was observed to convert to 6MeOPY gver 66 minutes. The reactions were monitored by
EAS.

3.2.8. Low Temperature Kinetics for the Reaction between Mn''""Mn'V (5MeOry) and
Ammonium Hexafluorophosphate. A solution of 1My (3,75 x 10° mmol) was dissolved in 5
mL DCM, placed in an argon purged dip probe cell and cooled to -73 °C. After 10 minutes, dry
Oz gas was introduced to the solution, resulting in the formation of metastable 5MéOPY (Amax = 505
nm). To this solution, a 250 uL solution of 10 equiv. ammonium hexafluorophosphate (6.1 mg,
3.75 x 10° mmol) in DCM was added. The 505 nm species was observed to convert to 6MeOpy
over 30+ hours. The reactions were monitored by EAS.

3.29. Low Temperature Kinetics for the Reaction between Mn'''"Mn'V (5MeOry) and
Triethylamine. A solution of 1MeOpy (3,75 x 10 mmol) was dissolved in 5 mL DCM, placed in
an argon purged dip probe cell and cooled to -73 °C. After 10 minutes, dry O> gas was
introduced to the solution, resulting in the formation of metastable 5M¢OPY (Amax = 505 nm). To
this solution, a 100 pL solution of 5 equiv. triethylamine (1.88 x 10° mmol) in DCM was added.
The 505 nm species was observed to convert to 6M°PY over 6.5 hours. The reactions were
monitored by EAS.

3.2.10. Low Temperature Kinetics for the Reaction between Mn''"'"Mn'V (5MeOpY) and
Tetrabutylammonium Hydroxide. A solution of 1MeOpY (3,75 x 10 mmol) was dissolved in 5
mL DCM, placed in an argon purged dip probe cell and cooled to -73 °C. After 10 minutes, dry

O2 gas was introduced to the solution, resulting in the formation of metastable 5MeOPY (A max = 505

nm). To this solution, a 100 pL solution of 5 equiv. tetrabutylammonium hydroxide (1.88 x 10°°
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mmol) in DCM was added. The new species at 515 nm was observed to grow in over 5.42 hours.

The reactions were monitored by EAS.

3.3 Results and Discussion

3.3.1 Reactivity of Mn'" 1Me9PY with O, in the Presence of Sacrificial Hydrogen Atom Donor at

Room Temperature

In Chapter 2, dioxygen reactivity with Mn'" thiolate, [Mn'(LMeOPY)]* (1MeOpy, | MeOpy= (G-
MeO-DPEN)NsM®2SY), was investigated and four high valent Mn oxo intermediates were
observed, including a Mn""Mn"V intermediate, 5M€OPY (Amax = 505 nm), en route to the
thermodynamic product {[Mn'"'(LMeOPY)],(.—O)}?* (6MeOPY). The dioxygen activation pathway
from 1MeOpy tg 6MeOPY at ambient temperature was further explored herein for possible hydrogen-
atom abstraction reactivities. As shown previously, Mn'' complex 1MeOpy reacts with Oz to form
mono oxo-bridged 6MeCPY at ambient temperature (Scheme 3.1). In the absence of sacrificial H-
atom donor, the yield of 6MeOPY generated at room temperature by reacting 1MeOpY with O, was
considerably low (57.4 + 1.0%) when the reaction was carried out in DCM (BDFE = 98
kcal/mol, Scheme 3.1, Figure 3.1-3.2)!°. Conversely, in DCM, the structural analogues
{IMn" (LM ]o(1—0) 32+ (6MePy) and {[Mn"'(L2U%)]o(u—0)}?* (62Uin°) were found to be at near
quantitative yield.t"? The yield of 6MeOpY was found to significantly increase to 73.0 + 0.5% and
98.0 + 1.5% yield when excess sacrificial H-atom donor, 1,4-cyclohexadiene (CHD, 100 equiv.,
BDFE = 76.0 kcal/mol)!® or 2,2,6,6-tetramethyl-1-hydroxypiperidine (TEMPO-H, 20 equiv.,
BDFE = 70.6 kcal/mol)® were added, respectively. (Scheme 3.1, Figure 3.2) In the absence of a

sacrificial H-atom donor (with a BDFE lower than solvent) , the ligand manifold of the Mn
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complex could potentially serve as the sacrificial H-atom donor source en route to the O

activation product 6MeOPY, causing the low yield of 6MeOpy,

Scheme 3.1. Reaction scheme for dioxygen activation reactivity of [Mn'|(LMeOPY)]* (1MeOpy) in
the absence or presence of additional hydrogen-atom source at ambient temperature en route to

{[M n | II(LMeOpy)]z(,lt—O)}2+ (6MeOpy)_

Solvent only

or 2+
TEMPO-H (20 equiv) N\ S
or ~0 N. | 11
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Absorbance
=] = =
w N 7]

n

~J

N
e

S
o

&
-

0 L L L Ll L 1
300 400 500 600 700 800 900

Wavelength (nm)

Figure 3.1. EAS spectrum monitoring the growth of 6MeOPY (purple) generated by reacting
1MeOpy (plack) with O, at room temperature. Scans recorded at 2.77 minutes intervals. ([1MeCPY]

= 0.75 mM).
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Figure 3.2. Comparison of the rates of formation and yield of 6M¢°PY in DCM, both in the
absence (green triangles) and presence of sacrificial H atom donors, 1,4-cyclohexadiene (red
circles) or TEMPOH (blue squares).

Reactivities with hydrogen atom donors were further investigated with Kinetic
experiments. These experiments were performed at ambient temperature under pseudo first order
conditions with 100 equiv. TEMPO-H (BDE(O-H) = 70.6 kcal/mol)!® or CHD (BDE(C-H) =
76.0 kcal/mol)*®. The rate expressions are provided in equations 3.1 and 3.2 below based on the
previously established O, activation scheme in Chapter 2 (Scheme 2.5). The observed rate
constants (KobsM"Y) for the formation of 6MeOPY gither in the absence or in the presence of
sacrificial hydrogen atom donor (TEMPO-H and CHD) were obtained by monitoring the growth
of mono oxo-bridged 6MeOPY at 575 nm. Rate constants were obtained from first-order plots

versus time and are reported in Table 3.1.

Rate = k;MeOPY[Mn'!(1MeOP)]2[0,][H*] (3.1)

Rater = KobsMEOPY[H*], where KopsMeOPY = kyMeOPY[Mn'!(1MeOPN)]2[O;] (3.2)
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The rate of formation of 6MeOPY was shown to increase slightly in the presence of 100
equiv. CHD (KopsM% = 8.70(5) x 10* s*), while increasing an order of magnitude with
TEMPO-H (Kobs'*©? = 3.30(6) x 107 s1). This increase in rate would be consistent with H atom
abstraction taking place en route to the formation of mono oxo-bridged 6Me°PY, The
quantification of benzene in the CHD reaction mixture was confirmed by GC-MS, suggesting a
total of two equivalents of H atoms were consumed per Mn ion. Further HAT investigations will
be discussed in the following section.

Table 3.1. Observed pseudo first order rate constants for 6MeOPY formation as a function of

sacrificial hydrogen atom concentration. Data obtained at ambient temperature. [Mn'"] = 0.75
mM. Concentration of the sacrificial hydrogen atom donor (after mixing) is reported below.

Hydrogen atom [H*] (mM) KobsMeOPY (s71)
source
Solvent only N/A 7.13(3) x 10*
CHD 75 8.70(5) x 10
TEMPO-H 75 3.30(6) x 1073

Complex 6MeOpY monitored by EAS, was found to be stable over an extended period of
time in the absence of H-atom donor source or in the presence of CHD, even when exposed to
Oz. However, 6MeOpY was found to decompose in the presence of TEMPO® (Amax = 454 nm),
which is the hydrogen atom abstraction radical product of TEMPO-H, as shown in Figure 3.3.
Attempts to identify the TEMPO-H reaction mixture composition by mass spectrometry were

unsuccessful.
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Figure 3.3. EAS spectrum monitoring the decay of 6MeOPY (purple) driven by TEMPO®* (yellow)
in the presence of air at room temperature. Scans recorded at 7 minutes intervals. ([6MeOPY] =
0.375 mM).

3.3.2 Hydrogen Atom Abstraction Reactivity Study with CHD

To investigate the placement of the hydrogen atom abstraction in the mechanism, either
prior to, or after the formation of the putative Mn"""Mn'V (5MeOpy) reactions between 1MeOpy and
O. were carried out in the presence of 100 equiv. 1,4-cyclohexadiene (CHD) at -73 °C, a
temperature at which 5MeOPY can be consistently generated. Quantitative measurement of the
yield of benzene, the HAT product of CHD, was measured using GC-MS. The measurement of
benzene allowed for the determination of equivalents of H atom transferred in the process. To
verify that two equiv. H atom abstraction by 1MeOpY at ambient temperature (vida supra) would
also occur at -73 °C, the reaction between 1MeOPY and O, was carried out in the presence of 100
equiv. CHD at the lower temperature. The formation of putative Mn'""Mn'V 5MeOy (3 .., = 505

nm) was observed, followed by a 20-hour conversion to mono-oxo bridged 6Me°PY, One equiv. of
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benzene was detected in the final reaction mixture, indicating two H atoms abstraction occurred
throughout the dioxygen activation by 1MeOpy,

The EPR-active Mn'"Mn'V species provides a better handle to determine whether the two
H atoms were abstracted prior to, or after the formation of the metastable 5Me©PY as the complex
can be steadily generated by reacting 1MeOPY with O, at -73 °C. Reactions between 1MeOPY and O,
were carried out in the presence of 100 equiv. CHD at -73 °C, monitored by EAS. The solution
was filtered through silica-packed pipet immediately upon the formation of the red 5Me°pY and
0.5 equiv. of benzene was detected by GC-MS (Figure 3.4). This indicates one H atom was

abstracted along the conversion of Mn'' 1MeOpy to Mn'""Mn'Y intermediate 5MeOPy,

CHD |
+Q 50
il | A 0O, (Air) u ypa IV
1500000 2—mn'" . - MnV/Mn
| N~ DCM Dimer
-73°C
benzene

Figure 3.4. GC-MS chromatogram showing that 0.5 equivalent of benzene formed during the
formation of the red intermediate Mn""Mn'V 5MeOpY jn the reaction between 1MeOPY and O; in the
presence of 100 equivalent of 1,4-cyclohexadiene (CHD). Control experiments show that
benzene was not present in the CHD starting material.

To confirm another equiv. of H atom transfer takes place following the formation of the

red intermediate 5MeOPY, the experiment was changed with 100 equiv. addition of CHD after
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5MeOpy was generated. The solution was quenched following the formation of mono oxo-bridged
6MeOpy and GC-MS data indicates 0.5 equiv. of benzene was formed . (Figure 3.5) This supports
another H atom transfer has taken place during the conversion from Mn"'Mn'V 5MeOpy tg the
thermodynamic product 6MeCPY, With the H atom abstraction reactivity completed, we were able
to revise the O activation scheme for 1MeOpY where one HAT occurs prior to the formation of the

red intermediate 5M¢CPY and one after. (Scheme 3.2)
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Figure 3.5. GC-MS chromatogram showing that 0.5 equivalent of benzene formed during the
conversion of the red intermediate Mn'""Mn'V 5MeOpy to mono-oxo bridged 6MeOPY when the
reaction is performed in the presence of 100 equivalent of 1,4-cyclohexadiene (CHD). Control
experiments show that benzene was not present in the CHD starting material.

Scheme 3.2. Revised scheme of dioxygen reactivity of 6-MeO-pyridine 1MeOPY, showing rate
constant, and observed intermediates.
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3.3.3 Kinetic Isotope Study of HAT by 5Me°% with TEMPO-H

In order to determine the kinetic isotope effect of the second HAT step, kinetic studies of
5MeOpy with 2,2,6,6-tetramethyl-1-hydroxypiperidine (TEMPO-H) were performed. Since the
conversion of Mn"Mn'V 5MeOpy to mono oxo-bridged Mn'"'; 6MeOPY is much slower with 100
equiv. of CHD (half-life of 5MeOpy = 154.5 minutes) comparing to 40 equiv. of TEMPO-H (half-
life of 5MeOpy = 1,18 minutes, Figure 3.6) at -73 °C, the latter sacrificial H atom and its deuterium
version TEMPO-D (half-life of 5MeO® in the presence of 40 equiv. TEMPO-D = 4.66 minutes)
were used instead.

1.4 -

1.2 4
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6\!0()[1)‘
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Figure 3.6. Time-resolved EAS spectra for conversion of Mn''Mn'V 5MeOpy to mono oxo-
bridged 6MeCPY in the presence of 40 equiv. sacrificial H atom donor TEMPO-H in DCM at -73
°C. ([1MeOpy] = 0.75 mM, [TEMPO-H] = 0.3 M). Inset: kinetic trace obtained at Amax = 505 nm.
showing the decay of Mn'''Mn'V 5MeOpy

Similar to the CHD reactivity, metastable 5M¢OpY was generated by introducing dry O to
Mn!" 1MeOpy (0.6 mM in DCM) at low temperature, and kinetic studies were performed under
pseudo-first order conditions with excess TEMPO-H(D). Observed rate constants (kobs) were
obtained from first order plots (In(Aadjust) Versus time (s), where Aagjust = (A — A))/(As — Ai)). The

Kobs Was observed to increase in a linear fashion along with the concentration of TEMPO-H(D),
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where the slope gives the second order rate constant for the H atom abstraction by 5MeCPY en
route to 6MeOPY. A Kkinetic isotope effect (ku/kp = 3.5) was observed. (Figure 3.7) Kinetic
measurements at different temperatures were attempted for activation parameters. However, due

to instrumentation limits and the short half-life of the reaction, results were not conclusive.

y=10.9382x + 0.0011
R?=0.9995
£~0.0080 { k,=9.38 x 10" M5!

kp=12.67 x 107 M5!

y=0.2674x + 0.0001
R*=0.965

0.0000 . . . . . : i
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Figure 3.7. Deuterium isotope effect observed when TEMPOH(D) was used as a sacrificial H
atom donor for the conversion of 5MeOPY tg 6MeOPY,

Together with the CHD reactivity studies, these results indicated that the O,-promoted
conversion of 1MeOpY tg 6MeOPY requires two e~ and two H* (Scheme 3.2). However, the large
difference in half-life (t12) for the conversion from 5MeOpy tg 6MeOPY ysing CHD (C-H BDE: 76.0
kcal/mol) versus TEMPO-H (O-H BDE: 70.6 kcal/mol) could imply different pathways for the H
atom abstraction (concerted vs sequential proton and electron transfers). While HAT for CHD is
traditionally not concerted step, with some exceptions?!. The H atom of TEMPO-H is known to
transfer via three possible mechanisms?22 (Scheme 3.3). These pathways include concerted
hydrogen atom transfer (HAT), stepwise proton transfer followed by electron transfer (PT-ET),
or the reverse, sequential electron transfer followed by proton transfer (ET-PT).222® However it

has been shown that the proton-coupled electron transfer (PCET) of TEMPO/TEMPOH has a
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strong preference towards concerted H atom transfer (HAT) from the thermochemical analysis of
the three concerted or stepwise mechanisms.?® Future expanded studies may be able to identify,
the H atom abstraction pathway utilized by 5MeOpy,

Scheme 3.3. Possible pathways for the H atom transfer of TEMPO-H, including concerted H
atom transfer (HAT) and sequential proton-electron transfers (PT-ET or ET-PT).
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3.3.4 Preliminary PCET reactivity with 5MeOpY

The high valent Mn"'"Mn'V 5MeOpy has been shown to abstract a H atom, which is
essentially a proton and an electron, from CHD and TEMPO-H. In order to investigate whether
5MeOpy could also perform either electron transfer (ET) or proton transfer (PT) separately, the
metastable intermediate was reacted with acids and reductants. The exploration of this reactivity
might also shine light on the possibility of ET-PT or PT-ET between 5M¢°pY and TEMPO-H, and
determining the rate determining step.

High valent metal-oxo species have been shown as effective oxidants.?*?® A mild
reductant, hydrazine (0.02 V vs SCE, in DMS0)? was added to O, generated Mn""Mn'V 5MeOpy

Hydrazine was chosen as the reductant because the reduction byproducts (N2 and H-containing
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species, such as Hz and H20)??7 were expected to have little to no effect to the reaction. To
ensure complete conversion, a total of 10 equiv. of hydrazine was used and the conversion from
5MeOpy tg 6MeOPY was observed over 66 minutes at -73 °C. (Figure 3.8) The mono oxo-bridged

6MeOpy was observed to decompose in the presence of hydrazine at ambient temperature.
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Figure 3.8. EAS spectrum of the addition of 10 equiv. hydrazine to 5Me°Y (red trace) in DCM at
-73 °C. Conversion to 6MeOpY (purple trace) was observed over 66 minutes. Scans recorded at
2.77 minute intervals. Solution of 5MeOPY was generated via addition of O2 to a precooled
solution of 1MeOpY jn DCM. [1MeOPY] = 0.75 mM.

The conversion from 5MeOpY to 6MeOPY \was lengthened to more than 30 hours at -73 °C
(versus 6.59 hours in the absence of external proton source), when excess ammonium
hexafluorophosphate (10 equiv., pKa = 9.24)% was added as an external proton (H*) source. The
change in rate suggests that the Mn''"Mn'V intermediate 5MeOPY was stabilized by the presence of
protons, and conversely the presence of base could destabilize the species. When 5MeOPY \was
reacted with 5 equiv. triethylamine (TEA, pKa = 18.46)%, the conversion rate to 6MeOPY was not
significantly different than the reactivity in the absence of external substances. Another base,

tetrabutylammonium hydroxide (BusNOH, pKa = 15 in H20) was employed to investigate the

stability of 5MeOry, The distinct UV-vis features of the Mn""Mn'Y intermediate became rather
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featureless upon addition of 5 equiv. tetrabutylammonium hydroxide (BusNOH), (Figure 3.9,
left) while a new peak at 515 nm slowly grew after 4.6 hours (Figure 3.9, right). As BusNOH can
also act as a hydroxide source, it is possible the species observed at 515 nm was a Mn'""-OH
species. The 515 nm intermediate was not stable at room temperature and mass spectrometry

experiments suggested the Mn species decomposed at ambient temperature.
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Figure 3.9. EAS spectrum of addition of 5 equiv. tetrabutylammonium hydroxide (BusNOH) to
5MeOpy (red trace) in DCM at -73 °C. Left: Conversion from 5MeOPY to orange trace was observed
over 34.5 minutes. Scans recorded at 4.94 minute intervals. Right: Continuous conversion from
orange trace to blue trace (Amax = 515 nm) over 5.42 hours. Scans recorded at 13.8 minute
intervals. Solution of 5MeOpPY was generated via addition of Oz to precooled solution of 1MeOPY in
DCM. [1MeOpy] = 0.75 mM.

0

From the HAT reactivities with TEMPO-H and CHD shown previously, it was proposed
that the H atom abstraction from TEMPO-H could have gone through either an electron transfer
(ET), followed by proton transfer (PT), or vice versa. The preliminary ET and PT reactivities
with the metastable Mn'""Mn'V 5MeOpy gggest that if the H atom transfer were indeed sequential,
the electron transfer would likely be the rate determining step, as the high valent 5MeOpY was

easily reduced to Mn"'Mn'!' 6MeOpy by hydrazine.
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3.4 Conclusion

The hydrogen atom abstraction study in this chapter has further expanded our
understanding on the complex dioxygen activation pathway of Mn'' 1MeOpy, Two electrons and
two protons are shown to be requirements for the Oz-promoted conversion of Mn!' 1MeOpy tg
Mn""Mn"" mono-oxo-bridged 6MeOPY, In the absence of a sacrificial H atom donor, such as 1,4-
cyclohexadiene (CHD, BDE(C-H) = 76.0 kcal/mol) or TEMPO-H (BDE(O-H) = 70.6 kcal/mol),
this conversion presumably involves the abstraction of H-atoms from solvent, or from the ligand
backbone of the complex, which would explain the low yield of 6Me°PY, The quantification of
benzene from the CHD experiments showed that one H atom (one electron and one proton) was
abstracted en route to the formation of Mn'!'"Mn'V 5MeOpy \while another pair transferred during
the conversion of 5MeOPY to thermodynamic product 6MeOPY, With the study using TEMPO-H, a
deuterium isotope effect was observed (ku/kp = 3.5) for the conversion of 5MeOPY to 6MeOPY also
implicating a hydrogen atom transfer (HAT) mechanism. Preliminary studies with the mild
reductant hydrazine show a quick conversion of 5MeOpY tg 6MeOPY  while additional proton source

appeared to stabilize the Mn"'"Mn'V species.
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Chapter 4. Tuning a n-Acceptor N-heterocyclic Ligand to Synthesize a

More Lewis Acidic Fe!! Thiolate Complex and Its Characterization

Components of this chapter have been adapted from: Toledo, S.; Poon, P. C. Y.; Gleaves, M.;
Rees, J.; Rogers, D.; Kaminsky, W.; Kovacs, J. A. “Increasing Reactivity by Incorporating -
Acceptor Ligands into Coordinatively Unsaturated Thiolate-Ligated Iron(lI) Complex”
Submitted.

4.1 Introduction

Incorporation of a thiolate ligand impacts the function of iron metalloenzymes in a
variety of ways. Thiolate ligands have been shown to lower the activation barrier to binding
dioxygen,! increase the ability of iron superoxo (Fe-O2*") compounds to abstract H-atoms from
strong C-H bonds,? promote peroxo O-O bond cleavage,®* and create potent high-valent metal-
oxos capable of activating strong C-H bonds.>® Highly covalent iron thiolate (Fe-SR) bonds
stabilize low spin-states due to the nephelauxetic effect,’®! and are able to compensate for
changes in electron density at the metal ion thereby maintaining a relatively constant reduction
potential.’> The observed compensatory effect reflects the redox non-innocence of thiolate
ligands, which facilitates the delocalization of oxidizing equivalents onto the sulfur atoms.*® This
unique property is important to the function of both blue copper electron-transfer proteins,** as
well as non-heme iron enzymes, such as isopenicilin N-synthase (IPNS),%'>® superoxide
reductase (SOR),*%1%-24 cysteine dioxygenases (CDO),?>3! nitrile hydratases (NHase),*?*% and
the heme iron enzyme cytochrome P450.3+3%

The primary coordination sphere surrounding a transition-metal ion can have a profound

influence on the electronic and geometric structure, as well as the magnetic, redox, and reactivity
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properties. Even subtle changes to the coordination sphere, involving the replacement of a
coordinated ligand®, or a single H-bond*!, can dramatically alter these properties. For example,
if the imidazole of hemoglobin is replaced with a cysteinate, then O activation and reduction,
followed by peroxo O-O bond cleavage, are favored as opposed to O transport, and the resulting
iron-oxo becomes a potent oxidant capable of cleaving strong C-H bonds.*? The Kovacs group
has shown that thiolate ligands contribute to an accessible low-spin (S = 1/2) Fe even in a non-

" species®®“°, and labilize sites trans to the thiolate and

heme environment*-*°, stabilize Fe
promote reactivity by releasing product??, even with substitutionally inert low-spin Co3* 4647,
Previously, the Kovacs group showed that five-coordinate [Fe''(SM®2Na(tren))]* (17ren)
reacts with superoxide in a proton-dependent mechanism to afford a well-characterized
metastable hydroperoxo complex, [Fe'"'(SMe2Na(tren))(OOH)]* (27", which releases H20, upon
protonation at the proximal oxygen.*® Two potential mechanisms for the formation of both 2Tren
(Scheme 4.1) and the SOR enzyme (Scheme 4.2), would involve either (a) the sequential
addition of O2*-, to afford an Fe''-O,*~ intermediate, followed by a proton (H*) abstraction, to
afford the corresponding Fe''-OOH, or (b) the concerted addition of HO2 to the metal ion.
Primary amine-ligated 17", the precursor to hydroperoxo 27", is colorless and only displays
absorption bands in the UV range, due to the high energy of the S=>Fe!' CT band.*®“® This makes
it difficult to detect Fe'-L (e.g. L = O2") intermediates. The incorporation of m-acceptor N-
heterocycles (N”") into the ligand scaffold (Figure 4.1) would provide a better spectroscopic
handle to monitor reactivity via electronic absorption spectroscopy (EAS) using the M—>n-
acceptor chromophore. The Kovacs group recently showed that sterically encumbering groups on
the pyridine ligand (NA") influences the kinetic barriers to O, binding and peroxo O-O bond

cleavage, and the reactivity of the corresponding high-valent oxo intermediates.>*° The Kovacs



124

group has also shown that the combination of n-acceptor N-heterocycle ligands and n-donor
thiolate ligands has a profound effect on the electronic structure, and the nature of the charge
transfer (CT) bands, which is reflected in their intense RS-Fe - (a-imino)-N-heterocycle n* CT
bands.!3

Herein, the synthesis of [Fe''(SM®2N4(6-H-DPEN))]* (17Y) is reported. The structure,
reactivity, and redox properties of 1PY will be explored and compared with other structurally
related thiolate-ligated Fe'' complexes that incorporate both a n-donating thiolate ligand and -
accepting pyridine, [Fe''(SMe2N4(6-Me-DPEN))]* (1Mepy), or quinoline,
[Fe''(SMe2N4(QuinoEN))]* (1Quin0), onto their ligands. (Figure 4.1) The results of incorporating r-
accepting N-heterocycles in place of the primary amines of 17" include, (a) the complexes are
intensely colored, allowing reactivity to be monitored by electronic absorption spectroscopy
(EAS); (b) the binding affinity for a sixth ligand increases; and (c) Fe'' ion Lewis acidity
increases®.
Scheme 4.1. Proposed mechanism of superoxide reduction by SOR analogue 17" via a Fe'''-

OOH intermediate (27""). Regeneration of 17" is completed via proton-promoted H.O> release,
followed by reduction by cobaltocene.***°
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Scheme 4.2. Proposed general scheme of sequential versus concerted addition of HO2 to Fe'' to
afford Fe'"'-OOH for SOR.
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Figure 4.1. ChemDraw representations of [Fe''(SM®2N4(6-Me-DPEN))](PFs) (1MePy, left),
[Fe'"'(SMe2N4(QuinoEN))](PFe) (12U, middle), proposed monomeric structure of [Fe''(SM®2N4(6-
H-DPEN))]* (17, right), and their respective ligands.
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4.2 Experimental

General Methods. All manipulations were performed using Schlenk techniques or under an N>
atmosphere in a glovebox. Reagents and solvents were purchased from commercial vendors,
were of highest available purity, and were used without further purification unless otherwise
noted. Methylene chloride (DCM), tetrahydrofuran (THF), diethyl ether (Et20), and acetonitrile
(MeCN) were rigorously degassed, and purified using solvent purification columns housed in a
custom stainless-steel cabinet, dispensed via a stainless steel Schlenk-line (GlassContour).
Methanol (MeOH) was dried over magnesium methoxide and distilled prior to use. *H NMR
spectra were recorded on a Bruker AV 300, AV 301, or DRX499 spectrometer at reported
temperature and were referenced to residual solvent. Chemical shifts are listed in parts per
million (ppm) and coupling constants (J) in Hz. UV-vis spectra were recorded on a Varian Cary
50 or Varian Cary 60 spectrophotometer equipped with a fiber optic cable connected to an ATR
“dip” probe (C-technologies). A custom-built two-neck solution sample holder equipped with a
threaded glass connector was sized specifically to fit the “dip” probe. Spectrums were recorded
at either medium scan rate (83 seconds/scan) or fast scan rate (15 seconds/scan). Electrospray-
ionization mass spectrometry (ESI-MS) data were obtained on either a Bruker Esquire Liquid
Chromatograph-lon Trap mass spectrometer or a LTQ ion trap mass spectrometer equipped with
an HP 1100 capillary inlet. Cyclic voltammograms were recorded in MeCN with "BusN(PFs)
supporting electrolyte (0.100 M) using a CH Instruments (CHI600E) potentiostat with a glassy
carbon working electrode, an Ag"/AgNOs reference electrode, and a platinum auxiliary
electrode. EPR spectra were recorded on a Bruker E580 CW-EPR spectrometer operating at X-
band frequency and equipped with an Oxford helium cryostat and dual mode cavity. Simulated

fits of EPR spectra were generated with EasySpin.>? X-ray crystallography data were recorded on
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a Bruker APEX |1 single Crystal X-ray diffractometer with Mo Ko, radiation. Magnetic moments
(solution state) were obtained using the Evans’ method as modified for super-conducting
solenoids.>®*** Organic ligands, 1-(tert-butyloxycarbonyl)ethyldiamine (NNBoc)*® and 3-methyl-
3-metcapto-2-butanone,** [N”, N’-bis(2-pyridylmethyl)]ethane-1,2-diamine] (6-H-DPEN)*® were
synthesized  according to  published  procedure.  Oxidant  tri-(p-tolyl)-aminium
hexafluorophosphate was synthesized using a published modified procedure.®>>® Complexes
[Fe''(SMe2N4(6-Me-DPEN))](PFe) (1Me) and [Fe(SM®2N4(QuinoEN))](PFs) (12Ui%) were
synthesized according to a published procedure.® Crystal structures for 1Mepy, 1Quino  1PyPN
6Mery, and 62U were previously reported.>>>’

4.2.1. Synthesis of Bimetallic [Fe''(SM¢?N4(6-H-DPEN))(n-SMe2N4(6-H-DPEN)Fe!'(MeCN)]?*
(PFe)2 (1PY2-MeCN). Sodium methoxide (0.119 g, 2.2 mmol), 3-mercapto-3-methyl-2-butanone
(0.260 g, 2.2 mmol), [N’, N’-bis(2-pyridylmethyl)]ethane-1,2-diamine] (6-H-DPEN, 0.484 g, 2
mmol), iron(1l) acetate (0.348 g, 2 mmol), and sodium hexafluorophosphate (0.336 g, 2 mmol)
were each dissolved or slurried in MeOH (2 mL) under an inert atmosphere in a dry box. Each
reagent was subsequently added to a 20 mL vial charged with a stir bar. The resulting reaction
mixture was stirred at ambient temperature for one day. All volatiles were removed to afford a
crude dark red solid. The crude product was redissolved in minimal MeCN (~5 mL) and filtered
through a fine fritted filter. The resulting solution was layered with ~15 mL Et,O and was
allowed to crystallize at -30 °C to afford the product as a red solid in 24 % vyield (0.259 g, 0.477
mmol). Amax (nM) (g (M cm™)) at ambient temperature: MeOH: 447(1250); MeCN: 447(1276);
THF: 462(1515); DCM: 401(1224). LTQ ion trap MS: MeOH: expected m/z for mononuclear
MeO-bound 1PY-OMe: [FeC20H2sN4OS]* = 428.1, found m/z = 428.1; MeCN: expected m/z for

1PY,: [Fe2CasHsoNsS2]%" = 397.1, found m/z = 397.1. Solution magnetic moment (298 K): MeOH:



128

eft = 4.92 B.M. per Fe; MeCN: et = 3.60 B.M. per Fe. Reduction potential (MeCN, vs SCE):
Eiz =-89 mV.

4.2.2. Synthesis of [(Fe'""(SM®2N4(6-H-DPEN)))2-(u-O)](PFe)2 (67Y). To a 1 mL concentrated
orange solution of 17 (10 mM) in acetonitrile, dry O2 was bubbled through the solution at room
temperature. By layering ether to the deep red solution, a brick red solid was collected in 72%
yield. Amax (nm) (e (Mt cm™): MeOH: 513(4372); MeCN: 495(7435); THF: 496(7920). LTQ ion
trap MS: expected m/z for [Fe2CsgHsoNsOS2]** = 405.1, found m/z = 405.1.

4.2.3. Reactivity of Fe'" complexes (1) with Oz at room temperature. Around 2-7 mg of Fe'
complex (1Py, 1Mepy or 1Quino) was dissolved in selected solvent. The solution (5 mL) was
transferred to an argon purged dip probe cell via a gas-tight syringe. A stream of dry Oz was
introduced to the dip probe cell from gas cylinder. The reactions were monitored by EAS.

4.2.4. Reactivity of Fe'" complexes with Oz at low temperature. Around 2-7 mg of Fe'
complex (1PY, 1Mepy or 1Quino) was dissolved in selected solvent. The solution (5 mL) was
transferred to an argon purged dip probe cell via a gas-tight syringe and brought to selected
temperature using a cold bath. The solution was left in a positive Ar stream environment for 10-
15 minutes for the temperature to equilibrate. A stream of dry Oz was then introduced to the dip
probe cell from gas cylinder. The reactions were monitored by EAS.

4.2.5. Addition of 17 to O2-purged DCM at low temperature. Dried solution of DCM (4.5
mL) was placed in an argon purged dip probe cell and brought to -90 °C using cold bath. Once
the temperature of the solution is equilibrated, a stream of dry O2 was introduced to the solution
for 15 minutes. At the end of the 15 minutes, Oz stream was removed and Ar gas was introduced

into the headspace of the dip probe cell to remove excess O,. After 15 seconds, a 0.5 mL chilled



129

solution of 1Y (2 mM) was quickly injected into the DCM solution. The reactions were
monitored by EAS with fast scan rates (15 s/scan).

4.2.6. Oxidation of 1P with ferrocenium hexafluorophosphate. Around 2 mg of 1 was
dissolved in 20 mL MeCN. A 5 mL of the 0.2 mM solution was placed in an argon purged dip
probe cell. Titration of 1.0 equiv. ferrocenium hexafluorophosphate (0.01 M in MeCN) to 1PY
was added in an 0.1 equiv. (10 uL) increment, for a total of 100 uL. Additional equiv. of oxidant
was added to ensure complete conversion of 17 to 4. The reactions were monitored by EAS at
ambient temperature.

4.2.7. Oxidation of 1Mepy and 1Quino with tri-p-tolyl-aminium hexafluorophosphate. Around
1.5-5 mg of 1Mepy or 1Quino was dissolved in 20 mL THF. A 5 mL solution (1MePY: 0.2 mM;
1Quino: 0.5 mM) was placed in an argon purged dip probe cell. The solution was brought to -73
°C using acetone/dry ice bath. Titration of 1.0 equiv. tri-p-tolyl-aminium hexafluorophosphate in
THF (1PY: 0.01 M; 1Quine: 0025 M) to the Fe'' solution was added in a 10 pL increment, for a
total of 100 uL. Extra equiv. of oxidant was added to ensure complete conversion to 4MePy and
4Quino_ The reactions were monitored by EAS.

4.2.8. Reactivity of Fe'' complexes with Azide. A 5 mL solution of Fe'' complexes in THF(1PY:
0.2 mM, 1Mepy gr 1Quino: 0.5 mM) was cooled to -73 °C using acetone/dry ice bath. A 200 uL
solution of 10 equiv. tetrabutylammonium azide in THF (17Y: 0.05 mM; 1Mepy or 1Quino: (0,125
mM) was added to the chilled Fe' solution. The reactions were monitored by EAS.

4.2.9. Reactivity of Fe'"' complexes with Azide. A 5 mL solution of Fe'' complexes in
THF(4PY: 0.2 mM, 4Mepy gr 4Quino: 0 5 mM) was prepared with 1.0 equiv. oxidant following the

protocol above. The Fe'"' solution was kept at -73 °C using acetone/dry ice bath. A 200 pL
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solution of 10 equiv. tetrabutylammonium azide in THF (47Y: 0.05 mM; 4Mepy or 4Quino: (0,125
mM) was added to the chilled Fe'"" solution. The reactions were monitored by EAS.
4.2.10. X-ray Crystallography.

A red plate of 17, measuring 0.14 x 0.09 x 0.08 mm? was mounted on a loop with oil.
Data was collected at -173°C on a Bruker APEX 11 single crystal X-ray diffractometer, Mo-
radiation. Crystal-to-detector distance was 40 mm and exposure time was 60 seconds per frame
for all sets. The scan width was 1°. Data collection was 99.9% complete to 25° in 3. A total of
19221 reflections were collected covering the indices, -10<=h<=10, -50<=k<=50, -17<=I<=17.
9698 reflections were symmetry independent and the Rint = 0.0565 indicated that the data was of
better than average quality (0.07). Indexing and unit cell refinement indicated a primitive
monoclinic lattice. The space group was found to be P 21/c (No. 13).

The data was integrated and scaled using SAINT, SADABS within the APEX2 software
package by Bruker. Solution by direct methods (SHELXT®® or SIR97°%%%) produced a complete
heavy atom phasing model consistent with the proposed structure. The structure was completed
by difference Fourier synthesis with SHELXL 86162 Scattering factors are from Waasmair and
Kirfel.®® Hydrogen atoms were placed in geometrically idealized positions and constrained to
ride on their parent atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic
thermal parameters Ueq were fixed such that they were 1.2Ueq of their parent atom Ueq for CH's
and 1.5Uegq of their parent atom Ueq in case of methyl groups. All non-hydrogen atoms were
refined anisotropically by full-matrix least-squares. Crystallographic data for 1Y is presented in

Table 4.1.
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Table 4.1. Crystal data, intensity collections?, and structure refinement for [Fe'(SMe2N4(6-H-

DPEN))(u-SMe2N4(6-H-DPEN)Fe'' (MeCN)](PFs)2 (17Y2-MeCN).

1PY>-MeCN
Empirical formula CaaHsoF12Fe2N11P2S2
MW 1207.78
Temperature (K) 100(2)
Crystal system Monoclinic
a(A) 8.8322(5)
b (A) 41.798(3)
¢ (A) 14.4591(7)
a (°) 90
B (°) 97.514(3)
v (°) 90
Volume (A3 5292.0(5)
Z 4
Density (calculated, Mg/m?) 1.516
Space group P 21c
R 0.0639°
Rw 0.1003¢
GOF 1.102

aMo Ko (A = 0.71073 A) radiation; graphite monochromator; -90 °C. ® R = X ||Fo|- |F¢|| / Z |Fo|.

“Rw = [ZW(|Fo| - |Fol)2/ZWF¢?]*2, where w = 1/[c?(Fo?) + 19.6516P], P = (Fo? + 2F:2)/3.
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4.3 Results and Discussion

4.3.1 Synthesis and Solid-State Characterization of [Fe''(SM®2N4(6-H-DPEN)) (u-SMe2N4(6-H-
DPEN)Fe'(MeCN)](PFs)2 (1™2-MeCN)

Novel  iron  complexes,  [Fe'(SM®2N4(6-Me-DPEN))](PFs)  (1Me®)  and
[Fe''(SMe2N4(QuinoEN))](PFs) (1QUin°) results in a more Lewis acidic complex due to the r-
accepting ligands. The new complex has been synthesized with ligand 6-H-DPEN (L1) by
adapting the established synthesis previously reported in the Kovacs group.>>% The ligand L1
and 3-methyl-3-mercapto-2-butanone were condensed using Fe' as a metal template for the
Schiff-base condensation in attempts to yield the proposed 5-coordinate monomeric Fe'
complex, [Fe"'(SMe2N,(6-H-DPEN))]*, similar to the two crystallographically characterized Fe'
DPEN complexes, 1MePy and 1Quino % (Figure 4.1) Previous attempts to synthesize this complex
in the Kovacs group have resulted in the isolation of a series of bimetallic complexes, [(Fe'(6-H-
DPEN))2-bis-u-ClI](PFs), [(Fe''N4(6-H-DPEN)),-bis-u-(OAC)](PFs), and  [Fe!'(SMe2N4(6-H-
DPEN))]2(OAc)(PFs).> To ensure the incorporation of the thiolate, excess 3-methyl-3-mercapto-
2-butanone and sodium methoxide (1.1 equiv. each) were used in the synthesis. The crude solid
was washed thoroughly with MeCN and DCM in order to remove salt from the Fe source and
prevent the formation of either bis-u-Cl or bis-u-(OAc).

A new bimetallic species was isolated from attempts to synthesize monomeric 17V,
Obtained by solvent diffusion of Et.O onto a MeCN solution of 17, the intensely red complex
1PY was shown to be a Fe'' p-thiolate bimetallic species, [Fe' (SM®2N4(6-H-DPEN))(u-SM2N4(6-
H-DPEN)Fe'(MeCN)]?* (PFe)2 (1PY2-MeCN, Figure 4.2) via single X-ray crystallography. The
solid-state structure shows that both Fe'' centers are coordinatively saturated and 6-coordinate.

Complex 1?2-MeCN dimerizes via a bridging thiolate sulfur to form an asymmetric molecule
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with only one solvent (MeCN) bound to one of the Fe ions, Fe(2).(Figure 4.2 and 4.3) The two
halves of the bimetallic complex are rotated approximately 90° relative to one another. The
crystallographic details as well as selected bond distances and bond angles in comparison to
other Fe" DPEN complexes (1M and 12Uin%) and a 6-coordinate propyl(Pr)-linked
[Fe''(SMe2N4(6-H-DPPN))(MeOH)](PFs) (1PYPN) are reported in Tables 4.1 and 4.2.% Bond

lengths of 1PY is consistent with high spin Fe''.

Figure 4.2. ORTEP diagram of binuclear [Fe'(SM®2N4(6-H-DPEN))(u-SM&2Ny(6-H-
DPEN)Fe''(MeCN)](PFes)2 (1PY2-MeCN) with thermal ellipsoids at 50% probability level.
Counter-ions, disorder, solvent molecules, and hydrogen atoms have been omitted for clarity.
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Figure 4.3. ChemDraw representation of binuclear [Fe'"(SM®2N4(6-H-DPEN))(p-SMe2N4(6-H-
DPEN)Fe''(MeCN)]?* (1PY2-MeCN).

& o ol

Fe(1) of 1?Y,-MeCN Fe(2) of 1?Y,-MeCN )

Figure 4.4. Space filling models of Fe(1) (left) and Fe(2) (middle) ions of [Fe'"(SM®2N4(6-H-
DPEN))(u-SMe2N4(6-H-DPEN)Fe''(MeCN)]?* (1PY2-MeCN), and [Fe''(SMe2N4(6-H-
DPPN))(MeOH)]* (1PYPN, right)®®. Portions of the MeCN (Fe(2)) and MeOH (1PYPN) have been
omitted for clarity. Fe'' ions are shown in orange, sulfur atoms are shown in yellow, oxygen and
nitrogen atoms are shown in red and blue, respectively.

As the two halves of 1P2-MeCN are both 6-coordinate, the structural parameters are not
directly comparable to the 5-coordinate 1MePY and 1Quio, However, this does suggest that either
the open sites of the Fe'' ions of 17Y.-MeCN are more accessible due to less steric bulk on the

ligand scaffold, or that the metal ions are more Lewis acidic for 6-H-pyridine derivative. As the

propyl-linked analogue of 1PY was previously synthesized and crystallographically characterized
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as a solvent-bound 6-coordinate [Fe'(SM®2N4(6-H-DPPN))(MeOH)](PFs) (1PYPV), the structural
parameters of 1™Y2-MeCN were compared to 1°YPN to establish context on how the difference in
ligand constraints (ethyl-linker versus propyl-linker) contributed to structural change. (Table 4.2)
The octahedral angle variance (cewcy?) Was calculated using equation 4.1 to compare the
distortions from an ideal octahedral geometry of the Fe ions. An cepc)? Value closer to 0
represents a more ideal octahedral geometry at the metal center while higher values corresponds
to a more distorted 6-coordinate metal center.%® The Fe(2) ion for 1PY2-MeCN (ce(cy? = 5.859)
was the least distorted compared to the Fe(1) center of 1PY2-MeCN (co(octy? = 11.393) and 1PYPN
(ce@cy? = 9.382). (Table 4.2) Since the Fe centers of Fe(2) (1P2-MeCN) and 1PN are both
solvent bound (Fe(2) of 1P2-MeCN: MeCN; 1PYPN: MeOH), while Fe(1) has two thiolates
coordinated, the comparison between the former two Fe centers would be more appropriate.
(Figure 4.4) The covalent nature of the bridging thiolate of Fe(1) is expected to significantly
contribute to the distortion reflected by the octahedral variance. As the octahedral variance
values suggest the Et-linker Fe(2) of 1™Y>-MeCN is closer to an ideal octahedral geometry
(where angles are closer to 90°) versus Pr-linker 1PYPN, better orbital overlap between metal d-
orbitals and the ligands would be expected for the Fe(2) center. The degree of orbital overlap is
also reflected in the spacing-filling diagram (Figure 4.4) and the Fe-S and Fe-N*%4 bond
lengths.

Ootocty’ = 2i21(6; —90°)2/11  (4.1)%

The Fe-S bond lengths of 17Y>-MeCN and 1PN, with the exception of Fe(1)-S(2), are
comparable to the reported 5-coordinate 1MePy and 1Quino 5° The shortest Fe-S bond of the Fe(2)
ion of 1PY-MeCN (2.3125(13) A) is consistent with a better orbital overlap, and a more covalent

Fe-S bond. The bond distance between the bridging thiolate and Fe(1) ion of 1?Y>-MeCN (Fe(1)-
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S(2) = 2.5286(12) A) is much longer than Fe(1)-S(1) (2.3597(14) A) and Fe(2)-S(2) (2.3125(13)
A) but is still within their covalent radii (2.62 A).%® The covalent natural of the bridging thiolate
contributes to the elongated Fe(1)-S(1), and therefore worse orbital overlap and a stronger
octahedral distortion.

The shorter Fe-NA" bonds of the Fe(2) ion (Fe(2)-N""ayq = 1.995(4) A), are likely due to
the lowered steric constraints of the ligand backbone, suggesting the Fe'" ion is less Lewis acidic
than in 1PYPN (Fe-N”"yq = 2.155(3) A), which has also been illustrated in the structurally
analogous Mn" derivatives.> A more accessible NA'-Fe-N”" angle (Fe(2) of 1PY>-MeCN =
164.68(15)°, 1PYPN = 151.33(10)°) was also present and is shown in the space filling diagrams
(Figure 4.4). The difference in angle implies the ligand constraint from the Pr-linker of 1P¥PN
restricts the structural rearrangement to achieve a better overlap between the metal ion d-orbitals

and the ligand backbone, as well as a more accessible Fe'' ion.
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Table 4.2. Selected Bond Distances (A) and Bond Angles (deg) for [Fe'(SM®2N4(6-Me-DPEN))](PFs) (1Mepy)5S,
[Fe''(SMe2N4(QUIinoEN))](PFs)  (1Quino)%5  [Fe!l(SME2N4(6-H-DPEN))(u-SM#2N4(6-H-DPEN)Fe!'(MeCN)](PFs).  (1PY2-MeCN), and
[Fe'(SM2N4(6-H-DPPN))(MeOH)](PFe) (1PYPN)557,

1Mepy 1Quino 1PY (Fe(l)) 1PYPN 1Py (FG(Z))
Fe(1)-N(1) 2.132(4) 2.111(2) 2.176(4) 2.169(3) Fe(2)-N(5) 1.939(4)
Fe(1)-N(2) 2.253(4) 2.226(2) 2.236(4) 2.273(3) Fe(2)-N(6) 2.003(4)
Fe(1)-N(3) 2.165(4) 2.152(2) 2.213(4) 2.152(3) Fe(2)-N(7) 1.988(4)
Fe(1)-N(4) 2.191(4) 2.159(2) 2.198(4) 2.158(3) Fe(2)-N(8) 2.002(4)
Fe(1)-NATayg 2.178(4) 2.156(2) 2.206(4) 2.155(3) Fe(2)-NATayg 1.995(4)
Fe(1)-S(1) 2.326(1) 2.3357(9) 2.3597 (14) 2.3351(9) Fe(2)-S(2) 2.3125(13)
Fe(1)-X N/A N/A 2.5286(12) 2.210(2)° Fe(2)-N(9) 1.931(4)
S(1)-Fe(1)-N(1) 81.5(1) 82.91(7) 80.31(12) 82.13(7) S(2)-Fe(2)-N(5) 83.30(11)
S(1)-Fe(1)-N(2) 158.7(1) 157.80(6) 159.48(10) 178.58(8) S(2)-Fe(2)-N(6) 169.14(12)
S(1)-Fe(1)-N(3) 116.1(1) 106.98(7) 104.69(11) 104.03(8) S(2)-Fe(2)-N(7) 97.40(11)
S(1)-Fe(1)-N(4) 115.0(1) 121.74(7) 103.42(11) 104.11(8) S(2)-Fe(2)-N(8) 97.78(12)
S(1)-Fe(1)-X N/A N/A 105.35(5)? 91.94(7)° S(2)-Fe(2)-N(9) 97.97(11)
N(1)-Fe(1)-N(3) 123.1(1) 120.28(9) 80.25(14) 93.00(11) N(5)-Fe(2)-N(7) 93.71(16)
N(1)-Fe(1)-N(4) 121.0(1) 119.21(9) 94.88(14) 96.16(11) N(5)-Fe(2)-N(8) 90.13(15)
N(3)-Fe(1)-N(4) 100.5(1) 104.91(9) 150.16(15) 151.33(10) N(7)-Fe(2)-N(8) 164.68(15)
T-value 0.59 0.60 N/A N/A 1-value N/A
Ge(oct)2 N/A N/A 11.393 9.382 0'9(0ct)2 5.859

Note: 2X = S(2), °X = O(1)



4.3.2 Characterization of 1™>-MeCN in Solution State

In order to investigate the nuclearity of 1”2-MeCN in solution, magnetic susceptibility of
1PY,-MeCN was obtained using Evans’ method.>* While the bimetallic Fe''; species would likely
be diamagnetic (S = 0) due to antiferromagnetic coupling between the Fe' centers, a high spin
monomeric Fe' species would be expected to be high spin (S = 2). The magnetic susceptibility of
1PY2-MeCN was obtained in two commonly used solvents, MeOD-da (Uetr = 4.92 B.M. at 298K,
Figure 4.5 top, Table 4.3) and MeCN-dz (Uert = 3.60 B.M. at 298K, Figure 4.5 bottom, Table
4.3). Both spectra show paramagnetic signals, which would not be expected for a bimetallic Fe'',

species in solution.

MeOD-d,

_Jt A\, e
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Figure 4.5. 'H NMR spectrum of 1PY>-MeCN in MeOD-d4 (green, top) and MeCN-ds (orange,
bottom) at 298 K.

The magnetic susceptibility of 1”Y>-MeCN in MeOD-d4 suggests a monomeric high spin
S = 2 Fe' species at 298 K (uerr = 4.92 B.M.). The assignment of high spin is further
demonstrated with evidence from high resolution Linear Trap Quadropole (LTQ) Orbitrap mass

spectrometry. The detected isotopomers differs by single mass units, as opposed to half mass
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units. (Figure 4.7, top) The experimental mass spectrum matches the calculated isotope pattern
(Figure 4.7, bottom) for a monocationic, 6-coordinate solvent bound [Fe'(SM®2N4(6-H-
DPEN))(OMe)]* (1?Y-OMe) with a primary mass peak detected at 428.13 m/z (M+31).
Additional temperature-dependent Evans’ method experiments of 17Y-OMe in MeOD-d4 show a
decrease in per per Fe (from 4.92 B.M. to 3.96 B.M., Figure 4.6, right, Table 4.3) as the
temperature increases (298 to 323 K). A temperature dependent dimerization process could
explain the decrease in pefr due to an increase in the concentration of spin-coupled dimers.
However, one would expect dimerization to be less favored at higher temperatures, given that
entropy effects become more important at higher temperatures. Therefore, the more likely
explanation is that a coordinated solvent molecule dissociates as the temperature increases,
resulting in the formation of a monomeric 5-coordinate Fe!' species with an intermediate spin S =
1 (pefr = 2.83 B.M.).

Table 4.3. Temperature-dependent magnetic moments (uesr per Fe) of 17Y2-MeCN in MeCN-ds

and MeOD-ds using Evans’ method. Temperature ranges from 298 K to 323 K (5 K increments).
Temperature (K)  pert per Fe in MeCN  pert per Fe in MeOH

298 3.60 4.92
303 3.97 451
308 431 4.43
313 4.55 4.39
318 4.75 4.23

323 4.98 3.96
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Figure 4.6. Temperature-dependent magnetic moments (uesr per Fe) of 1P2-MeCN in MeCN-ds3
(left) vs MeOD-ds (right) using Evans’ method. Temperature ranges from 298 K to 323 K (5 K

increments).

£ e

3 40
2 w0

428.1331

426.1374

»7 Experimental
429.1353
426.1376 430.1302
o a2 .l P S s s
Theoretical 428.1328
429.1355

430.1290

T
1260 428

301200
[ a2 1341

T T T T T T

w00 408 sa10  a;s 420 &

Figure 4.7. LTQ ion trap mass spectrum of 17Y in MeOH (top) and theoretical mass spectrum of
MeO-bound monocationic monomer 1PY-OMe (bottom). Isotopomers suggest that the majority
of 1?Y in MeOH is in a monocationic monomer form with MeOH bound at ambient temperature.

The opposite trend was observed in MeCN-ds (Figure 4.6, left, and Table 4.3). The pef

per Fe increases (from 3.6 B.M. to 4.98 B.M.) as temperature increases (298 to 323 K). This

observation suggests the possibility of temperature-dependent equilibrium between a monomeric

(high spin, S = 1) and a bimetallic species (S = 0). The high-resolution mass spectrum of 1™Y-

MeCN provides further evidence with isotopomers observed that differed by both half and single
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mass units, without MeCN coordinating.(Figure 4.8, top) This is consistent with an equilibrium
between a monomeric and a dimeric species at room temperature. As shown previously by the
Kovacs group,’® the ratio per?(experimental)/per®(theoretical), obtained by equations 4.2-4.5,
would provide the percentage of monomeric species in solution at a given temperature. This
analysis suggests that 1”Y>-MeCN exists as a mixture of 52.3% monomeric 1?Y and 47.7%

bimetallic 17Y2 in MeCN at 298 K.
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Figure 4.8. LTQ ion trap mass spectrum of 1P in MeCN (top) and theoretical mass spectrum of
dicationic bimetallic species (bottom). Isotopomers suggest a mixture of bimetallic and monomer
in MeCN solution at ambient temperature.
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4.3.3 Electronic Absorption Spectroscopy of 17

In contrast to 17", the n-donating thiolate and r-accepting pyridine ligands contained in
complexes 1PY, 1Mepy and 1Ruin result in intensely colored solutions, allowing for Fe' reactivity
to be monitored via electronic absorption spectroscopy. All three complexes of the Fe DPEN
series show intense charge transfer (CT) bands in the visible region of the EAS spectra (Amax
(nm) (e (M cm 1)): 1PY: 474 (2174); 1Mepy: 394 (1328); 1Quino: 502 (777), Figure 4.9). The
energy bands are proposed to involve Fe-S - N-heterocycle n* MLCT transition. As shown
previously by the n-donating thiolate and m-accepting o-imino-N-heterocycle [Fe'(tame-
N2S(py)2)]2?* (Amax = 580, 650 nm) and [Fe'(tame-N2S(quino)2)]2?* (Amax = 607, 719 nm), the
lowest-energy bands red shifts as the N-heterocycle ring size increases from pyridine to
quinoline.®* A similar trend is observed with the Fe DPEN series, where the CT energy band red

shifts comparing 1PY to 1Quino which would support its assignment as a Fe-S = N-heterocycle n*
MLCT transition.
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Figure 4.9. EAS spectrum of Fe DPEN complexes 1P, 1MepY, and 1Quino at room temperature.
[1PY], [1Mepy], [1Quino] = 0.2 mM in THF.
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The more constrained Pr-linker analogue of 1Y, complex 1PYPN, was shown to have
coordinating solvents (MeCN, MeOH, THF) reversibly bind to the open coordination site in
place of the MeOH ligand present in the solid state structure.>” The electronic absorption spectra
of 1PY obtained in various solvents at both room temperature (Amax (nm) (¢ (Mt cm 1)): MeCN:
447 (1276); DCM: 401 (1224); MeOH: 447 (1250); THF: 458 (1515), Figure 4.10) and low
temperatures (-73 °C) (Amax (nM) (¢ (M1 cm 1)): DCM: 407 (1565); MeOH: 449 (1562); THF:
480 (2283), Figure 4.11) suggest coordinating solvents are reversibly binding to the open
coordination site of 17Y, similar to 1PY"N 7, The Fe-S = N-heterocycle n* MLCT energy band
red shifts in coordinating solvents comparing to non-coordinating solvent (DCM). (Figure 4.10)
As solvent binds to the open site, electron density increases at the metal center and leads to a
decrease in Fe' ion Lewis acidity. The red shift could also indicate a better overlap between the

metal and pyridine ©* orbitals (6-coordinate versus 5-coordinate).
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Figure 4.10. EAS spectrum of 17 in different solvents, MeCN (yellow), DCM (red), MeOH
(green), and THF (blue). Spectra recorded at room temperature. [17Y] = 0.2 mM.
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Figure 4.11. EAS spectra of 17 in different solvents, DCM (red), MeOH (green), and THF
(blue). Spectrum recorded at -73 °C. [1?Y] = 0.2 mM.

4.3.4 Oxidation-Reduction Behavior of Fe!' DPEN Complexes

Complex 17 (Fe(2) ion) was shown to be less Lewis acidic than 1°YPN as evidenced from
the solid-state structures. As 1MePY and 1Quin° are both 5-coordinate and cannot be directly
structurally compared to the 6-coordinate 17Y, reduction potentials would be a more useful
parameter for the evaluation of the Lewis acidity of each Fe ion. The cyclic voltammogram (CV)
of 1°Y was obtained in MeCN and was referenced to SCE using ferrocene (-380 mV vs SCE) as a
standard. (Figure 4.12) The CV of 1P contained a reversible Fe""" couple at E12 = -89 mV (vs
SCE) with AE = 66 mV. Peak potentials (Epc and Ep,a) did not change with variations of the scan
rates, indicating the wave is reversible versus quasi-reversible or irreversible. The difference
between Epc and Epa (AE) is consistent for the wave representing a one-electron transfer.
Reduction potentials of 17, along with 1PYPN, 1Mepy and 1Quine are reported in Table 4.4.

Complex 17Y is more easily oxidized with the lowest E12 = -89 mV vs SCE , compared to

1PYPN and the other two Fe'' DPEN complexes 1MePY and 1°Quino, The less positive potential of the



145
Fe'""!' couple implies the highest occupied molecular orbitals (HOMOS) are higher in energy than
the other three N-heterocyclic complexes, making the oxidized Fe'"'-1PY the most accessible. The
reduction potential of 1PY reflects a less Lewis acidic Fe' ion than 1PYPN (+66 mV), which is
consistent with their structural data. The positive shift in potential (+156 mV) suggests the added
ligand constraints of the Pr-linker plays an important role in the metal ion Lewis acidity.

As shown with the structurally analogous Mn'" derivatives, the reduction potential of
M"""and the O activation barrier increase as the metal ion becomes less accessible.® Both of the
6-coordinate Fe complexes containing the pyridine amines have significantly lower potentials (as
much as -496 mV) than the 5-coordinate 1MePY (+407 mV) and 1Quin° (+401 mV). This difference
is consistent with more electron density around the metal center for the solvent bound 17 and
1PYPN_ The more sterically encumbered NA" ligand scaffolds of 1MePY and 1Quino contribute to the

less stable Fe!"' species of their corresponding complexes.
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Figure 4.12. Cyclic voltammogram of 1Y in MeCN at room temperature. Potentials shown are
in V vs SCE, recorded with glassy carbon working electrode, Ag/AgNO3 reference electrode,
and BusNPFg as supporting electrolyte. [17Y] = 0.2 mM. Scan rate: 100 mV/s.
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Table 4.4. Reduction potentials (mV vs SCE) of [Fe'(SM®2N4(6-H-DPEN))(u-SMe2N4(6-H-
DPEN)Fe''(MeCN)]**  (1P-MeCN), [Fe''(SMe2N4(6-H-DPPN))(MeCN)]*  (1PYPN-MeCN)®>,
[Fe''(SMe2N4(QUInoEN))]* (1Quin0)%S and [Fe''(SMe2N4(6-Me-DPEN))]* (1Mery)®S, All potentials
recorded in MeCN at room temperature.

Complex Ei2 (vs SCE)
1PY-MeCN -89 mV
1PYPN-MeCN +66 mV
o 401 mV
1Mepy 407 mV

4.3.5 Correlation between Structural and Spectroscopic Properties for the Fe'!' DPEN Series

The Kovacs group has previously shown that the changes to the N-heterocyclic amine
ligand scaffold of the Mn analogue led to strong correlations between the metal-ligand bond
distances and angles of Mn'"-alkylperoxo compounds, and their electronic structures.>® Despite
the crystal structure of 1™2-MeCN (Figure 4.2) indicating a 6-coodinate bimetallic nuclearity in
solid-state and that fact that the difference in orbital overlap for 6-coodinate versus 5-coordinate
would contribute to major differences in the Fe-S - N-heterocycle =* MLCT band, correlations
between the structural (Fe-N bond lengths and angles) and spectroscopic parameters (reduction
potential of Fe"' (1) and Fe-S = N-heterocycle n* MLCT band) were observed with the Fe'
DPEN series (17, 1Mepy and 1Quino), The parameters found for the Fe(2) ion of 1?Y>-MeCN were
used for comparison instead of Fe(l), since Fe(2), similar to 1MePY and 1°uino only had one
thiolate in the coordination sphere. The structural parameters of all three complexes are reported

in Table 4.2.
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Figure 4.13. Correlation plots of Fe-N(1,2) bond lengths (Left: Fe-N(1), right: Fe-N(2)) versus
reduction potential of Fe"""!" of 1Py, 1Mepy gnd 1Quino,

As shown in Figure 4.13 and 4.14, there are some correlations between the Fe-N bond
lengths and the reduction potentials, where the longer the Fe-N bonds, the more positive the
reduction potentials of the Fe''. However, one would expect the opposite trend, where the more
Lewis acidic the metal ion, the shorter the metal-ligand bonds would be observed. While this is
indeed comparing 5- versus 6-coordinated Fe'' complexes, this opposite trend also shows how
steric effect of the N-heterocyclic amines is possibly playing a role. The average distances
between the Fe ion and N-heterocyclic amine nitrogens (N(3,4)) suggests the least sterically
bulky 6-H-pyridine ligand of 1PY allows shorter observed Fe-N”".yq bonds. (Figure 4.14), despite
a least Lewis acidic 6-coordinate Fe'' center.

A strong correlation between Amax and Fe-N bond lengths of 1PY, 1Mepy and 1Quine (Figure
4.15 and 4.16) were also observed, wherein the energy of the bands red-shift as the Fe-N
distances decrease and as the size of the pyridine ring decreases. The correlation implies these

observed bands indeed involve the Fe-S - N-heterocycle n* MLCT transitions.
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Figure 4.14. Plot illustrating the correlation of average Fe-N”"(3,4) bond length versus reduction
potential of Fe'""" of 1PY, 1Mepy and 1Quino,
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Figure 4.15. Correlation between Fe-N(1,2) bond lengths (Left: Fe-N(1), right: Fe-N(2)) and the
Fe-S > N-heterocycle n* MLCT band of 17, 1MepY, and 1Quino,
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Figure 4.16. Correlation between average Fe-N~'(3,4) bond length and the Fe-S = N-
heterocycle n* MLCT band of 1PY, 1Mepy, and 1Quino,

Correlations between the key angles N(1)-Fe-N(3)/N(4) versus reduction potential, as
well as Amax Were also explored for another perspective on how the steric properties of the
pyridine ligand scaffold might affect the Lewis acidity of the Fe' ion. The 6™ ligand (MeCN)
coordinated to the Fe'' in the crystal structure of 1PY>-MeCN, results in N(1)-Fe-N(3,4) angles
close to what is expected for an octahedral geometry (93.71° and 90.13° respectively for Fe(2) of
1P¥>-MeCN), The key angles show a slight decrease when the 6-Me-pyridine ring is substituted
with the less sterically intrusive quinoline (Table 4.2). The narrower angles show a correlation
with the Fe""" reduction potentials and Amax Of Fe'' complexes (Figure 4.17 and 4.18). As the
angle decrease between the imine and N-heterocyclic amines, moving closer to 90°, the orbital
overlap between the metal d-orbital and the w-acceptor ligands would be more efficient, which in

turn would result in a less Lewis acidic Fe!' (Figure 4.17) and red shifts of the key EAS bands

(Figure 4.18).
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Figure 4.18. Correlation between N(1)-Fe-N(3,4) bond angles (Left: N(1)-Fe-N(3), right: N(1)-
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Interesting correlations between the observed structural and spectroscopic parameters of

the Fe'' DPEN series were observed despite the different coordination environments of the Fe'

centers. Even though the 6-H-pyridine ligand of 1Y had less electron donating abilities, the less

steric bulk ligand is believed to be the reason for the observation of the shorter Fe-N bonds in the

series, despite the lower Lewis acidity reflected in the significantly more negative reduction

potential. All together, these experiments suggest the steric effects of the ligand play a strong

role in the metal Lewis acidity compared to the electronic effects of the ligand. Previously with
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the Mn analogues of the DPEN series, a strong correlation between the Lewis acidity of the
metal ion and the activation barrier to O2 binding was established, where the least Lewis acidic
Mn complex with a more electron rich, less sterically encumbering ligand (6-MeO-pyridine)
provided a flatter dioxygen activation reaction landscape, and allowed for the observation of
more intermediates than in the case of more sterically bulky quinoline and 6-Me-DPEN ligands.®

Dioxygen reactivity with 1Y, 1Mepy and 1Quino will be explored in further sections.

4.3.6 Reactivity of Fe!' DPEN Complexes with Azide

Previous studies showed solvent reversibly binding to the Pr-linker version 17YPN5" while
1Mepy and 1Ruino were found to be solvent independent®. Solvent binding was observed for the
less sterically hindered 1?Y by X-ray crystallography, Evans’ method, and mass spectrometry
experiments. In order to determine whether an open site is available for small molecules, such as
dioxygen (O2) and superoxide (O2*"), to bind to the Fe' DPEN complexes, the reactivity with
anionic small molecule, tetrabutylammonium azide, was performed. Azide (Ns°) is known to
possess the same charge and similar frontier orbitals as superoxide (O2™) and is often used an
analogue to study superoxide reactivity in enzymes and biomimetic models.*467-70

The incorporation of the N-heterocyclic amines allowed for the detection of 6-coordinate
small molecule bound-Fe' species resulting from the addition of azide by EAS spectroscopy. As
shown in Figure 4.19 (left), when reacted with excess azide (10 equiv.), the energy band
associated with Fe-S = N-heterocycle n* MLCT transition of 1P red shifted to 554 nm from
474 nm. This is consistent with either the binding of a sixth ligand or the displacement of a
solvent molecule bound to Fe'' with azide. Both cases would result in the elevation of the metal

d-orbital energy level. Excess azide (10 equiv.) was required for full formation of the putative
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[Fe''(SMe2N4(6-H-DPEN))(N3)]" (37Y) complex. This species was found to be unstable at ambient
temperature. Upon exposure to dioxygen, an immediate irreversible conversion of the 554 nm
peak to 413 nm was observed (Figure 4.19, right), with two isosbestic points at 522 nm and 622
nm. One possible explanation is an outer-sphere oxidation of the 3 to a Fe''-N3 species,
[Fe''(SMe2N4(6-H-DPEN))(N3)]* (57Y). Mass spectrometry experiments at ambient temperature
did not provide further characterization of the thermally unstable species.

Complexes 1MePy and 1Quine were also reacted with excess azide under the same
conditions. (Figure 4.20 and 4.21) Both spectra show a similar red shift of the lower energy band
as observed with 1PY, presumably with the azide binding to both of the complexes to afford
putative 6-coordinate azide bound Fe' species, [Fe'(SM®?N4(6-Me-DPEN))(N3)]* (3MePY) and
[Fe''(SMe2N4(QuinoEN))(N3)]* (3RUin0). The key transition band of putative 3MePY red shifted to
471 nm (Figure 4.20) from 389 nm, while the band associated with 32U red shifted to 595 nm
from 494 nm (Figure 4.21). The addition of another equivalent of azide did not further increase
the absorbance of either species. Both intermediates were also found to be thermally unstable
and decomposed upon warming, making further characterization challenging. The consistent red
shift of the Fe-S > N-heterocycle =* MLCT transition upon the addition of azide suggests an

open site is available for small molecules to bind for all three of the Fe'' DPEN complexes.
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Figure 4.19. Left: EAS spectrum of the addition of 10 equiv. tetrabutylammonium azide (N3)
(orange trace) to 1P (black trace) in THF at -73 °C. Right: EAS spectrum of the addition of O
(yellow trace) to solution of azide-bound 1PY (orange trace) at -73 °C. Scans recorded at 0.25
minutes intervals. Isosbestic points observed at 522 nm and 622 nm. [1PY] = 0.2 mM.
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Figure 4.20. EAS spectrum of the addition of 10 equiv. tetrabutylammonium azide (N3°) (orange
trace) to 1MePY (black trace) in THF at -73 °C. [1MePY] = 0.5 mM.
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Figure 4.21. EAS spectrum of the addition of 10 equiv. tetrabutylammonium azide (N3°) (orange
trace) to 12uin° (black trace) in THF at -73 °C. [1Quin0] = 0.5 mM.

4.3.7 Oxidation of Fe'' DPEN Complexes

As established previously, one would expect a more stable ferric species for the least
Lewis acidic 1Y, compared to 1MéPY and 19U, due to the much lower reduction potential. The
spectra of the generation of oxidized complexes, [Fe''(SM®2N4(6-H-DPEN))]?* (4PY),
[Fe'''(SMe2N4(6-Me-DPEN))]?* (4MerY), and [Fe'"'(SME2N4(QuinoEN))]?* (42uine) by addition of
corresponding oxidants, ferrocenium and tri-(p-tolyl)-aminium are shown in Figures 4.22 to
4.25.

The oxidized 47 was obtained by the addition of 1.0 equiv. ferrocenium
hexafluorophosphate at room temperature (Figure 4.22). Two bands increasing in intensity at
Amax = 478 nm and 619 nm were observed for the green species. No change to the 478 nm and
619 nm bands was observed with further addition of oxidant, indicating a one-electron oxidation
process and complete conversion of the Fe!"' species. The red-shift of the energy bands would be

more consistent with a S to metal charge transition (LMCT) for the new absorption features, as
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opposed to the MLCT transition observed for the Fe'' species. Monitored by EAS, no sign of
decomposition was observed when 47 was exposed to O for at least 5.5 hours at ambient
temperature. An EPR spectrum with rhombic signal (g = 2.18, 2.15, 2.01) was obtained for 47 at

77 K and was simulated with EasySpin® (Figure 4.23). The g-values were consistent with a low

spin Fe'"', S = 1/2 system.
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Figure 4.22. EAS spectrum of the oxidation of 1PY (black trace) using ferrocenium
hexafluorophosphate in 0.1 equiv. aliquots in MeCN at room temperature. The growth of
oxidized species 47 (green trace) stopped after the addition of 1.0 equiv. of fc*. [1?Y] = 0.2 mM.
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Figure 4.23. 1-mode, continuous-wave 9.30 GHz EPR spectrum of 47 in THF. Sample

generated by addition of 1.0 equiv. ferrocenium hexafluorophosphate (in MeCN) to 1.0 mM 1PY
at room temperature. Spectrum was recorded at 77 K.

The more positive reduction potentials of complex 1MePY (+401 mV vs SCE) and 1Quin
(+407 mV vs SCE) compared to 1PY, required a stronger one-electron oxidant, tri-(p-tolyl)-
aminium hexafluorophosphate (E° = 780 mV vs SCE)"*. Growth of similar LMCT bands to 47
were observed at 488 nm and 637 nm after the titration of 1.0 equiv. tri-(p-tolyl)-aminium
hexafluorophosphate to 1MePY, forming a green species (Figure 4.24). The presumed Fe'!' species
4Mepy was less stable than 47, as was predicted by the more positive reduction potential (an
increase of +496 mV). Oxidized 4MePY decomposed immediately when generated at ambient
temperature, therefore, the reactivity was performed at -40 °C. Decomposition of 4MePy was
observed upon warming to room temperature. Similar reactivity was observed with 1°Uin° and tri-
(p-tolyl)-aminium hexafluorophosphate (Figure 4.25). LMCT bands of the green 42Un° grew in
at 467 nm and 643 nm upon addition of 1.0 equiv. of the oxidant. As in the case of 4Mepy,

complex 4Ruin \was only stable at lower temperatures, which created difficulty in further

characterizations of the oxidized species.
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Figure 4.24. EAS spectrum of oxidation of 1Me? (black trace) using tri-(p-tolyl)-aminium
hexafluorophosphate in 0.2 equiv. aliquots in MeCN at -40 °C. The growth of oxidized species
4Mepy (green trace) stopped after the addition of 1.0 equiv. of oxidant. [1MePY] = 0.2 mM.
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Figure 4.25. EAS spectrum of oxidation of 19U (black trace) using 1.0 equiv. tri-(p-tolyl)-
aminium hexafluorophosphate in THF at -73 °C. The oxidized species 42U (green trace) was
observed immediately upon the addition of 1.0 equiv. of oxidant. [1Qu"°] = 0.5 mM.
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4.3.8 Reactivity of Fe''" DPEN Complexes with Azide

Since the Fe'' complex 1PY has been shown to be solvent dependent, one would expect a
more Lewis acidic Fe'"' 4PY to have a higher affinity for a sixth ligand to coordinate. In order to
determine if an open site is available for small molecules to bind to the oxidized Fe'" species,
reactivity with the anionic ligand, azide (Ns7), was performed with 4P, 4Mepy and 4Quino,
Acetonitrile was avoided as a solvent due to the fact that is known as a strongly coordinating
solvent to the oxidized [Fe'"'(SM#2Ny(tren))(MeCN)]?* (4T™"),”2 and has a higher freezing point
compared to other organic solvents. The Fe'"' solutions were generated by adding 1 equiv. of
oxidant to a precooled Fe'' solution. Immediate changes to the two Fe''' bands were observed
upon the addition of 10 equiv. of azide to 4”Y via EAS. The two bands for 4™ (492 nm and 606
nm) blue-shifted to 451 nm and 582 nm (Figure 4.26). The previously reported
[Fe'''(SMe2N4(tren))(N3)]* (57™") has shown a similar blue shift to the LMCT bands (from 585
nm (47" to 425 nm and 535 nm).”? The oxidized 4" species is stable for more than 9 hours; no
immediate change to the EAS spectrum was observed when the reaction mixture was warmed to

room temperature or exposed to air.
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Figure 4.26. EAS spectrum of addition of 10 equiv. tetrabutylammonium azide (Ns) to oxidized

4PY in THF at -73 °C (blue trace). Solution of 47 (green trace) generated by addition of 1 equiv.
ferrocenium hexafluorophosphate (in MeCN) in THF at -73 °C. [1"Y] = 0.2 mM.

Putative [Fe''(SMe2N4(6-Me-DPEN))(N3)]* (5MePY) was generated by addition of 10
equiv. tetrabutylammonium azide to 4MePY, forming a thermally unstable species with similar low
energy LMCT bands (Amax = 459 nm and 600 nm) to 57 (Figure 4.27). The azide bound Fe'"
converts to a new species (Amax = 409 nm) upon warming to ambient temperature. Putative 5MePY
(Amax = 600 nm) could be regenerated by cooling the solution to -73 °C again, but with a slight
residual feature at 409 nm (Figure 4.28). The regeneration suggests a temperature-dependent
equilibrium between the azide bound species 5M¢PY and the 409 nm species in the solution. This
reversible binding effect could be a result of the Lewis acidity of the metal ion or the steric
contribution from the 6-Me-pyridine ligand scaffold.

Temperature-dependent  reactivity = was  also  performed  with  putative
[Fe''(SMe2N4(QuIinoEN))(N3)]* (52uin%), which has a Lewis acidity of 1Quno (401 mV)

comparable to 6-methyl 1MepY (407 mV). The oxidized species was generated using a similar

method to that of 5PY and 5MePY, The lowest energy LMCT band for 52Un% (Ana = 409 nm and
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474 nm) was much further blue-shifted (-173 nm) compared to 57 (-24 nm) and 5Mé?Y (-43 nm)
(Figure 4.29). The spectral features remain the same regardless of temperature or exposure to
ambient atmosphere. The stability suggests azide binding is irreversible to 5°Un°, The steric
effect from the ligand scaffold seems to play a more significant role than electronic effect for the
anionic ligand binding, i.e., the open site of the quinoline ligated complex is more accessible for

m/m

small molecule binding, as the Lewis acidity of the Fe'' ions was similar (Fe""" potentials of

1Mepy gnd 1Quine differs by only 6 mV).
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Figure 4.27. EAS spectrum of the addition of 10 equiv. tetrabutylammonium azide (N3°) to
oxidized 4MePY in THF at -73 °C (blue trace). Solution of 4MePY (green trace) generated by
addition of 1 equiv. tri-(p-tolyl)-aminium hexafluorophosphate in THF at -73 °C. [1MePy] = 0.2
mM.
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°C (deep blue trace). (1) The solution was warmed to room temperature first (yellow trace), (2)
then cooled to -73 °C (aqua blue trace). The warming/cooling process was repeated once again

((3): room temperature,
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0.2 mM.
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4.3.9 Reactivity of 1™ with O, at Room Temperature

Similarly to the Mn analogues of the DPEN series, the addition of dry O to solution of
complexes 1Py, 1Mepy and 1Quino at room temperature leads to the formation of purple-colored
thermodynamic  products, [Fe''(SM®2N4(6-H-DPEN))]2(u-O)(PFe).  (67Y, Scheme 4.3),
[Fe'"(SMe2N4(6-Me-DPEN))]2(1-O)(PFe)2  (6MePY), and [Fe'(SM®2N4(QuinoEN))]2(u-O)(PFe)2
(6Quino)  (Scheme 4.3). These mono oxo-bridged Fe''; species were previously
crystallographically characterized®®, which demonstrates the ability to break an O-O bond by
complexes 1P, 1Mepy and 1Quino. Djoxygen chemistry with complexes 1Mepy and 1Quine were
studied previously and reproduced herein. As shown in Figure 4.30, both 1Mepy (left) and 1Quino
(right) converted to mono oxo-bridged species, 6M*® (Amax(DCM) = 587 nm) and 6Quino

(Amax(DCM) = 584 nm), with no intermediates observed with EAS at ambient temperature.

Scheme 4.3. Room temperature reaction between 1PY and O, affording [Fe''(SM®2N4(6-H-
DPEN))]2(u-O)(PFe)2 (67Y).

H
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Figure 4.30. Left: EAS spectrum of O addition to 1MePY (black trace) in DCM at ambient
temperature, formation of 6MePY (purple trace) was observed over 36 minutes. Scans recorded at
166 seconds intervals. [1MePY] = 0.75 mM. Right: EAS spectrum of Oz addition to 1Quino (plack
trace) in DCM at ambient temperature, formation of 6uino (purple trace) was observed over 21
minutes. Scans recorded at 83 seconds intervals. [12U"°] = 0.5 mM.

Oxidative addition of Oz to complex 1™ (-89 mV vs SCE in MeCN) is expected to be
more readily due to the much less positive reduction potential. Complex 1PY is comparatively
much more sensitive to O in solution than 1MePY and 12Uin°, Upon introduction of trace amounts
of Oy, the orange solution of 1?Y immediately turned deep red in color. Mass spectrometry
measurements obtained using LTQ Orbitrap showed a major peak at m/z = 405.1 (Figure 4.31),
which was consistent with expected half-mass for [Fe""'(SM¢2N4(6-H-DPEN))]2(u-0)?* (m/z =

405.1). The isotope pattern of the mentioned peak also matches the calculated isotope pattern for

Fe'"'>-u-oxo species 6PY (Figure 4.32).
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Figure 4.31. LTQ ion trap mass spectrum of 6 in MeCN, with major mass peak m/z =
405.1146.
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Figure 4.32. LTQlon t:aph}nass ;pé;trum of6Py 7f;cused onm/z 4051 (toic;) ;rild the theoretical
mass spectrum of [Fe'"'(SMe2N4(6-H-DPEN))]2(1-0)?* (67Y) (bottom).

Dioxygen reactivity with 1?Y was explored in various solvents due to their different H-
bonding properties, C-H bond strengths (C-H BDE: MeOH: 96 kcal/mol; MeCN: 93 kcal/mol;
THF: 92 kcal/mol)”, and freezing points (f.p.: MeOH: -98 °C; MeCN: -43.8 °C; THF: -108.4
°C). As mentioned previously, 1 reacts instantly when exposed to O, this behavior was

monitored in MeOH, MeCN, and THF at ambient temperature (Figures 4.33-4.35). A new peak
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was observed (Amax: MeOH: 513 nm; MeCN: 495 nm; THF: 496 nm) replacing the Fe-S - N-
heterocycle n* MLCT transition band of 1P in the respective solvents, with no intermediate
species observed by EAS. The EAS spectra, along with LTQ MS data, are consistent with the
previously crystallographically characterized [Fe"'(SM®2N4(6-H-DPEN))]2(u-0)** (6PY). The
rapid formation of 6°Y compared to 6MePY and 6°U"° s consistent with the reduction potential of
1PY being relatively negative versus 1MePY and 1Quin°, The conversion of 67 was found to be close
to 100% vyield in all three solvents. Monitored by EAS, complex 6 was found to be stable at
ambient temperature and atmosphere for a minimum of 24 hours. The stable p-oxo 67 is EPR
silent (L-mode), as expected for an antiferromagnetically coupled Fe'"'; species.

0.6 1

Absorbance
[—]
(7S]

300 400 500 600 700 800 9200
Wavelength (nm)

Figure 4.33. EAS spectrum of O; addition to 17 (black trace) in MeOH at ambient temperature,
formation of 6 (red trace) was observed immediately. Scans recorded at 15 seconds intervals.
[17Y] = 0.2 mM.
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Figure 4.34. EAS spectrum of O, addition to 17 (black trace) in MeCN at ambient temperature,
formation of 6™ (red trace) was observed immediately. Scans recorded at 15 seconds intervals.

[1P] = 0.2 mM.
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Figure 4.35. EAS spectrum of O addition to 17 (black trace) in THF at ambient temperature,
formation of 6™ (red trace) was observed immediately. Scans recorded at 15 seconds intervals.
[1P]=0.2 mM.
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4.3.10 Comparison of Mono Oxo-bridged 67, 6 and 6Quin°

As illustrated in this chapter, the N-heterocyclic amines provide an excellent opportunity
for, not only tuning the electron density at the Fe center, but also tuning the steric constraints,
which limit the Fe'' complexes’ capability as reducing agents. This effect was demonstrated by
plotting the Fe'' structural parameters against their respective reduction potentials. However, one
could argue that comparison between 5- and 6-coordinate structures would not be appropriate, as
the orbital overlap would be quite different for 5- versus 6-coordinte Fe'' centers. In order to
better investigate the correlation between the steric effects of the ligand scaffold and the Lewis
acidity of the Fe complexes, the Fe-N bond lengths of thermodynamic products of Oz activation,
mono  oxo-bridged  [Fe"'(SMe2N4(6-H-DPEN))]2(u-O)(PFs)2  (6PY),  [Fe"'(SMe2N4(6-Me-
DPEN))]2(u-O)(PFs)2 (6MePY), and [Fe"'(SME2N4(QuinoEN))]2(u-O)(PFe)2 (621°) were compared
and plotted against their spectroscopic parameters. As established previously, for the Mn
analogue of the mono oxo-bridged species, {[Mn"'(SM2N4(6-H-DPEN))]2(n-0)}**,
{[Mn""(SMe2N,(6-MeO-DPEN))]2(n-0)}?*,  {[Mn"'(SM®2N4(6-Me-DPEN))]2(u-0)}**,  and
{IMn"'(SMe2N4(Quino))]2(u-0)}?*, the MneeeN, distances were shown to provide a
predictive metric that reflected both the steric properties of the N ligand scaffold, and the
Lewis acidity of the Mn"" center.?

As all three of the Fe'"' centers are 6-coordinate with an oxo bridge, the steric and
electronic effects of the ligand should be reflected in their solid-state structures. For the Fe
complexes discussed herein, the Fe-N”".yq bond lengths (6PY: 2.164(4) A; 6Quino: 2 337(3) A;
6Mepy: 2.410(4) A, Table 4.5) suggest the Fe'"' center of 6-H-pyridine derivative would be the
least Lewis acidic. This is in agreement with the discussion between the corresponding Fe'

complexes and their spectroscopic properties (reduction potential of Fe' (1) and Fe-S = N-
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heterocycle ©* MLCT band). The space filling diagrams of 6°Y, 6MePY, and 6°U"° in Figure 4.36
illustrate that the pyridine ligand of 6P would provide the most flexibility for a wider oxo
coordination site. The flexibility is also reflected with the systematically narrower N(3)-Fe-N(4)
angles (67Y: 152.71(12)°; 6Quino: 150.57(12)°; 6Mepy: 148.74(15)°, Table 4.5) The octahedral
variance calculated for (coc?) the Fe''' centers indicate 67Y (ceocty? = 10.664) would have better

" center is closer to

orbital overlap between the metal d-orbitals and the ligand orbitals as the Fe
an ideal octahedral geometry versus 62U (cegcy? = 11.306), and 6MePY (cee? = 11.871). (Table
4.5) The comparison of structural parameters across the products (67Y, 6MePY, and 6°UI"%) show
the less sterically bulky, 6-H-pyridine, allows for a sterically more accessible Fe center with
shorter Fe-Ligand bonds and better orbital overlap, despite the less electron-donating character.
A strong correlation (R? = 1) between the Fe-N”",yq bond lengths of 6PY, 6MePY, and GQuine
and Amax Of their corresponding Fe'!' complexes was observed (Figure 4.37). The Fe-N~5q bond
is indicative of the Lewis acidity of Fe center, while the Amax Of Fe!' complexes, which has been
assigned as the Fe-S - N-heterocycle n* MLCT band, reflects the degree of orbital overlap
between metal d-orbitals and ligand orbital. As the Fe-N”".4 distance shortens and electron
density at the metal center increases, a decrease in the Lewis acidity of the Fe center is observed,
and the corresponding energy band would be expected to red shift. This correlation demonstrates
the correlation between the Fe center Lewis acidity and the transition band energy, where a red-
shift of Amax is observed from the most Lewis acidic 6-Me-pyridine derivative to the least Lewis
acidic 6-H-pyridine derivative (Figure 4.37). In the Mn analogue study, the least Lewis acidic
Mn complex was shown to have a relatively flat reaction landscape for the O, activation

chemistry, contributing to the observation of a total of four intermediates en route to the mono
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oxo-bridged thermodynamic product.® A similar reaction landscape is proposed for the least
Lewis acidic 1PY and its reactivity with Oz in comparison to 1MePY and 1Quin°,

Table 4.5. Selected Bond Distances (A) and Bond Angles (deg) for [Fe''(SM*2N4(6-H-DPEN))].-

(u-O)PFe)2  (6™)%,  [Fe"'(SM*N4(6-Me-DPEN))o-(u-O)(PFe)2  (6™)*,  and
[Fe'(S¥*“Na(QUINOEN))]o-(1-O) (PFs)2 (62m).

6Py 6Quino 6MePy
Fe(1)-S(1) 2.3058(11) 2.3053(13) 2.303(1)
Fe(1)-N(1) 2.155(3) 2.174(3) 2.163(4)
Fe(1)-N(2) 2.222(3) 2.175(3) 2.208(4)
Fe(1)-N(3) 2.160(3) 2.303(3) 2.390(4)
Fe(1)-N(4) 2.168(4) 2.371(3) 2.429(4)
Fe(1)-NATavg 2.164(4) 2.337(3) 2.410(4)
Fe(1)-O 1.787(3) 1.778(3) 1.7816(7)
S(1)-Fe(1)-N(1) 81.75(9) 80.54(9) 80.31(11)
S(1)-Fe(1)-N(2) 159.17(9) 158.49(9) 158.76(12)
S(1)-Fe(1)-N(3) 104.78(9) 104.00(9) 103.63(11)
S(1)-Fe(1)-N(4) 101.35(9) 104.64(8) 106.86(12)
N(1)-Fe(1)-N(3) 82.67(13) 83.02(11) 98.10(15)
N(1)-Fe(1)-N(4) 93.49(12) 95.10(11) 80.52(15)
N(3)-Fe(1)-N(4) 152.71(12) 150.57(12) 148.74(15)
Fe(1)-O-Fe(2) 175.95(17) 174.02(14) 180.00(3)
Go(oct)? 10.664 11.306 11.871

6Fy 6Mepy 6Quino

Figure 4.36. Space filling diagrams of mono oxo-bridged 67 (left), 6MePY (middle), and 6Quin°
(right). One half (Fe(2)) of the dimeric structures have been omitted for clarity.
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Figure 4.37. Correlation between the average Fe-N”"(3,4) bond length of mono oxo-bridged
Fe''l, 6 and the Fe-S = N-heterocycle n* MLCT band of Fe'' 1Py, 1Mepy and 1Quino,

4.3.11 Preliminary Reactivity of 1™ with O at Low Temperature

Dioxygen activation with Mn analogue of the DPEN series at low temperatures has
resulted in various intermediates observed, including a Mn'"">-u-peroxo and a bis-p-o0xo
Mn'V,.374 A strong correlation between the Mn""!" reduction potential and the activation barriers
to O2 binding was demonstrated, wherein a less Lewis acidic metal ion favored reversible O
binding. The reaction landscape for O activation with respect to the energetic barriers separating
metastable O. intermediates was shown to be relatively flat with a more electron-donating, but
less sterically encumbered ligand scaffold.® Unlike with the dioxygen activation study of the Mn
analogues, no intermediates were observed prior to the formation of 6MePY or 6Quino for both
complexes 1MePY and 19U at temperatures as low as -90 °C in DCM. Preliminary stopped-flow
UV-vis spectroscopy experiments were performed with 1MeéPY demonstrated no spectroscopic

evidence of intermediates en route to the final p-oxo Fe'"; species 6MePy.
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Based on the relative Lewis acidities of 17, 1Mepy and 1Quino, metastable intermediates of

O activation would be more likely to be observed with the least Lewis acidic Fe'' 17Y, along with
its less sterically encumbered 6-H-pyridine ligand. However, no intermediates were observed
upon exposure to Oz with 17 in MeCN (f.p. = -43.8 °C, Figure 4.38), MeOH (f.p. = -98 °C,
Figure 4.39), and THF (f.p. = -108.4 °C, Figure 4.40) at the lowest temperatures available for
each solvent. Isosbestic points were observed in both spectra for MeOH and THF solutions,
suggesting a one-to-one conversion from 1P to 6. Since the C-H bond strength of the solvent is
often shown to affect the O, reactivity pathway,>® another attempt in observing key Fe O
intermediates was performed using aprotic solvent, DCM with a much stronger C-H bond (C-H

BDE: 98 kcal/mol, f.p. =-95 °C).
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Figure 4.38. EAS spectrum of O addition to 1?¥ (black trace) in MeCN at -43 °C, formation of
67 (red trace) was observed over 2.5 minutes. Scans recorded at 30 seconds intervals. [17Y] = 0.2
mM.
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Figure 4.39. EAS spectrum of O, addition to 1Y (black trace) in MeOH at -73 °C. Formation of
6PY (red trace) was observed over 2.5 minutes. Scans recorded at 15 seconds intervals. [17Y] = 0.2

mM. Isosbestic points observed at 409 nm and 479 nm.
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Figure 4.40. EAS spectrum of O addition to 1P¥ (black trace) in THF at -73 °C. Formation of
6PY (red trace) was observed over 1.5 minutes. Scans recorded at 15 seconds intervals. [17Y] = 0.2

mM. Isosbestic points observed at 410 nm and 465 nm.
As Oz was introduced to a DCM solution of 1PY at -73 °C, a shoulder peak at 564 nm was
observed to simultaneously grow in along with the mono oxo-bridged 67 (495 nm) (Figure 4.41,

Left). The feature then fully converted to 6P over the following minute (Figure 4.41, Right).
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Further characterization of this short-lived 564 nm species would be extremely difficult without
the ability to better isolate or lengthen the lifetime of the intermediate. The O2 reactivity was
repeated at -90 °C in attempts to establish a better spectroscopic handle on the metastable
species. At the lower temperature, a relatively slower growth of the mixture of 6”Y and 564 nm
species was observed over 1 minute (as opposed to 15 seconds at -73 °C), followed by the
complete conversion to 6P (Figure 4.42). Isosbestic points were observed at 441 nm and 540 nm
for this conversion and indicate no other species or intermediates were present in the reaction

mixture.
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Figure 4.41. EAS spectrum of O addition to 17 (black trace) in DCM at -73 °C. Left: Growth
observed 15 sec after O, addition (pink trace). Right: Complete conversion to 6P (red trace) over
1.25 minutes. Scans recorded at 15 seconds intervals. [17Y] = 0.2 mM.

0
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Figure 4.42. EAS spectrum of O addition to 17 (black trace) in DCM at -95 °C. Left: Growth
observed at 497nm and 562 nm over 60 sec after O, addition (pink trace). Right: Complete
conversion to 6 (red trace) over 4.25 minutes. Isoshestic point observed at 441 nm and 540 nm
for the conversion to 67Y. Scans recorded at 15 seconds intervals. [1?Y] = 0.2 mM.

0

The initial O2 binding step could be slowed as an effect of the rate of O2 diffusion
caused by the headspace of the experimental set up. Experiments were also performed by adding
a chilled concentrated solution of 17 to an O saturated solution of DCM ([O2] in DCM at 20 °C
= 5.8 mM)™ at -90 °C (Figure 4.43). The headspace of the dip probe cell was quickly flushed
with argon prior to the addition of 1PY to limit the Oz exposure of the Fe'! solution prior to mixing
with O saturated DCM solution. As shown in Figure 4.43, no additional species were observed.
However, the growth of the intermediate feature and the overall conversion to the mono oxo-
bridged species were limited as indicated by their lower absorbance values. Further
characterization of this short-lived intermediate has proven to be difficult without a better
approach to isolate the intermediate. However, the observation of a new intermediate suggests
that the 6-H-pyridine 17Y could serve as a good model for understanding iron dioxygen
chemistry, as the intermediate demonstrates a flatter reaction landscape, and it has been shown to

support a more stable Fe'" state versus 1Mepy and 1Quino,
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Figure 4.43. EAS spectrum of the addition of 0.5 mL 1Y (2 mM) to 4.5 mL Oz-purged DCM
(grey trace) at -90 °C. Left: Growth observed at 493 nm and 567 nm 15 sec after concentrated
Fe'! solution (pink trace). Right: Complete conversion to 6P (red trace) over 8.25 minutes. Scans
reported at 60 seconds intervals.

4.4 Summary

In this chapter, the structural and spectroscopic properties of a less Lewis acidic Fe-
thiolate complex [Fe''(SM2N4(6-H-DPEN))]* (1Y) have been discussed and compared to
complexes with similar but more sterically encumbered ligand scaffolds, [Fe'(SMe2N4(6-Me-
DPEN))]" (1MeY) and [Fe"(SMe2N4(QuinoEN))]* (1Quino). With the incorporation of the n-
acceptor N-heterocyclic pyridine or quinoline ligand, all three complexes display features in the
UV-visible range, providing a better spectroscopic handle for monitoring Fe' reactivity via
electronic absorption spectroscopy. Both solid-state and solution-state characteristics of 17 were
investigated. While the complex was crystallized as a bimetallic Fe'; species, 17Y is either in
monomeric form (in MeOH) or in a mixture of bimetallic and monomeric species (in MeCN).
The comparison of structural parameters of 1”Y2-MeCN with the 6-coordinate 1°YPN, showed the
less constrained Et-linker of 1PY>-MeCN allowed for a more flexible Fe!' center with better
orbital overlap, and thereby, a less Lewis acidic Fe'' ion. . The dioxygen reactivity was

investigated with the expectation that the least Lewis acidic Fe'' is that of 17Y, compared to the
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Er-linker 1MepY and 1Quino A new metastable intermediate (Amax = 562 nm) was observed at -90
°C in DCM with a maximum lifetime of 8 minutes observed. However, without a better method
to isolate the species, the identity remains unknown en route to the mono oxo-bridged 6°Y
product. Upon inspection of the structural parameters of 67Y, 6MePy, and 6Quin° a correlation
between the ligand’s steric effects and the Lewis acidity of the Fe'' center was observed. The less
Lewis acidic, yet less electron donating 6-H-pyridine derivative is proposed to have a flatter
dioxygen activation landscape, with respect to the energetic barriers separating Fe-O>
intermediates, leading to the spectroscopic observation of a new metastable intermediate along

the O activation pathway.
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Chapter 5. Influence of Thiolate versus Alkoxide Ligands on the
Stability of Crystallographically Characterized Mn!"-Alkylperoxo

Complexes

Portions of this chapter have been adapted from “Influence of Thiolate versus Alkoxide Ligands
on the Stability of Crystallographically Characterized Mn'"-Alkylperoxo Complexes”, Downing,

Alexandra N.*; Coggins, Michael*; Poon, Penny Chaau Yan*; Kovacs, Julie A. In Review.

5.1 Introduction

Nature utilizes manganese ions to promote a wide variety of oxidative transformations,
many of which involve metastable Mn-peroxo species as key intermediates.*™® The majority of
which have yet to be spectroscopically characterized. For example, lipoxygenase (MnLO)
oxidize fatty acids via a Mn-OOR intermediate,>*°'® superoxide dismutases (MnSOD)*?° break
down superoxide radicals, a toxic reactive oxygen species (ROS) associated with
Alzheimer’s?>?? and Parkinson’s?® disease, via a Mn-OOH intermediate, and catalases'® break
down H20>, another toxic ROS. A Mn-peroxo intermediate is also involved as an intermediate in
photosynthetic H-O oxidation.!2?4-2¢ The catalyst involved in these enzymatic reactions contain
oxygen/nitrogen ligands in the manganese ion’s primary coordination sphere. Why cysteinates
are not incorporated in these enzyme active sites has yet to be investigated.

The inherent instability of metastable transition-metal peroxo intermediates precludes
their structural characterization in most cases, and despite their significant role, very few well-
characterized Mn-peroxo compounds have been reported,®? and how the primary

coordination affects reactivity properties has yet to be investigated. Previously we reported the
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_alkylperoxo compounds, Mn''-OOR

first crystallographically characterized examples of Mn
(R = 'Bu, Cm),?"* and showed that there are distinct correlations between their geometric and
electronic structures and the kinetic barrier to peroxo O-O bond cleavage.?’ Ligand substituents
and the carbon backbone were varied, while maintaining a constant N4S~ inner coordination
sphere. Herein, we report the synthesis and structure of a metastable alkoxide derivative of our
previously reported alkylperoxo compound, [Mn'"'(SMe2N,(6-Me-DPEN)(OO'Bu))* (1, Figure
5.1),%” in which we maintain an identical ligand framework and molecular charge, but vary the

inner coordination sphere. Replacement of the monoanionic thiolate with a monoanionic

alkoxide (RS~ - RO") allows for a meaningful comparison of their structures and reactivity.

o I/,,_M _.o‘\\\
n
B Vaae
N"'"m*‘: O

8

Figure 5.1. Chemdraw representation of [Mn"'(SM®2N,(6-Me-DPEN))(OO'Bu)]* (1) and
[Mn""'(OMe2N,(6-Me-DPEN))(O0'BU)]* (8).
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5.2 Experimental

General methods. All manipulations were performed using Schlenk techniques or under an N
atmosphere in a glovebox. Reagents and solvents were purchased from commercial vendors,
were of highest available purity, and were used without further purification unless otherwise
noted. Methylene chloride (DCM), tetrahydrofuran (THF), diethyl ether (Et20), and acetonitrile
(MeCN) were rigorously degassed, and purified using solvent purification columns housed in a
custom stainless-steel cabinet, dispensed via a stainless steel Schlenk-line (GlassContour).
Methanol (MeOH) was dried over magnesium methoxide and distilled prior to use. *H NMR
spectra was recorded on a Bruker AV 300 and AV 301 FT NMR spectrometer at ambient
temperature and were referenced to residual solvent. Chemical shifts are listed in parts per
million (ppm), and coupling constants (J) in Hz. UV-vis spectra were recorded on a Varian Cary
50 spectrophotometer or Varian Cary 60 spectrophotometer equipped with a fiber optic cable
connected to an ATR “dip” probe (C-technologies). A custom-built two-neck solution sample
holder equipped with a threaded glass connector was sized specifically to fit the “dip” probe.
Electrospray-ionization mass spectrometry (ESI-MS) data were obtained on a Bruker Esquire
Liquid Chromatograph-lon Trap mass spectrometer. Cyclic voltammograms were recorded in
MeCN with "BusN(PFg) supporting electrolyte (0.100 M) using a CH instruments (CHI600E)
potentiostat with a glassy carbon working electrode, an Ag*/AgNOs reference electrode, and a
platinum auxiliary electrode. X-ray crystallography data were recorded on a Bruker APEX 11
single Crystal X-ray diffractometer with Mo Ko radiation. Magnetic moments (solution state)
were obtained using the Evans’ method as modified for super-conducting solenoids. The ligand
precursors, N,N-Bis(6-methyl-2-pyridilmethyl)propane-1,3-diamine (6-Me-DPPN) and N,N-

Bis(6-methyl-2-pyridilmethyl)ethane-1,2-diamine (6-Me-DPEN), complexes [Mn'(OMe2Ny(6-
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Me-DPPN))](BPhs)  (5),  [Mn'(HOM®2N4(6-Me-DPEN)(MeCN))](BPhs),  (6),  and
[Mn"'(HOM&2N4(6-Me-DPEN))(CHO2)](BPhs)eMeCNeEL,O (7-BPhs) were synthesized as
previously described.>*4°
5.2.1. Synthesis of [Mn!"(HOM®2N4(6-Me-DPEN))(CHO2)](BPhs)eMeCN (7-PFs). Sodium
methoxide (0.22 g, 4.4 mmol), 3-hydroxy-3-methyl-2-butanone (0.45 g, 4.4 mmol), 6-Me-DPEN
(116 g, 4.0 mmol)*, manganese(ll) formate (0.58 g, 4.0 mmol), and sodium
hexafluorophosphate (0.67 g, 4.0 mmol) were each individually dissolved or slurried in MeOH
(5 mL) in the glovebox. Each reagent was subsequently added to a vial charged with a stir bar.
After gently stirring the resulting reaction mixture at room temperature for two days, all volatiles
were removed to afford a crude pale solid. The crude product was redissolved in minimal MeCN
and filtered through Celite in a fine fritted filter. The resulting MeCN solution was layered with
an equal volume of Et2O and allowed to crystallize at -30 °C to afford 7-PFs as a white solid in
16% vyield (0.35 g, 0.63 mmol). ESI-MS: Expected m/z for [C19H30N4OMN]* = 408.8, found m/z
=408.1.
5.2.2. Monitoring the Formation of Alkyl Peroxo 8 via Electronic Absorption Spectroscopy.
In a typical reaction, a 1 mM solution of [Mn"(HOM2N4(6-Me-DPEN))(CHO,)](BPhs)eMeCN
(7-PFs) was prepared in CH2Cl> (5 mL) inside a glovebox. The resulting solution was transferred
via gas-tight syringe to a custom-made two-neck vial equipped with a stir bar that has been
purged with argon. Tert-butyl hydroperoxide (‘BuOOH, 1.5 equiv.) and triethylamine (TEA, 1.5
equiv.) were added to the Mn'' solution at ambient temperature. The reactions were monitored by

EAS spectroscopy.
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5.2.3. Computational Details.

All calculations were performed using the ORCA v.4.1.1 quantum chemistry package
developed by Neese and coworkers,*! and employed the def2-TZVP basis set and the def2/J
auxiliary basis set for Coulomb fitting, the atom-pairwise dispersion correction of Grimme
(D3BJ).*? Tight convergence criteria, together with Grid5 (GridX5) and FinalGrid6
(FinalGridX6) integration grid size, were required for self-consistent field (SCF) solutions.
Geometry optimization were performed using B3LYP hybrid functional, with the resolution of
identity (RI) chain-of-spheres (RIJCOSX) approximation,**#4 and initiated from the
crystallographic coordinates when available. Analytical frequency calculations were performed
on all optimized structures to determine whether the obtained stationary points correspond to
local minima. Hybrid time-dependent DFT (TD-DFT) calculations employed the RIJCOSX and
the Tamm-Dancoff approximations (TDA).*>% Excited states from TD-DFT calculations were
analyzed using Natural Transition Orbitals (NTOs) and by visualizing their difference densities
between the ground and excited states. Canonical molecular orbital isosurfaces and natural
transition orbitals in the TD-DFT were visualized at an isovalue of 0.03 ao® using UCSF Chimera
software.*’

5.2.4. X-ray Crystallography.

A clear prism of 7-PFs, measuring 0.49 x 0.10 x 0.08 mm? was mounted on a loop with
oil. Data was collected at -173°C on a Bruker APEX |1 single crystal X-ray diffractometer, Mo-
radiation. Crystal-to-detector distance was 40 mm and exposure time was 10 seconds per frame
for all sets. The scan width was 0.5°. Data collection was 100% complete to 25° in 3. A total of
14099 reflections were collected covering the indices, -13<=h<=13, -15<=k<=15, -16<=I<=16.

7106 reflections were symmetry independent and the Rint = 0.0180 indicated that the data was of
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excellent than average quality (0.07). Indexing and unit cell refinement indicated a monoclinic
primitive lattice. The space group was found to be P 21 (No.4).

The data was integrated and scaled using SAINT, SADABS within the APEX2 software
package by Bruker.*® Solution by direct methods (SHELXT*® or SIR97°%°1) produced a complete
heavy atom phasing model consistent with the proposed structure. The structure was completed
by difference Fourier synthesis with SHELXL.%*%2%3 Scattering factors are from Waasmair and
Kirfel>*. Hydrogen atoms were placed in geometrically idealized positions and constrained to
ride on their parent atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic
thermal parameters Ueq were fixed such that they were 1.2U¢q of their parent atom Ueq for CH's
and 1.5Ueq of their parent atom Ueq in case of methyl groups. All non-hydrogen atoms were
refined anisotropically by full-matrix least-squares.

Table 5.1. Crystal data, intensity collections?, and structure refinement for [Mn'"(HOME2N,(6-
Me-DPEN))(CHO)](BPhs)eMeCN (7-PFe).

7-PFs
Empirical formula C24H34FsMNnNsO3P
MW 640.47
Temperature (K) 100(2)
Crystal system Monoclinic
a(A) 10.3246(6)
b (A) 11.7292(6)
c(A) 12.0296(6)
a (°) 90
B (°) 102.7390(10)
v (°) 90
Volume (A3 1420.92(13)
Z 2
Density (calculated, Mg/m?) 1.497
Space group P2
R 0.0180°
Rw 0.0205°
GOF 1.021

aMo Ka (A = 0.71073 A) radiation; graphite monochromator; -90 °C.°* R = X ||Fo|- |Fd|| / Z |F.
Rw = [EW(|[Fo| - |Fo|)/ZWFo2]¥2, where w = 1/[c*(Fo%) + (0.0241P)% + 0.2296P], P = (Fo® +
2F:A)/3.
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5.3 Result and Discussion

5.3.1 Synthesis and Structure of Mn'" Alkoxide Complexes

In order to determine how the primary coordination sphere influences the electronic,
redox, and reactivity properties of previously reported [Mn'"(SMe2N4(6-Me-DPEN))]* (2) and
[Mn''(SMe2N,(6-MeDPPN))]* (3, Figure 5.2)°°, we report herein the synthesis and
characterization of the corresponding alkoxide derivatives. Thiolate-ligated 2 and 3 are
precursors to rare examples of structurally characterized alkylperoxo complexes
[Mn'""'(SMe2N,(6-Me-DPEN)(OO'Bu))* (1, Figure 5.1) and [Mn'""(SMe2N,(6-Me-DPPN)(OO'Bu))*
(4)." The corresponding alkoxide or alcohol-ligated derivatives, 5-7 (Figure 5.2) were
synthesized using a strategy identical to that used to prepare 2 and 3,%° except that 3-hydroxy-3-
methyl-2-butanone was used in place of 3-mercapto-3-methyl-2-butanone, and in the case of 7
(Figure 5.2), manganese(ll) bis-formate, Mn'"(OC(H)O),, was used in place of
[Mn''(H20)6](SO4). The yield of MeCN-ligated 6 (Figure 5.2) was low (7%), making it
inconvenient to interrogate its spectroscopic properties or explore its reactivity. Thus, the
remainder of the discussion, with the exception of crystallographic characterization, will focus

on complexes 5 and 7. (Figures 5.2 and 5.3)
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Figure 5.2. Chemdraw representations of [Mn'(SM®2N4(6-Me-DPPN))]* (3), [Mn''(OMe2Ny(6-
Me-DPPN)]* (5), [Mn'(HOM®2N,(6-Me-DPEN)(MeCN))]?* (6), and [Mn'(HOMe2N4(6-Me-
DPEN)(CHO)]* (7).

Figure 5.3. ORTEP diagram of [Mn'(OM®2N4(6-Me-DPPN))]* (5)%, [Mn"(HOME2N4(6-Me-
DPEN)(MeCN))]** (6)*°, and [Mn"(HOM®2N4(6-Me-DPEN)(CHO2))]* (7), 50% probability
ellipsoids, with hydrogen atoms, with the exception of alcohol protons, counterions, and solvents
of crystallization omitted for clarity.
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Single crystals of 5-7 suitable were grown by layering Et.O onto a concentrated MeCN
solution of the corresponding Mn'' complex. As shown in the ORTEP diagrams of Figure 5.3,
[Mn'(OMe2N,(6-Me-DPPN))](BPha) (5) is five-coordinate and contains an alkoxide in place of
the thiolate of 3. The carbon backbone and ligand scaffold are identical. Selected metrical
parameters and crystal data for 5-7 are compiled in Table 5.2. Complexes 6 and 7 were shown to
reproducibly contain a proton on the alkoxide oxygen (Figure 5.3). Evidence to support this is
based on their relative Mn-O bond distances, the number of associated counterions, and observed
H-bonding network. By replacing the BPhs~ with a PFe~ counterion, a higher resolution structure
of 7 (R = 2.0% for 7-PFs versus R = 6.8% for 7-BPhs) was obtained and was also shown to
contain a proton on the alkoxide oxygen, O(1). The Mn-O(1) bonds of 5-coordinate alkoxide-
ligated 5 are 0.24 A, and 0.21 A shorter than the corresponding distance in 6-coordinate alcohol-
ligated 6 and 7, respectively (Table 5.2, Figure 5.3), which contain a protonated alkoxide. The
hydrogen bonded network shown in the packing diagram of 7 (Figure 5.4) provides additional
evidence to indicate that a proton resides on O(1). Bond distances for all three structures (Table
5.2) are more consistent with Mn'" than Mn'""", ruling this out as an explanation for the extra
counterion of 6 and 7. The Mn'! ions of 6 and 7 are each six-coordinate, with either MeCN (6) or
formate (7) coordinated trans to the imine nitrogen. Alkoxide-ligated 5 and thiolate-ligated 3 are
both mononuclear, monocationic 5-coordinate Mn'' complexes and constructed from an identical
ligand scaffold, therefore a comparison of their metrical parameters (Table 5.2) should provide
the best insight into the structural influence of the thiolate versus alkoxide. Three of the four Mn-
N bond lengths (Mn-N(1), Mn-N(2), and Mn-N(3)) in alkoxide-ligated 5 are noticeably longer
than the corresponding distances in thiolate-ligated 3 (Table 5.2). This in part reflects the more

distorted square pyramidal geometry (t = 0.47) of alkoxide-ligated 5 relative to thiolate-ligated 3
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(tr = 0.22), a geometry which provides optimum orbital overlap is favored by the highly covalent

M-SR bonds.>°>6

Table 5.2. Selected bond distances (A) and angles (deg) for thiolate-ligated [Mn'(SM&2N4(6-Me-
DPPN))](BPhs) (3)%°, alkoxide-ligated [Mn'(OMe2N,(6-Me-DPPN))](BPhs) (5)*°, alkoxide-

ligated  [Mn"(HOM®2N4(6-Me-DPEN)(MeCN))](BPhs)2  (6)*°,  [Mn"(HOMe2N4(6-Me-

DPEN)(CHO2))](BPhs)eMeCNeEt,O (7-BPhs)*, and [Mn"'(HOME2N,(6-Me-

DPEN)(CHO,))](PFs)eMeCN (7-PFe).

3 5 6 7-BPhs 7-PFs

Mn-X 2.3742(3)>  1.9585(14)*  2.203(10)°  2.172(4)° 2.233(1)°
Mn-N(1) 2.1909(10)  2.2184(19)  2.2027(9) 2.248(3) 2.246(1)
Mn-N(2) 2.2476(10)  2.2962(17)  2.2798(9) 2.329(3) 2.308(2)
Mn-N(3) 2.1830(10)  2.2293(18) 2.3157(10)  2.267(3) 2.306(2)
Mn-N(4) 2.2787(10)  2.1931(18) 2.2784(10)  2.275(3) 2.291(2)
Mn-N(5) N/A N/A 2.2254(10) N/A N/A
Mn-0(2) N/A N/A N/A 2.118(3) 2.120(1)
X-Mn-N(1) 82.03(3) 77.95(6) 69.95(3) 69.68(9) 68.65(5)
X-Mn-N(2) 154.06(3)  162.39(7)  147.53(3)  144.13(9)  144.03(9)
X-Mn-N(3) 127.47(3)  118.62(6)  105.39(3)  109.39(9)  106.10(5)
X-Mn-N(4) 93.97(3) 105.96(6)  108.30(4) 113.6(1) 110.51(5)
X-Mn-0(2) N/A N/A N/A 84.0(1) 87.12(5)
N(1)-Mn-N(3) 114.15(4)  112.41(7)  102.24(3) 100.8(1) 86.63(5)
N(1)-Mn-N(4) 140.58(4)  133.98(7) 86.94(3) 99.0(1) 106.37(5)
N(3)-Mn-N(4) 99.40(4) 105.51(6)  146.22(3) 136.6(1) 143.38(5)
0(2)-Mn-N(2) N/A N/A N/A 158.6(1) 154.53(5)
O(2)-Mn-N(2) N/A N/A N/A 126.6(1) 128.85(5)
0(2)-Mn-N(3) N/A N/A N/A 89.22(11) 92.98(5)
O(2)-Mn-N(4) N/A N/A N/A 85.98(11) 88.98(5)
T 0.22 0.47 N/A N/A N/A

Note: X = 0O, PX = S, ®X = OH.
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Figure 5.4. Packing diagram of 7, which Léhows a hydrogen bonded tetramer involving the
coordinated alcohol proton and the distal formate oxygen.

5.3.2 Magnetic and Redox Properties

As is true for the majority of Mn" complexes, complexes 5 and 7 are both high-spin S =
5/2, as shown by their solution magnetic moment (ues(5) = 6.00 B.M.; per(7) = 5.93 B.M.),
determined using the Evans’ method. The ideal Curie behavior in the 1/y versus temperature plot
(range: 5-298 K, Figure 5.5)*, indicates that the H-bonding network, observed in the crystal
structure of 7 does not affect its magnetic properties in the solid state (pesr = 5.84 us). The
thiolate ligand does not affect the spin-state either, as shown by both the solution (pess = 5.78 ug)

and solid-state (pefr = 5.57 us) magnetic moment of thiolate-ligated 3 (Figure 5.2).
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Figure 5.5. Inverse molar magnetic susceptibility (ym™) versus temperature (K) for
[Mn"(HOMe2N4(6-Me-DPEN)(CHO))](BPhs)eMeCNeEL,O (7-BPhs, solid state), from which

the magnetic moment, pesr = 5.84 B.M. was obtained, consistent with a monomeric high-spin (S
=5/2) Mn''ion.%°
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Figure 5.6. X-band (9.4 GHz) perpendicular mode EPR spectra of [Mn'"(HOMe2N,(6-Me-
DPEN)(CHO>))](BPhs)eMeCNeEt,O (7-BPhs, top red trace), and [Mn"(OMe2N4(6-Me-
DPPN))](BPhs) (5, bottom trace). Low-field resonances discussed in the text are identified with
an asterisk (*).%

The X-band EPR spectrum of 5 and 7 each display features typical of high-spin Mn"
(Figure 5.6) with a multi-line signal at gest = 1.98 (7), and 2.00 (5), and hyperfine coupling (A =

90 G (7), 92 G (5)) to the Mn (I = 5/2) nucleus.*® The coupling constants are consistent with
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monometic structures for each. Three weak broad low-field signals, at g = 3.49, 5.51, 11.58
(Figure 5.6), are observed in the EPR spectrum of alkoxide-ligated 5, in addition to the multiline
signal near g ~2, suggesting that there is significant zero-field splitting. These low-field signals
are not observed with thiolate-ligated 3, indicating that the alkoxide perturbs the ligand-field.
The electronic absorption spectra of 5 and 7 are featureless, since the d—>d transitions are spin-

forbidden, and the RO = Mn'! charge transfer transitions fall in the UV region of the spectrum.

+502

E,, =570 mV

+638
11 09 07 05 03 0.1
Potential (V vs SCE)

Figure 5.7. Cyclic voltammogram of [Mn'/(OM&2N4(6-Me-DPPN))](BPhs) (5) in MeCN. 0.1 M
"BusNPFs supporting electrolyte, 120 mV/s scan rate. Potentials listed are versus SCE.*°

As shown in the cyclic voltammogram of Figure 5.7, alkoxide-ligated 5 is oxidized at a
potential of +570 mV vs SCE in MeCN.*® This potential is cathodically shifted by 58 mV,
relative to structurally analogous thiolate-ligated 3 (Ep. = +580 mV vs SCE), indicating that the
thiolate ligand provides slightly more stability to the Mn'"" oxidation state, and that the metal ion
of 5 is slightly more Lewis acidic than that of 3. Alcohol-ligated 7 is oxidized at a slightly higher
potential of Epa = +605 mV vs SCE in MeCN (Figure 5.8). The irreversibility of the latter (AE, =

310 mV) likely reflects the fact that the alcohol deprotonates upon oxidation to Mn'".
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Figure 5.8. Cyclic voltammogram of 7 in MeCN at ambient temperature. Scan rate = 120 mV/s,
Ag/AgCI reference electrode, EtaNPFg supporting electrode. Potentials are reported versus SCE.

5.3.3 Reactivity of 5 and 7 with ‘BuOOH

The addition of tert-butyl hydroperoxide (‘BUuOOH) to 5 and 7 in the presence of EtsN
causes a color change from colorless to blue accompanied by the growth of an intense absorption
band at Amax = 650 nm (¢ = 1010 Mtcm™) (Figure 5.9 and 5.10). This band is noticeably red-
shifted relative to thiolate-ligated Mn'"'-OOR (1, Figure 5.1, Amax = 603(600) nm).?” It is also
lower in energy than all of our other thiolate-ligated Mn''-OO'Bu compounds (Amax = 585-600
nm, Table 5.3),2”3! but closer in energy to that of carboxamide-ligated [Mn""'(dpag®V¢)(00'Bu)]*
(9, Amax = 690(115) nm).® The latter contains Mn"" in an Ns~ coordination sphere.3® The
intensity of the 650 nm band associated with metastable, alkoxide-ligated 8 maximizes once 1.6
equivalents of 'BuOOH have been added Mn"-7 (Figure 5.9), a stoichiometry that is consistent
with a mechanism involving the initial oxidation of Mn", to afford an unobserved Mn'"
intermediate, possibly a Mn"'-OH (equation 5.1),%857 followed by proton-induced release of H.O
(equation 5.2), or ROH (equation 5.3) and '‘BuOO- binding. Support for this mechanism was

provided previously via a titration between [Mn'(dpag®™®)]* and 0-1.0 equiv. of 'BuOOH to
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initially afford [Mn'""'(dpag®®)(OH)]*, followed by the addition of 50 equiv. of '‘BUOOH to

afford [Mn'""(dpag®®)(O0'Bu)]* (9).%
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Figure 5.9. EAS spectrum of monitoring the titration of 1.6 equiv. 'BuOOH to Mn' 7 in DCM at

-40 °C.40

1200 -

")

Extinction Coefficient (M-'cm

0

1000 -

800 -

600 |

400 -

200 -

640

360

350

550 750 950
Wavelength (nm)

Figure 5.10. Quantitative electronic absorption spectrum of [Mn'"'(OMe2Ny(6-Me-
DPEN))(OO'Bu)]]* (8) in DCM at ambient temperature.
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2Mn"" + ROOH - Mn''-OH + Mn""'-OR (5.1)
Mn'"-OH + ROOH - Mn''-OOR + H,0 (5.2)
Mn'"-OR + ROOH - Mn""'-OOR + ROH (5.3)

5.3.4 Vibrational Spectrum of 8

The FT-IR spectrum of 8 displays an isotopically sensitive stretch is observed at 850 cm”
! which shifts to 816 cm™* when ‘Bu'®0*0H is used in place of '‘Bu*®O'®OH. (Figure 5.11) Both
the vo-o stretching frequency and isotopic shifts (34 cm™), provides evidence to support the
formation of an alkylperoxo intermediate [Mn'"'(OM®2N,(6-Me-DPEN))(O0'Bu)](BPhs) (8). The
isotopic shift is close to that predicted (44 cm™) based on a harmonic oscillator and Hooke’s law.
The v(*%0-%0) stretching frequency of 8 is close to that of 1 (875 cm™), both of which are the
lowest reported stretches for any vibrationally characterized Mn'"-alkylperoxo compounds
(range: 875-896 cm™),3"%85 including our previously reported thiolate-ligated peroxo
compounds,?”®*  complexes 1, 4, [Mn"(SM€2N4(quinoEN))(OO'Bu)]*  (10), and
[Mn'"'(SMe2N,(quinoPN))(OO'BU)]* (11), but is closer to that of carboxamide-ligated 9 (872 cm-
138 (Table 5.3). The only reported Mn'"'-peroxo with a lower v(**0-1%0) stretching frequency
(vo-o = 819 cm™), [Mn"'(SMe2N4(6-Me-DPEN))]2(trans-u-1,2-02)(BPha),, contains a bridging
peroxo.%? Badger’s rule®®®! is roughly adhered to for alkoxide-ligated 8 as well as thiolate-ligated
1, 4, 10, and 11 (Figure 5.12). Deviations from linearity (R? = 0.71) likely reflect perturbations
introduced by perturbing the ligand scaffold, replacing the thiolate with an alkoxide, and more
likely, are a result of a more complex vibration mode that involves other portions of the

moledule (vide infra). As we showed previously, the vo.o stretching frequency for our previously
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reported thiolate-ligated complexes 1, 4, 10, and 11,%” decrease as the O-O bond length increases

(Figure 5.13). The data point for alkoxide-ligated 8 falls off of this trend line (Figure 5.13),

however, indicating that the vo-o vibrational mode involves the alkoxide and other portions of

the molecule. This is supported by density functional theory (DFT) calculations (vide infra).

Vlh()-l()()

s VIXO—!X()

1000 900 800
Wavenumbers (cm™)

700

Figure 5.11. FT-IR spectrum of alkoxide-ligated ‘butyl peroxo compound 8.4

Table 5.3. Comparison of Vibrational and Electronic Absorption Parameters, and Half-life of
Thiolate- (1, 4, 10, and 11), Alkoxide- (8), and carboxamide- (9) Ligated Alkylperoxo

Compounds.

Peroxo O-O  vi60160 V180-180  Amax Amax
Compound  (A) (cm?)  (cm?1)  (hm)  (nm)

8 1473(1) 850 816 360 650

9 1.482 872 N/A ~475 690

1 1468(7) 875 816 355 600

10 1.457(7) 888 831 385 590

4 1431(5) 893 835 420 585

11 1.438(5) 895 831 415 590

MneeeNA g
(A)
2.39
N/A
241
2.44
2.510
2.48

tiz (T, K)
(sec)
6730(298)
3200(253)°
249(293)
367(293)
147(293)
136(293)

Note: 2DFT calculated distance. ® Parham, J. D.; Wijeratne, G. B.; Rice, D. B.; Jackson, T. A.

Inorg. Chem. 2018, 57, 2489-2502. (Ref 27)
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Figure 5.12. Badger’s rule®®®! plot.
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Figure 5.13. Correlation between peroxo O-O stretching frequency and peroxo O-O bond length,
showing alkoxide-ligated 8 (green triangle) vs thiolate-ligated 1, 4, 10, and 11 (purple circles).
In contrast to 7, no intermediates are observed in the reaction between '‘BUOOH and five-
coordinate 5. Instead, direct conversion to a stable, crystallographically characterized bis-oxo
Mn'VMn'Y' dimer was observed,®? implying that the rate-determining step involves ‘BuOOH

binding with 5. The final product in the reaction between 7 'BUOOH binding to 5 is also a bis-

oxo Mn"VMn'V dimer. Although the rate at which metastable 8 forms (Figure 5.14) is slow



206
(kobs?B¢ = 4.4 x 10* s, Figure 5.15), it decays four times more slowly (vide infra) under the
same conditions, thereby facilitating its observation. The slow rate at which 8 forms likely

reflects the fact that formic acid must dissociate in order for a reaction to occur.
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Figure 5.14. EAS spectrum monitoring the formation of alkoxide-ligated Mn''-O0'Bu (8, blue
trace) by addition of 2.5 equiv. ‘BUOOH and 2.5 equiv. TEA to DCM solution of Mn'" (7, orange
trace) at 298 K. Spectrum recorded in 13.8 minutes interval. Growth was monitored over 3.23
hours. [Mn'' (7)] = 1.0 mM.
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Figure 5.15. First order kinetics plot for the growth of alkoxide-ligated Mn"'-OO'Bu (8) in DCM
at 298 K. [Mn'' (7)] = 1 mM, ['BUuOOH] = 3 mM, [EtsN] = 3 mM.
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5.3.5 X-ray Structure of Alkoxide-Ligated Alkylperoxo 8

Dark blue single crystals of [Mn'"'(OM2N4(6-Me-DPEN))(OO'Bu)](BPhs) (8) was
previously obtained*®® and the ORTEP diagram of which is shown in Figure 5.16. Selected
metrical parameters for alkoxide-ligated 8 are compared with those of thiolate-ligated

[Mn'"'(SMe2N,(6-Me-DPEN))(OO'Bu)]* (1) in Table 5.4.

Figure 5.16. ORTEP diagram of [Mn''(OM2N4(6-Me-DPEN))(OO'Bu)](BPhs)eEL,O (8).
Hydrogen atoms, counterion, and solvent of crystallization have been omitted for clarity.

As shown in Figure 5.8, 'BuOO- binds cis to the alkoxide oxygen, and trans to the imine
nitrogen and is coordinated in an end-on n!-OOR fashion. A similar cis-orientation of the
alkylperoxo is seen with thiolate-ligated 1, as well as all of our previously reported thiolate-
ligated RS-Mn-OOR complexes.?”! The separation between the Mn'" jon and the distal oxygen,
0(2), in 8 (2.743 A) is significantly longer than the sum of the covalent radii (2.01 A),% and
approximately the same (Table 5.4) as that of 1,2 ruling out a side-on n?-OO(R) binding mode.
The peroxo O-O bond of 8 is significantly longer than reported side-on n?-coordinated Mn'"'-
peroxo compounds (O-O bond range = 1.403(4)-1.428(7) A).2":31.58596485 The presence of a

single BPhs~ counterion (per Mn) confirms that the manganese ion is in the Mn'!" oxidation state.
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The distance between the Mn ion of 8, and each of the pyridine nitrogens, N(3) and N(4) (Table
5.4), is significantly longer than the sum of the covalent radii (2.10 A). This is also the case with
thiolate-ligated 1 (Table 5.4), as well as the other three crystallographically characterized
thiolate-ligated Mn''-OOR complexes reported by our group.?’3! The average MneeeNA'
distance (2.39(4) A) in 8 is within error of that (2.41(6) A) of 1. The peroxo O-O and Mn-O bond
lengths in 8 (1.473(1) A and 1.856(1) A, respectively) are also within error of the corresponding
bond lengths in 1 (1.468(7) A and 1.853(6) A, respectively).
Table 5.4. Comparison of Selected Bond Distances (A) and Angles (deg) for Thiolate-ligated

‘Butyl Peroxo Compound [Mn'"'(SMe2N,(6-Me-DPEN))(OO'BU)]* (1)’ and Alkoxide-Ligated
‘Butyl Peroxo Compound [Mn'"'(OMe2N4(6-Me-DPEN))(OO'Bu)]* (8)*.

1 8
Mn(1)-X 2.241(3)? 1.8535(9)°)
Mn(1)-N(1) 2.015(8) 2.004(1)
Mn(1)-N(2) 2.163(7) 2.161(1)
Mn(1)-N(3) 2.354(8) 2.355(1)
Mn(1)-N(4) 2.471(7) 2.431(1)
Mn(1)-Operoxe 1.853(6) 1.856(1)
O-Qperoxo 1.468(7) 1.473(1)
Mn(1)eeeQperoxo 2.769 2.743
Mn(1)-O(1)-0(2) 112.4(4) 110.41(7)
O(1)-Mn(1)-X 94.9(2)? 98.26(4)°
O(1)-Mn(1)-N(1) 175.7(3) 176.10(5)
X-Mn-N(2) 162.6(2)? 159.67(4)°
X-Mn-N(3) 112.4(2) 113.08(4)°
X-Mn-N(4) 109.13(18)? 107.98(4)°
N(3)-Mn-N(4) 133.3(3) 134.84(4)

Note: X = S(1), °X = O(3)
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5.3.6 Correlation Between Metrical and Spectroscopic Parameters for 8

Previously we showed that there is a strong correlation between the n*(O-O)->Mn
charge transfer (CT) bands of thiolate-ligated Mn'"-OOR compounds and the alkylperoxo O-O
bond length.?” As shown in Figure 5.17, the CT band systematically blue-shifts as the O-O bond
length increases, a trend which also holds for alkoxide-ligated 8 (green triangle). One can explain
this trend as follows. If we first consider the peroxo orbitals prior to interaction with the metal
ion, the energy of the tv*(O-0) orbital should increase as the O-O bond length decreases, since,
in general, the separation between bonding and antibonding orbitals increases as a bond becomes
stronger. This would push the m*(O-O) orbital closer to the metal ion d-orbitals thereby
decreasing the energy of the = *(O-O)->Mn transition which is in agreement with the
experimental data of Figure 5.17. It is surprising, however, that the alkoxide complex 8 adheres
to this trend, given that perturbations to the inner coordination sphere should change the energy
of the metal acceptor orbitals. There is also a correlation between the energy of the low energy
charge transfer band and the peroxo vo-o stretching frequency (Figure 5.18), as well as the
MneeeN”" distance and the peroxo O-O bond length (Figure 5.19).2” Replacement of thiolate
ligand with an alkoxide moiety does not, therefore, appear to influence the empirical relationship

between Mn(1)eeeNA" distance, ©,*(0-0) = Mn CT band, and peroxo O(1)-O(2) bond length.
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showing the thiolate-ligated compounds (purple circles) vs alkoxide ligated 8 (green triangle).

5.3.7 Stability of Alkoxide Alkylperoxo 8 Relative to the Thiolate Derivative 1

One might expect the stability of a peroxo to be primarily dictated by the vo.o and O-O
bond strength, the latter of which is reflected in the distance. Based on these parameters alone,
one would therefore predict that alkoxide-ligated Mn""-OOR 8 and thiolate-ligated Mn'"'-OOR 1
would have similar stabilities (Table 5.3). However, despite the similarities, alkoxide-ligated
Mn'"-OOR 8 is considerably more stable (Figure 5.20 and 5.21) than the corresponding thiolate
derivative 1. At 20 °C, DCM solutions of thiolate-ligated 1 are stable for ~30 minutes (t12?**¢ =
249 sec, k2% = 2.78 x 107 sec?),2” whereas DCM solution of 8, are stable for several hours at
25 °C (t12%%% = 6730 sec, kons?® € = 1.03 x 10* = 1.03 x 10 sec’?, Figure 5.20, Table 5.3)
Alkoxide-ligated 8 is not only more stable than thiolate-ligated tert-butylperoxo-1, but it is also
more  stable  than  thiolate-ligated  [Mn"'(SM®2N4(6-Me-DPPN))(OO'BUW)]*  (4),
[Mn"'(SMe2N,(quinoEN))(OOBU)]* (10), and [Mn'"'(SMe2N,4(quinoPN))(OO'Bu)]* (11) (Table

5.3), demonstrating a consistent trend.?” Carboxamide-ligated [Mn"'(OO'Bu)(dpag?™®)]* (9) also
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decays at a slower rate (t12%8K = 3200 sec, k?8 = 2,17 x 10 s1),% relative to the thiolate-

ligated 1, 4, 10, and 11.
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Figure 5.20. First order kinetics plot for the decay of 8 at 298 K. The observed rate constant,
Kobs, Was obtained from the slope.
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Figure 5.21. EAS spectrum monitoring the decay of [Mn'"'(OMe2N4(6-Me-
DPEN))(OO'Bu)](BPhs) (8) in DCM at 298 K over 5.76 hours, demonstrating its increased
stability relative to the thiolate derivative [Mn'"'(SM®2N4(6-Me-DPEN))(OO'Bu)]* (1). Insert
shows the exponential decay curve at 640 nm. Spectrum recorded in 13.8 minutes interval. [Mn"
(M]=1.0mM.
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5.3.8 DFT Minimized Structure and TD-DFT Calculated Spectra

In order to obtain insights into the relative stabilities of thiolate-ligated 1 versus alkoxide-
ligated 8 (vide supra) DFT and time-dependent DFT (TD-DFT) calculations were performed
using the experimentally obtained electronic absorption spectrum (Figure 5.9), vibrational
spectrum (Figure 5.11), and crystal structure (Table 5.4, Figure 5.16) as calibration points. The
optimized structure was calculated using the ORCA v.4.1.1 quantum chemistry package,** the
B3LYP functional with a polarized triplezeta def2-TZVP basis set, a def2/J auxiliary basis set for
coulombic density fitting,** and a resolution of identity (RI) chain-of-spheres (RIJCOSX)
approximation.*®* The crystallographic coordinates and a high-spin state (S = 2 for Mn'") were
used as a starting point. Scalar relativistic effects were accounted for using the ZORA
approximation and dispersion correction with DBJ. Metrical parameters associated with the DFT
optimized structures are within < 2.0% for 1 (Table 5.5) and < 3.98% for 8 (Table 5.6) of the
crystallographically determined parameters. Importantly, the DFT calculated structures display
elongated MneeeN”" bonds, well outside the sum of covalent radii, in agreement with the crystal

structures. (Table 5.5 and 5.6)

Table 5.5. DFT calculated versus crystallographically measured bond distances for thiolate-
ligated [Mn'"'(SMe2N4(6-Me-DPEN))(O0'Bu)](BPha) (1).

Bond X-ray Bond Calculated Bond % Error
Distance (A) Distance (A)
Mn-N(1) 2.015 2.041 1.29
Mn-N(2) 2.163 2.200 1.71
Mn-N(3) 2.353 2.346 0.30
Mn-N(4) 2.470 2.521 2.06
Mn-S(1) 2.241 2.252 0.49
Mn-O(1) 1.852 1.824 1.51
0(1)-0(2) 1.469 1.451 1.23

Average error 1.23
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Table 5.6. DFT calculated versus crystallographically measured bond distances for alkoxide-
ligated [Mn'"'(OM#2N4(6-Me-DPEN))(OO'Bu)](BPhs) (8).

Bond X-ray Bond Calculated Bond % Error
Distance (A) Distance (A)

Mn-N(1) 2.004 2.025 1.05
Mn-N(2) 2.161 2.247 3.98
Mn-N(3) 2.355 2.316 1.66
Mn-N(4) 2.431 2.362 2.84
Mn-O(1) 1.854 1.837 0.92
Mn-O(2) 1.856 1.836 1.08
0(2)-0(3) 1.473 1.454 1.29

Average error 1.83

The time-dependent density function theory (TD-DFT) calculated electronic absorption
spectrum of alkoxide-ligated 8 is in good agreement with the experimental spectrum. (Figure
5.22, right) The calculated vibrational spectrum of 8 (Figure 5.23) is also in good agreement with
the experimentally obtained spectrum (Figure 5.11), and reveals, in addition to the vo.o stretch at
880 cm™, a Mn-peroxo stretch at vvn-o = 686 cm™. The TD-DFT calculated electronic absorption
spectrum of thiolate-ligated 1 is also in good agreement with the experimentally obtained
spectrum (Figure 5.22, left). The low energy bands in the ~600 nm region of the spectra are
shown to involve a peroxo n*(0-0O) = o*(Mn(dxy)-O, N) charge transfer transition with 8
(Figure 5.24), and a ©*(0-0) + Sz = o*(Mn(dxy)-S, N) charge transfer transition with 1 (Figure
5.25). The highest occupied molecular orbital (HOMO) of thiolate-ligated 1 possesses significant
thiolate sulfur character, in contrast to the HOMO of alkoxide-ligated 8, which possesses very
little alkoxide character. As shown in Figure 5.26 (13), the predominant character of both of
these HOMO orbitals is peroxo n*(0O-O) would weaken the peroxo O-O bond, and contrasts with
the bonding interaction of alkoxide-ligated 8. This provides insights as to why the peroxo O-O

bond of 1 cleaves more readily than that of 8 (vide infra).
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Figure 5.22. TD-DFT calculated (top) versus experimental (bottom) electronic absorption
spectra of thiolate-ligated RS-Mn-OOR (1, left) and alkoxide ligated RO-Mn-OOR (8, right).
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ligated 1 (blue).
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Figure 5.24. Time-dependent density functional theory (TD-DFT) calculated electronic
absorption spectrum of alkoxide-ligated RO-Mn-OOR (8) including natural transition orbitals
(NTO) describing the charge transfer (CT) transitions. Illustrated is the low energy peroxo n*(O-
0) = o*(Mn-L) transition and the associated donor and acceptor orbitals.
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Figure 5.25. Time-dependent density functional theory (TD-DFT) calculated electronic
absorption spectrum of thiolate-ligated RS-Mn-OOR (1) including natural transition orbitals
(NTO) describing the charge transfer (CT) transitions. Illustrated is the low energy peroxo Sr +
1*(0-0) < o*(Mn-L) transition and the associated donor and acceptor orbitals.
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Figure 5.26. Electronic structure calculations show that the highest occupied orbital of 1 (right)
contains significant thiolate sulfur character, in contrast to that of 8 (left), which has less
alkoxide oxygen character.

The relative stability of alkoxide-ligated 8 versus thiolate-ligated 1 also correlates with
metal ion Lewis acidity. This is in agreement with our previous studies where we showed that,
albeit for peroxo-bridged dimers, the relative stability of Mn-peroxo intermediates (ti2(6-Me-
pyridine) = 249 sec, ti2(quinoline) = 23 sec, and t12(6-MeO-pyridine) = 11.5 sec) correlates with
metal ion Lewis acidity.®® In our previous study, the primary coordination sphere were identical.
Only the ligand scaffold and substituents were varied. Peroxo stability was shown mainly to be
dictated by the mean MneeeN”" distance (2.56 A (6-Me-pyridine), 2.5 A (quinoline), and 2.413
A (6-MeO-pyridine).®® While preferrable, experimentally measured redox potentials were not
used, since the limited stability of the peroxo complexes precluded their measurement.

In the current study, we varied the heteroatom in the primary coordination sphere (RO~
versus RS~) while maintaining an identical ligand framework. As shown in Table 5.7, the
calculated Mulliken charge, and thus metal ion Lewis acidity, is greater for alkoxide-ligated 8

(+0.451) relative to thiolate-ligated 1 (+0.306). This reflects the electron donating properties of



218
thiolates. That the alkoxide is less electron donating is reflected in the higher negative Mulliken

charge of the alkoxide oxygen (-0.531) relative to the thiolate sulfur (-0.327).

Table 5.7. Comparison of DFT Calculated Mulliken Charges for Thiolate-ligated 1 versus
Alkoxide-ligated 8.

Atom Alkoxide-ligated 8  Thiolate-ligated 1
Mn +0.451 +0.306
OAlkoxide -0.531 N/A
Uil N/A -0.327
OPeroxo| proximal -0.396 -0.375
(QPeroxo, distal -0.180 -0.166

5.4 Summary and Conclusions

The work herein shows that peroxo O-O bonds cleave more readily when there is a
thiolate in the coordination sphere. One of few crystallographically characterized Mn-
alkylperoxo compounds is reported. We show that the previously established correlations
between structural and spectroscopic parameters is adhered to, even when an alkoxide is
incorporated into the coordination sphere in place of a thiolate. Despite their structural and
spectroscopic similarities, however, alkoxide-ligated RO-Mn"'-O0'Bu, was shown to be an order
of magnitude more stable than the corresponding thiolate-ligated RS-Mn'"'-O0'Bu derivative.
Insight into the factors responsible were provided by DFT and TD-DFT calculations. The highest
occupied molecular orbital (HOMO) of thiolate-ligated RS-Mn"'-OO'Bu is shown to possess
significant sulfur character and w-backdonation from the thiolate competes with r-backdonation
from the peroxo n*(O-0O). The latter helps to stabilize the peroxo O-O bond since it facilitates
the removal of electron density from an antibonding orbital. In addition, DFT calculated

Mulliken charges show that the Mn ion of alkoxide-ligated RO-Mn'"-OO'Bu is more Lewis
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acidic than that of thiolate-ligated RS-Mn''-OO'Bu. The significance of these results is that it

helps to explain why the majority of Mn-enzymes incorporate O- and/or N-ligands as opposed to

“YS-ligands. This is especially important for the photosynthetic oxygen evolving complex, which

catalyzes O-O bond formation as opposed to cleavage. This work also provides experimental

evidence to support the proposed role of cysteinates in promoting O-O bond cleavage in key

metalloenzyme intermediates.
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