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Summary
Terminal metal oxo complexes of late transition metals are expected to be powerful
oxidants. Their isolation has thus far been limited due to the transient nature as a result of
their high reactivity at low temperatures, and the difficulty in their synthesis. The formation
of a terminal metal oxo bond is limited by certain electronic rules, and are expected to be
obeyed by the nascent tripodal amidate ligand system that is explored in this work.
Exploiting the field of well-established Iron-oxo complexes, we initiated this work by
investigating the suitability of the tripodal ligand system in supporting an Fe oxo moiety,
prior to our aim of generating oxo-complexes of the later transition metals. In light of this,
we endeavoured into the synthesis of a series of Ni II and CoII amidate complexes, and
attempted the formation and characterization, of high valent species using various oxidants,
and assessed their reactivity with suitable model substrates.
In Chapter 2 we attempted the derivatization of the tripodal carboxamidate ligand (H3LPh).
Phosphite mediates amide coupling reaction of 2,6-substituted anilines with nitrilotriacetic
acid however yielded alternative products. The formation of unexpected intramolecular
coupling products bearing 3,5-dioxo-1-piperazine moieties were observed instead. All
compounds have been extensively characterized using nuclear magnetic resonance,
Fourier-transform infrared and mass spectrometry. X-ray diffraction analysis yielded two
solid-state structures.
Chapter 3 describes the generation of a nascent FeIII oxo intermediate supported by [LPh]3–
that could only be stabilized at low temperature. Addition of a peracid to the low valent FeII
precursor complex yielded a major ferric intermediate that was assigned to [FeIII(LPh)(O)]2–
, along with a minor ferryl intermediate assigned to [FeIV(LPh)(O)]– based on quantification
by Mössbauer spectroscopy. The intermediate was exhaustively characterized using
electronic and mass spectroscopy. Its reactivity properties towards triphenylphosphine, pY-thionisoles (Y = OMe, CH3, H, F, Br) and hydrocarbon substrates bearing weak-medium
C-H bond strengths was carried out, demonstrating an electrophilic character for this
intermediate. The corresponding oxidized ArS=O, Ph3P=O, alcohol and ketone products
were identified to be present in medium to high yields.
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The generation of a µ-oxo bridged diiron complex formulated as [FeIII(LPh)]2(µ-O)]2– was
isolated upon exposure of atmospheric oxygen to the low valent FeII precursor complex and
was extensively characterized by structural, mass and vibrational studies in Chapter 4. The
linear µ-oxo link presented a suitable site for the interaction of externally added protons
and were shown to H-Bond to the ligand backbone, resulting in a highly basic µ-OH core.
The oxidation chemistry of the resultant [FeIII(LPh)]2(µ-OH)]– was explored by electronic
and chemical oxidation using a peroxy acid. We could trap an intermediate reminiscent of
an FeIV oxo entity that displayed a significant enhancement in oxygen atom transfer
reactivity compared to [FeIII(LPh)(O)]2–. We attributed these oxidative capabilities to the
presence of a proton in the intermediate state that we formulated as [FeIV(LPh)(O)(H+)]–.
Chapter 5 entails the synthesis of a low valent NiII precursor ascribed to [NiII(LPh)(OAc)]2–
with full structural, mass and vibrational characterizations. Cyclic voltammetry identified
a potentially accessible NiIV oxidation state that was probed by the addition of peroxy acetic
acids at low temperature (-40 °C). However, this resulted in the formation of a NiIII complex
in high yield. In-depth electronic, mass and structural studies by X-ray absorption
spectroscopy identified this as a metastable NiIII phenoxide complex [NiIII(OLPh)]. The
peroxy acetic acid used in this study effected protonation of one of the amide nitrogen of
the ligand prior to an oxo-atom transfer to the NiII centre. As a consequence, a tetragonal
NiIII phenoxide intermediate formed with one of the amide donor ligand arms being decoordinated. This species was not stable under reaction conditions and decayed to form the
corresponding one electron reduced [NiII(OLPh)]– complex that was isolated as single
crystals. Moreover, acid induced demetallation of 10 lead us to isolate the corresponding
hydroxylated ligand derivative. Activation parameters and reactivity studies suggest the
involvement of a highly transient NiIV oxo entity that is at play during a rate determining
intramolecular aryl hydroxylation that appeared to occur via an electrophilic aromatic
substitution.
Addition of more basic peroxy acids (pKa > 7.6) or hypochlorite to [NiII(LPh)(OAc)]2–,
resulted in the formation of an alternative oxyl species that was trapped at -40 °C. Chapter
6 described the formation of a reactive NiIII(OH) intermediate that results following a one
electron oxidation of the NiII precursor complex. Electronic absorption, nuclear magnetic
resonance, electron paramagnetic resonance and X-ray absorption confirm the presence of
a NiIII entity, with an experimentally determined Ni-O bond length consistent with a NiIII
iii
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hydroxo moiety. This entrapped entity could perform oxidation reactions with organic
substrates namely 2,4,6-tri-tert-butylphenol, 1,4-cyclohexadiene and DHA, indicative of a
hydrogen atom abstraction reaction. Intramolecular aromatic oxidation of the ligand was
intercepted upon addition of triphenylphosphine, resulting in a fast oxo atom transfer,
accompanied by the formation of triphenylphosphite oxide and the recovery of the Ni II
starting complex.
In the final Chapter we outlined the full structural characterization for series of CoII N,-N’dimethylformamide, acetate and hydroxo adducts supported by [LPh]3–. Observing a
reactivity of [CoII(LPh)(OH)]2– with acetonitrile at 25 °C, we pursued the characterization
of the resultant product by single crystal X-ray diffraction. We found the formation of
[CoII(LPh)(NHCOCH3)]2– crystals that formed from a post reaction mixture . The presence
of the acetamido ligand was confirmed by vibrational spectroscopy, upon observation of a
distinct amide N-H stretch. The results indicated a non-redox nitrile hydration reaction,
where the CoII(OH) complex converted nitriles to amides, mimicking the reactivity of
nitrile hydratase enzymes found in natural systems. Attempting the same hydroxylation
approach on the NiII precursor complex outlined in previous chapters, allowed for the
isolation of [NiII(LPh)(OH)]2–crystals that appeared to react in acetonitrile similarly to its
CoII analogue. Analysis of the resulting product however indicated the formation of
[NiII(LPh)(CN)]2–. The presence of the apparent cyano ligand was confirmed by the distinct
C≡N stretching mode observed in the fourier-transform infrared spectrum. This outcome
suggested a nucleophilic attack of a hydroxide ion onto a coordinated (activated) molecule
of acetonitrile in a NiII-acetonitrile complex.
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Chapter 1 – Introduction

1.1 Small Molecule activation

1.1.1 Functionalization of Hydrocarbons
A major constituent of natural gas are alkanes (saturated hydrocarbons), that form a class
of molecules known as paraffins (from the latin: parum affinis meaning “lacking affinity”).1
Nowadays, people rely heavily on derivatives of hydrocarbons that are functionalized by
oxidative catalysts.2 Selective and mild oxidations of raw and relatively cheap
hydrocarbons are yielding of high commodity chemicals that find applications in medicine,
agrochemical and polymer chemistry. The inherent problem posed by saturated alkanes are
low reactivity under ambient conditions that stems from the inertness of their C-H bond.
The activation of hydrocarbons using metal based oxidants has been a challenge to chemists
for decades (vide infra). Research has been aimed for selective and mild oxidations, where
the outcome of the reaction lead to more valuable organic precursors.

With advances in organic chemistry came the growing demand for fine chemicals in the
production of medicinal compounds e.g. acetylsalicylic acid (aspirin) first marketed in
1899,3 requiring functionalized hydrocarbons as a platform for synthesis. The use of metalbased oxidants began to show promise towards the end of the 19th century. It was shown
that hydrocarbons can be oxidised through the use of a HO• radical (generated in situ
through the FeII catalysed decomposition of H2O2) nowadays known as the Fenton
reaction.4 In the 1930`s, the oxidation of alkenes using OsO4 and hydrogen peroxide was
described,5 and was the first involvement of a metal-oxo complex for oxidation reactions.
Small molecule activation of alkanes came about in the 1950s. Coordination of a C-H bond
to a metal centre was shown to enhance its reactivity, rendering them more susceptible to
nucleophiles.6 Clear mechanistic insights only came about in the 1970`s where the first
organometallic intermediates were identified.7, 8 Towards the end of the 1980`s research
started to shift towards biomimetic oxidation reactions and the activation of molecular
oxygen to form high valent metal-oxo complexes. Studies propelled towards the design of
model systems for the active site of oxidizing enzymes such as cytochrome P450, 9 where
natural oxidations of endogenous substrates take place. Despite these advances in solution
based chemistry in the last century, heterogeneous catalysis still represents the most
common route to saturated hydrocarbon functionalization on an industrial scale today.10, 11
________________________________________________________________________
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Fluid catalytic cracking (FCC) is a hydrocarbon functionalization methodology where
metals such as Zinc and Aluminium and their oxides are employed in the solid state to
effect transformations such as cyclisation, isomerisation and oxidation, oftentimes
employing forcing condition (T > 150 °C).12 These requirements demand high-energy
consumptions and pose a greater safety risk. As emphasis on green chemistry is becoming
ever so great, the stage is set to invest our research efforts towards designing an economical
system capable of conducting hydrocarbon functionalization under mild conditions.

1.1.2 Oxidation of C-H Bonds
The mild and selective functionalization of hydrocarbons remains a great modern
challenge. There is yet to be an answer for the industrial scale functionalization of
hydrocarbons under ambient conditions using a solution-based oxidant. An obstacle that
needs to be overcome is the inherently high C-H bond enthalpy in alkanes; 105, 98, 90 kcal
mol-1 (methane, propane and toluene respectively),13 necessitating a high energy input in
the form of heat and/or light, for C-H bond cleavage. These conditions however are
oftentimes uncontrollable due to the formation of organic radicals, that can undergo
reactions with saturated alkanes and lead to undesired side products and over-oxidation.14,
15

Alternatively, the reactivity of the C-H bond may be modified via bond activation

initiated by a metal complex.16 There have been various studies on the proposed
mechanisms of C-H bond activation by metal complexes with plausible reaction
intermediates. One widely accepted argument suggests a concerted movement of both
proton and electron during the reaction, transferring the H+ and e- in a single step. This
mechanism is referred to as a proton coupled electron transfer (PCET, section 1.4.2)17 and
is often inferred in biological oxidation reactions such as those occurring in enzymatic
active sites (Section 1.2) and in biomimetic catalysis (Section 1.3).18, 19 The metal centre
initiates the C-H bond cleavage, where typically the electron is transferred to the metal, and
a basic ligand such as an oxo/hydroxo group acts as the proton acceptor.20 The outcome of
the reaction is a one electron reduced metal centre (Mn-1), a protonated ligand and an
organic radical species (R•) that can now undergo further controlled functionalization.

________________________________________________________________________
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The transformation of methane (CH4) into methanol (CH3OH) is one of the most
studied topics in catalysis today.21 The principle component of natural gas and the simplest
hydrocarbon is CH4, a greenhouse gas which is 33 times more potent than carbon dioxide
(CO2).22 Due to the remote arctic slopes and offshore sites of currently established mining
locations,16 exploitation of natural gas reservoirs is hindered by the physical properties of
gaseous CH4. Liquid MeOH presents a more economical solution for storage and
transportation.23 Additionally, MeOH is a chemical with a larger variety of applications, as
well as being used as a hydrocarbon feedstock itself. Recently, an economy running off
MeOH for energy production has been postulated to be a promising substitute to fossil fuels
until carbon-free energy sources become commonplace.24 Currently CH4 transformation
into MeOH presents a challenge as its C-H bond dissociation energy (BDE) is the highest
among the alkanes (BDEC-H = 105 kcal mol-1). The current state of the art for MeOH
generation is through the syngas reaction, a process employing a solid metal catalyst and is
currently the most commonly employed path in generating MeOH from carbon monoxide
(CO) and dihydrogen (H2).25 However, this process suffers from high energy input, due to
the large activation energy of the reaction. More desirable is a direct conversion of CH4
into MeOH from molecular oxygen. Such a reaction however has yet to be revealed
(Scheme 1.1).26

Scheme 1.1. Direct oxidation of methane into methanol.

Collision experiments of naked metal-oxide cations of the late transition metals in their gas
phase have demonstrated the conversion of methane into methanol with turn-over numbers
in the order of Ni > Fe > Co > Mn.27-29 Solution based terminal metal oxo complexes
[M(O)] beyond group 9 of the transition metals have equally been proposed as
intermediates in the oxidation of strong C-H bonds. An equal ordering of turnover numbers
was demonstrated in the oxidation of cyclohexane using the metal complexes
[MII(TPA)(OAc)(H2O)]– (M = Mn, Fe, Co, Ni, TPA = tris(2-pyridylmethyl)amine) in
conjunction with mCPBA (3-chloroperoxybenzoic acid).30 Additionally a desirable
selectivity for the alcohol product (CoII > NiII > FeII > MnII) over other oxidation products
________________________________________________________________________
4

Chapter 1 – Introduction

was observed. Based on this result a terminal oxo has been put forward as the responsible
oxidant. The isolation and thorough characterizations of such species however is greatly
limited due to the occupation of anti-bonding orbitals in C4v symmetry (See oxo-wall
axiom, section 1.3.1),31, 32 leading to a fleeting existence at ambient temperatures. This has
rendered a thorough structural characterization an almost insurmountable challenge.

So far, no perception exists on the influence of M(O) reactivity on factors like: d-count,
spin and oxidation state. We aim to address the apparent shortcomings of knowledge about
the reactivity properties M(O) complexes beyond group 9 of the periodic table. We intent
to design the next generation of oxidation catalysts to functionalize inert hydrocarbons
under mild conditions using naturally abundant first row transition metals (namely Fe, Co
and Ni). The overweighting cost benefits of using first-row transition metals is a clear
incentive for the long term sustainability when applying these oxidation catalysts on a large
scale (compared to costly FCC methods and catalysts based on Pt).

12, 33

En route to our

synthesis of these metal-oxidants, we aim to study structural and electronic properties of
the nascent terminal late transition M(O)s that have thus far remained elusive. This will
help to answer the fundamental questions around the high reactivity observed for these
transient intermediates and guide in the development of more efficient oxidative metal
catalysts.
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1.2 Oxidative Metalloenzymes

1.2.1 2-His-1-carboxylate triad (non-haem)
Since the 1980`s, scientists have been striving for a deeper understanding of how nature
utilizes metals for the oxidation of the strongest C-H bonds. Unlike any synthetic system
developed so far, metalloenzymes such as Taurine dioxygenase (TauD) and cytochrome
P450 monoxygenase are able to achieve this with remarkable selectivity. 34 Mononuclear
Iron sites that activate dioxygen have shown remarkable versatility in a broad range of
chemical transformations such as aliphatic35 and aromatic36 C-H bond hydroxylation,
oxidative ring opening,37 C=C bond epoxidation38 and cleavage,39 halogenation,40
heteroatom oxidation41 and de-aromatization.42 Therefore, it is of great interest to study
these systems in order to develop more efficient synthetic metal oxidants, carrying out
similar function.

The mononuclear coordination environment around the Iron(IV) oxo [FeIV(O)] unit varies
in these biologically active sites. The ferryl centre can be ligated by either a protoporphyrin
IX ligand with axially coordinating cysteine, histidine or tyrosine residues (haem-Iron
active site) or alternatively by a so called 2-His-1-carboxylate facial triad comprised of two
histidine residues and a coordinating carboxylate group (non-heam-Iron active site).43-46
The Fe(II) resting state in these enzymes mostly undergoes activation of dioxygen via the
interaction with co-substrates to provide the necessary four electrons to reduce one
equivalent of O2. The redox equivalents necessary for the transformation of the target
substrates by the resultant Fe(O) active sites are stored at the metal centre(s) (e.g. for nonhaem active sites such the FeIV(O) unit in αKG -dependant enzymes, the Fe2IV(µ-O) site in
intermediate Q of sMMO or the FeV(O)(OH) active site in Rieske dioxagenases). In haem
enzymes, the participating electrons can be distributed over the π-conjugated system of the
protoporphyrin ligand as is the case for CYP450 cpd 1. The mechanism of dioxygen
activation, O-O bond cleavage, high valent FeIV(O) generation and the subsequent C-H
bond activation by the active site, as well as the effect of the coordination environment on
the reactivity is discussed in greater detail on specific examples shown below.
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1.2.1.1 α-KG-dependant dioxygenases

Scheme 1.3. Simplified catalytic cycle of the oxidation of taurine by TauD-J. Adapted from
reference 47, with inset of the active site of TauD in its resting state (from E. coli, PDB:
1OS7).48 Colour scheme: Iron (orange), oxygen (red), nitrogen (blue), sulphur (yellow) and
carbon (grey), rendered using ChimeraX.49

Non-Haem Iron-oxo intermediates have long been proposed to be the active oxidizing
species in many biochemical transformations.50-53 An important class of enzymes that carry
out oxidation reactions in higher organism are non-haem oxygenases and dioxygenases e.g.
alpha-ketoglutarate (αKG) dependant dioxygenase. Members within this family of
enzymes are involved in a number of biologically important reactions such as the
biosynthesis of penicillin54 and vancomycin,55 as well as the crosslinking of collagen in
mammalian cells.56 One extensively studied active site within this family is the αKG
dependant Taurine Dioxygenase (TauD-J), that has been known to oxidize its endogenous
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substrate taurine (2-aminoethanesulfonic acid) within its non-haem FeIV(O) active site. In
a paper published by Bollinger and Krebs in 2003, a mechanism of taurine oxidation
(Scheme 1.3) was first proposed based on the newly gathered Mössbauer and freeze quench
experiments.47

The coordination of taurine and αKG displaces a total three water molecules from the
ferrous resting state and changes the active site to a five coordinate geometry and serves as
a conformational trigger for dioxygen activation. Upon the binding of O2 to the Fe(II) metal
centre, three resonance structures can exist between the Iron and the oxygen: [FeII-O=O]
↔ [FeIV-O22-]↔ [FeIII-O2●–] where in the latter case, the radical anion can undertake
nucleophilic attack on the α-carbonyl of αKG, initiating decarboxylation and the formation
of an FeIV(O) complex. This is the resulting reactive intermediate, that is now found in a
trigonal bipyramidal geometry and has been shown to exist in a high spin state (HS, S = 2),
as suggested by the isomer shift (δ = 0.30 mm/s) and quadrupole splitting (ΔEQ = -0.88).
The high spin ferryl state can abstract a hydrogen from the taurine substrate to form the
alkyl radical and FeIII(OH). The alkyl based radical then undergoes a radical rebound
mechanism with the hydroxoferric intermediate to yield the final hydroxytaurine and an
axially vacant ferrous site. The resting state is then regenerated upon binding of three water
molecules and the release of succinate.
Later, it was determined by the same group, that a S = 2 spin state was exhibited in many
other oxidatively active intermediates including phenylalanine hydroxylase (PheH),57
pterin dependant tyrosine hydroxylase (TyrH, vide infra),39 and α-ketoglutarate-dependant
prolyl 4-hydroxylase (P4H).58 Since these findings, research has been geared towards the
generation of synthetic high spin FeIV(O) complexes, mimicking the active site of these
oxidizing enzymes.

1.2.1.2 Pterin-dependant hydroxylases
Pterin dependant tyrosine hydroxylase is a HS FeIV(O) oxo complex involved in the
formation of catecholamine neurotransmitters. It catalyses the conversion of L-tyrosine to
L-DOPA (L-dihydroxyphenalalanine, Scheme 1.4) in the brain and adrenal glands. The
mode of Iron(IV) oxo generation from O2 is similar to that of TauD above, with the
________________________________________________________________________
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exception of using tetrahydropterin instead of αKG as a cofactor. Similarly, the FeIV(O)
intermediate was identified as the responsible intermediate via rapid-freeze and Mössbauer
experiments by the groups of Bollinger and Krebs, showing parameters typically displayed
by HS FeIV(O) complexes.39, 59

Scheme 1.4. Mechanism of aromatic hydroxylation in the pterin dependant hydroxylase;
TyrH active site, showing only the electrophilic aromatic substitution step.

The enzyme undergoes aromatic hydroxylation of the aryl ring of tyrosine via an Iron(III)
alkoxide intermediate. The mode of oxygen insertion into the aryl ring occurs through
electrophilic aromatic substitution (EAS, Section 1.4.3.2) instead of hydrogen atom
abstraction (HAA), as seen above with TauD, converting tyrosine to DOPA. Thereby the
enzyme avoids the direct abstraction of a strong aromatic C-H bonds (BDE = 112.9 kcal
mol-1)13 in the rate determining step. EAS is often observed to occur in the oxidation of the
pendant aryl ring of synthetic mimics of aromatic hydroxylases, oftentimes inferring the
involvement of putative M(O) intermediates.60-62
The application of aromatic hydroxylation inspired by pterin-dependant hydroxylases as
well as haem thiolate enzymes has recently become apparent in the literature.63-65 The
oxidation of aromatic rings presents a powerful transformation due to the versatility of
phenolic products applied in the pharmaceutical, agrochemical, plastics and dye industry.6668

Despite the plethora of functionalized organic compounds this transformation offers,

there is an overall lack of understanding about the mechanism of aromatic oxidation
________________________________________________________________________
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performed by hydroxylase enzymes. Having identified enzymatic systems bearing FeIV(O)
moieties capable of aromatic oxidation reactions, gives precedent for the aryl C-H bond
activation of late transition metal oxo systems that have thus far remained elusive. It is
anticipated that terminal Nickel(IV) oxo [NiIV(O)] complexes will also be proficient in
aromatic oxidations. We aim to address the reactivity of metal oxos identified in this project
towards aromatic rings in order to gain insights into the mode of oxidation (Chapter 5).

1.2.2 Haem active sites
The cytochrome P450 monooxygenase is one of the most well studied examples of
oxygenase enzymes, due to the wealth of oxidative transformations the enzyme performs.69
These include the oxidation of various endogenous aliphatic and aromatic substrates such
as steroids and fatty acids, as well as playing a protective role by performing metabolism
of xenobiotics.35 The active site is comprised of a haem bound ferric centre, with one vacant
coordination site open to O2 binding. A cysteine thiolate ligand completes a six-coordinate
ferric haem structure. Protonation and the loss of a water molecule generates the oxidatively
active and highly basic FeIV(O) core of compound 1 (cpd1, Figure 1.1).70 Oxidation of
substrates occurs through a HAA reaction of the high valent FeIV(O) moiety, followed by
a hydroxyl radical rebound mechanism by the resulting hydroxyferryl compound 2 (cpd2)
to yield the final hydroxylated substrate. The final step of HAA by the Fe IV(O) moiety,
followed by a hydroxyl rebound mechanism is described in detail in Scheme 1.3 for the
TauD-J and is also known to occur in P450 active sites.
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Figure 1.1. Left: FeIV oxo haem structure in the active site of cytochrome P450 (CYP119
from S. solfataricus, PDB: 1IO7).71 Colour scheme: Iron (orange), oxygen (red), nitrogen
(blue), sulphur (yellow) and carbon (grey), rendered using ChimeraX.49 Right: Structure
of P450 cpd1 mimic 1.
Prior to the first spectroscopic characterization of cpd1 from purified P450 of Sulfolobus
acidocaldarius (CYP119) in 2010 by Rittle and Green,72 the oxidatively active intermediate
had long been proposed to be an FeV(O) or a FeIII(OOH) species. However, the near zero
isomer shift, the near infrared (NIR) visible absorption feature, a blue shifted and weakened
Soret band in the UV, as well as an EPR (Electron Paramagnetic Resonance) determined
doublet electronic ground state are all explicit evidence for an FeIV(O) porphyrin cation
radical. These spectral signatures were closely matched by [Fe IV(TMP+•)(H2O)(O)]+ (1,
TMP+• = tetramesitylporphirin cation radical, Figure 1.1), the first synthetic mimic of cpd1
as well as the more reactive, electron withdrawing analogue [FeIV(4-TMPyP)(H2O)(O)]+
(2, 4-TMPyP+• = tetra(N-methylpyridyl)porphyrin cation radical).73, 74

cpd1 of S. acidocaldarius (CYP119-I) is highly reactive towards unactivated C-H bonds of
alkanes, displaying rate constants in the order of 104 to 107 mol L-1 s-1.72 This high reactivity
is attributed to the formation of a strong O-H bond in cpd2. Mayer has shown that the
reactivity of M(O) complexes is determined by the free energy difference in the C-H that
is broken and the O-H bond that is formed following HAA.20 Hence, a more basic ferrly
core translates into a stronger O-H bond, and therefore a more reactive cpd1 (See section
1.4 for more detail on reactivity of M(O) complexes). The role of the axially coordinating
ligand has long been understood to alter the pKa of the hydroxyferryl cpd2, and therefore
has a direct influence on the thermodynamic driving force for the reaction.75-77 The cysteine
thiolate in cpd1 can “push” electron density into the ferryl core, yielding a more basic cpd2
(pKa ~ 12). Corresponding histidine ligated haem active sites such as myoglobin and
horseradish peroxidase possess non-basic ferryl cores (pKa < 4), consistent with their
observed sluggish oxidative reactivity.76, 77

In a more recent paper by Green et al.,78 an increase in reactivity of the ferryl core is neatly
exemplified by a shorter Fe-S bond in CYP119-I (Fe-S = 2.388 Å) than in chloroperoxidase
cpd1 (CPO-I, Fe-S = 2.481 Å), another thiol-ligated haem active site. Despite having
________________________________________________________________________
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identical coordination environments, the difference of 0.10 Å arises due to greater hydrogen
bonding interactions in the second coordination sphere (cys-pocket) of CPO-I compared to
CYP119-I. Weaker H-bonding interactions of the former, results in a shorter Fe-S bond and
hence a greater propensity for electron donation of the axial thiolate ligand, explaining the
inherently different reactivity of the two active sites.
1.2.3 Dinuclear hydr(oxo) active sites
A recognized third structural motive in high valent metal oxo active sites are dinuclear
bridged systems. Having an electron deficient metal in close proximity to an oxo ligand,
results in an overall enhancement of reactivity of the oxo moiety, as the second metal is
acting as a Lewis acid (Section 1.4). Aside from enhanced reactivity, dinuclear bridged
hydroxo complexes have shown a structural role and in oxygen transport and storage.
Exemplified here are the well-studied soluble methane monooxygenase (sMMO,
containing a dinuclear Iron(IV) active site, capable of activating the inherently strong C-H
bond in methane) as well as the oxygen storage protein hemerythrin (Hr).

1.2.3.1 sMMO
Efforts in the biological conversion of natural gas to liquid fuels (Bio-GTL) have been
intensified with recent advances in elucidating the biological metabolism of methane.79, 80
Aerobic methane oxidizing bacteria (methanotrophs) utilize dinuclear Iron and Copper
metalloenzymes known as particulate and soluble methane monooxygenases (pMMO and
sMMO respectively) to convert methane to methanol using molecular oxygen.81
Characterization of the membrane bound pMMO protein has thus far proven to be
challenging due to the minimal success in purification and recombinant expression. Hence,
many aspects of the cycle remain unclear due to the dearth of knowledge about the
molecular details of the active site.82, 83 Mechanistic insights into the mode of methane
oxidation are far more advanced in the case of sMMO.

The proposed mechanism is summarized in the simplified scheme shown below. The
reduced diiron(II) core (red) reacts with dioxygen to generate a series µ-oxo and peroxo
bridged species called intermediates P* and P, however the exact structures remain unclear
and are subject to further studies.84,

85

The active agent that effects the paramount
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transformation of methane to methanol is called intermediate ‘Q’, containing two
antiferromganetically coupled Iron(IV) centres.86 The structure can be postulated to either
a closed ‘diamond’ bis-µ-diiron(IV) core [FeIV(µ-O)2] or an ‘open’ core containing a
terminal FeIV(O), bridging the second FeIV with a single O atom. There are strong
spectroscopic evidences that supports both proposals (Scheme 1.5).87-90 The most recent
data measured Fe—Fe distances of 3.4 Å as determined by extended X-ray absorption fine
structure (EXAFS). Having previously determining a large pre-edge area via high energy
resolution fluorescence-detected X-ray absorption (HERFS XAS), both techniques support
an open core for intermediate Q.87, 88 On the contrary, the isomer shift of δ = 0.17 mm s-1
determined by Mössbauer spectroscopy, as well as time resolved resonance Raman (TR 3)
spectroscopy data are in favour of a closed diamond core structure.89, 90 Following the
reaction of Q with methane, methanol is released and a diiron(III) core is generated.89
Reduction of this species by two electrons, regenerates species ‘red’ that can react with a
further equivalent of O2, restarting the cycle.

Scheme 1.5. Left: Summary of mechanism of sMMO in the oxidation of methane, showing
two proposed structures for intermediate Q. Right: Active site structure of sMMO (reduced
state, from M. capsulatus, PDB: 1FYZ),91 colour scheme: Iron (orange), oxygen (red),
nitrogen (blue), sulphur (yellow) and carbon (grey). Structure was rendered using
ChimeraX.49
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1.2.3.2 Oxyhemerythrin and deoxyhemerythrin

Figure 1.2. Active sites of deoxyhemerythrin (deoxyHr) and oxyhemerythrin (oxyHr).

Having a bridging µ-oxo unit between two metal centres provides a hydrogen bonding
motive for trapping dioxygen. An example of this can be found in the active site of the
oxygen carrying protein hemerythrin (Hr).92,

93

Protonation of the basic µ-oxo moiety

results in a diiron(II) hydroxo [FeII2(µ-OH)] active site (Figure 1.2). Reversible dioxygen
binding is facilitated by hydrogen bonding interactions to the Fe2(µ-OH) core, emphasising
the structural importance of the µ-oxo bridge. In the process, one electron from each
Iron(II) centre, as well as the proton from the µ-OH bridge is transferred to dioxygen,
generating a terminal hydroperoxo (HOO–) ligand that is coordinated to one of the Iron(III)
sites in oxyhemerythrin (oxyHr, Figure 1.2). Furthermore, the lone pair of the bridging
oxygen can act as a H-Bond acceptor to amino acids in the secondary coordination sphere,
giving integrity to the overall structure. It has been shown that hydrogen bonds to the amino
acid glutamate in the active site of Rubrerythrin (Rbr, involved in oxidative stress tolerance
in bacteria), results in a stabilization of a mixed valent diiron(II/III) active site, by hindering
electron transfer.94, 95

Despite the importance of the protonation chemistry on Fe2(µ-OH) complexes, there is little
literature precedent on the actual pKa values of the bridging unit in biological systems.96, 97
The influence of H-bonding on the basicity of a Fe2III(µ-OH) complex is explored in
Chapter 4. The lack of H-Bonding interactions also has implications on the reactivity of
mononuclear Co(OH) and Ni(OH) cores explored in Chapter 7.
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1.2.3.3 Tyrosinase

Scheme 1.6. Left: Catalytic cycle of tyrosinase.98 Right: Overall structure of oxygen bound
pro-tyrosinase (C92A mutant from A. oryzae, PDB: 6JUA).99 Colour scheme: Copper
(purple), oxygen (red), nitrogen (blue), carbon (grey) and protein secondary structure (light
cyan). Structure was rendered using ChimeraX.49

Natural systems that activate dioxygen to form bridged µ-oxo active sites are
predominantly Iron based, with relatively few exceptions. One such exception is the
dicopper(II) active site of Tyrosinase, an enzyme that is found in human skin, fruits,
vegetables and mushrooms. It utilizes dioxygen to undergo aromatic hydroxylation of
endogenous phenols. The enzyme catalyses the ortho hydroxylation of monophenols to
diphenols, and subsequently to quinones that are important precursors for the natural
synthesis of melanin, responsible for skin pigmentation.

Recently a new X-ray structure of the active site containing its natural substrate L-tyrosine
was determined, giving profound insight into the catalytic mechanism.99 The resting state
of the active site is a reduced dicopper(I) state (deoxy-form) coordinated by three histidine
ligands. Dioxygen binding results in a dicopper(II) (µ-η2 :η2-peroxido, oxy-form) state,
where the dioxygen binds in a side on fashion to both Copper centres, oxidizing them by
one electron, while still retaining a single bond between the oxygen atoms. The Cu—Cu
________________________________________________________________________
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distance in the oxy form was determined as 3.4 Å from X-ray structural data of the active
site.100 The key hydroxylation step involves the coordination of the phenolate moiety of
tyrosine to one of the Copper centres, thereby weakening the O-O bond and triggering the
aryl hydroxylation via a postulated electrophilic aromatic substitution reaction (Scheme
1.6).98 The deoxy form is regenerated and a molecule of ortho-quinone is released upon
protonation, regenerating the cycle.

As mentioned above, the hydroxylation of aromatic rings is an attractive target. While there
are limited examples of mononuclear oxo intermediates that can effect this
transformation,60-62 aryl hydroxylation of model complexes targeting the ‘oxy form’ of
tyrosinase is a well-studied topic in catalysis,101-106 highlighting the enhancement in
reactivity attributed to the proximity of a second metal centre. Understanding the redox and
acid/base properties of these dimers, allows for the interconversion between oxo and
hydroxo bridges to be exploited in search for ever more effective oxidative catalysts.

Enzymatic examples show high efficiencies in these catalytic transformations because of
directing groups and secondary coordination sphere interactions to amino acid in the
binding pockets. While biocatalysts (the use of enzymes to convert substrates into products)
shows a growing number of scalable transformations,107 the use of oxidative enzymes as
catalysts on an industrial scale is still limited and mostly restricted to aqueous media.108-110
Therefore it is more desirable to design small molecular catalysts based on M(O) complexes
for synthetically useful functionalization of hydrocarbon substrates on larger scales.
Nonetheless, the mechanistic insights gained from biologically relevant transformation are
invaluable to the synthetic chemist in the development of bioinspired molecular catalysts
based on Fe and Ni. It is of great interest to us to find conditions suitable to effect these
oxidations, where efficiencies (i.e. rate, yield and turn over number) match or even
outcompete those observed in natural systems. We aim to address conditions such as
temperature and solvent system to develop highly reactive M(O) complexes in this project.

________________________________________________________________________
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1.3 Synthetic Metal oxo complexes

1.3.1 The Oxo Wall axiom
The orbital picture of M(O) ions was first addressed by Ballhausen, Gray and Hare in the
early 1960`s.111, 112 The work by Gray showed that stable triple bonded oxo complexes are
formed with Vanadium, Chromium and Molybdenum but also described the destabilization
effects upon increasing the d-electron count of the metal.32 Described in the passages below
are simplified orbital descriptions of metal oxo ions in tetragonal ligand field (C4v, Figure
1.3), pseudo-tetrahedral and trigonal bipyramidal ligand field (C3v, Figure 1.4) and the
interplay between M-O formal bond order and electronic d-counts.

1.3.1.1 Pseudo-Octahedral Ligand Field
Figure 1.3 (a) pictographically describes a qualitative orbital splitting diagram for a metal
ion in octahedral (Oh) symmetry. Taking the highly electronegative and sigma (σ) donating
oxo ligand (O2-) and replaced it with one of the ligands in the z-axis, results in a ‘pseudo’
octrahedral (POCT, C4v) symmetry, arriving at the ligand field diagram depicted in Figure
1.3 (b). The resulting M-O σ bond is formed by the interactions of the O2- pz orbital with
the metal’s dz2 orbital, while the M(O) pi (π) bond is formed by the interaction of the O2- px
and py orbitals with the metal’s dxz and dyz orbitals. The degeneracy in the Oh field is lifted
due to the shorter M(O) bond and as a result, orbitals with a z-component are raised in
energy while orbitals with an x and y component are lowered.

The sum of the O2- ligand and metal d-electrons are distributed into the ligand field
according to the Aufbau principle. Assuming a low spin electronic configuration, the first
six electrons populate the σ and π bonding orbitals, yielding a formal metal-oxygen bond
order of three for the ground state configuration of a d0 metal ion. Therefore the remaining
non-bonding (nb) and anti-bonding (*) orbitals are occupied only after the addition of delectrons into the ligand field. It therefore becomes immediately apparent that the delectron count is directly influencing the formal bond order (B.O) of the M-O ion. The bond
order drops to two for a d4 metal ion as result of two electrons occupying the dxz / dyz (π*)
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orbital. The B.O. is further decreased to one in a d6 metal ion, as a result of a full occupation
of the dxz / dyz (π*) orbitals.

Figure 1.3. Ligand field splitting diagram for (a) octahedral ligand field and (b) tetragonal
ligand field with electronic population of orbitals depicted as arrows for d0 (black), d4
(green) and d6 (red) metal ions. (c) 1st – 3rd row transition metals highlighting the oxo wall.

As one moves towards the right hand side of the transition metals, the metal d-orbital
energy decreases, thereby increasing the oxo character of the π* orbital. In some cases, late
transitional metals can possess d-orbitals that are lower in energy than the oxygen p-orbitals
(Figure 1.4 (a)). As a result of this, early transition metals often possess metal centres
oxidized by two electrons, bearing a dianionic oxo ligand (O2-), forming multiple bonded
oxo [M(O)]n-2 complexes (Section 1.3.2 -1.3.4). On the other hand, late transition M(O)
________________________________________________________________________
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species are expected to stabilize one electron oxidized metal cores (Mn-1), with
monoanionic oxo ligands containing a significant radical character (O•–). Particularly
transition metals of groups 9-11, by convention are more commonly referred to as ‘metal
oxyl’ species (M(O•)) in the literature (Section 1.3.6). The exception are the heavier
congeners of these groups, where the [M(O)]n-2 assignment is used due to the propensity of
2nd and 3rd row of the transition metals to adopt high oxidation states (Section 1.3.5).

1.3.1.2 Trigonal Bipyramidal Ligand Field
One strategy to circumvent the oxo wall is to lower the coordination number around the
metal centre. This rearranges the metal d-orbitals and results in a different ligand field
splitting, allowing for the generation of multiple bonded oxo species with d-counts greater
than four. This method does not breach the oxo wall axiom, as the theorem only applies to
tetragonal symmetry. The d-orbital splitting patter for a trigonal bipyramidal (TBP, C3v
symmetry) metal ion is illustrated in Figure 1.4 (b). Here the dz2 (σ*, antibonding orbital) is
placed at a significantly higher energy than the degenerate sets of dxz /dyz (π*) antibonding
orbitals and the non-bonding set of dx2-y2 and dxy orbitals. The precise order of the nonbonding and antibonding orbitals is also dependent on the equatorial ligand field
strength.113, 114 It becomes apparent that the formal double bond character is unaffected with
the first six electrons that are distributes among the degenerate sets of orbitals (assuming a
low spin configuration). This symmetry, therefore theoretically provides access to stable
M(O) species containing d-counts of ≤ 6. Nonetheless, strong repulsive forces between the
electron rich oxo and the metal centre provide a rather destabilizing effect on the M(O)
bond,115 presenting further challenges of stabilizing M(O) in C3v symmetry.

1.3.1.3 Pseudo-Tetrahedral Ligand Field
Removal of the axially coordinated ligand trans to the oxo group, allows the remaining
three ligands to spread out into a pseudo-tetrahedral ligand field (PTH, C3v symmetry,
Figure 1.4 (c)). The bonding scenario is similar to the TBP ligand field, with the exception
of a lower energy dz2 orbital. Density functional theory (DFT) calculation have predicted
that the dz2 (σ*) orbital drops between the degenerate dxz /dyz (π*) and of dx2-y2 / dxy (nb)
orbital sets as a result of hybridization with 4s and 4pz orbitals, thereby mitigating its
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antibonding character.116 Therefore metal oxos in PTH geometry are theoretically able to
support up to eight d-electrons, without compromising a the M(O) double bond,
maintaining a formal bond order of three for d-counts of ≤ 6. Using PTH enforcing ligands,
researchers were able to isolate stable Iron(IV) nitride and Cobalt(III) oxo complexes where
bond orders of up to three have been inferred.116, 117

As the oxo wall only stands true for low spin complexes in C4v symmetry; moving away
from tetragonal symmetry has proven a fruitful strategy to bypass the oxo wall and allowed
for the stabilization multiple bonded oxo species of the late transition metals (Section
1.3.6). Our aim is to achieve the correct arrangement of electrons by utilizing ligands that
enforce a C3v symmetry about the metal centre, thereby circumventing the oxo wall. In this
way, the formation of metal oxos (up to d6 metal ions), namely NiIV(O) and CoIII(O) should
be made possible. Once these intermediates are identified, we hope to address the apparent
lack of understanding on the structure and reactivity of metal oxo systems containing d >
4. A superior reactivity of late transition metal oxo systems compared to early-mid
transitions metals is anticipated because of a greater thermodynamic driving force (Section
1.4.2).

Figure 1.4. (a) π-interaction of the metal d-orbitals with the oxo p-orbitals in the case of
early transition metals (left) and late transition metals (right). Ligand field splitting diagram
for (b) trigonal bipyramidal ligand field and (c) pseudo-tetrahedral ligand field.
________________________________________________________________________
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1.3.2 Early Transition metals
As mentioned above, stable M(O) complexes can form with metals in groups 4-8 on the
periodic table. Indeed, very inert oxo complexes of Titanium, Zirconium and Vanadium
can be readily formed under ambient conditions.118-121 In fact, with the exception of gas
phase reactions of CeO2+ and VO2+, there is no report of C-H bond activation with group
3-5 metal oxo complexes.122
A reactivity pattern begins to develop starting from group 6 onwards. Aqueous Chromium
oxo ions (CrOaq2+, [CrIV(H2O)5(O)]2+, 3) can oxidize phenols to p-benzoquinones via initial
O-H bond abstraction.123 The reaction of chromyl chloride (CrVIO2Cl2, 4) proceeds with
cyclohexane, though at slow rates (k2, second order rate constant = 1.07 × 10-5 mol L-1 s-1
at 75 °C) and with poor conversions to oxidized products. Chlorocyclohexane,
cyclohexanone and ring opened products formed with a combined yield of <26 % with
respect to [Cr]. It was also noted that the reaction proceeded due to the strength of the
resultant O-H bond in Cr(OH)(O)Cl2 and not because of the radical character on the oxo
moiety.124 Furthermore, Theopold et al. synthesized the Cr(IV) oxo complex
[CrIV(TptBu,Me)(pz′H)(O)]– (TptBu,Me = hydrotris(3-tert-butyl-5-methylpyrazolyl)borate,
pz′H = 3-tert-butyl-methylpyrazole, 5) and was shown to abstract a hydrogen atom from
weak C-H bonds (BDECH ≤ 78 kcal mol-1), namely 1,4-cyclohexadiene (CHD) and 9,10dihydroanthracene (DHA) in CD2Cl2 at 75 °C, forming benzene and anthracene
respectively.125 A Cr(V) oxo metallocene was isolated by the same group. Cp*CrV(O)Cl2
(Cp* = η5–C5Me5, 6) was synthesized by exposing [Cp*CrIII(µ-Cl)Cl]2 to O2. 6 oxidized
CHD to benzene and water and carried out oxo transfer to triphenylphosphine.126 The
reactivity trend is clear; migrating towards the right in the period leads to a higher d-count,
consequently increasing the reactivity of the M(O).

1.3.3 Manganese
MnIV (d3) and MnV (d2) ions can from stable metal oxo complexes in C4v symmetry, where
the latter can stabilize a metal – oxygen triple bond. The electron deficient nature of the
acidic MnV oxo (MnV≡O) moiety leads to stark reactivity differences to the much more
basic FeIV oxo complexes (d4, section 1.3.4 and 1.4). There is a great wealth of Manganese
oxo complexes in the literature, due to its implications in O-O bond forming, hydrogen
atom abstraction (HAT) and oxygen atom transfer (OAT) reactions.127-137 Groups have
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made synthetic MnV(O) complexes in an effort to mimic the O-O bond forming reaction
that occurs at the oxygen evolving complex (OEC) in photosystem II (PSII). The proposed
MnV centre found in the active site has a formal metal-oxygen triple bond. It is often
described as a “super acid” due to its remarkably low pKa value, that stems from the highly
electron deficient d2 metal-oxo ion, that can attract an oxygen donor and initiate O-O bond
formation.138 Work by the groups of Åkermark and Nam have independently proven a
nucleophilic attack of –OH ions onto a MnV oxo. 18O labelling experiments have shown the
incorporation of oxygen into the structure, forming a hydroperoxy complex.134 A reversible
hydroxide binding was later demonstrated, as the peroxo complex [MnIV(cor3–)η2-O2)]– (7,
cor3– = 5, 10, 15 - tris[3, 5 bis(trifluoromethyl)phenyl]corrolato) was shown to form.133

The highly oxidized permanganate ion (MnO4–, d0) can effectively oxidize hydrocarbons
up to a theoretical barrier of -80 ± 3 kcal mol-1.136 A first order reaction in [Mn] and
substrates was observed in the oxidation of xanthene, DHA, fluorene and triphenylmethane
by nBu4MnO4 (8), even observing the oxidation of the solvent toluene, measuring a KIE
(kinetic isotope effect, kC7H8 /k C7D8) of 6 at 45 °C, thereby providing evidence for a rate
limiting HAT. Though without a suitable supporting ligand framework, oxidation reactions
by MnO4– ions result in low selectivity and over-oxidations. This is exemplified by the full
oxidation of toluene by 8 to benzoic acid, forming only small amounts of benzaldehyde.

MnV oxo complexes are competent oxidants involved in a number of synthetically
challenging transformation. A MnII precursor with suitable pentadentate non-haem ligands
in the presence of oxygen atom transfer reagents such as H2O2, iodosylbenzene (PhIO) and
carboxylic acids as additives can effect asymmetric epoxidations and cis-dihydroxylations
via a MnV oxo entity.127-130 MnIVoxo complexes were also shown to effect the oxidation of
weak C-H bonds and undergo OAT to sulphides and phosphines, however with slower
reaction rates and less stereoselectivity than the more reactive MnV oxos.131, 132, 135, 137 A
more reactive low spin (LS, S =½) transition state [(dxy)2(dxz/dyz)1] has been proposed as a
prerequisite for HAT reactivity of MnIVoxo complexes. Appropriate tuning of the
supporting ligand can stabilize the LS state. Electronic and 2nd coordination sphere
interactions with the carboxylic acid can help rationalize the high steric control of reactions
involving MnV(O) complexes. The MV≡O--H interaction to the carboxylic acid renders the
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oxo moiety highly reactive, as a result of Lewis-acid activation of the MnV(O) core (Section
1.4).127 Additionally, the lower effective nuclear charge on MnV, sets the dz2 orbital at a
higher energy than for Fe, ensuring that the substrate’s σ-pathway is hindered. For the same
reason, a higher steric control but also a less reactive oxo core is observed with Mn IV(O)
complexes than for the FeIV(O) congener.139

1.3.4 Iron
1.3.4.1 FeV(O) complexes
Synthetic non-haem Iron oxidants are well-established in the field of metal oxo chemistry
where the activation of C-H bonds has been extensively studied.140-154 Therefore, Fe(O)
complexes serve as an ideal example of a metal-oxo system in a high oxidation state,
suitable for a comparative analysis of similar highly oxidized late transition metal oxidants
(e.g. NiIV(O) complexes) explored in this project.

The oxidation of cyclohexane by an Iron based catalyst was first achieved by the group of
Que et al.154 The ferrous complex [FeII(TPA)(CH3CN)2]2+ was capable of activating the CH bond of cyclohexane (BDEC-H = 99.5 kcal mol1)13 in the presence of H2O2 at -40 °C,
yielding cyclohexanol (30%) as the major product, with small amounts of cyclohexanone
(7%). It was later determined that the active oxidant was of the type FeV(O)(OH).152 This
system demonstrated the first bioinspired oxidation catalyst, capable of activating strong
C-H bonds. While the reaction had limited product yields, it hit the ground running for the
generation of a plethora of non-heam Iron based catalysis for the oxidation of
hydrocarbons.

The work of Que, Costas and others have since improved the oxidative yields of these nonhaem complexes, even achieving high stereo-selectivity under ambient conditions.140, 141,
143-145, 149, 150

[FeV(PyNMe3)(OAc)(O)]2+ (9, PyNMe3 = 3,6,8-trimethyl-3,6,8-triaza-1(2,6)-

pyridinacyclodecaphane) is generated upon addition four equivalents of peroxy acetic acid
(PAA) to the FeII precursor. 9 displays the highest rate of cyclohexane oxidation (k2 = 2.8
mol L-1 s-1 at -40 °C) out of all reported non-haem based oxidants to date, oxidising
cyclohexane to the corresponding alcohol (A) and ketone (K) products in a A/K ratio of
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4.5/1.145 9 discriminates against multiple C-H bonds, based not only on bond strength, but
also on steric and polar factors. The attack of 9 is favoured on 3° C-H positions over 2° CH positions, with a selectivity ratio of 29:1. This site selectivity is typically observed for
metal-based oxidants.153 The most recent state of the art by the same group, is the use of
chiral tetradentate ligands to generate highly enantioselective non-haem based oxidants of
the type FeV(O)(OH). These oxidants can undergo enantioselective epoxidation and syndihydroxylation

reactions

[FeII(OTf)2(tips3TPA)] (10,

with

oleifins

under

mild

conditions.140,

141,

144

tips3

TPA = tris((5-(triisopropylsilyl)pyridin-2-yl)methyl)amine),

can undergo a gram scale syn-dihydroxylation reaction of steroidal cholesteryl oleate using
H2O2 and with catalyst loadings as low as 1%. With the necessity for the addition of
Mg(ClO4)2.6H2O to improve yields as the only drawback, this transformation represents a
high atom economy, with H2O being the only waste-product of the reaction. 10 is the first
example of an Iron based oxidant that can effect such synthetically invaluable
transformations in a “green” solvent combination of ethyl acetate and propylene carbonate,
generating synthetically useful yields.141

Due to the high electron deficiency of the FeV metal centre, FeV(O) complexes are known
to be good electrophilic oxidants, capable of activating strong C-H bonds. FeV intermediates
were first observed in the pioneering work of Collins et al. A reactive Fe(O) species was
generated using the tetra amido macrocyclic ligand (TAML). The oxidation state of
[FeV(TAML)(O)]− (11) was confirmed via a combination of EPR and Mössbauer
spectroscopy.151 11 was found to oxidize cyclohexane at -40°C, albeit at very slow rates.146
Installation of electron withdrawing groups (EWG) on the aromatic ring of TAML, further
deprived the FeV metal centre of electron density, increasing the overall electrophilic
character of the FeV(O) core. A 2.6 fold increase in the rate of cyclohexane oxidation was
observed with the NO TAML derivative under the same conditions.147 A similar trend was
2

observed with other EWG substituents (CF3, F; Cl, CN). A room temperature stable
[FeV(bTAML)(O)]− (12) bearing the more robust bTAML (burette TAML) derivative was
discovered in the works of Gupta et al.148 FeV(O) complexes bearing the bTAML
derivatives were no longer limited to oxidation studies at low temperatures, generating a
system with higher oxidative capabilities. The more electron deficient NO2 derivative
[FeV(NO2bTAML)(O)]− (13) is able to oxidize toluene (BDEC-H = 90 kcal mol-1) 15.7 times
faster than the parent bTAML complex 12 and an estimated 700 times faster than the
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unsubstituted TAML complex 11 first discovered by Collins et al.155 Moreover, it displays
high regio-selectivity for un-activated tertiary C-H bonds. Hydroxylation of cis-1,2dimethylcyclohexane gave an overall retention of configuration of 98% with a ratio of 99:1
for tertiary versus secondary C-H bonds.142

Scheme 1.2. Regio-selective oxidation of (+)-cedryl acetate by 13.142

The preferential oxidation of the more electron rich and less sterically hindered 3° position,
was neatly exemplified by the oxidation of the natural product (+)-cedryl acetate (Scheme
1.2).142 The high selectivity is indicative of a radical-free mechanism, favouring a metalbased pathway with the FeV(O) complex and contrasts to the reactivity involving alkoxide
and hydroxyl radicals leading to more indiscriminate products.153 In conclusion, the work
done by the research groups of Itoh, Collins and Costas have shown promise to utilize high
valent M(O) systems to effectively oxidize hydrocarbons on a grand scale under relatively
mild conditions, setting precedent for similar reaction using late transition M(O)
complexes.
1.3.4.2 FeIV(O) complexes - Intermediate spin (S = 1)
Considering the large number of enzymatic systems containing reactive Iron sites (Section
1.2), researcher have been striving to develop suitable model systems that attempt to mimic
structural and functional aspects that give a detailed picture of the Fe IV(O) moiety.
Coincidently in 2003, the Que group have successfully isolated and crystalized non-haem
[FeIV(14-TMC)(CH3CN)(O)]2+

(14-TMC

=

1,4,8,11-tetramethyl-1,4,8,11-

tetraazacyclotetradecane, 14, Figure 1.5),156 the same year that that TauD-J was reported.
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Single crystal X-ray diffraction revealed a C4v symmetric structure with an Fe-O bond
length of 1.65 Å. The measured isomer shift (δ = 0.17 mm s-1) and quadrupole splitting
(ΔEQ = 1.24 mm s-1) however differed somewhat to its enzymatic S = 2 counterparts. 14
was defined to possess an intermediate spin (S = 1) FeIV centre with an electronic
configuration of (dxy)2(dxz)1(dyz)1 (Table 1.1). Nonetheless, 14 presented a milestone in the
field of bioinorganic chemistry, from which a plethora of templated S = 1 FeIV(O)
complexes were synthesized. 14 possessed only limited reactivity towards model
substrates. It was found that substituting the axial coordinated CH3CN ligand with anions
such as TfO–, N3– and HO– enhanced the HAT reactivity of the complex.157 Decreasing the
ring size of the TMC ligand also was found to have a positive effect on the reactivity of the
FeIV(O) moiety, attributed to a greater reduction potential of the Fe IV/III redox couple in
[FeIV(13-TMC)(O)]2 (13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane, 15,
Figure 1.5) versus 14 (ΔEred = 0.22 V).158
Shortly after the characterization of 14, the polypyridal tripodal tetradentate ligand
TPA was employed, resulting in the trapping of [FeIV(TPA)(CH3CN)(O)]2+ (16).159 16 in
contrast to 14 contains a labile CH3CN coordinating in a cis position relative to the FeIV(O)
unit, therefore opening an avenue for further studies in reactivity and ligand tethering. 16
was the first attempt in generating a more reactive C3v symmetric S = 2 FeIV(O) core by
employing a tripodal ligand. However due to a lack of steric encumbrance, allowed for the
coordination of solvents at the cis site, yielding a C4v symmetric structure and therefore S =
1 electronic configuration in 16.
To date, more than eighty S = 1 mononuclear non-haem FeIV(O) complexes have
been reported in the literature, most of which are supported by strong field nitrogen or
carbene rich polydentate ligands that stabilize the intermediate spin state.160 The great
wealth of literature reports on Fe(O) complexes serves as a good platform from which to
build rare M(O) complexes based on late transition metals.

1.3.4.3 FeIV(O) complexes - High Spin (S = 2)
Despite the large volume of intermediate spin Fe IV(O) complexes, they still fail to present
accurately the reactive high spin state displayed by the majority of enzymatic active sites.
The first identification of a S = 2 system came about in 2005 from a surprisingly simple
molecule. The penta-aqua coordinated [FeIV(H2O)5(O)]2+ (22, Figure 1.5) was generated
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Table 1.1. Physical parameters for reported d4 – d8 M(O) complexes.
Cpd.

symmetry
(Point
Group)

Formulation

Metal
Oxidation
(Spin) State

ground state electronic
configuration

FeIV (S = 1)

(dxy)2(dxz/dyz)2(dx2–y2)0(dz2)0

M-O (Å)

KIE
(substrate)[a]

ν M-16O
(M-18O)
(cm-1)

k2 (DHA) (mol
L-1 s-1), T
(°C)[b]

ref.

2.7 (-15)

161, 162

156

4

1

d
[Fe(TMP)+•(H2O)(O)]+

SBP (C4v)
2+

14

[Fe(14-TMC)(CH3CN)(O)]

15

[Fe(13-TMC)(O)]2+

16

POCT (C4v)

IV

Fe (S = 1)

2

2

0

1.65[e]

0

(dxy) (dxz/dyz) (dx –y ) (dz )

-

828 (792)

-

834 (800)

0.016

FeIV (S = 1)

(dxy)2(dxz/dyz)2(dx2–y2)0(dz2)1

-

36 (Xan)

833 (797)

5.7 (-40)

158

[Fe(TPA)(CH3CN)(O)]2+

POCT (C4v)

FeIV (S = 1)

(dxy)2(dxz/dyz)2(dx2–y2)0(dz2)0

1.67[e]

86 (CHE)

-

4.8

159, 163

17

[Fe(BP1)(O)]2+

POCT (C4v)

FeIV (S = 1)

(dxy)2(dxz/dyz)2(dx2–y2)0(dz2)1

18

2+

[Fe(BP2)(O)]

POCT (C4v)

19

[Fe(Me3NTB)(O)]2+

21a

2

2

1.65

[c]

SBP (C4v)

2

1.64[e]

13

840 (805)

8.0 (-35)

164

Fe (S = 1)

2

(dxy) (dxz/dyz) (dx –y ) (dz )

1.62[e]

12

825 (791)

1.1 (25)

164

POCT (C4v)

FeIV (S = 1)

(dxy)2(dxz/dyz)2(dx2–y2)0(dz2)0

1.65[d]

26 (EtPh)

-

3100 (-40)

165

[Fe(TMCO)(CH3CN)(O)]2+

POCT (C4v)

FeIV (S = 1)

(dxy)2(dxz/dyz)2(dx2–y2)0(dz2)0

1.64[e]

25 (EtPh)

-

-

166

22

[Fe(H2O)5(O)]2+

POCT (C4v)

FeIV (S = 2)

(dxy)2(dxz/dyz)2(dx2–y2)0(dz2)0

1.62[d]

-

-

-

167

23

[Fe(TMG3tren)(O)]2+

TBP (C3v)

FeIV (S = 2)

(dxy/dx2–y2)2(dxz/dyz)2(dz2)0

1.65[e]

18

843 (810)

0.09

114, 168

24a

[Fe(TMG3dien)(CH3CN)(O)]2+

TBP (C3v)

FeIV (S = 2)

(dxy/dx2–y2)2(dxz/dyz)2(dz2)0

1.65[e]

-

807 (773)

57

169

24b

[Fe(TMG3dien)(Cl)(O)]2+

TBP (C3v)

FeIV (S = 2)

(dxy/dx2–y2)2(dxz/dyz)2(dz2)0

1.65[e]

-

810 (775)

-

169

24c

[Fe(TMG3dien)(N3)(O)]2+

FeIV (S = 2)

(dxy/dx2–y2)2(dxz/dyz)2(dz2)0

-

-

833 (795)

-

169

25

[Fe(H3buea)(O)]−

(dxz/dyz)2(dxy/dx2–y2)2(dz2)0

1.68[c]

-

798 (765)

-

113, 170

26

[Fe(TQA)(CH3CN)(O)]2+

POCT (C4v)

FeIV (S = 2)

(dxy )1(dxz/dyz)2(dx2–y2)1(dz2)0

-

28 (Tol)

838 (803)

-

171

27

[Fe(tpaPh)(O)]−

TBP (C3v)

FeIV (S = 2)

(dxz/dyz)2(dxy/dx2–y2)2(dz2)0

1.62[e]

-

850 (814)

-

172

28

[Fe(poat)(O)]−

TBP (C3v)

FeIV (S = 2)

(dxz/dyz)2(dxy/dx2–y2)2(dz2)0

1.65[e]

-

843 (812)

-

173

29

[Fe(tBu3tacn)(O)]2+

PTH (C3v)

FeIV (S = 2)

(dx2-y2)1(dxy)1(dxz/yz)2(dz2)0

1.66[e]

53 (EtPh)

893 (857)

1.6 (-70)

174

31

[Ir(Mes)3(O)]

PTH (C3v)

IrV (S = 0)

(dxy/dx2–y2)4(dz2)0(dxz/dyz)0

1.73[c]

-

802

-

175
176, 177

32

TBP (C3v)
TBP (C3v)

+

[Ir(Cp*)(ppy)(O)]

POCT (C4v)

IV

FeIV (S = 2)

V

2

2

2

2

2

2

0

0

2

0

Ir (S = 1)

(dxy ) (dxz/dyz) (dx –y ) (dz )

-

15 (EtPh)

-

-

FeIII (S = 5/2)

(dxy/dx2–y2)2(dxz)1(dyz)1(dz2)1

1.81[c]

-

671 (645)

-

178

(dxy/dx –y ) (dxz) (dyz) (dz )

1.81[c]

-

-

-

179, 180

(dxy/dx2-y2)2(dz2)1(dxz/yz)2

1.72[d]

2

2

2

d5
34

[Fe(H3buea)(O)]−
Cy

+

TBP (C3v)

35

[FeN(afa )3(O)]

TBP (C3v)

36

FePhB(MesIm)3(O)

PTH (C3v)

III

Fe (S = 5/2)
FeIII (S = 5/2)

2

2

2

1

1

2

1

-

-

-

181

37

[Fe(N4Py)(O)]

POCT (C4v)

Fe (S = 3/2)

(dxy) (dxz/dyz) (dx –y ) (dz )

1.63[d]

2.1 (EtSH)

851 (815)

-

182

38

[Fe(TPA)(O)]+ [g]

TBP (C3v)

FeIII (S = 3/2)

(dx2–y2/dxy)3(dxz/dyz)2(dz2)0

1.62[d]

-

856 (820)

-

182

45b

[Co(TMG3tren)(O)(Sc3+)]2+

TBP (C3v)

CoIV (S = 3/2)

(dxy/dx2–y2)3(dxz/dyz)2(dz2)0

1.85[e]

-

-

-

183

46

[Co(TAML)(O)( Sc3+)]+

SBP (C4v)

CoIV (S = 1/2)

(dxz/dyz)4(dxy)1(dz2)0(dx2-y2)0

1.67[e]

13 (Xan)

-

0.21 (5)

184

47

[Co(13-TMC)(O)]2+

SBP (C4v)

CoIV (S = 3/2)

(dxy)2(dxz/dyz)2(dx2–y2)1(dz2)0

1.72[e]

8.0 (Xan)

770 (736)

0.083 (-40)

185

48b

[Co(N4Py)(O)]2+ [g]

POCT (C4v)

CoIV (S = 1/2)

(dxy)2(Opx)2(Opy)1(dx2–y2)0(dz2)0

1.81[d]

2.1 (CHD)

659 (622)

-

186

49

[Co(12-TBC)(O)]2+

SS (C2v)

CoIV (S = 3/2)

(dx2–y2)2(dyz)1(dxz)1(dxy)1(dz2)0

1.71[e]

4.5 (Xan)

782 (745)

-

187

-

+ [g]

III

2

2

2

2

1

2

0

d6
30

[Re(PhCCPh)2(O)]–
+

33

[Pt(PCN)(O)]

44

[Co(PhB(tBuIm)3(O)]

48a

2+ [g]

[Co(N4Py)(O)]

ReI

TP (C2v)

1.76[c]
0

-

824 (763)

-

188

SS (C2v)

Pt (S = 0)

(dxz) (dz2) (dyz) (dxy) (dx2–y2)

1.81[d]

-

783

-

189, 190

PTH (C3v)

CoIII (S = 0)

(dx2-y2)2(dxy)2(dz2)2(dyz)0(dxz)0

1.68[c]

10

815 (782)

0.029 (-35)

117, 191

(dxy) (dxz/dyz) (dx2–y2) (dz2)

-

-

752 (718)

-

186

-

0.0125

192, 193

2.6

194

-

195

POCT (C4v)

IV

III

Co (S = 2)

2

2

2

2

2

0

1

1

d7
52b

[Ni(TMG3tren)(O)]2–

TBP (C3v)

NiIII (S = 3/2)

(dxz/dyz)4(dxy/dx2–y2)2(dz2)1

1.69[d]

3.9

53

[Ni(L)(O•)]

SBP (C4v)

NiIII (S = 1/2)

(dxy)2(dxz/dyz)4(dx2–y2)1(dz2)0

2.12[e]

4

Linear (C∞v)

CuIII (S = 1/2)

-

1.69[d]

2.6 (CH4)

450, 477 (433)

[f]

d8
54

[Cu(O)]+ [g]

-

[a] KIE was determined from the oxidation of DHA unless otherwise stated. [b] k2 value was determined at -30 °C unless
otherwise stated. [c] M-O bond length was determined crystallographically. [d] M-O bond length was calculated using
DFT methods. [e] M-O bond length was determined from EXAFS. [f] Ni-O bond vibration was calculated using DFT
methods. [g] Studies on these ions were conducted in the gas phase.
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upon ozonolysis of FeII ions in acidified aqueous media.167 The lifetime of 22, was however
too fleeting (τ½~ 7 seconds at 25 °C) to test its potential reactivity properties due to the
reaction being carried out under ambient temperatures. The use of lower temperatures were
necessitated in order to prolong the lifetime of these nascent intermediates, requiring
alternative solvents with lower freezing points.

To enhance the solubility in organic solvents and selectively control the geometry,
tetradentate tripodal amine ligands are commonly used generate high spin Fe IV(O)
intermediates. Tripodal amine ligands can enforce a C3v symmetry about the Fe centre,
generating TBP complexes with the correct electronic predisposition to generate the more
reactive high spin state (Section 1.3.1). TMG3tren (tris[(N,N,N’,N’-tetramethylguanidyl)N-ethyl)]aminato) is a neutral tripodal amine ligand with bulky tetramethylguanidine
groups and was used to trap [FeIV(TMG3tren)(O)]2+ (23, Figure 1.5).114 This intermediate
had a lifetime of 4.3 hours in CH3CN at -30 °C and was found to activate the C-H bond of
DHA and undergo OAT to PPh3 at rates of 0.09 mol L-1 s-1 and 1.10 mol L-1 s-1 respectively.
The perdeutero derivative [FeIV(d36-TMG3tren)(O)]2+ (d36-23) was synthesized the
following year in the Que lab.168 d36-23 had a prolonged lifetime, and was sufficiently
stable to grow crystals suitable for XRD. d36-23 was the first example of a structurally
characterized high spin Iron oxo system. d36-23 was found to undergo a rate determining
intramolecular HAT reaction of the pendant tetramethylguanidine ligand, determining a
high KIE value of 24 at 25 °C, suggestive of a hydrogen atom tunnelling contribution.
Curiously, the rate of DHA oxidation by 23 was 13 times slower than the oxidation of CHD,
despite both substrates bearing similar C-H bond strengths.13 This suggested a limited
access of the bulkier DHA to the FeIV(O) core, mitigating the reactivity as a result of the
sterically demanding tetramethylguanidine substituents of the ligand.
Consequently, a more reactive FeIV(O) complex was generated using TMG3dien
(2’,2’-(2,2’-(methylazanediyl)bis(ethane-1,2-diyl))bis(1,1,3,3-tetramethylguanidine) that
resulted in the formation of [FeIV(TMG3dien)(CH3CN)(O)]2+ (24a) possessing an open
coordination site at the cis position.169 While 24a still displayed electronic parameters
typical of a high spin FeIV(O) system, a ~600 fold enhancement in DHA oxidation at -30
°C was observed relative to 23 (Table 1.1), attributed to a more accessible FeIV(O) core.
Having an open coordination site, also allowed for the isolation of variants containing Cl–
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(24b) and N3– (24c) ligands at the cis position, showing similar structural parameters to
24a.

Around the same time, the Borovik lab isolated a high spin FeIV(O) system using the H3buea
(tris[(N-tertbutylureaylato)-N-ethylene]aminato) ligand generating [FeIV(H3buea)(O)]−
(25, Figure 1.5).170 H3buea contains an extensive network of H-bonds to the oxo moiety in
the secondary coordination sphere and had been used previously in the isolation of a
nascent d5 FeIII(O) complex 10 years prior to the generation of 25 (Section 1.3.6.1).
Additionally, deprotonated H3buea3- bears strong σ-donating amines that further stabilizes
metals in a high oxidation state. Computational studies have shown that the anionic ligand
induces a higher energy in the dx2-y2 / dxy than for the dxz / dyz antibonding orbitals of 25.113
A reverse order was apparent for complex 23 by Que et al., containing neutral nitrogen
donors (Table 1.1).114 As a result of the stabilization effects of [H3buea]3–, 25 showed
sluggish reactivity towards externally added substrates at 25 °C. However the low reactivity
and higher stability (τ½= 2.2 hours at room temperature in DMF) was exploited and allowed
for the crystallization and structural characterization of this compound. The determined
Mössbauer isomer shifts for 23 –25 (δ = 0.0 – 0.12 mm s-1) are well below the range as
those found in natural systems (δ = 0.22 – 0.3 mm s-1), despite having the same spin state.

Surprisingly, a highly reactive FeIV(O) systems reported by Nam is found in a S = 1 ground
state with a low lying high spin state, where the latter is responsible for the observed
reactivity. Weak equatorial donation from the ligand resulted in a lowering of the dz2 orbital,
stabilizing the S = 2 state. [FeIV(Me3NTB)(O)]2+ (19, Me3NTB = tris((Nmethylbenzimidazol-2-yl)methyl)amine, Figure 1.5) had been described at that time to
have a higher reactivity in cyclohexane oxidation (k2 = 0.25 mol L-1 s-1 at -40 °C) than the
P450 model compound 1, [FeIV(TDCPP)•+(O)]+ (20, k2 = 0.11 mol L-1 s-1 at -40 °C), bearing
the highly electron deficient porphyrin π-cation radical TDCPP (meso-tetrakis(2,6dichlorophenyl)porphinato dianion).165, 196 To date, even more efficient oxidants have been
generated and are able to oxidize cyclohexane at even higher rates.
[FeIV(TQA)(CH3CN)(O)]2+ (26, TQA = tris(2-quinolylmethyl)amine) was later reported by
Que et al.171 Though it displayed C4v symmetry about the Fe centre, it was found in a high
spin ground state as computational studies have shown. The steric presence of the TQA
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ligand forces an elongation of the Fe-Neq bond, preventing access to the S = 1 state, due to
a lower energy dx2-y2, favouring a high spin arrangement (Table 1.1). 26 displays the highest
rate of cyclohexane oxidation (k2 = 0.37 mol L-1 s-1 at -40 °C) within the class of S = 2
FeIV(O) systems. The FeV(O) complex [FeV(PyNMe3)(OAc)(O)]2+ (9) reported by Costas
et al., currently holds the record for the fastest rate of hydrocarbon oxidation among Fe
based oxidants, oxidizing cyclohexane at an impressive rate of k2 = 2.8 mol L-1 s-1 at -40 °C.
Similar to 26, [FeIV(TMCO)(CH3CN)(O)]2+ (21a, TMCO = 4,8,12-trimethyl-1-oxa-4,8,12triazacyclotetradecane, Figure 1.5) reported by Ray et al.166 has an S = 1 ground state with
an accessible low lying high spin state. The substitution of a weak equatorial donating
oxygen

atom

versus

a

nitrogen

donor

in

the

TMC

macrocycle

in

[FeIV(TMCN)(CH3CN)(O)]2+ (21b) resulted in a drastic increase in reactivity. 21a can
activate C-H bonds as high as 99 kcal mol-1, oxidizing cyclohexane at a rate of k2 = 0.01
mol L-1 s-1 at -40 °C, whereas no reactivity is observed with 21b, even at 25 °C.

It was first discovered by the group of Chang et al.172 that high spin FeIV(O) complexes can
even undergo aromatic hydroxylation reactions. Thermal decay of [FeIV(tpaPh)(O)]− (27,
tpaPh = tris(5-phenylpyrrol-2-ylmethyl)amine resulted in the formation of an FeIII
phenoxide complex, where an oxygen atom became inserted into the aryl ring of the
pendant ligand. The ability of these complexes to undergo aryl oxidation has been
previously predicted.197 Borovik et al.173 have studied non-covalent interactions of the
nascent [FeIV(poat)(O)]− (poat = nitrilotris(ethane-2,1-diyl))tris(P,P-diphenylphosphinic
amide) trianion, 28) by observing changes in spectrochemical properties upon addition of
different Lewis acidic metals to 28. These interactions compared well to the H-bonded
FeIV(O) complex 25 reported previously by the same group and were attributed to changes
in electron donation of the oxo ligand into the vacant dz2 orbital. Most recently, an unusual
PTH FeIV(O) complex was isolated by Ray et al. in 2021.174 [FeIV(tBu3tacn)(O)]2+ (29) is
supported

by

the

tetrahedral

enforcing

t

Bu3tacn

(1,4,7-tritert-butyl-1,4,7-

triazacyclononane) ligand. 29 is a highly reactive intermediate, capable of oxidizing
hydrocarbons at comparable rates to TBP and POCT S = 2 FeIV(O) systems and is the only
high spin complex that retains a multiple bonded character in PTH geometry. The
prerequisite being to possess an (dx2-y2)1(dxy)1(dxz/yz)2(dz2)0 electronic configuration in order
to retain a Fe-O bond order of two (Table 1.1). This is a unique example, as most PTH
M(X) (X = O, N and NR) complexes prefer a low spin ground state. 116, 117, 198
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Figure 1.5. Selected examples of (a) S = 1 FeIV(O), (b) S = 2 FeIV(O) and (c) FeIII(O)
complexes.
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The well-established field of Mn(O) and Fe(O) chemistry has given us insight into the
reactivity of mid transition metal oxo complexes with multiple bonded M-O interactions.
The identity for these reactive intermediates have been unequivocally proven due to their
inherently higher stability compared to late transition M(O) complexes, allowing for
characterization using a full range of spectroscopic techniques. The question whether M(O)
with an elevated d-count (d > 4) can stabilize multiple bonded oxo species under similar
reaction conditions remains to be answered. We intend to explore if coordination geometry
of our nascent late transition M(O) complexes are influencing the electronic spin state (and
therefore reactivity), similar to the FeIV(O) and MnIV(O) examples discussed above.

1.3.5 2nd and 3rd row Transition metals
Heavy late transition metal oxos of the 2nd and 3rd row (e.g. Rh(O) and Pd(O)) have found
applications in catalytic converters and also play an important role in oxidative catalysis.199201

In an aqueous environment, these heavy M(O) congeners form polymeric metal oxo

clusters known as polyoxymetallates (POMs).202, 203 The isolation of discrete mononuclear
entities remains extremely rare, with only a single report inferring the involvement of a
RhII(O•) species,204 however no reports exist on Pd(O) complexes, albeit computational
studies have shown that they may form stable intermediates. Hill et al. have discovered a
POM containing a terminal PdIV(O) moiety,205 however their claim was later retracted, as
it was found to be incorrect in a later study and reformulated as a disordered PdII substituted
POM.203

The isolation of the first d6 M(O) came about in 1989 by the Mayer group.188 A combination
of low coordination number and strong π-accepting ligands for sufficient back bonding
from the electron rich metal centre allowed for the isolation of a unique trigonal planar (TP)
ReI(O) complex formulated as [ReI(PhCCPh)2(O)]− (30, Figure 1.6). 30 displayed a
nucleophilic character, transferring an oxygen atom to Me3SiCl, and readily dimerized to
Re2O2(PhCCPh)4 in the presence of oxygen.

Third row transition metals have a disposition to access higher oxidation states than 1st row
transition metals.175, 177, 188, 190, 206 Therefore in theory, they should readily support terminal
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M(O) complexes with a low d-count. In fact, an IrV(O) complex has been isolated in
tetrahedral geometry supporting a formal Ir≡O triple bond interaction. A strategy of
maintaining a low coordination number around the metal centre allowed the Wilkinson
group to generate IrV(Mes)3(O) (31, Mes = mesityl, Figure 1.6) that was yielding of the
reaction of IrIII(Mes)3 with OAT reagents.175 The crystal structure revealed a distorted PTH
geometry with an Ir-O bond length of 1.73 Å. A diamagnetic ground state was manifested
in the 1H NMR, yielding sharp peaks in the δ = 2 – 7 ppm range. This was attributed to the
S = 0 ground state electronic configuration of (dxy/dx2–y2)4(dz2)0(dxz/dyz)0 (Table 1.1),
supporting a bond order of three. 31 however, displays little reactivity towards exogenous
substrates and its stability was key to its isolation.

The more reactive ‘half-sandwich’ [IrV(Cp*)(ppy)(O)]+ (32, ppy = 2-(2-pyridyl)phenyl,
Figure 1.6) intermediate was proposed to be the responsible agent in the C-H bond reactions
of alkanes, catalysed by IrIII(Cp*)(ppy)(Cl) in the presence of cerium ammonium nitrate
(CAN) and water.177 Although this species was too reactive to allow for isolation, extensive
DFT calculations provided evidence for a lower lying triplet (S = 1) ground state in POCT
geometry with a (dxy)2(dxz/dyz)2(dx2–y2)0(dz2)0 electronic configuration (Table 1.1).176 The
higher observed reactivity compared to 31 was attributed to the occupation of the π*
(dxz/dyz) orbitals leading to a more activated Ir=O double bond. 32 can effectively catalyse
the oxidation of C-H bonds via a mechanism of oxygen insertion, rather than a rebound
mechanism as observed with most M(O) complexes.207 A large KIE value of 15 was
measured in the oxidation of ethylbenzene (EtPh), supporting a rate determining C-H bond
activation step (Table 1.1).208 32 was also capable of O-O bond formation via nucleophilic
attack of H2O onto the electrophilic IrV(O) centre.176

Up until this report it was believed that π-accepting ligands would stabilize terminal oxo
complexes in trigonal coordination environment by delocalizing electron density from the
metal centre and reducing the electronic repulsion between d-electrons of the metal centre
and p-electrons of the oxo ligand.188, 206 Surprisingly, Milstein et al. have trapped a nascent
PtIV(O) intermediate bearing a sterically bulky ligand framework containing strong
donating carbene and phosphine groups with little to no π-accepting properties.190 As a
result, [PtIV(PCN)(O)]+ (33, PCN = 2-(3-((di-tert-butylphosphaneyl)methyl)phenyl)-N,N________________________________________________________________________
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dimethylethan-1-amine, Figure 1.6) gave rise to a versatile range of reactivity properties
including the oxidation of carbon monoxide to CO2, and H2 oxidation to H2O. However 33
did not display C-H bond activation. The decay of intermediate 33 resulted in an
intramolecular phosphine oxidation of the ligand. DFT calculations performed on 33
showed a distorted square planar structure with a Pt-O bond length of 1.81 Å. It was later
argued on computational grounds that the excitation of d-electrons to the s and p orbitals
of the oxo caused an out-of-plane bending of the oxo moiety, resulting in a seesaw
transition state. This transition state was postulated to be further stabilized by the
coordination of acetone resulting in a distorted TBP geometry.189 The lack of precise
electronic and structural insight into the metal-oxo bonding as a result of the high reactivity,
has led to a dearth of well characterized group 10 transition metal oxos.

Based on the result obtained by Milstein et al., it has been predicted that sterically
encumbered and strongly donating ligands should stabilize a terminal oxo moiety, due to
an increase in the barrier to oxygen atom transfer.209 However only few examples of
terminal oxo complex of the 2nd and 3rd row transition metals have been observed since.

1.3.6 Beyond the Oxo-Wall
It has been demonstrated that enzymes are able to selectively activate strong C-H bonds via
HAT. Consequently, synthetic chemists have developed model complexes inspired by the
Fe(O) active sites in natural systems. The reactivity of such species should, in theory be
higher when utilizing late transition metal oxo systems beyond the oxo wall, activating
even stronger C-H bonds. In the past 35 years, a large cohort of oxidative catalysts based
on Iron have been prepared, however with only very limited insight into the reactivity of
late transition metal oxo systems.198, 210 Increasing the d-count will further polarize the MO bonding interaction due to an increased population of antibonding orbitals resulting in
higher electron density on the oxo ligand (thereby lengthening the M-O bond). This
increase in basicity of the oxo ligand, results in a less acidic M-OH (conjugate acid) with a
higher BDEO-H, resulting in a greater thermodynamic driving force for C-H bond activation
(Section 1.4.2). Therefore we expect M(O) complexes beyond the oxo wall to be superior
oxidants to mid and early transition metal oxos.
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1.3.6.1 FeIII(O) complexes
The d5 metal ion in FeIII(O) complexes formally result in a reduction in bond order to 1.5
as a result of further occupation of antibonding orbitals (Section 1.3.1). Thus, examples of
such are exceedingly rare in the literature.178, 179, 182 To date there have only been two
crystalized FeIII(O) systems, both of which display C3v symmetry (S = 5/2) and are
supported by a secondary coordination network of H-Bonds that result in a stabilization
effect of the compromised Iron-oxygen interaction.178, 179

The lower bond order, as well as the effect of H-bonding is manifested in
[FeIII(H3buea)(O)]2– (34, Figure 1.5), where the Fe-O bond vibration was observed at νFe-O
= 671 cm-1.178 Surprisingly, despite the stabilization effect, 34 displays faster HAT
reactivity than the FeIV congener 25. This has been attributed to the high basicity (pKa ~
25) observed for the FeIII(O) unit, where the apparent abstraction of H+ occurs before e–
transfer.211 This is in stark contrast to the traditional HAT reactivity displayed by the
majority of M(O) systems. The other isolated system of [FeIIIN(afaCy)3(O)]+ (35, afaCy =
tris(5-cyclohexyl-amineazafulvene-2methyl)amine, Figure 1.5) displays the same long FeO bond length as 34 (1.81 Å, Table 1.1) as determined by XRD, and is distinct from Fe-O
bond lengths previously observed with FeIV(O) systems. 35 is formed from a nitrite
reduction reaction of the FeII precursor complex with half an equivalent of NO2, generating
35 and [FeIIIN(afaCy)3(NO)]2+ in stoichiometric amounts.179

Smith et al. have implied the involvement of a rare tetrahedral FeIII(O) complex formulated
as

FeIIIPhB(MesIm)3(O)

(36,

PhB(MesIm)3

=

phenyltris(1-mesitylimidazol-2-

ylidene)borate, Figure 1.5) during the oxidation of trimethylphosphine. DFT calculations
revealed an Fe-O bond length of 1.72 Å with an S = 5/2 electronic configuration of (dxy/dx22
1
2
y2) (dz2) (dxz/yz) (Table

1.1).181 However, there is lack of experimental evidence to support

the formation of an FeIII(O) complex.

In a study carried out by Roithová et al., gas phase ions of [FeIII(N4Py)(O)]+ (37, N4Py =
N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine) and [FeIII(TPA)(O)]+ (38, Figure
1.5) feature a formal Fe=O double bond interaction as an Infrared photodissociation (IRPD)
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spectrum displayed an Fe-O stretch at ν = 851 cm-1 and ν = 856 cm-1 respectively.182 Hence,
an S = 3/2 (intermediate, quartet state) electronic configuration was proposed for both 37
and 38 ((dxy)2(dxz/dyz)2(dx2-y2)1(dz2)0 for 37 and ((dx2-y2/dxy)3(dxz/dyz)2(dz2)0 for 38, Table 1.1).
This was rationalized by a weakening of Fe-N bonds on the equatorial plane at the expense
of maintaining a Fe=O double bond interaction. Similar gas phase studies have been
conducted on CoIII/IV(O) ions at the boundary of the ‘oxo wall’. The isoelectronic CoIV(O)
analogue (48b, vide infra) displays an almost 200 cm-1 lower stretching frequency of the
M-O bond than 37, suggesting a different electronic configuration (Table 1.1).186 FeIII(O)
ions generated in the gas phase display unique electronic properties that are distinct to the
solid state structures discussed above. However caution should be taken when comparing
the properties of M(O) complexes in two different phases.

1.3.6.2 Cobalt-oxo complexes
Co(O) intermediates have been proposed to form following thermolysis of Cobalt(III)
peroxy adducts [CoIII(O-OR)]. Mascharak et al.212, 213 have isolated and crystalized stable
entities of CoIII(O-OR) complexes under ambient conditions. Upon warming a solution of
[CoIII(Py3P)(OOtBu)]

(39a,

Py3P

=

N,N-bis[2-(2-pyridyl)ethyl]pyridine-2,6-

dicarboxamide dianion) to 70 °C in the presence of cyclohexane resulted in the homolyis
of the O-O bond, and a postulated generation of [CoIII(Py3P)(O•)] (39b) and tBuO•. The
resulting tBuO• radical then abstracted a hydrogen atom from cyclohexane, and in the
presence of O2 led to a mixture of cyclohexanol and cyclohexanone products. A KIE value
of 5 was in agreement with a radical driven oxidation step. Surprisingly, putative 39b was
not found to contribute to the oxidation of cyclohexane based on the gathered evidence,
concluding that it is insufficiently reactive towards the C-H bond of cyclohexane.213 The
hydroxylation of alkanes by a Co(O) species was achieved by the more electron deficient
CoIV(TPFPP)(O) (40, TPFPP= meso-tetrakis(pentafluorophenyl)-porphinato dianion),
generated using mCPBA as oxidant.214 Incorporation of 18O into the substrate was observed
when the reaction was carried out in the presence of H218O. This corroborated the
involvement of a high valent Co(O) intermediate in the oxidation reaction. However, 40
was lacking structural/electronic characterization to proof its existence.
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Theobalt and co-workers reacted [CoI(Tp՛)(N2)]+ (41a; Tp՛ = hydridotris(3-tert-butyl-5methylpyrazolyl)borate) with O2 to form a side-on bonded Cobalt(II) η2-peroxo complex
[CoII(Tp՛)(η2-O2)]+ (41b) that underwent a rearrangement into an end-on peroxo-bridged
dinuclear Co2II complex [[CoII(Tp՛)]2(η1-O2)]+ (41c). The decay of this species resulted in
almost quantitative generation of [CoII(Tp՛)(OH)]+ (41d). The responsible oxidant for this
transformation was postulated to be [CoII(Tp՛)(O•)]+ (41e) that formed as a result of fast OO bond cleavage of the peroxo-bridged dinuclear complex 41c. However 41e could not be
observed spectroscopically due to the fast HAA step with the tert-butyl groups of the
ligand, attributed to the high basicity of the CoII-O• core of 41e. The resultant ligand based
radical then underwent fast HAA with the solvent to yield 41d as the final product. The
reaction was repeated in [D8]-Toluene and incorporation of deuterium was observed on the
ligand instead of the hydroxy moiety, supporting a mechanism of HAA effected by the
radical localized on the ligand.215

A study by the same group was followed up and showed that a similar hydroxycobalt
complex is formed in an intramolecular ligand hydroxylation with [Co II(Tp´´)(O•)]+ (42)
containing the less sterically hindered hydridotris(3-isopropyl-5-methylpyrazolyl)borate
(Tp´´) ligand.216 A KIE of 22 was determined at 281 K when the perdeuterated ligand
[D30]Tp´´was used instead. Large H/D KIEs suggest a major tunnelling contribution to the
HAA mechanism217 and are commonly observed in reactions involving terminal M(O)
complexes (Table 1.1), supporting the proposed assignment of 42 as a terminal Cobalt(II)
oxyl complex. The use of similar tripodal borate ligands yielded subsequent putative Co(O)
complexes in C3v symmetry in the years that followed the study by Theobald and coworkers.

CoII(O•)

intermediate

[CoII(Tp´´´)(O•)]+

(43a,

Tp´´´=

hydridotris(3,5-

diisopropylpyrazolyl)borate) formed through the O-O bond homolysis of the
alkylperoxocoblat(II) complex [CoII(Tp´´´)(OOtBu)] (43b),218, 219 and underwent a similar
decay route as observed previously.

The Co(O) complexes discussed so far have only been proposed as reactive intermediates
in the observed oxidation reaction. Their high reactivity leads to only a fleeting existence
and has hindered the isolation and direct spectroscopic study of such a terminal oxo species.
Various methods have been employed that lead to an overall stabilization effect of the
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putative Co(O) intermediate. Changing the sigma donor in the heterocycle from an N-donor
in pyrazole to a C-donor in imidazole leads to an overall stabilization of the M=O bond.
This has been exemplified by the use of the imidazole based [PhB(MesIm)3]− ligand,
previously employed by Smith et al., that have implied the formation of the terminal
FeIII(O) complex 36 (vide supra).181 Stronger σ-donation through the carbenes allowed for
the isolation and structural characterization of [CoIII(PhB(tBuIm)3(O)] (44, PhB(tBuIm)3 =
phenyltris(1-tert-butylimidazol-2-ylidene)borate), Figure 1.6) by the group of Anderson
and co-workers.117 DFT calculations performed on the frontier orbitals of 44 revealed two
π* interactions with the highest unoccupied dxz and dyz orbitals (Table 1.1), associated with
the Co≡O bond. This supports the presence of two π-bonds as expected for a formal triple
bond interaction. The remaining low energy occupied orbitals do not contribute to the
bonding picture due to their predominant non-bonding character. Despite a high d-count,
44 possesses a strong M-O interaction with a multiple bonding character (Co-O = 1.68 Å,
Table 1.1). 44 presents the only isolated d6 Co(O) complex to date.

Highly reactive [CoIV(TMG3tren)(O)]2+(45a) supported by the trigonal bipyramidal
enforcing TMG3tren ligand undergoes a fast ligand oxidation upon addition of sArIO (2(tert-butylsulphonyl)iodosylbezene) to the starting CoII complex. From the decay pathway
of the Iron analogue 23,168 and previous observations of ligand self-oxidations, 215, 216, 63 a
reactive Co(O) intermediate was implicated for the intramolecular ligand oxidation.183
Transient 45a, was trapped in the presence of Sc(OTf)3 at low temperature, which allowed
for a more in-depth structural characterization via XAS and EPR spectroscopy. A bimetallic bridged CoIII-O•-ScIII or CoIV-O-ScIII core was implicated based on spectroscopic
data and augmented by DFT calculations. [CoIV(TMG3tren)(O)(ScIII)]2+ (45b) contains a
relatively long Co-O bond of 1.85 Å. An alternative CoIII-(OH)-ScIII has been suggested
accordingly, however the EPR determined high spin state (S = 3/2) contradicts such an
assignment. Furthermore, the isoelectronic FeIII(O) complex 34 reported by Broovik et
al.178 bears a similarly long Fe-O bond distance of 1.81 Å. Despite 45b being considered a
bimetallic µ-O bridged complex, bearing a “tamed” Cobalt(IV) oxo core, the high reactivity
of 45b substantiates the existence of terminal Co(O) complexes.
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Figure 1.6. Selected examples of (a) 2nd and 3rd row M(O) complexes and (b) Co(O) and
complexes.

The same methodology of Lewis acid stabilization was conducted using the TAML ligand
system that has been well established in the isolation of high valent FeV(O) cores (Section
1.3.4.1).146-148, 151 The TAML ligand provides access to a square-based pyramidal geometry
(SBP, C4v), ensuring the formation of a S = ½ spin state. Isolation of the targeted CoIV(O)
complex [CoIV(TAML)(O)(Sc3+)]+3 (46) was however only possible in the presence of
ScIII.184 Lewis acids increase the electrophilic character of the oxygen atom, making a CoO• core highly unstable. A redox tautomerism of the CoIII(O•) core to the more stable
CoIV(O) state was implicated in the presence of ScIII, making spectroscopic
characterizations of the high valent Cobalt oxo core feasible.

Nam et al. have later shown that a CoIV(O) complex could also be stabilized in the absence
of a Lewis acid metal centre, under the prerequisite of a certain arrangement of frontier
orbitals.185 Irradiation of a solution of [CoII(13-TMC) (OTf)]+ in the presence of
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[RuII(bpy)3]2+ (bpy = 2,2'-bipyridine) as photosensitizer and Na2S2O3 resulted in an
intermediate compound [CoIV(13-TMC)(O)]2+ (47, Figure 1.6) assigned to a CoIV(O)
species. An improved stability for 47 was observed by employing PhIO as an OAT reagent.
The oxidation state of 47 was confirmed by titration experiments with decamethylferrocene
(Me10Fc), that resulted in the loss of EPR signals associated with 47 upon addition of 1.0
equivalent of Me10Fc and a concurrent appearance at g = 4.4 and 2.00 assigned to the
decamethylferrocenum ion (Me10Fc+). This was assigned to a CoIV  CoIII reduction. The
CoIII could be further reduced upon addition of one more equivalent of Me10Fc to generate
an EPR active signal distinct to the one observed for 47. This was assigned to a CoII species.

CASSCF calculations performed on 47 revealed a (dxy)2(dxz/dyz)2(dx2–y2)1(dz2) electronic
configuration (Table 1.1). The highest occupied dx2-y2 orbital is a (Co–N)σ* orbital and has
no direct impact on the Co-O bond order. The two lowest lying orbitals constitute the fully
occupied (Co-O) (σ, non-bonding) and the two half occupied (Co-O) (π*, antibonding
orbitals). The low energy of the dx2–y2 orbital ensures a quartet spin state and therefore a
stable tetragonal CoIV(O) core. A bond order of 1.39 was calculated, showing significant
double bond character, however to a lesser extent than the FeIV(O) analogue 15.158 This
predicted arrangement of orbitals exemplifies the possibility of the formation of a full πbond with a d5 ion in C4v symmetry without violating the oxo-wall axiom. As 47 possess
more than four d electrons in a C4v geometry, it can be considered the only metal-oxo that
formally exists beyond the oxo wall. Despite a more stable Co IV(O) core, 47 could
effectively carry out HAT on hydrocarbons with weak C-H bonds and undergo epoxidation
reactions on olefins at -40°C. Intriguingly, when a solution of the non-haem Iron(II)
complex [FeII(14-TMC)]2+ was added to a solution of 47, UV-Vis spectral features of the
Cobalt(IV) oxo complex disappeared with a concomitant increase in the NIR features
associated with the FeIV(O) complex 14 could be observed, providing evidence for an intermetal OAT reaction.

Following the discovery of an Co(O) complexes in C4v symmetry, Costas et al.186 studied
single ions of Co(O) complexes in their gas phase in order to obtain a better understand of
the bonding scenario of Co(O) ions in different oxidation states. Electrospray Ionization
(ESI) of [CoII(N4Py)(ClO3)]+ afforded [Con(N4Py)(O)]n-2 (n = +3 (48a) and n = +4 (48b),
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Figure 1.6), following ClO2• elimination. IR photodissociation spectra of 48a revealed a
Co-O stretch at 752 cm-1, that shifted to 718 cm-1 upon 18O incorporation, consistent with
the ν(Co-O) assignment (Table 1.1). This stretch is significantly lower than the triply
bonded Co(O) complex (44, ν(Co≡O) = 815 cm-1) and doubly bonded 47 (νCo(O) = 770 cm1

), suggesting a formal bond order of less than two for 48a. Multi-reference RASPT2 and

MCPDFT suggest a predominant (83%) quintet electronic ground state with an
(dxy)2(dxz/dyz)2(dz2 )1(dx2-y2)1 electronic configuration in which the (dxz/dyz) and (dz2) orbitals
are antibonding Co-O orbitals, with the highest occupied (dx2-y2) being a Co-ligand
antibonding orbital. Conversely a doublet ground state is predicted to be the most stable
configuration for 48b, where the oxo ligand orbitals are lower in energy than the Cobalt dorbitals making the π*(Co-O) orbitals predominantly oxo p-orbital character. The ground
state electronic configuration is therefore predicted as (dxy)2(px(O)2(py(O)1(dz2)0(dx2-y2)0 for
48b (Table 1.1). Hence, the unpaired electron is localized on the oxyl ligand (O•–), with a
formal single Co-O bond. 48b is therefore better described as a Co(O•) complex. This
theoretical prediction is consistent with the observed low energy stretching frequency of
659 cm-1 for 48b. The exceptionally low (Co-O) energy is even lower than the trigonal
CuIII=O complex (55) (vide infra), showcasing the highly destabilizing effect of the Co-O
interaction in tetragonal symmetry.

Most recently, a unique distorted Co=O moiety was noted in [Co(12-TBC)(O)]2+ (49, 12TBC = 1,4,7,10-tetrabenzyl-1,4,7,10-tetraazacyclododecane, Figure 1.6).187 XAS and
vibrational spectroscopy supported a CoIV(O) centre. EPR data indicated an S = 3/2 ground
state with a rhombic signal suggestive of a major shift away from tetragonal symmetry (C4v
symmetries are typically observed with complexes supported by a macrocyclic ligand).
This distortion came about due to the presence of a hydrogen bond to the oxo moiety.
Notable 49 required the presence of protons to form, suggesting the involvement of H+ in
the observed distortion. This was backed by extensive DFT using CASSCF/NEVPT2
methods that supported protonation was occurring on one of the N-sites of the TBC ligand
scaffold, resulting in a Co=O—HN hydrogen bonding interaction, inducing a seesaw (SS)
geometry about the Co centre. 49 has a formal bond order of two, but since it is not found
in a tetragonal geometry (due to the induced distortion), the oxo wall axiom is not violated
but rather ‘circumvented’, adding to the small but growing number of d5 M(O) complexes.
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1.3.6.3 Nickel-oxo complexes
The number of well characterized oxo complexes drastically drops moving one step further
down the first row of the transition metals. Far fewer NiIV(O) species exist in the literature
compared to the isolectronic Cobalt(III) oxo counterparts. Nevertheless, NiIV(O)
intermediates have often been inferred to be the responsible oxidants in the hydroxylation
of strong C-H bonds.30 For a d6 NiIV(O) complex, the M-O bond order would be reduced
to one in C4v symmetry. Additionally the oxo character in these complexes are increased
due to the oxygen px and py orbitals being higher in energy than the corresponding metal
dxz/ dyz orbitals, giving a predominant oxo character in the π* levels (Section 1.3.1).
Therefore these complexes are more appropriately referred to as Nickel oxyl [Ni(O•)]
complexes.

The involvement of Ni(O•) was first inferred by the reaction of a Ni-cyclam complex
[NiII(14-TMC)]2+ with styrene in the presence of PhIO by the group of Kochi et al.220 The
reaction yielded the epoxide as the major product (26%) and was the first soluble Ni
complex to effect this transformation using PhIO as oxidant.221 However, efforts to trap
and characterize the responsible oxidant, only resulted in a Ni2III(µ-O) complex when using
mCPBA or PhIO as terminal oxidant in the absence of substrate.221 The involvement of a
NiIII(O•) intermediate formulated as [NiIII(14-TMC)(O•)]2+ (50) was suggested to be the
responsible oxidant. This was supported by the incorporation of 18O into organic products
when 18O-lablled water was added to the intermediate species prior to substrate addition.
Fascile oxygen atom exchange (OAE) are known to occur in metal-oxo intermediates and
is a routine method to add evidence to their existence.220-224

Although only a very limited number of well characterized terminal Ni(O) complexes exist
to date, the involvement of NiIV(O)/NiIII(O•) has been implied by analysis of the oxidation
products.225 [NiII(dpaq)(Cl)] (51a, dpaq = 2-(bis(pyridin-2-ylmethyl)amino)-N-(quinolin8-yl)acetamide)) can epoxidize a wide range of oleifins under mild conditions in the
presence of mCPBA. 51a generated cyclohexene oxide as the major product (40.2%), with
2-cyclohexen-1-ol (6.4 %) and 2-cyclohexene-1-one (6.4%) as minor products in the
presence of 10 equivalents of mCPBA in an aprotic solvent combination of CH2Cl2/CH3CN
(1:1). A similar epoxide to A/K ratio was observed over a wide range of alkene substrates.
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Based on these results, a Nickel(II) alkylperoxo complex [NiII(O2COPhCl)(dpaq)] (51b),
was postulated to form following addition of mCPBA to 51a. This complex would then
undergo either hetero or homolytic cleavage to form Ni IV(O) (51c) or NiIII(O•) (51d)
reactive intermediates respectively (Figure 1.7) or alternatively the peroxy adduct could
undergo direct oxygen atom insertion into the double bond. Furthermore, when PPAA
(peroxyphenyl acetic acid) was used as a mechanistic probe for the decay pathway of the
Nickel(II) alkylperoxo species, a post reaction mixture showed that the resulting
NiII(O3CBz) underwent a O-O scission with 76% heterolysis and 26% homolysis, based on
the quantification of the heterolytic cleavage product phenylacetic and homolytic cleavage
product benzaldehyde. When a more protic solvent combination of CH3OH/CH3CN was
used, a pronounced product distribution favouring the NiIV(O) (51c) pathway was found
based on a higher proportion of phenylacetic acid formed. This result shows that solvent
polarity plays a significant role in determining the formation of Nickel oxo / Nickel oxyl
intermediates.

The first attempt at isolating a putative NiIV(O) species was made by the group of Ray et
al. using the tripodal TMG3tren ligand that has proven success in earlier work for the
isolation of FeIV(O) and CoIV(µ-O-ScIII) analogues (vide infra).168,

183

The reaction of

[NiII(TMG3tren)(OTf)]+ with mCPBA results in an initial alkylperxo adduct, that
preferentially underwent homolytic bond cleavage to generate Ni III(OX) complexes. EPR
spectroscopy revealed an 85% speciation of NiIII(OX), assigned to [NiIII(OH)(TMG3tren)]–
(52a) and 15% assigned to [NiIII(TMG3tren)(O)]2– (52b, Figure 1.7).192 52a is believed to
form as a result of an intramolecular HAT reaction of the highly reactive Ni-O• radical with
the TMG3tren ligand. Despite the low yield assigned to the Nickel(III) oxo species 52b,
52a/52b could effectively undergo OAT to phosphines at low temperature. Furthermore a
KIE of 3.9 was obtained in the reaction with DHA, and is comparable to the value of 2.8
obtained by the [NiII(TPA)]2+ catalysed oxidation of cyclohexane, consistent with the
involvement of a similar terminal Nickel oxo species.30 The exact nature of intermediate
52b could not be unambiguously assigned by EPR spectroscopy alone. Unfortunately the
low yield of 52b hindered further spectroscopic characterizations and attempts to trap
species 52b using Lewis acids only led to unidentifiable products. In a more recent
theoretical treatment of 52b,192 the bonding picture between the oxo moiety and the Ni
centre was made clearer. 52b can either be described as a NiII(O•) or a NiIII(O) complex.
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Both were assigned to S = 3/2 states that were almost degenerate in energy. Only a single
σ-bond exists in NiII-O• (calc. Ni-O = 1.84 Å), whereas a full π-bond with a more covalent
character is believed to exist in the NiIII(O) case (calc. Ni-O = 1.69 Å, Table 1.1). The two
electronic configurations are believed to exist in equilibrium, suggesting the possibility of
a bond stretching isomerism between the two electromeric forms.

A reactive Nickel-oxygen species was trapped by Company et al. in 2015.194 Treatment of
the NiII starting complex with mCPBA resulted in the formation of intense UV-Vis features
at λ = 420 nm and a shoulder at λ = 580 nm assigned to [NiIII(L)(O•)] (53, H2L = 6-methyl3,6,9-triaza-1(2,6)-pyridinacyclodecaphane-2,10-dione, Figure 1.7). However, an EPR
spectrum displayed a rhombic S = ½ entity that only formed in 16 % yield. It was shown
that the species observed in UV-Vis studies formed at different rates to the entity observed
in EPR, where the latter was assigned to a decay product. XAS studies confirmed the
formation of a NiIII species, with a weakly bound oxyl ligand (EXAFS determined Ni-O/N
scatter at 2.12 Å). A Ni-O bond vibration was observed at 450 and 477 cm-1 falling in close
range to the DFT predicted stretch at 433 cm-1 (Table 1.1), however this assignment requires
confirmation by isotopic labelling studies. 53 was able to oxidize weak C-H bonds (BDECH

< 80 kcal mol-1) and undergo electrophilic OAT and epoxidation reactions with para-Y-

substituted thioanisoles and styrenes respectively.

Our group have explored the reactivity and the electronic characterization of square planar
NiIII(OX) (OX = OAc, OCO2H, ONO2)226,

227

complexes supported by N,N’-(2,6-

diisopropylphenyl)-2,6-pyridinedicarboxamide (pyAriPr2), as well as observing an
intramolecular HAT reaction of a putative oxo complex with the supporting ligand.228 Thus
far, we have only been able to spectroscopically observe NiIII intermediates that were
generated upon one electron oxidation of their NiII precursors, or as a result of fast HAT of
putative NiIII oxyl species, generating more stable NiIII decay products.
While the oxidation of hydrocarbons bearing strong C-H bonds warrants the
involvement of Ni(O), their high reactivity is a direct consequence of the scarce number of
reports attempting to trap this intriguing intermediate. Obtaining reliable structural
evidence to prove their existence remains a challenge to chemists to this date.
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Figure 1.7. Selected examples of Ni(OX) and Cu(OX) complexes.

1.3.6.4 Copper-oxo complexes
The involvement of high valent Cu-oxygen intermediates have been proposed in the
enzymatic active sites of peptidylglycine α‐hydroxylating monooxygenase and dopamine
β‐monooxygenase.229-232 Although there is no direct evidence for the existence of Cu(O)
species in natural or biomimetic systems, theoretical studies have proposed their
participation in Cu-mediated oxidation103, 233-235 and O-O bond forming reactions.236, 237

Studies of [CuO]+ ions in the gas phase have substantiated the propensity of Cu(O)
complexes to undergo oxidation of strong C-H bods via HAA.195, 235 The bare [CuO]+ ion
(54) was found to activate methane, with an efficient conversion to methanol (60 % yield,
KIE = 2.6, Table 1.1). The transformation was carried out more effectively than the [FeO]+
analogue.238 Quantum chemical calculations revealed that 54 is best described as an open
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shell S = 1 [CuII(O•)]+ species, where the oxygen centred radical is responsible for the
activation of methane.239 C-H bond activation was also demonstrated using the trigonal
planar [CuIII(phen)(O)]+ complex 55 (phen = 1,10-phenanthroline) in the gas phase.240, 241

The group of Tolman et al. have proposed the involvement of a CuII(O•) in aryl
hydroxylation reactions in the condensed phase.103 [CuII(LH)(OBz)(O•)]– (56, LH = (E)-N(2,6-diisopropylphenyl)-1-(6-phenylpyridin-2-yl)ethan-1-imine)

forms

following

O2

exposure of the CuI precursor complex. Theoretical calculations predict a pathway
involving [CuII(O•) ↔ CuIII(O)] cores in the oxidation of the aromatic ring. 56 presents a
rare example of a mononuclear late transition metal oxo system capable of aromatic
oxidation. The same group have later isolated a stable CuIII(OH) complex assigned as
[CuIII(pyAriPr2)(OH)] (57, Figure 1.7), using one electron oxidations of the square planar
CuII precursor at -80 °C.242 This demonstrates a strategy to ‘tame’ a highly reactive Cu(O)
core using Lewis acids or H+. Despite the stabilization effect, 57 remains one of the most
active metal oxidant in C-H bond activation reactions.

The lack of well characterized Ni(O) and Cu(O) systems, have encourage groups to
endeavour in the synthesis of high valent M-OX adducts instead (M = NiIII, CuIII. X = H,
Ac, CO2H, CO2R, NO2). Some examples of M(OX) oxidants effect hydrocarbon oxidations
at similar or even higher rates than those observed for terminal M(O) complexes.226, 242
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1.4 Reactivity of Metal oxo complexes
1.4.1 General
Terminal M(O) complexes are involved in a versatile range of industrially relevant catalytic
oxidative transformations.63,

194, 221, 225, 243, 244

These include aliphatic hydroxylation,

alcohol/aldehyde oxidation, desaturation, olefin epoxidation, heteroatom oxidation and
aromatic oxidation (Figure 1.8). Each transformation corresponds to a different
mechanism, however most of the one electron oxidation reaction proceed through an initial
C-H bond activation step that will be discussed in more detail below. Due to the vast scope
of oxidative transformations, we have focused our attention on reactions most relevant to
the work discussed in this thesis, namely HAT, OAT and aromatic oxidation.

Figure 1.8. Examples of oxidative transformation carried out by terminal M(O) complexes.
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1.4.2 Proton Coupled Electron Transfer

The majority of reactive M(O) systems undergo a rate determining hydrogen atom transfer
step (also called hydrogen atom abstraction, HAA), where the oxidizing metal centre
typically accepts the electron (e–) and a basic ligand accepts the proton (H+). As the
hydrogen atom (H•) consists of H+ + e–, the overall class of reaction involving the
movement of a H+ and e– from a donor to an acceptor molecule is referred to as proton
coupled electron transfer (PCET) due to the possible separation of both H+ and e–.17 Both
particles may move in a synchronous fashion during C-H bond activation, where both H+
+ e– are transferred to the same atom in the acceptor molecule, or it can be asynchronous,
where both particles are transferred to different atoms in the same acceptor molecule.

Mayer et al. defined three different mechanisms that depend on which of these particles
travels to the acceptor molecule first. 1) Proton transfer – electron transfer (PT-ET); the
proton is transferred first, 2) electron transfer – proton transfer (ET-PT); the electron is
transferred first and 3) concerted proton-electron transfer (CPET) in which the H+ /e–
couple from the same donor are transferred synchronously to the same acceptor molecule
in a single kinetic step.217, 245 HAT reactions are formally considered a subclass of CPET,
where the distinction between the two definitions are subtle.246 The relationship between
HAT, ET and PT are summarised in Scheme 1.7 below. HAT reactions have been
exhaustively studied in different fields of chemistry. Unfortunately, there is a lack of a
universally accepted definition due to extensive studies implying HAT reactions in
different fields of chemistry. The description and nomenclature proposed by Mayer (vide
infra) is what will be referred to in this work.217, 247

Regarding HAT in M(O) complexes, the proton is transferred to the oxo moiety, while the
electron is transferred to the metal. The thermodynamic driving force for this reaction is
the affinity of the metal oxo species for an electron (Mn/n-1(O) redox couple), as well as the
affinity of the reduced metal oxo (Mn-1(O)) for a proton (pKa of the Mn-1-OH conjugate
base). This relationship is neatly demonstrated in the Bordwell equation (equation 1.1)
below, where BDEO-H is the bond dissociation energy (BDE) of the resultant O-H bond
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strength of the metal hydroxide, the pKa of the resultant metal O-H bond, E½ describes the
half-cell potential in V of the oxidant and C is a constant intrinsic to the solvent.248

Scheme 1.7. Thermodynamic square scheme for HAT, ET and PT reactions involving
terminal M(O) complexes.

equation 1.1)

BDEO-H = 23.06E½ + 1.37pKa + C

equation 1.2)

Ea = E½ + α∆H°

However, as seen from equation 1.1, a contradiction arises; The higher the electron density
on the metal centre, the higher the reduction potential (high E½), that results in a more acidic
O-H bond (low pKa) and vice versa. Therefore a limit is imposed on the BDE of the
resultant O-H bond and the propensity of M(O) complexes to perform HAT reactions. One
strategy employed by synthetic chemists is to increase E½, without affecting the acidity of
the resultant O-H bond. This has been achieved by adding redox-innocent Lewis-acid metal
ions such as Y = ScIII, CeIV, CaII or H+, resulting in a positive shift of E½ and a direct
enhancement in reaction rates of M(O)-Y adducts in both HAT and OAT reactions.249-253
This method has also shown to initiate O-O bond formation by attracting •OH radicals to
activated FeIV(O) cores, thereby functioning as structural mimics to the MnV-O-CaII core in
PSII.254
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A linear relationship exists, where the activation energy of the reaction is dependent on the
reaction enthalpy in what is known as the Bell-Evans-Polanyi principle (equation 1.2,
where α is a value between 0 and 1).255, 256 In HAT reaction involving M(O) complexes and
hydrocarbons, ΔH° is equal to the difference in the BDE of the C-H bond that is broken in
the substrate and the O-H bond that is formed in the oxidant (M-OH in the case of metal
oxo complexes). The higher the difference in enthalpies of the BDEs, the larger the
activation energy (Ea, higher energy intermediate) and consequently a higher reaction rate.
This highlights the importance of the ΔBDE value between M-OH and C-H bonds as an
integral parameter for a direct measure of the oxidizing power of M(O) complexes. In strict
terms, the relationship is only valid for free energies (ΔG°), hence, the term ‘bond
dissociation free energy’ (BDFE) should be used. However, BDEs (an enthalpic term) are
more commonplace in the literature due to a lower availability on reported BDFE data in
different solvents. The small differences between the two terms makes a plausible
approximation that is widely accepted.

As shown schematically above, a HAT reaction will result in a protonation of the M(O)
moiety and the introduction of a single electron into the acceptor d-orbital of the metal oxo.
The dxz / dyz (π*) and dz2 (σ*) are the frontier molecular orbitals (FMOs) likely involved in
the HAT and OAT reactions. In the HAT scenario, the transfer of a single electron from
the σ(C-H) orbital of the substrate to the either the σ* orbital of the M(O) (σ-approach) or
the π* orbital (π-approach) is effected by an overlap of the acceptor and donor orbitals
(Figure 1.9). The type of approach is dependent on various factors such as spin state of the
metal centre, steric demand of the substrate / metal complex and the strength of the resultant
MO-H bond. In order to maximize overlap in the case of a σ-attack, a vertical approach by
the substrate is taken, thereby forming a linear M(O)—H interaction in the transition state,
whereas in the π-approach, a bent M(O)—H is typically observed. Therefore when
controlling the type of reactivity by the metal oxo, the interaction of the chelating ligands
influencing the FMOs needs to be taken into consideration.

The spin state of the metal centre also plays an important role in the type of approach that
is undertaken by the substrate. The S = 2 spin state in FeIV(O) complexes has been shown
to possess a higher HAT reactivity due to a lower lying dz2 (σ*) orbital, resulting in a σ________________________________________________________________________
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attack that forms a linear (M(O)—H-C) transition state, where the substrate experiences
minimal steric repulsion and therefore reacts more rapidly. In contrast, for S = 1 complexes,
the σ* is too high in energy, therefore a π-approach of the substrate is required with the
energetically accessible π* (dxz / dyz) orbitals, however these are often blocked by the
equatorial ligands, leading to the lower observed reactivity of S = 1 FeIV(O) complexes
(Figure 1.9).

It has been observed that some S = 1 complexes possess a higher experimental reactivity
then that predicted by theoretical calculations of the energy barrier. To rationalize this high
reactivity, Sheik has proposed a ‘two state reactivity’ (TSR) model that states that C-H
bond activation may occur for ground state S = 1 complexes that have an energetically low
lying S = 2 excited state, therefore abstracting C-H bonds through the high spin path.257, 258
Ligand field effects can reduce the energy gap between the ground and excited state. It has
therefore been observed that in the case of 19, the reaction proceeds through a more reactive
high spin path, despite possessing an S = 1 ground state. This was attributed to an opening
of the Neq-Fe-Neq (Neq = equatorial nitrogen from the NTB ligand), that allowed for
coordination of a solvent molecule that stabilizes the S = 1 ground state.

1.4.3 Two electron oxidation
1.4.3.1 Oxygen Atom Transfer
Two electrons are transferred simultaneously in OAT reactions such as heteroatom
oxidations performed by M(O) complexes, where each electron needs to be transferred into
a σ* and π* orbital of the metal oxo (Figure 1.9). Therefore the same steric considerations
discussed above in the HAT case does not apply in OAT reaction. The M n(O) / Mn-1(O)
reduction potentials, are the only factors that influence OAT reactivity of metal oxos.259

The different factors influencing HAT and OAT reactivities was well exemplified by the
FeIV(O) complexes supported by the bispidine (BP1 and BP2) ligands, where BP2 forms a
more sterically encumbered FeIV(O) core than BP1.139 Despite this, [FeIV(BP2)(O)]2+ (18,
Figure 1.5) displayed higher HAT and OAT reactivity than [Fe IV(BP1)(O)]2+ (17) due to
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the higher FeIV/III reduction potential of the former. In contrast, the MnIV(O) congener
supported by the more sterically demanding BP2, is less reactive than [MnIV(BP1)(O)]2+
due the disposition of MnIV(O) complexes to undergo a π* approach, as a result of an
inaccessible σ* orbital (Section 1.3.3). As a result, [MnIV(BP2)(O)]2+ reacted at slower
rates, due to the necessity of a π-approach by the substrate that was blocked by the bulky
BP2 ligand.

Figure 1.9. FMOs of S = 1 and S =2 FeIV(O) complexes involved in HAT and OAT
reactions, with depictions of π and σ-approach of a substrate with a C-H bond.

1.4.3.2 Aryl Hydroxylation
The oxidation of aromatic rings is a two electron process resulting in the insertion of an
oxygen atom into the aryl ring, generating a phenol. The strong C-H bond in aromatic rings
(BDEC-H (benzene) = 112.9 kcal mol-1)13 makes a HAT reaction thermodynamically
unfavourable. Instead, natural systems containing oxidatively active sites such as pterin
dependant hydroxylases and tyrosinase (Section 1.2) adopt an EAS mechanism, thereby
avoiding the cleavage of the strong C-H bond. In fact, an electrophilic aromatic substitution
has been proposed in the majority of synthetic MIV(O) and MIII(µ-O) systems where
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aromatic oxidation was observed,60, 101-106 however these are oftentimes lacking a definitive
mechanism.

The π-system of the aromatic ring undergoes attack on the electrophilic MIV(O) core in the
formation of a C-O bond, breaking the aromaticity and forming a radical (intermediate R,
Scheme 1.8). The transfer of an electron from the resulting MIII centre, generates a cation
known as a Whealand intermediate (W) that is now bound to MII. Intermediate W was
shown to be more thermodynamically stable than intermediate R through computational
studies.197 A 1,2-hydride shift (NIH shift) from the ipso-C results in a ketone intermediate
that undergoes further tautomerization to re-aromatize the ring, generating the nascent
phenol product and a MII complex .
While in theory, the formation of a MII and a phenol product should result from the
reaction, a significant number of experimental observations showed an intramolecular
EAS, where a phenolate adduct MIII(OAr) is stabilized instead. Alternative mechanisms to
the one shown in Scheme 1.8 have thereof been defined.61 60, 102

Scheme 1.8. Proposed EAS reaction involving a MIV(O) complex.
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1.5 Aims and Methods

The aim of this project is to synthesize and characterize high valent metal-oxo complexes
of Iron and Nickel and probe their apparent potency in the oxidation of hydrocarbons
bearing strong C-H bonds. The role of metal complexes in enzymatic active sites is well
studied due to their quintessential functions as biological oxidants of endogenous
substrates. However, the active site in these enzymes are mostly based on an Fe(O) core,
resulting in far fewer synthetic mimics of M(O) based on late transition metals (i.e. Co, Ni,
Cu). Therefore, there is an overall lack of understanding on the potentially powerful
oxidizing properties of these high valent intermediates that are postulated to display higher
rates of C-H bond activations than Fe(O) congeners. We hope to shed light on structure,
metal-oxygen bonding interaction, electronic and reactivity properties of late transition
M(O) entities that can ultimately guide the development of more efficient oxidative
catalysts. We hope to address shortcomings in our understanding of structure and reactivity
of late transition metal oxos by utilizing tripodal amidate ligands to trap and characterize
these nascent intermediates.

To achieve the goal of stabilizing a high valent metal centre that can support a terminal oxo
unit requires modulation of the ligand field. A trigonal bipyramidal coordination
environment was chosen as the appropriate electronic considerations are met using a C3v
symmetry enforcing ligand system (Section 1.3.1). Our first target was to synthesize a
series of tripodal ligands derived from the carboxamidate(3-) series explored in earlier
works by Borovik and Smith.260-262 This ligand system has previously been shown to
stabilize terminal metal oxidants of the mid transition metal series (i.e. Mn and Fe).135, 170
Strong σ-donating deprotonated amidate groups provide sufficient electron density to
support high oxidation states in the chelated metal centre. Three N-donors coordinate
around the equatorial plane and a fourth N-donor binds at the apex yielding of the trigonal
mono- or bipyramidal metal coordination sphere (depending on the coordination of an
ancillary 5th ligand). Such coordination geometries provide access to S = 2 FeIV(O)
complexes,160,

263

and could potentially accommodate up to six d-electrons in M(O)

complexes (Section 1.3.1, M = Co, Ni).210, 264 This could allow for the preparation of late
transition M(O) species, such as NiIV(O).265
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We target the synthesis and isolation of a library of MII (M = Fe, Co, Ni) complexes
bearing derivatives of the tripodal amidate ligands. The synthesis of low valent precursor
complexes will be achieved using inert atmosphere and Schlenk line techniques.
Specifically focusing on 2,2',2''-nitrilotris(N-phenylacetamide) (H3LPh). This will be
accomplished readily using a one-pot synthesis that will achieve deprotonation of H3LPh,
complexation to the metal salt and counter-ion exchange as previously outlined by Lacy et
al.266 All isolated complexes will be characterized using a full spectroscopic suit including
electronic absorption, NMR, vibrational, mass spectrometric and single crystal X-ray
diffraction.

We intend to determine the viability of the synthesized metal complexes to support higher
oxidation states and aim to investigate the formation of terminal metal-oxo species at low
temperature (< 0 °C). We will exploit the cryogenic electronic absorption setup available
to us for initial attempts at trapping higher valent intermediates. The use of organic
peroxides and hypochlorite salts on a small scale (< 20 mg) should effect the conversion of
our MII precursors to the corresponding MIII(O) / MIV(O) species. Any changes in UV-Vis
absorbance will be interpreted as a potential formation of a high valent intermediate. We
will attempt to optimize reaction conditions that prolong the lifetime of M(O) complexes
to allow for further electronic / structural analysis (e.g. mass spectrometry, EPR, XRD and
XAS studies). With our ultimate goal of investigating the oxidative capabilities of the
nascent intermediates in mind, we plan on adding suitable substrates to M(O) oxidants in
order to gain important mechanistic aspects of the reaction using kinetic measurements. We
anticipate the generation of highly reactive intermediates that can undergo a mechanism of
HAA with C-H bonds and OAT reactivity with sulphide and phosphine substrates.

In this project, we hope to address some fundamental questions regarding terminal metaloxygen species with an elevated d-count (d > 4) in C3v symmetry. Can a stable metaloxygen bonding interaction take place in a trigonal bipyramdial symmetry? What are the
implications on reactivity properties of such an entity? And how do these compare to the
reactivity of terminal late transition M(O) complexes supported by different symmetries?
A critical point in our study will be the investigation whether a stable M-O interaction is
formed. We will probe this using XAS / single crystal XRD (depending on the stability of
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the intermediate) as a structural characterization tool. Reactivity properties (ability to
activate O/C-H bonds) will be probed using suitable hydrocarbon / phenol substrates.
Comparisons to oxidation reaction performed by well-studied high valent early – mid first
row transition metals will allow us to gain insight into the reactivity and allow us to obtain
a clear picture on the role of the ancillary ligand (oxo / oxy or hydroxo) in these trapped
species. Results that are yielding of this project will have an impact on the understanding
of mid to late transition M(O) systems and ultimately contribute to the development of
more efficient oxidation catalysts.
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Chapter 2
Unexpected intramolecular phosphitemediated amide coupling to yield 3,5dioxo-1-piperazines
The work described in this Chapter has been published in ChemistrySelect.1
1

H NMR were performed by Dr. John O´Brien and XRD analysis was carried out by Dr.

Brendan Twamley. Reproduced in part with permission from: Heim, P.; Twamley, B.;
O'Brien, J.; McDonald, A. R., Unexpected Intramolecular Phosphite‐Mediated Amide
Coupling To Yield 3, 5‐Dioxo‐1‐Piperazines. ChemistrySelect 2021, 6 (36), 9663-9668. ©
2021 John Wiley & Sons.
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2.1 Introduction
C3v symmetric tetradentate ligands (examples in Figure 2.1) provide access to trigonal
symmetry in coordination complexes.2-10 These ligands bind a metal forming C3v symmetric
complexes, which are of current great interest because they provide access to both
unprecedented high-spin metal-oxo’s [M(O)],11-19 and M(O)`s beyond the oxo-wall.20-22 In
such ligands three N-donors coordinate around the equatorial plane and the fourth N-donor
binds at the apex yielding of the trigonal mono- or bipyramidal metal coordination sphere
(depending on the coordination of an ancillary 5th ligand). Such coordination geometries
provide access to S = 2 FeIV(O) complexes,12-19 and could potentially accommodate up to
six d-electrons in M(O) complexes.23,

24

This could allow for the preparation of late

transition M(O) species, such as NiIV(O).25 Herein we report on studies towards tripodal
tris-anionic carboxamidate ligands for late transition M(O) species.

Figure 2.1. Selected examples of tripodal ligands.

Our targeted tripodal carboxamide ligands 2,2',2''-nitrilotris(N-(R)acetamide (Figure 2.1,
Scheme 2.1, H3LR) have been shown to be a promising platform.26 Deprotonation of the
N-H results in carboxamidate [LR]3– ligands that can coordinate as strong σ-donors, which
are required to stabilise metals in high oxidation states, as required for M(O) species. [LR]3–
can form rare trigonal monopyramidal coordinatively unsaturated complexes, attributed to
the steric enforcement of appended R groups. These bulky substituents play a role shielding
the complex and maintaining an unsaturated coordination sphere.27
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Triphenylphosphite [P(OPh)3] is a common coupling reagent used in the reaction
between nitrilotriacetic acid (NTA) and an amine for the synthesis of H3LR.28,

29

The

synthesis of H3LR using para-substituted anilines is readily achieved using this method,
generating the desired C3v symmetric tripodal amide in a good yield and high purity
(Scheme 2.1).30 However, these ligand derivatives do not offer the steric bulk nor oxidative
protection at the 2,6-positions of the aromatic ring. We set out to explore a synthetic
procedure for the synthesis of 2,6-di-substituted aniline derivatives of the tripodal
carboxamide ligands that show a steric protection at the ortho-position in order to have
enhanced steric bulk and hinder the potential for intramolecular oxidation by high valent
metal oxidants. Herein, we describe those efforts that led to an alternative product.

Scheme 2.1. (a) Synthesis of tripodal carboxamides from 4-substituted anilines as reported
previously,30 and as described herein synthesis of 3,5-dioxo-1-piperazine products (L1-3)
from 2,6-di-substituted anilines.

2.2 Synthesis and characterization of 3,5-dioxo-1-piperazines
We attempted to prepare ortho-di-functionalised nitrilotris(phenyl)acetamide (H3LR)
ligands via triphenylphosphite (P(OPh)3) mediated coupling of ortho- 2,6-disubstituted
aniline derivatives with nitrilotriacetic acid (NTA, Scheme 2.1)). We reacted 2,6difluoroaniline with NTA in the presence of P(OPh)3 (3.1 equiv.) at 100 °C in pyridine for
12 hours. The resulting product (L1) obtained after workup was analysed by 1H, 13C, and
19

F nuclear magnetic resonance (NMR), C-H bond correlation spectroscopy and

electrospray ionisation mass spectrometry (ESI-MS).

________________________________________________________________________
69

Chapter 2 – Unexpected intramolecular phosphite-mediated amide coupling to yield 3,5-dioxo-1piperazines

2.2.1 NMR
The 1H and 19F NMR spectra of L1 suggested an (unexpected) asymmetric structure for L1,
as indicated by two pairs of distinct sets of resonances in the aromatic region of the 1H
spectrum and two distinct 19F signals (Figures 2.2, A.1, A.3). In the 1H NMR spectrum, the
two multiplets at  = 7.58 and 7.36 ppm and two triplets at  = 7.29 and 7.16 ppm,
integrating with a ratio of 1:2, respectively, were tentatively assigned to two para CH and
two meta CH resonances, respectively, of aromatic groups in two electronically distinct
environments. The most downfield shifted resonance at  = 9.83 ppm was assigned to an
NH resonance. The integration of all signals was done relative to the integration of the NH
resonance. The expected number of protons for the desired product was 18, however the
total integration values in L1 only summed to 13, assuming the NH resonance is assigned
to a single proton. This observation suggested the absence of one aromatic ring from the
desired product, and the presence of only one amide group. Similarly, the two distinct 19F
signals at  = -117.96 and -118.06 ppm integrated with a 1:1 ratio. This suggested that there
were two unique F-atom environments in the obtained compound. A DEPT-135 experiment
(Figure A.4) indicated the signals at  = 3.93 and 3.58 ppm that integrated in a 2:1 ratio in
the 1H NMR were CH2 resonances. A selective 1H rotating-frame Overhauser effect
(ROESY) spectrum, irradiated at  = 3.58 ppm (Figure 2.2), showed a through-space
coupling interaction to the other methylene resonance at  = 3.93 ppm, and to the NH
resonance. More importantly, no interaction was observed with the aromatic signals,
suggesting a structure with limited flexibility. In summary, initial analysis showed 1H
aromatic signals and 19F typical of two unique difluoroarenes present in a 1:1 ratio, while
two sets of methylene signals were observed in a 2:1 ratio.

To gain a deeper understanding of the structure of L1, a series of 2-dimensional bond
correlation spectroscopic experiments were conducted. The

13

C NMR was assigned with

the aid of a heteronuclear single quantum coherence (HSQC) spectrum (Figures A.2, A.5),
identifying 6 quaternary carbon (Cq) signals and six resonances corresponding to CH/CH2
positions. Assessment of the heteronuclear multiple bond correlation (HMBC) spectrum
(Figure A.6) showed that the amide NH resonance was coupling to only one ipso Cq signal
at  = 114.5 ppm and the proximal Cq signal of the carbonyl moiety of the amide at  =
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Figure 2.2. Top: 1HNMR spectrum of L1, inset:19F-NMR of 1 (400 MHz, D6-DMSO) *D6DMSO residual solvent peak. **H2O. Bottom: 1D-ROESY spectrum of L1, irradiated at
3.58 ppm.

168.1 ppm. No coupling to the other ipso Cq at  = 110.8 ppm could be detected, suggesting
one aromatic ring was far separated from the NH resonance. Furthermore, the CH2 signals
appeared to be in close proximity, as both their respective signals ( = 57.4 and 55.5 ppm)
show through bond coupling interaction, as well as through space interaction (as observed
by the 1D-NOESY spectrum above). Interestingly Cq at  = 169.2 ppm did not show an
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interaction with the amide Cq at  = 168.1 ppm. However, the  = 168.1 ppm signal couples
to the  = 57.4 ppm signal assigned to one of the methylene positions. The other methylene
position at  = 55.5 ppm only showed interaction with the quaternary carbon at  = 169.2
ppm, that we have assigned as two identical carbonyl Cq positions. As this resonance
appeared to show no through bond interaction with the Cq amide resonance, it suggested
that it was located in a separate spin system.

Based on the compiled NMR data obtained we propose a N-(2,6-difluorophenyl)-3,5dioxo-1-piperazine-N-(2,6-difluorophenyl)acetamide structure in which just two 2,6difluoroaniline moieties have coupled to NTA. The formation of a ring closed
dioxopiperazine structure apparently preceded the third amide coupling event, preventing
the formation of the desired tris amide structure (Scheme 2.1).

Analysis of the ESI-MS of L1 showed a major peak at m/Z = 394.0790 that matched well
with the expected mass for the 3,5-dioxo-1-piperazine product (m/Z = 394.0815,
C18H13F4N3O3, [L1-H+]–, Figure A.18). This supported our NMR assignments of L1 as N(2,6-difluorophenyl)-3,5-dioxo-1-piperazine-N-(2,6-difluorophenyl)acetamide. To probe
the intramolecular ring closing mechanism further, we extended the scope of P(OPh)3mediated coupling reactions with two more 2,6-disubstituted aniline derivatives. 2,6dialkylanilines (alkyl = CH3, CH(CH3)2) were refluxed with NTA in the presence of
P(OPh)3 (3.1 equiv.) in pyridine at 120 °C for 2 days. The corresponding coupling products
N-(2,6-dimethyphenyl)-3,5-dioxo-1-piperazine-N-(2,6-dimethylphenyl)acetamide
and

(L2)

N-(2,6-diisopropylphenyl)-3,5-dioxo-1-piperazine-N-(2,6-

diisopropylphenyl)acetamide (L3) were isolated in 47 % and 25 % yields respectively.

Compounds L2 and L3 demonstrated similar NMR data to L1, adding evidence to an
internal ring closing mechanism for coupling of NTA to 2,6-dialkyl anilines. Analysis of
the 1H NMR spectrum of L2 revealed two singlets at  = 3.82 ppm and  = 3.45 ppm
integrating with a relative ratio of 2:1 (Figure A.7) and were identified as two CH2 signals
as previously observed for L1. Furthermore, the arene para-CH signals were identified as
two triplets at  = 7.24, 7.14 ppm and two meta-CH resonances as doublets at  = 7.18,
7.12 ppm, again suggesting two non-equivalent aromatic moieties. The CH3 signals were
also found as two distinct singlets at  = 2.25 ppm and 2.11 ppm, in line with the proposed
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structure for L2. Addition of the integrals of all peaks observed in the 1H NMR spectrum
that were integrated with respect to the amide NH resonance at  = 8.14 ppm resulted in 25
proton signals, matching with the expected number of signals for an internal ring closed
structure. Knowing the identity of the 1H signals, the 13C-NMR spectrum was solved with
the aid of HSQC experiment (Figures A.8, A.9). Analysis of the HH-COSY spectrum
(Figure A.10) reveals coupling of one of the CH3 resonances at  = 2.11 ppm to the aromatic
meta CH resonances at  = 7.18 ppm, while the second CH3 resonance at  = 2.25 ppm was
coupling to the other meta CH resonances at  = 7.12 ppm, confirming that two distinct
spin systems are in place for the aromatic resonances, as observed previously for the
intramolecular coupled product L1.
In the 1H NMR spectrum of L3, we observed two CH2 signals at  = 3.89 ppm and  = 3.54
ppm that integrated with a 2:1 ratio as observed with L1 and L2 (Figure A.11). Two triplets
at  = 7.43 ppm and  = 7.34 ppm and two doublets found at  = 7.28 ppm and  = 7.23
ppm were assigned to the para-CH and meta-CH signals respectively. The iPr signals at the
2,6-position displayed four resonances at  = 3.00 ppm and  = 2.62 ppm, assigned to the
CH moieties and  = 1.24 ppm and  = 1.16 ppm for the CH3 positions. Similarly to the
two distinct

19

F resonances observed for L1 and the two CH3 signals observed for L2,

product L3 also displayed two signals for its alkyl substituents on the 2,6- position. This
result confirmed a ring closed product similar to the one observed for L1 and L2. A total
number of 41 protons was expected for the structure and integrating all signals with respect
to a single NH amide resonance at δ = 8.05 ppm confirmed the correct number of protons,
suggesting internal ring closing has also taken place for product L3. Analysis of the HHCOSY (Figure A.14), revealed that the aromatic resonances are found in distinct spin
systems, as observed for L1 and L2.

The ESI-MS spectrum of L2 (Figure A.19) showed a major ion at m/Z = 402.1790
(C22H25N3O3, [L2+Na+]+, expected m/Z = 402.1794), and was in line with our NMR
assignments. ESI-MS of L3 showed a major ion at m/Z = 490.3105 (C30H41N3O3, [L3-H+]–
, expected m/Z = 490.3070, Figure A.20), consistent with our NMR observations,
confirming that both L2 and L3 are proposed ring closed structures.
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2.2.2 FT-IR and XRD analysis
Analysis of the FTIR spectra for products L1-3 revealed an (assumed) νN–H stretching
frequency with sharp signals in the regions of 3245 – 3360 cm-1 typical of νN–H stretching
modes (Figures A.15 – A.17).31 Carbonyl νC=O modes were identified in the narrow range
of 1688-1696 cm-1. Corresponding carbonyl stretches were also found in a similar range
for C3v symmetric amide ligands containing aromatic groups,30 32 therefore the ring-closed
products cannot be discerned from tripodal symmetric amides by analysis of their FT-IR
spectra alone. Tripodal amides bearing aliphatic groups display C=O stretching frequencies
at lower energies (1658 – 1681 cm-1).27, 28, 33, 34

Single crystals suitable for X-ray diffraction (XRD) were obtained for L2 and L3 by
recrystallizing powdered samples in ethanol (Figure 2.3). The structures confirm
unambiguously that an intramolecular coupling reaction has occurred, whereby a sixmembered 3,5-dioxo-1-piperazine ring was generated, consolidating our structural

Figure 2.3. ORTEP plots of single crystal ray structures of L2 and L3 drawn at 50%
probability level. Hydrogen atoms are omitted for clarity. No solvating molecules could be
identified.

assignments for L1-3 by NMR and ESI-MS. The ring was found in an envelope
confirmation in both L2 and L3, where N1 was pointing out of plane (oop) of the five-atom
planar portion of the 3,5-dioxo-1-piperazine ring (Figures 2.3 and 2.4). A search in the
Cambridge structural database (CCDC)35 for compounds containing a 3,5-dioxo-1piperazine moiety resulted in four hits.36-39 All reported compounds were found to be in an
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Table 2.1. Selected bond lengths and bond angles of literature reported structures bearing
a 3,5-dioxo-1-piperazine moiety (see Figure 2.4).
N1cpd

∠oop (°)

X

Y

C2
(Å)

123.7(2
L2

)
122.9(0

L3

)

C2-C3

N2-C3

(Å)

(Å)

ref.

CH2CONH2,6Me2

Ph

2,6-Me2

Ph

1.452

1.508

1.398

N/A

Ph

1.450

1.500

1.396

N/A

1.444

1.514

1.401

38

CH2CONH2,6iPr2

Ph

2,6-iPr2

132.5(5
L4

)

CH2CONH2-ClPh

2-Cl

Ph

125.9(1
L5

)

CH2CO2H

Me

1.459

1.489

1.385

39

CH2CONHMe

Me

1.451

1.506

1.381

36

CH2CO2H

3-Py

1.446

1.504

1.406

37

127.2(8
L6

)
124.6(7

L7

)

L4 = N-2-chlorophenyl-3,5-dioxo-1-piperazine-N-(2-chlorophenyl)acetamide, L5 = 2-(4methyl-3,5-dioxopiperazin-1-yl)acetic
acid,
L6
=
N-methyl-2-(4-methyl-3,5dioxopiperazin-1-yl)acetamide, L7 = 2(3,5-dioxo-4-(pyridin-3-yl)piperazin-1-yl)acetic
acid.

Figure 2.4. Schematic showing labels and parameters of the 3,5-dioxo-1-piperazine
moiety. (see Table 2.1, ∠ oop = out of plane angle).
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envelope confirmation where the angle between the ring plane and N1 was in the range of
125°-134° (Figure 2.4, Table 2.1). Compounds L2 and L3 adopt a slightly smaller angle of
123.7(2)° and 122.9(0)° respectively. N1-C2, C2-C3 and N2-C3 bond distances of L2 and
L3, are all in agreement to within 0.03 Å of the reported structures.36-39
Based on our results and previous observations made by Manke et al.,38 we propose that
the presence of functional groups/large atoms at the 2,6-positions favours an internal ring
closing over the substitution of the third arm in NTA amide coupling reactions.
Furthermore, it is known from previous synthetic efforts that 4-substituted and 3,5-disubstituted aniline derivatives are tolerated for the coupling reactions, yielding the desired
tripodal carboxamide ligands in high yields and purity.30 32 These observations suggest that
the reaction outcome appears to be dictated by the presence of groups at the ortho-position
of the aniline moiety, resulting in an intramolecular coupling reaction, generating a sixmembered 3,5-dioxo-1-piperazine unit.

A review of the literature reveals ample synthetic strategies for forming 3,5-dioxo-1piperazine rings. These include: intramolecular cyclization of an amide onto an ester or
activated carboxylic acid group;40-42 nucleophilic attack of primary amines onto substituted
diacetic acids;43, 44 tandem C-N bond formation;45, 46 and bis-amide thermolysis.47 3,5dioxo-1-piperazine ring synthesis using a phosphite coupling reagent is an unprecedented
reaction outcome (to the best of our knowledge). We have not identified a report that
describes the synthesis of 2,6-disubstituted tripodal carboxamides using phosphite coupling
reagents. One report described the synthesis of the C3v symmetric ligand 2,2',2''nitrilotris(N-(2,6-dimethylphenyl)acetamide) via initial preparation of the acid chloride of
NTA and subsequent reaction with 2,6-disubstituted aniline obtaining the final product in
23% yield.48 We have attempted a similar strategy using 2,6-difluoroanimile and 2,6diisopropylaniline, however did not obtain to the desired products.

________________________________________________________________________
76

Chapter 2 – Unexpected intramolecular phosphite-mediated amide coupling to yield 3,5-dioxo-1piperazines

2.3 Conclusions

In an attempt to synthesize tripodal C3v symmetric carboxamidate ligands bearing aryl 2,6difluoro substituents, we observed the formation of asymmetric products upon phosphite
coupling of NTA with 2,6-difluoroaniline as exhaustive 1D and 2D-NMR analysis
revealed. We extended coupling reaction studies to 2,6-dialkylkated anilines and have
observed similar structural data that were diagnostic of an internally ring closed structure.
Based on the characterization of compounds L1-3, we postulate an intramolecular reaction
has been favoured forming ring-closed products containing a 3,5-dioxo-1-piperazine ring.
We suspect that substituents at the ortho position of the aniline favours intramolecular
cyclization over the formation of tripodal carboxamides. Alternative synthetic efforts are
required to obtain ortho-substituted derivatives of tris-carboxamidate ligands.
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2.4 Experimental

2.4.1 General
Unless stated otherwise, all solvents and reagents used were purchased from commercial
sources and used without further purification. 1H, 13C, HSQC, and COSY nuclear magnetic
resonance (NMR) measurements were carried out using an Agilent MR400 (400.13 MHz
for 1H, 376 MHz for 19F, and 100.61 MHz for 13C), with all chemical shifts recorded relative
to tetramethylsilane (TMS). High resolution electron spray ionization mass spectra (ESIMS) were obtained using a Micromass time of flight spectrometer (ToF), interfaced to a
Waters 2690 HPLC. Attenuated total reflectance Fourier-transform infra-red (ATR-FTIR)
spectra were acquired on a Perkin-Elmer Spectrum 100 Fourier transform infra-red
spectrometer. Melting points were measured on a Stuart® SMP melting point apparatus.
Single crystal X-ray diffraction data was obtained using a crystal mounted in high density
oil on a MiTeGen micromount, collected at 100(2) K using graphite-monochromated MoKα radiation (λ = 0.71073 Å) on a Bruker D8 Quest ECO diffractometer equipped with an
Oxford Instrument Cryostream low temperature unit. Data was corrected for absorption
effects using the multi-scan method (SADABS). Bruker APEX software was used to
correct for Lorentz and polarization effects. Structures were solved using ShelXT49 and
refinements were made using ShelXL50 in the Olex2 software package.50,

51

All non-

hydrogen atoms were placed in idealized positions and refined using the anisotropic riding
model. Hydrogen atoms were calculated using the rigid model.

2.4.2 Synthetic procedures
2.4.2.1 Synthesis of N-(2,6-difluorophenyl)-3,5-dioxo-1-piperazine-N-(2,6difluorophenyl)acetamide (L1).
2,6-difluoroaniline (14.3 mL, 0.133 mol) was added dropwise to a slurry of nitrilotriacetic
acid (8.31 g, 0.043 mol) in pyridine (30 mL). A bottle containing solid triphenylphosphite
(mp. = 22 - 24 °C) was gently warmed to turn it into a liquid. Under continuous stirring,
triphenylphosphite (37.2 mL, 0.133 mol) was added dropwise to the solution. The mixture
was stirred and refluxed at 100 °C for 12 hours resulting in an orange solution. Volatiles
were removed under reduced pressure, yielding a thick orange mother liquor. Diethylether
(Et2O, 100 mL) was added to the residue, resulting in the formation of the product as a
white precipitate. The suspension was stirred for a further 1 hour and then collected by
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filtration. The white powder was further purified by recrystallizing in EtOH, yielding white
needle shaped crystals, that were filtered and washed with Et2O (15 mL), then hexanes (15
mL), followed by Et2O (15 mL) again. The crystals were dried under vacuum at 90 °C for
6 hours. (Yield = 7.59 g, 44.2 %). δH (400 MHz, D6-DMSO, ppm): 9.83 (1H, s, amide),
7.58 (1H, p, J = 7.40 Hz, p-Ar), 7.36 (1H, p, J = 7.40 Hz, p-Ar), 7.29 (2H, t, J = 8.20 Hz,
m-Ar), 7,16 (2H, t, J = 8.20 Hz, m-Ar ), 3.93 (4H, s, CH2), 3.58 (2H, s, CH2), 3.35 (H2O),
2,48 (p, DMSO). δC (100 MHz, D6-DMSO, ppm): 169.2 (Cq, piperazine, NC=O), 168.1
(Cq, amide NC=O), 159.6 (Cq, Ar-F), 157.1 (Cq, Ar-F), 132.1 (CH, p-Ar), 128.8 (CH, pAr), 114.5 (Cq, i-Ar), 112.8 (CH, m-Ar), 122.4 (CH, m-Ar), 110.8 (Cq, i-Ar), 57.4 (CH2),
55.5 (CH2, piperazine), 39.9 (DMSO). δF (376 MHz, D6-DMSO, ppm): -117.96 (Ar-F), 118.06 (Ar-F). ESI-MS (m/Z): Found: 394.0790 ([M-H]–, C18H12F4N3O3 requires
394.0815). νmax (ATR-FTIR)/cm-1: 3360sh (NH), 3078 (CH), 2971 (CH), 2933 (CH), 2886
(CH), 1745, 1688sh (C=O), 1620, 1601, 1512, 1501, 1479, 1461, 1435, 1424, 1362, 1348,
1330w, 1315w, 1290, 1242s, 1191, 1162w, 1141, 1151, 1049w, 1016s, 1005, 991, 951,
796s, 790s, 772s, 714w, 633, 608, 590, 571. mp = 190 – 192 °C.

2.4.2.2 Synthesis of N-(2,6-dimethylphenyl)-3,5-dioxo-1-piperazine-N-(2,6dimethylphenyl)acetamide (L2).
2,6-dimethylaniline (2.58 mL, 0.021 mol) was added dropwise to a slurry of nitrilotriacetic
acid (1.0 g, 0.005 mol) in pyridine (10 mL). A bottle containing solid triphenylphosphite
(mp = 22 - 24 °C) was gently warmed to turn it into a liquid. Under continuous stirring,
triphenylphosphite (4.13 mL, 0.016 mol) was added dropwise to the solution. The mixture
was refluxed at 120 °C for 48 hours. Volatiles were removed under reduced pressure,
resulting in a yellow oil. An off-white precipitate was formed after stirring the resulting oil
in Et2O (70 mL) for 2 hours. The resulting precipitate was filtered and washed with cold
Et2O. The powder was further purified by recrystallizing the compound in ethanol, yielding
crystals suitable for single crystal X-ray diffraction. (Yield = 0.923 g, 46.5 %). δH (400
MHz, CDCl3, ppm): 8.14 (1H, s, amide), 7.26 (s, CHCl3), 7.24 (1H, t, J = 8.12 Hz, p-Ar),
7.18 (2H, d, J = 7.26 Hz, m-Ar), 7.14 (1H, t, J = 5.18 Hz, p-Ar), 7.12 (2H, d, J = 5.67 Hz,
p-Ar ), 3.82 (4H, s, CH2), 3.45 (2H, s, CH2), 2.25 (6H, s, CH3-Me), 2.11 (6H, s, CH3-Me),
1.70 (s, H2O). δC (100 MHz, CDCl3, ppm): 168.2 (Cq, piperazine, NC=O), 166.1 (Cq, amide
NC=O), 135.3 (Cq, Me), 134.9 (Cq, Me), 133.0 (Cq aniline), 131.6 (Cq aniline), 129.3 (CH,
p-Ar), 128.7 (CH, m-Ar), 128.5 (CH, m-Ar), 127.6 (CH, p-Ar), 77.3-76.8 (CHCl3), 18.7
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(CH3), 17.8 (CH3). ESI-MS (m/Z): Found: 402.1780 ([M+Na]+, C22H25N3O3Na+ requires
402.1794). νmax (ATR-FTIR)/cm-1: 3245 (NH), 2956 (CH), 2853 (CH), 2779 (CH), 1744m,
1693s (C=O), 1652m, 1529, 1472, 1440, 1419, 1379, 1347m, 1298, 1249s, 1172, 1145m,
1019, 918w, 965, 802w, 775sh, 733w, 706, 656, 635sh, 615m, 609sh, 584, 573w, 560. mp
= 210 – 212 °C.

2.4.2.3 Synthesis of N-(2,6-diisopropylphenyl)-3,5-dioxo-1-piperazine-N-(2,6diisopropylphenyl)acetamide (L3).
2,6-diisopropylaniline (5.92 mL, 0.031 mol) was added dropwise to a slurry of
nitrilotriacetic acid (2.0 g, 0.010 mol) in pyridine (20 mL). A bottle containing solid
triphenylphosphite (mp = 22 - 24 °C) was gently warmed to turn it into a liquid. Under
continuous stirring, triphenylphosphite (8.25 mL, 0.031 mol) was added dropwise to the
mixture. The mixture was refluxed at 120 °C for 48 h, resulting in the formation of a purple
solution. Volatiles were removed under reduced pressure, resulting in an intense purple oil.
A pink/white precipitate resulted upon the addition of Et2O (60 mL). The mixture was
stirred for a further 2 h. The off-white precipitate was filtered and washed with cold Et2O.
The powder was further purified by recrystallizing the compound in ethanol, yielding
crystals suitable for single crystal X-ray diffraction. (Yield = 1.301 g, 25.3 %). δH (400
MHz, CDCl3, ppm): 8.05 (1H, s, amide), 7.43 (1H, t, J = 7.8 Hz, p-ArH), 7.34 (1H, t, J =
7.8 p-ArH), 7.28 (2H, d, J = 7.7 Hz, m-ArH), 7.26 (s, CHCl3), 7.23 (2H, d, J = 7.7 Hz, mArH), 3.89 (4H, s, CH2), 3.54 (2H, s, CH2), 3.00 (2H, sep, J = 7.00 Hz, iPr-CH), 2.62 (2H,
sep, J = 6.80 Hz, iPr-CH), 1.56 (s, H2O), 1.24 (12H, d, J = 6.85 Hz, iPr-CH3), 1.16 (12H, d,
J = 6.88 Hz, iPr-CH3). δC (100 MHz, CDCl3, ppm): 168.8 (Cq, piperazine, NC=O), 167.1
(Cq, amide NC=O), 145.8 (Cq iPr), 145.4 (Cq iPr), 130.1 (Cq aniline), 130.0 (CH, p-Ar),
128.7 (Cq aniline), 128.3 (CH, p-Ar), 124.2 (CH, m-Ar), 123.7 (CH, m-Ar), 77.3-76.7
(CHCl3), 59.9 (CH2, piperazine), 57.5 (CH2), 29.3 (CH-iPr), 29.2 (CH-iPr), 23.9 (CH3-iPr),
23.5 (CH3-iPr). ESI-MS (m/Z): Found: 490.3074 ([M-H]–, C30H40N3O3- requires 490.3070).
νmax (ATR-FTIR)/cm-1: 3277 (NH), 2958 (CH), 2928 (CH), 2868 (CH), 1744m, 1696sh
(C=O), 1655m, 1516, 1452, 1381, 1344m, 1252s, 1173, 1149, 1056, 1018, 966, 936, 910w,
801sh, 783, 753m, 727w, 663w, 635s, 611m, 554m. mp = 217 – 219 °C.
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XAS experiments were conducted by Giuseppe Spedalotto and Erik R. Farquar at SSRL
beamline 2-2 (SLAC National Accelerator Laboratory, USA). Mössbauer measurement
were performed by Yisong Guo and Jin Xiong at Carnegie Mellon University, Pensylvania.
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3.1 Introduction
High valent non-haem Iron intermediates represent the active oxidant of many
quintessential oxidizing enzymes.1-4 Of particular interest within the class of high valent
Iron-oxygen adducts are Iron-oxo complex, as those found in the active sites of cytochrome
P450 compound I, α-ketogluterate dependant dioxygenase (TauD) and non-haem Iron
halogenase (SyrB2). Based on our limited understanding on how these intermediates work,
synthetic models of Fe(O) catalytic sites has been an active field of research over the past
three decades.5-7 While there exists a plethora of well characterized low spin (S = 1) FeIV(O)
systems,8, 9 and a growing number of high spin (HS, S = 2) FeIV(O) models,10-18 there still
remains a dearth of isolated high spin (5/2) FeIII(O) species.19, 20 This apparent shortcoming
of oxoferric systems in the literature may be explained by a lack of stabilization of the
FeIII(O) bond, due to the occupation of π* antibonding orbitals in the d5 ion. This
phenomenon has been coined the “oxo-wall” in C4v symmetry,21-23 as the progressive
occupation of antibonding orbitals as one moved to the right hand side of the transition
metals is having a destabilizing effect on the Fe–O bond, decreasing the bond order to 1.5
for a d5 ion in tetragonal symmetry (Section 1.3.1). Hence, the isolation of metal-oxo
species has only been achieved with complexes that are not found in C4v symmetry and are
more commonly formed with heavier transition metals such as Ir and Pt (Section 1.3.5).24,
25

In Biological systems, amino acid residues in the secondary coordination environment
provide the necessary hydrogen bonding network to stabilize Fe(O) intermediates. The
incorporation of a hydrogen bonding moiety in the design of ligands for trapping high
valent metal-oxo intermediates is becoming more prominent in the literature.26-29
Mononuclear FeIII(O) are rare, and have only been isolated with ligands containing
extensive H-bonding to the FeIII(O) core. The pioneering work of Borovik et al. in the use
the tripodal H3buea (tris[(N’-tertbutylureaylato)-N-ethyl)]aminato) ligand containing urea
hydrogen bonding donor sites has led to the successful stabilization and characterization of
a rare FeIII(O) complex, upon exposure of the ferrous starting complex to dioxygen, and
was characterized by X-ray diffraction analysis.19 Fout et al. have similarly used a network
of H-bonding to isolate an FeIII(O) complex with the H3[N(afaCy)3] (amino-azafulvene
tautomerized

tris(5-cycloiminopyrro-2-ylmethyl)amine)

ligand.

The

oxoferric

intermediate was crystalized following reductive nitrite N-O cleavage of a FeII(NO2)
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complex.20 Due to the stabilizing effect of hydrogen bonding in these complexes, these
species have shown little to no affinity towards the activation of C-H bonds, and therefore
little about their reactivity properties are known. Recent work by Que et al., exploring the
electronic properties of tetragonal low spin (S = 3/2) FeIII(O) complexes in the gas phase,
have shown that the trapping of such a species at the boundary of the “oxo wall” is feasible
through the one electron reduction of FeIV(O) complexes.30 However, there has been no
report so far of a FeIII(O) complex unsupported by hydrogen bonding in solution. This is
likely due to the propensity such species to dimerize to the thermodynamically favoured
Fe2(µ-O) complex in the absence sterically hindered substituents/hydrogen bonding,
rendering the isolation of a monomeric FeIII(O) species challenging.31
To reach our goal of trapping a rare example of an S = 5/2 FeIII(O) complexes, we have
exploited the tripodal H3LPh (2,2’,2’’-nitrilo-tris(N-phenyl)acetamide) ligand that enforces
a trigonal bipyramidal geometry, favouring a high spin arrangement of electrons in the C3v
symmetric ligand field, and allowing the reactions with substrates to proceed through the
reactive S = 5/2

spin state. We have synthesized the previously reported

[NMe4]2[FeII(LPh)(OAc)] complex,32 bearing an FeII centre coordinated by four anionic
nitrogen donors and a labile acetate ligand. This complex possesses a C3v symmetry about
the Fe centre and fulfils the necessary criteria to generate the desired high spin ferric
complex. We set out to conduct a series of oxidation reactions at -75°C, using different
peroxy-acids at low temperature on the [FeII(LPh)(OAc)]2– model complex in an effort to
trap and characterise a rare example of an oxoferric system. The reaction of
[FeII(LPh)(OAc)]2– with mCPBA resulted in the formation of a FeIII(O) complex as the major
species. Unsupported by a hydrogen bonding network, the trapped intermediate possesses
an increased reactivity to the reported [FeIII(H3buea)(O)]− complex, supported by Hbonding in the secondary coordination sphere. This work shows the first in depth study on
the reactivity properties on an FeIII(O) complex.
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3.2 Results and Discussion
3.2.1 Synthesis and Characterization of a terminal FeIII(O) complex (2)
[NMe4]2[FeII(LPh)(OAc)] (1, OAc = O2CCH3) was synthesized according to a previously
described method (Figure A.21).32 To a solution of 1 at -75 °C was added 3chloroperoxybenzoic acid (mCPBA, 6 equiv.), resulting in the changes in the electronic
absorption spectrum that were attributed to the formation of a new species that we
postulated was [NMe4]2[Fe(LPh)(O)] (2, Figure 3.1). The maximum yield was obtained
within 10 minutes of addition of oxidant. 2 displayed two prominent absorption features at
λ = 400 nm (ε = 5200 mol L-1 cm-1) and λ = 760 nm (ε = 920 mol L-1 cm-1). The extinction
coefficient values were calculated from the initial concentration of 1 with the assumption
that all of 1 was converted to 2 (Figure A.22). We were also able to generate 2 using 2phenylperoxyacetic acid (PPAA) (Figure A.23), under the same conditions, however with
10 equivalents of the peracid oxidant to reach the same yield by electronic absorption
spectroscopy. The observed UV-Vis features for 2 disappeared upon warming the solution
to room temperature, indicating that 2 can only be stabilized at a low temperature.

Such near-infra-red (NIR) absorption features have previously been attributed to terminal
FeIV(O) complexes. Supported by time-dependant density functional theory (TD-DFT) and
variable temperature magnetic circular dichroism (VT-MCD) measurements, this feature is
associated with d-d transitions (formally dxy  dx2-y2, dxy  dxz/dyz and dxz/dyz  dx2-y2).33,
34

These features have been predicted to gain in intensity due to orbital mixing of lower

lying LMCT (oxo (px/py)  Fe dx2-y2) transitions of the correct symmetry, resulting in an
extinction coefficient in the range of ε = 260 – 400 mol L-1 cm-1, observed for both nonhaem low spin (S = 1) and high spin (S = 2) FeIV(O) cases.8 An extinction coefficient on
the magnitude that we observed for 2 has only been measured for two other literature
examples where an FeIV(O) intermediate had been implicated. Nam et al. have reported an
S = 1 FeIV(O) upon oxygen atom transfer to the [FeII(N3S2)(ClO4)2] complex [N3S2 = 2,6bis(2-methylthiophenyliminomethyl)pyridine] using mCPBA as terminal oxidant. The
resulting putative FeIV(O) intermediate displayed ε = 1200 mol L-1 cm-1at λ = 660 nm.35
An even higher extinction coefficient of ε = 1500 mol L-1 cm-1 at λ = 690 nm was observed
by Goldberg et al.36 upon oxidation of [(iPrBIP)FeII(SPh)(Cl)] with dry O2 [iPrBIP = 2,6bis(2,6-diisopropylphenylimino-C-methyl-methyl)pyridine], attributed to the formation of
________________________________________________________________________
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a FeIV(O) complex. However, aside from the ESI-MS data that confirms their elemental
composition, these species are lacking any conclusive spectroscopic evidence for an
Iron(IV) oxo species, thus the NIR feature observed for 2 may imply the formation of an
Fe(O) that is found in a different oxidation state.

Figure 3.1. Electronic absorption spectrum of 1 (black trace, 0.5 mM) and 2 (red trace,
from the reaction of 1 with 6 equiv. of mCPBA, -75 °C, 1:9 DMF/acetone). Inset: ESI-MS
spectrum of showing the molecular ion [Fe(LPh)(16O)]– and [Fe(LPh)(18O)]– for 2.

Negative mode electrospray ionization mass spectrometry (ESI-MS) of a freshly thawed
solution of 2 showed a peak at m/Z = 485.0851. This peak can be attributed to the
[Fe(LPh)(O)]– ion (expected mass = 485.0912 for C24H21FeN4O4–, Figure 3.1 (inset), A24,
A25). The isotopic distribution pattern was also consistent with this formulation. Upon
warming of the solution containing 2 to room temperature (Figure A.26), this mass peak
disappeared, consistent with our electronic absorption spectroscopy observations that the
features attributed to 2 disappeared upon warming. This signal shifted by two atomic mass
units (a.m.u.) when using the

18

O-mCPBA isotopomer (Figure 3.1 inset). This provides

evidence that the incorporated oxygen atom stems from the oxidant and not O2.
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We were interested in the mode of oxidation 1 with mCPBA. Peroxy acetic acids such as
mCPBA is capable of acting as both a one and two electron oxidant. Analysis of the organic
decay products following the reaction of MII complexes with peroxy acetic acids is often
used as a mechanistic probe for to test for its oxidative pathway (1 e– or 2 e– oxidation).3740

mCPBA may undergo a O–O bond heterolysis, resulting in a two electron oxidized

FeIV(O) species and a corresponding carboxylic acid. Alternatively, a one electron O–O
bond homolysis would yield a FeIII(O) species and an aryloxy radical (ArCOO•). This
radical will undergo further decarboxylation (loss of CO2), ultimately leading to the
formation of chlorobenzene.

Accordingly, we investigated the organic decay products that formed following a reaction
of mCPBA with 1. Quantitative analysis of a post reaction mixture of 1 with mCPBA by
gas chromatographic flame ionization detection (GC-FID, Figure A.27) displayed a major
peak corresponding to chlorobenzene that was present in 69.4% yield with respect to the
original concentration of [Fe]. 3-chlorbenzoic acid was also detected and was present in an
overall 19.3 % yield. Based on these observations, we can conclude that the reaction of
mCPBA with 1 appeared to favour a homolytic O-O bond scission (~70 %) of the
peroxyacetic acid, with only minor heterolytic bond scission (~20 %). Therefore the
expected outcome of the oxidation reaction of 1 should be one that results in the formation
of a FeIII(O) intermediate.

Figure 3.2 shows a low temperature, low field Mössbauer spectrum of a

57

Fe enriched

sample of 2, recorded at 4.2 K with an externally applied magnetic field of 0.042 T. The
spectra were reproduced by a two-site model containing a paramagnetic FeIII site and a
diamagnetic/integer-spin FeIV site (Table 3.1 for details). The major component in the
sample (~85% Fe) is assigned to a high spin (S = 5/2) mononuclear FeIII species with a
quadrupole splitting of ΔEQ = 0.30 mm s-1 and isomer shift = -0.08 mm s-1. This species
displays a broad sextet under low temperature, low field conditions, typical of high spin
ferric species. We have assigned this species to [NMe4][FeIII(LPh)(O)]–, displaying an
identical isomer shift to the reported [FeIII(H3buea)(O)]− complex by Borovik et al.19 The
spectrum also exhibits a contribution of a high spin ferryl complex as a quadrupole doublet
(~15 % Fe) with splitting ΔEQ = +0.40 mm s-1 and isomer shift δ = 0.10 mm s-1 was
observed. This species may have formed as a result of a 2e– oxidation of 1 with mCPBA
and can be formulated as [FeIV(LPh)(O)]–. The isomer shift and quadrupole splitting are in
________________________________________________________________________
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good agreement with other well characterized high spin FeIV(O) complexes reported in the
literature (Table 3.2).11,

14, 41

The calculated yields of these intermediates are in good

agreement with the homolytic/heterolytic mCPBA bond cleavage products obtained by GCFID.

Figure 3.2.

57

Fe Mössbauer spectra collected at 4.3 K, 0.045 T (parallel mode). Black

dashed trace show experimental data, red line shows total simulations of two components.
Green line shows simulation parameters for a high spin FeIII(O) complex (site 1, 85 %).
Blue line shows simulation parameters for a high spin mononuclear FeIV(O) complex (site
2, 15 %).

Table 3.1. Mössbauer parameters used for the simulations of 57Fe enriched 2.
ΔEq
Site

(mm

δ

D

(mm s-1)

(cm-1)

s-

Area
E/D

Assignment
(%)

1)

I

0.30

-0.08

0.04

0.197

85

HS-FeIII

II

0.10

0.40

-

-

14

HS-FeIV
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Table 3.2. Spectroscopic properties of reported non-haem FeIV(O) and FeIII(O)
Complex

S

λmax (nm), ε
(mol L-1 s-1)

ΔEQ
(mm s-1)

δ
(mm s-1)

Ref.

2 site I

5/2

760 (920)

-0.08

0.30

N/A

2 site II

2

ʺ

0.40

0.10

N/A

2-

5/2

--

-1.54

0.30

19

[FeIIIN(afaCy)3(O)]+

5/2

--

-1.10

0.31

42

[FeIV(H3buea)(O)]−

2

808 (280)

0.43

0.02

15, 41

[FeIV(TMG3tren)(O)]2+

2

825 (260)

-0.29

0.09

11

[FeIV(H2O)5(O)]2+

2

~320 (~500)

0.32

0.38

10

[FeIV(tpaPh)(O)]−

2

~900 (−)

0.51

0.09

14

[FeIV(TQA)(O)]2+

2

650 (200)

-1.05

0.24

43

III

[Fe (H3buea)(O)]

complexes.
H3buea = tris[(N’-tertbutylureaylato)-N-ethyl)]aminato, H3[N(afaCy)3] (amino-azafulvene
tautomerized tris(5-cycloiminopyrro-2-ylmethyl)amine) TMGtren = tris[(N,N,N’,N’tetramethylguanidyl)-N-ethyl)]aminato, tpaPh = tris(5-phenylpyrrol-2-ylmethyl)amine),
TQA = tris(2-quinolylmethyl)amine).
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In order to shed light on the electronic structure and bonding environment around the Fe–
O core, we have conducted X-ray absorption spectroscopy (XAS) on 1 and 2. The Fe Kedge X-ray absorption spectrum measured on a frozen solution of 2 (Figure 3.3) revealed
an edge energy of 7124.4 eV, which represents a shift of 2.6 eV with respect to 1 (7121.8
eV). Such a shift was was consistent with either a 1e– or 2e– oxidation of the FeII starting
complex as widely reported for analogous Fe III and FeIV complexes and their FeII
precursors.11, 44, 45 Two distinct peaks at 7113.8 eV and 7115.7 eV in the pre-edge energy
region of 2, assigned to 1s  3d transitions, could be discerned by taking the second
derivative of the pre-edge (Figure A.28). These peaks are shifted to higher energies by 1.4
eV and 1.5 eV respectively compared to 1. This event has been predicted by DFT
calculations by the group of Neese et al.46 to stem from a splitting of the α and β dz2 orbitals
by spin polarization, that is expected to be higher in Fe IV(O) S = 2 systems.33, 46 The
presence of two distinct pre-edge transitions is known to occur for a number of high spin
FeIV(O) complexes,11, 13, 14 but has also been observed for the pre-edge absorption feature
III

of the [Fe (H3buea)(O)]2– complex reported by Borovik et al.47 Integration of the pre-edge
area of the 1s  3d transitions gave a value of 19.0 (y +z) for 1, and 27.7 units (x+y) for 2
(Figure A.29), a value that is similar to other reported Fe(O) complexes (See Table 3.3).

Despite the fact that data were only collected up to k = 12, we tentatively analysed the
extended X-ray absorption fine structure (EXAFS) region of 1 and 2, to gain more insight
into the structure of these metastable species. The first coordination shell of 1 was fitted
with 5 N/O scatterers at 2.08 Å, assigned to the 4 coordinating nitrogen atoms from the
ligand and one axially coordinating O atom from the OAc ligand, binding in a monodentate
fashion, as observed crystallographically for 1.32 Additionally, the obtained distances are
in good agreement with average FeII–N/O. distances (2.12 Å) as determined by XRD
analysis of 1 (Table A.2).

It is important to highlight that the quality of the data (k = 12) for 2 prevented us from
having reliable fitting beyond ~2 Å, therefore limiting our analysis to the first coordination
sphere. The first coordination shell was fitted with 4 N/O scatters at 1.99 Å, assigned to the
4 coordinating nitrogen atoms from the supporting ligand, while an additional N/O scatter
was refined at 1.68 Å (Table A.3) which we tentatively assigned as a Fe-O bond. The Fe–
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Figure 3.3. Top left: Fe K-edge XANES spectrum of 1 (black trace) and 2 (red trace). Top
right: detailed pre-edge region of XANES spectrum. Bottom: EXAFS Fourier transform of
best fit to k3 weighted EXAFS data 1 (left) and 2 (right). Experimental data is shown as
dashed trace, while the best fit is shown as solid red trace.
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O bond distance in the two reported FeIII(O) complexes supported by a hydrogen bonding
network are observed to be close to 1.81 Å.19, 20 However an elongation of 0.07 Å was
attributed solely due to H-Bonding contributions for [FeIII(H3buea)(O)]2− as calculated by
DFT methods.47 Despite this, the measured Fe-O bond distance in 2 falls within the longer
end of previously characterized FeIV(O) complexes, displaying a double bonding
interaction in the range of 1.64 – 1.68 Å.12, 15, 48-50 This can possibly implicate a weakening
of the Fe-O bonding interaction due the destabilization of the Fe=O bond for a d5 metal ion.
Based on the gathered spectroscopic analysis of 2, we generated a major ferric intermediate
ascribed to a FeIII(O) specie that formed as a result of a 1e– oxidation reaction with a peroxy
acid.

Table 3.3. XAS spectral features for 1 and 2 and series of high spin Fe(O) complexes.
Complex

S

Pre-edge Energy
(eV)

1
2

2
5/2

7112.4/7114.2
7113.8/7115.7

Edge
Energy
(eV)
7121.8
7124.4

5/2

7112.8/7113.9

2
2
2
2
2

III

[Fe (H3buea)(O)]2–
IV

Ph

–

[Fe (TPA )(O)]
[FeIVTMGtren(O)]+2
[FeIV(TMGdien)(X)(O)]+
X = MeCN
X = Cl
X = N3

Area

Fe-O
(Å)

Ref.

19.0
27.7

N/A
1.68

N/A
N/A

-

21.6

1.81

47

7112.3
7113.8/7115.6

7122
7123.2

28
27

1.62
1.65

14
11

7113.3/7115.0
7113.9/7115.7
7113.8/7115.7

7123.6
7123.9
7124.2

23
24
31.9

1.65
1.65

13
13
13

3.2.2 Oxygen Atom Transfer reactivity of 2
At -75 °C, the half-life of 2 was estimated to be ~35 minutes. It was therefore sufficiently
stable to conduct reactivity experiments with externally added substrates. 2 readily reacted
with triphenylphosphine (PPh3) at -75 °C, resulting in a decrease in the NIR absorption
feature (Figure A.30). Triphenylphosphine oxide (O=PPh3) was identified by ESI-MS
analysis of the post reaction mixture (Figure A.44). A

31

P-NMR in [D6]-DMSO (Figure

A.45) of the post reaction mixture showed a new peak located at  = 29.4 ppm, that was
identified as triphenylphosphine oxide (O=PPh3).51 A yield of ~80% of O=PPh3 with
respect to the starting FeII concentration was determined. Plotting the change in absorbance
at  = 760 nm versus time and fitting the resulting curve with an exponential decay function,
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allowed us to determine a first order rate (kobs) of the reaction of 2 with PPh3. We plotted
kobs against a series of substrate concentrations to obtain a linear plot whose slope was used
to determine a value for the second order rate constant (k2) (Figure A.31). A slope of 0.16
mol L-1 s-1 was obtained, giving a preliminary indication of an electrophilic character for 2.

In order to obtain a deeper mechanistic insight into the OAT reactivity of 2, we have
explored its reactivity with thioethers. The reaction of 2 with 4-Y-thioanisoles (4-YPhSCH3, Y = OCH3, CH3, H, F, Br, CN) at -75 °C was sluggish. However, upon increasing
the temperature to -40 °C, the reaction proceeded more rapidly. At -40 °C the half-life of 2
decreased to ~15 minutes, but was still sufficiently stable to conduct reactivity experiments
with 4-Y-PhSCH3. We have employed 4-Y-PhSCH3 substrates with gradually increasing
oxidation potentials (σp = -0.27 – 0.66) for oxidation studies performed by 2 at -40 °C,
obtaining k2 values in a similar manner to the method described above (Table A.4, see
experimental section for details). The reaction of 2 with 4-CN-PhSCH3 gave a reaction rate
similar to 4-H-PhSCH3, despite a much larger σp value (Table A.4). We observed similar
kobs when 2 was reacted with benzonitrile (Figure A.32), suggesting a competing side
reaction of 2 with nitrile groups. Hence, 4-CN-PhSCH3 was omitted in the mechanistic
analysis of OAT to sulphides.
We prepared a Hammett plot of log(kY/kH) versus σp+ value (Figures 3.4, A.33 – A.35, Table
A.4). We also plotted log(kY/kH) values against σp values (Figure A.36). Less scatter was
obtained using σp+, which considers resonance stabilization of developing positive charge.
This yielded a straight line fit with a slope of ρ = -1.79 which indicates that the rate of
oxidation of sulphides is dependent on the electron donating ability of the para-substituent,
with a positive charge build-up on sulphur during the sulphoxidation reaction. The
calculated slope is in good agreement with reported values that are typically found between
-1.4 and -2.5 for FeIV(O) complexes, with the negative slope indicating electrophilic
character.52 Additionally we obtained a good correlation by plotting (log(kY/kH)) versus the
one electron oxidation potentials (Eox) of 4-Y-PhSCH3 (Figure 3.4). Interestingly, our
obtained slope of -6.5 is between a value observed for a direct OAT and a rate determining
electron transfer step followed by an oxygen rebound step. The latter typically display
negative slopes of around -10. Values obtained for direct OAT processes are found between
-2 and -3.53 We therefore cannot conclusively assign the exact mechanism of slphoxidation
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Figure 3.4. (a) UV-Vis spectral changes of 2 (0.5 mM) upon mixing 4-Br-PhSCH3 (0.4
M, 800 equiv.) at -40 °C in 1:9 DMF/acetone solution. (b) Left: Hammett plot of
log(kx/kH) versus σp+ of 4-Y-PhSCH3 ( = -1.79). Right: plot of log(kx/kH) versus Eox of
4-Y-PhSCH3 (slope = -6.5).
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performed by 2. Nonetheless, slopes similar to that found for 2 have been previously
observed with FeIV(O) and FeIV imido complexes.54-56 A GC-FID analysis of a post reaction
mixture of 2 with 4-Me-PhSCH3 gave the corresponding sulphoxide product; methyl paratolyl sulphoxide in ~50 % yield (w.r.t [Fe], Figure A.52). Achieving a product; methyl
para-tolyl sulphoxide in ~50 % yield (w.r.t [Fe], Figure A.52). Achieving a reaction of 2
with phosphines and sulphides with comparable rates of oxidation performed by reported
FeIV(O) complexes,11, 48, 57, 58 suggests that 2 is an electrophilic oxygen atom transfer
reagent, indicating the presence of a transferrable oxo-ligand.

3.2.3 Reaction of 2 with hydrocarbons
The reactivity of 2 towards hydrocarbons was explored at -40 °C. The reaction of 2 with
9,10-dihydroanthracene (DHA) was facile, observing a complete disappearance of the NIR
feature at λ = 760 nm within 6 minutes upon addition of DHA (160 equiv.). The appearance
of sharp absorption features at  = 358 nm and  = 377 nm attributed to the formation of
anthracene could be observed (Figure A.37). 2 was also found to react with xanthene,
fluorene, cumene and cyclohexene under these conditions.

Analysis of the post reaction mixtures of 2 with xanthene, DHA and fluorene showed
majority of the oxidized products xanthone, anthrone, and 9-fluorenone respectively in
medium to high yields (47 – 98 %, Figures A.47 – A.49, Table A.6) as determined by GCFID analysis. When quantification was repeated in air, a yield in excess of 100 % was
observed in the case of xanthene and DHA (Figure A.46), suggesting the involvement of
atmospheric O2 in the oxidation of the resulting organic radical species that forms following
a HAT reaction by 2. The conversion of these substrates into the corresponding ketone is a
4 electron oxidation process, requiring two equivalents of 2 to effect a full oxidation
(maximum yield is thus 50% with respect to [Fe]). The yields obtained are thus obviously
impacted by residual atmospheric O2 or H2O in the reaction mixture. The oxidation of
cumene only led to the formation of the hydroxylated product 2-phenylpropan-2-ol (< 1.0
%) (Figure A.50, Table A.6).

Analysis of the cyclohexene post reaction mixture by GC-FID showed a majority of the
allylic oxidation products; cyclohex-2-en-1-ol and cyclohex-2-en-1-one (combined yield
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of 62 % with respect to [Fe]) with minor amounts of cyclohexene oxide (11 %) (Figure
A.51 and Table A.6). Cyclohexene is used routinely to probe for the oxidation reactions
effected by the high-valent Fe species (Scheme 3.1). The relative abundance of the resulting
allylic/epoxide oxidation products can give an indication on the type of oxidant involved.59
FeIII(OOR) and FeIII(OOH) species are known to predominantly perform olefinic C=C bond
epoxidation, yielding cyclohexene oxide as the major product of the reaction (Scheme 3.1,
pathway B), whereas reactions with terminal FeIV(O) complexes typically result in HAT
products, namely cyclohexene-1-ol and cyclohexene-1-one, formed as a result of allylic CH bond activation (Scheme 3.1, pathway A).59-64 As allylic oxidation products were
observed as the major species in the post reaction mixture, indicated that C-H bond
activation (Scheme 3.1, pathway A) is the predominant reaction. This is consistent with the
reactivity trend of terminal non-haem FeIV(O) complexes.

Scheme 3.1. Oxidation pathways of cyclohexene with Fe(O).

k2 values were determined for all hydrocarbon substrates, in an analogous fashion to the
method described above (Figures A.37 – A.40 and Table 3.4). 2 was found to react with all
substrates, displaying differences in the rate of decay dependant on the BDEC-H of each
substrate. A plot of the log(k2) values against the BDEC–H yielded a linear correlation,
supporting a mechanism of HAT as the rate determining step of the reaction, according to
the Evans-Polanyi correlation (Figure A.41).65 A plot of the Eyring barrier (ΔG‡), a free
energy term derived from the observed k2 values (Table 3.4) versus the enthalpic driving
force of the reaction (BDEC-H) yielded a good fit (Figure 3.5). A slope of 0.37 was obtained,
and is close to the predicted value of 0.5 obtained by Marcus cross relation applied to HAT,
suggesting that the transition state occurs near the mid-point of the reaction coordinate.66
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Figure 3.5. Plot of ΔG‡ against BDEC-H for the reaction of 2 with hydrocarbons substrates
at -40 °C. (Slope = 0.37). We have employed BDE values instead, due to incomplete
knowledge of BDFE values of some substrates. The difference in BDE/BDFE value is
small (Table 3.4), making a comparison plausible.

The exact faith of the Iron complex following the reaction with hydrocarbons and
thiosulphide substrates could not be determined. However with the exception of p-CNthioanisole, all post reaction mixtures displayed a shoulder at λ = 385 nm, suggesting the
formation of a common Iron end product that was reminiscent of [FeIII(LPh)]2(µ-O)]2– (3,
Chapter 4) previously observed by Lacy et al.32 (Figure A.38). This results suggest that
some FeII intermediate formed following a 1e- oxidation of 4-Y-PhSCH3 and may have
undergone dimerization to (3) in the presence of O2. However due to the high oxygen
sensitivity of 1, the observed dimeric species, may also stem from adventitious oxygen.32
A k2 value of 0.95 mol L-1 s-1 was determined for the reaction of 2 with CHD (Figure A.42,
A.43 and Table 3.4). This compares well with the reactivity of high spin FeIV(O) complexes
that oxidize CHD at -30 °C (Figure 3.6, Table 3.4). Comparable k2 values have been
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Table 3.4. Reaction parameters for the oxidation of hydrocarbons effected by 2.
Hydrocarbon

-1

BDE (kcal
-1

k2 (mol L-1 s-1)

ΔG‡

Ref.

mol )

mol )

67.8b

76.0 ± 1.2b

0.95c

14.6c

67, 68

Cyclohexene

-

87.0 ± 3.0a

0.0014d

17.6d

69, 70

Cumene

-

84.8 ± 2.0

0.0066

16.9

71

DHA

76.0a

80.6 ± 2.0 a

0.067d

15.8d

67, 72

Fluorene

77.4a

82.2 ± 2.0a

0.032d

16.2d

67, 70

Xanthene

73.3a

77.9 ± 1.5a

3.23d

14.0d

67, 72

1,4-Cyclohexadiene

a

BDFE (kcal

(kcal mol-1)

Measured value in DMSO at 298 K. bMeasured in its gas phase. cDetermined at -30 °C.
Determined at -40 °C.

d

Figure 3.6. Bar Chart showing rates of CHD oxidation at -30 °C by various Fe(O)
complexes. k2՛ accounts for the stoichiometry of the reaction, where one equivalent of
benzene is formed per two equivalence of FeIV(O) complex.
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observed

for

both

[FeIV(TMG3tren)(O)]2+

and

[FeIV(tpaPh)(O)]−.11,

14

[FeIV(TMG2dien)(NCCH3)(O)]2+ displayed a k2 value one order of magnitude higher than
2, and may be due to a more accessible FeIV(O) core.13 Notably, with the exception of
[FeIV(N4Py)(O)]2+, intermediate spin

FeIV(O) complexes display significantly lower

reactivity rates with CHD.

With the exception of the aforementioned H-Bond stabilized FeIII(O) systems that are
mostly unreactive, 2 presents the first example of an FeIII(O) complex that can activate CH bonds and undergo OAT reactivity. There is a dearth of well characterized isolectronic
d5 metal oxo complexes in the literature, hence little is known about their reactivity
properties. Oftentimes, reactivity studies of d5 M(O) are carried out in the gas phase,30, 73
making a direct comparison unsuitable. Fortunately, a report exists by the group of Nam et.
al, who generated a unique CoIV(O) complex supported by the macrocyclic amine ligand
13-TMC (1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane). [CoIV(13-TMC)(O)]2+
displayed a rate of k2 = 0.083 mol L-1 s-1 for the oxidation of DHA at -40 °C,74 a value close
to the rate determined for 2 (k2 = 0.067 mol L-1 s-1) giving precedent for the reactivity of
condensed phase FeIII(O) complexes at the “boundary” of the oxo wall.
FeIII(O) complexes have been described to react as bases in the literature, and are expected
to be insufficient in HAT and OAT reaction.30, 75 However in this study, we demonstrated
how an FeIII(O) intermediate displays high reactivity towards model substrates. The
reaction of hydrocarbons occurred at a comparable rate as a FeIV(O) complex bearing a
similar coordination environment, where a preference for allylic C-H bonds oxidation over
epoxidation was noted in 2. These observation are consistent with typical reactivity patterns
observed for the majority of well characterized FeIV(O) complexes. We attribute the high
reactivity of 2 to a lack of stabilization of the FeIII-O unit by hydrogen bonding, allowing
for a rapid reaction of the FeIII(O) core with hydrocarbon and phosphite/sulphite substrates.
Additionally, as FeIII(O) complexes display an exceptionally high basicity, the abstraction
of H+ may occur prior to electron transfer. This phenomenon has previously been observed
in [FeIII(O)(H3buea)]2– (pKa ~ 25 in DMSO), displaying an even higher rate in DHA
oxidation than the FeIV(O) congoner.76
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3.3 Conclusions
Using the tripodal amidate ligand system, we were able to stabilize a C3v symmetric high
spin FeIII(O) complex. We have used a range of spectroscopic suits to exhaustively
characterise the oxidation and spin state, as well as the coordination environment of the
FeIII(O) core. Reactivity studies demonstrated effective OAT and HAT reactions with a
sterically demanding phosphine and 4-Y-PhSCH3 substrates, establishing an electrophilic
character of the intermediate. The activation of hydrocarbon C-H bonds could be achieved,
displaying reactivity trends typically observed for high spin FeIV(O) complexes. Taking
into account the spectroscopic and reactivity evidence that we gathered, we formulated 2
as an FeIII(O) complex with an inherently increased reactivity compared to Fe III(O)
complexes supported by a hydrogen bonding network. Our work is ongoing and geared
towards the generation of oxo systems and in-depth reactivity studies involving HAT of
high valent complexes of the late transition metals.

________________________________________________________________________
101

Chapter 3 – Generation, Characterization and Reactivity Studies on a High Spin Iron(III) Oxo complex

3.4 Experimental
3.4.1 Materials
All reactions with air sensitive materials were carried out in an inert atmosphere glovebox,
or manipulated under a Nitrogen or Argon atmosphere using Schlenk line techniques. All
reagents were purchased from commercial sources and were used as received. N,Ndimethylformamide (DMF) was purchased and stored under an inert atmosphere and used
without any further purification. Acetone was distilled over B2O3 and degassed using
freeze-pump-thaw methods. Diethyl ether was dispensed from a MBRAUN Solvent
Purification System (SPS-5) and deoxygenated by three freeze-pump-thaw cycles. Isotope
enriched

57

Fe was purchased from Isoflex USA and stored under a nitrogen atmosphere.

2,2',2''-nitrilotris(N-phenylacetamide)

(H3LPh),

[NMe4]2[FeII(LPh)(OAc)]

(1)

and

Phenylperoxyacetic acid (PPAA) were synthesized using known procedures.77.32, 78 92% of
active oxygen in the final product of PPAA was determined via iodometric titration.
Commercially available 3-chloroperbenzoic acid (mCPBA) (≤77%) was purified by
washing with a pH 7.5 buffer solution. A purity of 88% was determined via iodometric
titration.

Caution: Peracids are known to be potentially explosive once obtained as a dry powder.
Compounds were stored at -20 °C and never heated above 35 °C. No problems were
encountered during this project.
3.4.2 Physical methods
1

H and 31P NMR spectra were performed on an Agilent MR 400 MHz NMR spectrometer.

IR spectra were conducted on a Perkin Elmer Spectrum 100 FT-IR/ATR. ESI-MS analysis
was carried out on a Micromass Time of Flight (ToF), interfaced with a Waters 2690 HPLC.
UV-Vis electronic spectra were recorded using an Agilent 8453 diode array
spectrophotometer (190 – 1100 nm range), attached to a Unisoku Scientific Instrument
cryostat using liquid nitrogen as coolant. Gas chromatographic studies were carried out on
a ThermoFisher TRACETM 1300 Gas Chromatograph, equipped with a Flame Ionization
detector. Hydrogen gas was provided by a Parker Hydrogen Gas generator 20H-MD. Air
was provided by Parker Zero Air Generator UHP-10ZA-S. The column used was a
ThermoFisher TraceGOLD TG-1MS GC column.
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The Fe-K-edge X-ray absorption data were collected on beam line 7-3 at SSRL
(Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Lab, Menlo
Park, CA, USA). Data were collected with the storage ring operating at ca. 3 GeV and 500
mA, using a LN2 cooled Si (220), ϕ = 0˚ double-crystal monochromator, calibrated by using
the first inflection point of a Fe foil (7112.0 eV). The monochromator was detuned by ~30%
for higher harmonic rejection. The fluorescence detector used was a Canberra 30-element
Ge solid state detector. All the measurements were performed at ambient pressure at ~11
K, gained by an Oxford Helium cryostat, cooled by closed-cycle He gas loop. The
parameters used for the scans were the following: 10 eV steps/1 second integration time in
the pre-edge region, 0.3 eV steps/2 second integration time in the edge, and 0.05 k steps in
the EXAFS, with integration time increasing in a k2-weighted fashion from 2 to 9 s over
the energy range (kmax = 12.1 k). The total detector counts were in the range between 5 k 15 k, well within the linear range of the detector electronics. Each sample was monitored
for radiation damage, using different spots where required to expose fresh sample. The
samples were measured as frozen solutions using a Delrin® Mössbauer/XAS cups with a
sample window of 4 mm x 10 mm.

Elaboration of the XAS data, including averaging, background removal and normalization,
was performed using Athena.79 Edge energies were determined as the half-height of the
white-line intensity. Peak fitting of the pre-edge regions was performed using one or more
pseudo-Voigt functions with a fixed 50:50 Gaussian: Lorentzian ratio. EXAFS analysis
was carried out using Artemis,79 which incorporates the IFEFFIT fitting engine and FEFF6
for ab initio EXAFS phase and amplitude parameters. Crystal structures (either as-is or
modified slightly to test different structural models) were used for FEFF6 input to identify
significant paths. Fits of 1, and 2 are reported in the following tables (Table A.2 -Table
A.3). For a given shell in all simulations, the coordination number n was fixed, while r and
σ2 were allowed to float. The amplitude reduction factor S02 was fixed at 0.9, while the
edge shift parameter ΔE0 was allowed to float at a single common value for all shells. The
fit was evaluated in k3-weighted R-space, and fit quality was judged by the reported Rfactor and reduced χ2. Significant fits are highlighted in bold and reported in k3-weighted
R-space.
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3.4.3 Synthetic procedures
3.4.3.1 Synthesis of 2,2',2''-nitrilotris(N-phenyl)acetamide (H3LPh)

The procedure was adapted from reported literature.78
Nitrilotriacetic acid (5.0 g, 26.2 mmol) was added to a round bottom flask, and to it was
added pyridine (50 mL) and aniline (9.2 mL, 0.101 mol). The slurry was stirred and to it
was added P(OPh)3 (20.6 mL, 78.6 mmol) dropwise and heated to 120°C. The slurry was
allowed to stir at this temperature for 4 hours, turning into a yellow solution. The solution
was allowed to cool to room temperature. Excess pyridine was removed via vacuum
distillation, leaving behind a viscous yellow residue. Et2O (80 mL) was added to this
residue and stirred for 1 hour, resulting in the precipitation of a white solid. Excess Et 2O
was decanted, and the residual solid was recrystallized from EtOH. The resulting white
microcrystalline powder was filtered and rinsed with cold EtOH (3x10 mL) and cold Et2O
(3x10 mL). The product was thoroughly dried under vacuum at 90°C for 6 hours prior to
use. 3.56 g, 32.6%. 1H NMR δH (400 MHz, D6-DMSO, ppm): 10.29 (s, 1H, N-H amide),
7.65 (dd, J = 7.6 Hz, 1.1 Hz, 2H, ArH-o), 7.31 (tt, J = 7.8 Hz, 1.7 Hz, 2H, ArH-m), 7.05
(tt, , J = 7.4 Hz, 1.0 Hz, 1H, Ar-p), 3.66 (s, 2H, CH2), 3.30 (s, H2O), 2.49 (p, DMSO).
3.4.3.2 Synthesis of H218O2
The title compound was synthesized from a modified procedure.80
2-ethylanthraquinone (2.84 g, 0.012 mol) placed into a Schlenk tube and dissolved in a 2:1
toluene/ethyl acetate solvent mixture. The pale yellow solution was degassed by bubbling
the solution with a steady argon flow for 15 minutes. Under an inert athmosphre, a degassed
ethanolic solution of NaBH4 (0.25 g, 0.0066 mol) was transferred to the Schlenk tube via
cannula and allowed to react under continuous stirring for 15 minutes, observing a colour
change from pale yellow to dark brown. The mixture was washed with six times 10 mL
aliquots of degassed H2O, separating the aqueous phase from the organic phase with each
wash, obtaining a clear dark greenish organic solution. The resulting solution was degassed
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thrice with freeze-pump-thaw cycles. The Schlenk was connected to an 18O2 gas cylinder
(97 % atom label) via a three valve hose (connecting Schlenk tube, vaccum line and gas
cyclinder). Ambient athmosphere was evacuated in the hose and the Schlenk tube was
opened to

18

O2 gas under vigerous stirring. The mixture, which has formed a green

precipitate, turned back into the original pale yellow solution after 45 minutes of

18

O2

exposure. The gas cylinder was disconnected. The resulting aqueous precipitate that has
settled to the bottom was collected using a Pasteur pipette and stored under a N2
atmosphere. The organic phase was further extracted with five 0.5 mL H2O washes. The
combined extracts were concentrated under a positive flow of N2 gas, until a concentration
of 30- 35% w/v was achieved (titrated against KMnO4). Yield: 0.75 mL, (31 % w/v, 83 %.
The product was used in the next steps, without further purification.

3.4.3.3 Synthesis of 18O-labelled 3-chloroperoxybenzoic acid (18O-mCPBA)

The title compound was synthesized from an adapted procedure.81

3-chlorobenzoic acid (177.4 mg, 1.13 mmol) was added to a screw-cap test tube, and to it
was added MsOH (1.1 mL) and CH2Cl2 (0.8 mL) and stirred. H218O2 (~30 % w/v, 0.28 mL,
2.44 mmol) was added dropwise over the course of 5 minutes with vigorous stirring. The
yellow mixture was heated to 40 °C and stirred for 4.5 hours, forming a clear pale yellow
solution. The solution was allowed to cool to room temperature, and then was added to a
saturated (NH4)2SO4 solution in ice, causing the precipitation of a white solid. The solid
was re-dissolved in CH2Cl2 and the aqueous layer was extracted twice with CH2Cl2 (2x 5
mL). The combined organic extracts were washed with twice with saturated (NH4)2SO4
solution (2 x 5 mL) and twice with phosphate buffer solution (pH = 7.5, 2 x 10 mL). The
organic layer was dried over MgSO4, and volatiles were evaporated under a flow of N2,
leaving behind a white powder. 100 mg, 50 %. Iodometric titration of liberated I2 against
Na2S2O3•5H2O indicated 96% active Oxygen.
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3.4.3.4 Synthesis of 57Fe enriched 57Fe(OAc)2
57

Fe powder (≥97% isotope enriched) (50 mg, 0.88 mmol) was weighted out in an inert

atmosphere glovebox and transferred into a Schlenk tube. The Schlenk tube was brought
outside of the glovebox, and placed under a nitrogen atmosphere. Acetic acid (3 mL) and
acetic anhydride (0.2 mL) were added to the Schlenk tube. The mixture was degassed using
three freeze-pump-thaw cycles. The Schlenk was attached to a reflux condenser. The
mixture was refluxed at 155 °C for 4 hours under nitrogen, yielding a cloudy white
precipitate of [57FeII(OAc)2]. Once all the solid Fe material had reacted (checked with a
magnet), the solvent was removed under reduced pressure. The dry, white residue was dried
further using a heat gun at a low setting. The Schlenk tube was transferred into an inert
atmosphere

glovebox

where

it

was

used

for

the

direct

synthesis

of

[NMe4]2[57FeII(LPh)(OAc)], without further purification.

3.4.3.5 Synthesis of 57Fe enriched [NMe4] 2[57FeII(LPh)(OAc)]
Inside of an inert atmosphere glovebox, H3LPh (2,2',2''-nitrilotris(N-phenylacetamide),
(330 mg, 0.79 mmol), was dissolved in 6.5 mL DMF. KH (105 mg, 2.62 mmol) was added
to the solution of H3LPh in one portion, causing vigorous bubbling to occur. After 2 hours
of stirring, a dark yellow solution had formed. This solution was transferred to the freshly
prepared 57FeII(OAc)2] using a syringe. The yellow/pale green mixture was allowed to stir
for one hour. [NMe4][OAc] (222 mg, 1.67 mmol) was added in one portion to the reaction
mixture. The mixture was allowed to stir for 12 hours at room temperature. The precipitate
was filtered off with the aid of a syringe filter, and the pale yellow solution was precipitated
with 40 mL of Et2O, leaving behind a yellow oily substance that was dissolved in 4.5 mL
acetonitrile. The solution was stirred for 20 minutes, causing the precipitation of unreacted
ligand. The yellow supernatant was transferred into a test tube and layered with 15 mL of
Et2O. Yellow crystals started to form after 2 days. The crystals were isolated by decanting
the Et2O mixture, and drying the product under reduced pressure. NMR characterizations
were in agreement with the previously characterized 56Fe product.32 (150 mg, 0.22 mmol,
28%). δH (400 MHz, [D6]-DMSO, ppm): 83.51, 56.54, 34.49, 17.30, 15.54, 3.04 (CH3,
NMe4), 2.49 (DMSO), -8.63, -12.20, -19.60, -24.06.
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3.4.3.6 Generation of [NMe4][FeIII(LPh)(O)], (2):
1 (16.9 mg, 0.025 mmol) was dissolved in 5 mL of dry and deoxygenated DMF to make a
5.0 mM stock solution. 1 mL of the DMF stock solution containing 1 was diluted with 9
mL of dry and deoxygenated acetone, giving a 0.5 mM solution of 1 in a 1:9 mixture of
DMF/acetone. 2 mL of 1 (0.5 mM) was transferred into a quartz cuvette, and sealed air
tight using a septa and parafilm. mCPBA (88%) (78.4 mg, 0.40 mmol) was weighted out
and dissolved in 2 mL of 1:9 DMF / acetone mixture to make a 0.2 M solution. The cuvette
containing a solution of 1 was brought outside of the glovebox and placed into the UV-Vis
spectrometer and was cooled to -75 °C. mCPBA (0.2 M, 30 µL, 6 eq.) was added to 1 at 75 °C, causing a gradual colour change from pale yellow to dark orange. The progress of
the reaction was monitored by the absorption maxima at λ = 760 nm.

3.4.4 Spectroscopic characterizations
3.4.4.1 Reactivity Experiments, extinction coefficient and rate constant
determination
A solution of 2 was prepared as described above. Substrates were added as concentrated
solutions (0.5 – 2.0 M) in acetone to a solutions of 2 at -40 °C. For reactions with
Cyclohexene, a substrate/acetone mixture from 5% – 20% was used as the solvent. The
progress of the reaction was monitored via UV-Vis spectroscopy, by observing the
disappearance of the NIR feature at 760 nm. Reaction rate constants (kobs) were determined
by using a minimum of 10 equivalence of substrate with respect to 2, to ensure pseudo-first
order conditions. Each measurement of kobs was repeated three times. Second Order rate
constants (k2) were determined by plotting the dependence of the pseudo-first order rate
constants versus the concentration of the substrates. The value of k2 was determined from
the line of best fit. Extinction coefficient calculations were carried out on three different
solutions using three concentrations. Extinction coefficients were calculated based on the
slope obtained from the Beer plot.

3.4.4.2 Gas Chromatography-Flame Ionization Detector (GC-FID) analysis
The post reaction of 1 (2.0 mM) and mCPBA in acetone was transferred to a 2 mL vial and
analysed by GC-FID. The reaction was conducted in acetone instead of the typical 1:9
DMF/acetone mixture due to the interference of the DMF solvent peak with mCPBA decay
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products observed in the spectrum. A blank reference was prepared by running a sample of
1 in the same solvent system. A blank sample containing mCPBA could not be run due to
the decomposition of mCPBA under GC conditions, giving elevated readings of 3chlorobenzoic acid. Samples of 1 µL volume were injected into the GC and ran
consecutively.

The post reaction of 2 (0.5 mM) and hydrocarbon substrates were transferred to a 2 mL vial
and analysed by GC-FID. A blank reference was prepared by adding the same amount of
hydrocarbon to a 2 mL solution of 1:9 DMF/acetone mixture. Samples of 1 µL volume
were injected into the GC and ran consecutively. The instrument method for the
Xanthene/DHA/Fluorene, 4-Me-PhSCH3 oxidation products and mCPBA decay products
were based on a temperature ramp (1 min. at 60 °C, 10 °C/min until 160 °C. Hold 160 °C
for 1 min.), for cumene oxidation products (1 min at 40 °C, 5 °C/min for 10 min, Hold
90°C for 1 min.) and for cyclohexene oxidation products (2 min at 40 °C, 8 °C/min for 10.5
min. Hold at 125 °C for 2 min.), with splitless injections of 1 µL each. The retention time
for the products ware noted as follows within the error of ±0.2 min: chlorobenzene (3.1
min), methyl p-tolylsulphoxide (3.6 min), aniline (4.5 min), 9-fluorenone (5.7 min),
anthracene (6.3 min), xanthone (6.8 min), 1,2-eopxycyclohexane (7.1 min), anthrone (7.3
min), cyclohexen-2-ol (7.6 min), cyclohexen-2-one (8.3 min), 3-chlorobenzoic acid (9.8
min) and 2-phenylpropan-2-ol (11.1 min). The quantitative analysis was based on the
calibration curve of each product. Yields were calculated based on the average of three
repeat measurements of the post reaction mixture.
3.4.4.3 Electron Spray Ionization Mass (ESI-MS) Spectrometry
A sample of 2 (0.5 mM) that was generated at -75 °C in a 1:9 DMF/acetone mixture in a
cuvette was transferred rapidly into a chilled MS vial using a pre-cooled Pasteur pipette
and immediately frozen in liquid Nitrogen. Samples were stored in a liquid nitrogen filled
storage dewar until measurement. Freshly thawed samples were directly injected into the
ionization chamber using a syringe. Room temperature stable Fe complexes and post
reaction mixtures were diluted to ~0.1 mM using acetone, prior to injection.
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3.4.4.4 31P-NMR
To a solution of 2 (0.5 mM) in a 1:9 DMF/acetone mixture at -75 °C was added
triphenylphosphine (PPh3) (1.0 M, 20 µL, 20 equiv.) in acetone. The progress of the
reaction was monitored by the disappearance of the λ = 760 nm band. Once the reaction
appeared to be complete, the solution was allowed to warm to room temperature. The post
reaction mixture was transferred into a 10 mL round bottom flask and the cuvette was
washed with 3 mL acetone. The washings were added to the flask and the solvent was
removed under reduced pressure. Triphenylphosphate (O=P(OPh)3) (10.0 mg, 0.031 mmol)
was added to the dried residue as an internal standard. The contents of the flask were redissolved in CDCl3 and the mixture was taken up into a syringe. Any residual insoluble
material was filtered off using a 0.2 µm syringe filter, and the eluent was directly filtered
into an NMR tube. This procedure was repeated a total number of three times. A blank
sample was prepared by adding PPh3 to 2 mL of 1:9 DMF/acetone mixture, followed by
removal of solvent, addition of O=P(OPh)3 (10.0 mg, 0.031 mmol) and dissolving in
CDCl3. The quantity of triphenylphosphine oxide (O=PPh3) present in the post reaction
mixture was calculated based on the integration of a known amount of internal standard
present in solution. Deduction of triphenylphosphine oxide in the blank sample gave the
yield of O=PPh3 (~80 %).

3.4.4.5 XAS and Mössbauer sample preparation
Samples for Mössbauer measurement were prepared by transferring ~0.5 mL of a 1.0 mM
solution of 2 (1:4 DMF/acetone) in the quartz cuvette at -75 °C into a cooled Delrin®
XAS/Mössbauer cup using a pre-chilled Pasteur pipette. The sample was immediately
frozen in liquid Nitrogen, and stored at -196°C in a cold dewar until measurement. Lowtemperature-low-field Mössbauer (Mb) spectra were collected for all the samples under 4.2
K and an external magnetic field of 0.045 T parallel to the source direction. The isomer
shifts were referred to the standard sample of Fe foil at room temperature.
Samples for X-ray absorption spectroscopy (XAS) analysis were prepared by transferring
~1.0 mL of a 2.0 mM solution of 2 (1:9 DMF/acetone) in the quartz cuvette at -75 °C into
a cooled Delrin® XAS/Mössbauer cup using a pre-chilled Pasteur pipette. For 1, a
dispersion of the complex in Nujol (10.6 mg in 1.05 mL, ~15 mM) was prepared, then
transferred into an XAS cup. The samples were immediately frozen in liquid Nitrogen, and
stored at -196°C in a cold dewar until measurement.
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Chapter 4

Acid-base properties of tripodal nonhaem (hydr)oxo-bridged diiron
complexes

XRD measurement and refinements were carried out by Dr. Brendan Twamley and Dr.
Robert Gericke. Mössbauer measurements were conducted by Yisong Guo and Jin Xiong
at Carnegie Mellon University, Pensylvania. Peter O’Brien kindly allowed access to the
DRIFT-IR spectrometer.
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4.1 Introduction
Intriguingly, enzymes such as TauD-J can utilize dioxygen to form reactive FeIV(O)
intermediates as part of their catalytic cycle in the oxidation of endogenous substrates.1-3
Unlike the classes of α-ketoglutarate-dependant enzymes, synthetic models are oftentimes
subject to dimerization upon exposure to atmospheric oxygen (O2) to form stable and
relatively unreactive Fe2III(µ-O) complexes.4 Bridging Fe2(µ-O) and Fe2(µ-OH) units as
well as bridging carboxylate groups such as aspartate and glutamate are however also found
in many active sites of proteins (Figure 4.1) and have therefore attracted the attention of
many bioinorganic research groups to develop synthetic models thereof.5, 6

Understanding the acid/base properties of these dimers, allows for the interconversion
between oxo and hydroxo bridges to be exploited. Reversible dioxygen binding is
facilitated by hydrogen bonding interactions to the Fe2(µ-OH) moiety in the active site of
the oxygen carrying protein hemerythrin (Hr, Figure 4.1),7, 8 emphasising the structural
importance of the bridged hydroxo moiety. A mechanism of proton transfer has been
suggested to play an integral part in the O-O bond cleavage in RNR and sMMO as part of
the catalytic cycle.9-11 Hydroxyl bridged Fe2 complexes may also retard proton transfer by
stabilizing a mixed valent FeIIFeIII state, as it has been observed in the active site of
rubrerythrin (Rbr, Figure 4.1).12 Despite the importance of the protonation chemistry on
Fe2(µ-OH) complexes, there is little literature precedent on the actual pKa values of the
bridging unit in biological systems.13, 14

Figure 4.1. Representative examples of Fe-OH-Fe cores in enzymatic active sites;
deoxyhemerythrin (deoxyHr, left), oxyhemerythrin (oxyHr, middle) and rubrerythrin (Rbr,
right).
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In the previous chapter, we demonstrated the formation of a reactive ferric intermediate
[FeIII(LPh)(O)]2– (2) by oxidation of the ferrous complex [FeII(LPh)(OAc)] (1, OAc =
O2CCH3) with peroxy acetic acids. We noticed the formation of the stable oxo-bridged
diferric entity [[FeIII(LPh)]2(µ-O)]2– (3) upon exposure of 1 to O2. We aimed to utilized 3 as
a starting point to study the protonation chemistry and the properties of the resultant
Fe2III(µ-OH) intermediate to shed light on the acid/base properties on these classes of
complexes. We found that oxidation of the of the Fe2III(µ-OH) complex allowed us to trap
a highly reactive FeIV(O)(H+) intermediate showing enhanced Oxygen atom transfer
reactivity compared to the mononuclear oxo intermediate 2.

4.2 Results and Discussion
4.2.1 Synthesis and Characterization of a Fe2III(µ-O) complex (3)
The tripodal FeII starting complex [NMe4]2[FeII(LPh)(OAc)] (1) was synthesized according
to a previously described method.15 Addition of KH to a solution of H3LPh in DMF, formed
K3[LPh] (H3LPh = 2,2',2''-nitrilotris(N-phenylacetamide)). This was followed by the addition
of Fe(OAc)2 and [NMe4][OAc]. The dark yellow mixture was allowed to stir for 12 hours
and side product were filtered off as precipitates. DMF solvent was removed under reduced
pressure and crystals of 1 were isolated by slow diffusion of Et2O into a concentrated
CH3CN solution, followed by filtration. 1 was characterized by 1H NMR, ESI-MS and FTIR (see Chapter 3, experimental section).

Upon exposure of a solution of 1 in 1:9 DMF/acetone to atmospheric O2, the weak UV and
Visible features of 1 gradually changed to intense absorbance features at λ = 385 nm that
tailed into the visible region (Figure 4.2). An electronic extinction coefficient of ε = 9400
mol L-1 cm-1 for this absorbance was determined from a Beer plot (Figure A.54). Due to the
high spin nature of complex 1, the spin forbidden transitions of the monomeric FeII complex
result in the weakly absorbing UV features that are tailing into the visible region. 16
Exposure to oxygen resulted in a change from the pale yellow colour of 1 into a dark brickred colour. The observed UV absorption maxima at 385 nm, attributed to the formation of
the new species (3) is known to stem from a ligand to metal charge transfer (LMCT, µ-O
 FeIII) transition, typically found in regions < 435 nm.17 This absorbance can be observed
for other known mono-bridged Fe2III(µ-O) complexes (Table 4.1).
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Figure 4.2. Electronic absorption spectrum of 1 (Black trace, 0.2 mM) and 3 (red trace,
from the reaction of 1 with O2) at 25 °C in a 1:9 DMF/acetone mixture. Black dashed trace
represents spectra recorded at 30 second intervals. Inset: Time trace of absorption changes,
recorded at λ = 385 nm.

3 could be isolated in bulk as a powder by exposing an in situ generated solution of 1 in
DMF to O2 at room temperature. The concentrated yellow solution of 1 turned into an
intense dark red/black solution within 5 minutes, in line with the timescales observed by
UV-Vis measurements. Treatment of the resultant solution with Et2O yielded a precipitate
that was filtered and dried. 3 was obtained as an orange powder in 68 % yield. A UV-Vis
spectrum of independently synthesized and isolated 3 shows the same chromophoric
features as a solution 1 + O2, confirming that the same species is formed in an oxygen rich
environment. It also confirms the integrity of the Fe-O-Fe bond that is retained in solution.
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To study the electronic properties of 1 and 3, we conducted low temperature low
field Mössbauer spectrometry on powdered samples. The spectrum of the starting material
1 in a nujol suspension, recorded at 4.2 K exhibited typical FeII signals with isomer shift
(δ) of 1.07 mm s-1 and quadrupole splitting (ΔEq) of 3.27 mm s-1 (Figure 4.3). The
parameters obtained for 1 are in close agreement with the structurally related para-NO2
substituted complex [FeII(LNO2)(OAc)], displaying δ = 1.04 mm s-1 and ΔEq = 3.36 mm s1 15

. A solid suspension of 3 in nujol showed a quadrupole doublet typically observed for

antiferromagenticllay (AF) coupled FeIII centres (Table 4.1). Simulations of the
experimental data obtained for the Fe2III complex features typical FeIII parameters with δ =
0.39 mm s-1 and ΔEq of 1.61 mm s-1 that are consistent with reported mono-bridged Fe2III(µO) dimers.18-22

Figure 4.3. Mössbauer spectra collected at 4.3 K, 0.045 T (parallel mode). Left: Black
dotted line: experimental data for 1. Black solid line: Simulation parameters for HS FeII
complex. Right: Red dotted line: experimental data for 3. Black solid line: Simulation
parameters for AF coupled Fe2III complex.
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Table 4.1. Spectromagnetic properties of AF coupled Fe2III(µ-O) dimers.
Complex
3
[[FeIII(TPA)]2(µ-O)(H2O)(ClO4)]3+
[[FeIII(Cl)]2(tBudmx)(μ-O)]
[[FeIII(TPP)]2(µ-O)]+
[[FeIII(LtBu )]2(µ-O)]
[FeIII(hildeMe )(µ-O)]
2

2

λmax (nm), ε (mol L-1 s-1)
385 (9400)
320(−), 360 (−)
400 (4x105)
403 (8800), 469 (9200)
439 (13000), 318 (17000)

ΔEQ
(mm s-1)
1.61
-1.67
1.38
1.24
1.22
1.81

δ
(mm s-1)
0.39
0.45
0.30
0.35
0.45
0.44

Ref.
N/A
18
23
22
20
21

TPA = tris(2-pyridylmethyl)amine, tBudmx = 5,5'-((1Z,1'Z)-(9,9-dimethyl-9H-xanthene4,5-diyl)bis((5-(tert-butyl)-2H-pyrrol-2-ylidene)methylene))bis(2-(tert-butyl)-1Hpyrrole), TPP = meso-Tetraphenylporphyrin, LtBu2 = N,N'-dimethyl-N,N'-bis(3,5-di-tertbutyl-2-hydroxybenzyl)-1,2-diaminoethane, hildeMe2 = N,N'-(ethane-1,2-diyl)bis(2hydroxy-3,5-dimethylbenzyl)ethane-1,2-diamine).
A 1H NMR of a [D]6-DMSO solution of 3 measured at 298 K displayed paramagnetically
shifted broad peaks in the δ = -35 – 40 ppm range (Figure A.53). We were not able to
definitively assign the observed peaks in the spectrum, nonetheless a high degree of
symmetry for 3 can be assumed as roughly 4 – 5 separate peaks could be discerned. A
solution state magnetic moment (µeff) of 3.5 B.M. was measured via the Evans method at
298 K. This value is significantly different to the determined solid state magnetic moment
of 1.9 B.M. at 298 K, providing evidence for the flexibility of the Fe-O-Fe moiety in
solution, showing different degrees of electronic communication between the two FeIII
centres. The solid state magnetic moment of 3 falls within the range of 1.59 B.M. and 3.05
B.M., typically observed for Fe2III(µ-O) complexes.5 While a diamagnetic ground state can
be observed at low temperature during Mössbauer measurements, paramagnetic behaviour
is commonly observed at 298 K for AF coupled high spin FeIII ions due to Fe-O-Fe bond
vibrations at ambient temperatures, resulting in decreased electronic communication
between the two S = 5/2 FeIII centres.24

3 was crystalized from a DMF/Et2O solution using slow vapour diffusion methods at room
temperature. Single crystal X-ray diffraction (XRD) analysis revealed a triclinic crystal
system that crystalized in the P-1 space group. It was apparent from the crystal structure
(Figure 4.4) that the acetate ligand had been replaced by an oxygen atom that was now
bridging two FeIII centres, formulating 3 as [NMe4]2[[FeIII(LPh)]2(µ-O)]. A threefold
symmetry was retained about each Fe centre, displaying a trigonal bipyramidal geometry
(τ5 = 0.88).
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Figure 4.4. Left: ORTEP drawing of molecular structures of 3. Thermal displacement
ellipsoids are depicted at 50% probability level. Hydrogen atoms and counter-ions are
omitted for clarity. Right: Schematic for the molecular structure of 3.

Table 4.2. Crystallographic data for a series of Fe2III(µ-O) complexes.
Fe-O

∠(Fe-O-Fe)

Fe---Fe

(Å)

(°)

(Å)

3

1.77(8)

176.9

3.56(0)

N/A

[[FeIII(LNO2)]2(µ-O)]2–

1.78(2)

180.0

3.56(5)

15

[[FeIII(TPA)]2(µ-O)(H2O)(ClO4)]3+ 1.78(7)

174.1

3.57(0)

18

Complex

Ref.

[[FeIII(Cl)]2(tBudmx)(μ-O)]

1.77(3)

167.1

3.52(4)

23

[[FeIII(TPP)]2(µ-O)]+

1.76/3)

174.5

-

25

[[FeIII(LtBu2)]2(µ-O)]

1.78(2)

180.0

3.56(3)

20

LNO2 = 2,2’,2’’-nitrilotris(N-(4-nitrophenyl)acetamide).

Interestingly, one of the bond lengths of the equatorial coordinating atom of the ligand was
shorter (1.96(4) Å)) than the other two (2.04(5) Å), suggesting a different chemical
occupation at this site. In fact, an improved internal error was obtained when this atom was
assigned to oxygen. Furthermore one of the phenyl rings on [LPh]3– has changed position,
where the aromatic ring is pointing away from the µ-O bridge. These features confirm that
a tautomerism has occurred in 3, where one of the oxygen atoms was coordinating to the
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Fe centre, while still retaining a trianionic charge per ligand. The same tautomerism has
been observed crystallographically in [[FeIII(LNO2)]2(µ-O)]2– reported by Lacy et al.15
The Fe1-O1 bond distance (1.77(8) Å) falls within the range of 1.65 Å – 2.01 Å for reported
µ-O bridged Fe2III complexes found in the Cambridge Structural Database.26, 27 The rather
large range of reported Fe-O bond distances is due to a greater steric contribution in some
systems, making a direct comparison rather unsuitable. However, the Fe-O bond distance
of 3 is in very close agreement with the most structurally similar [[FeIII(LNO2)]2(µ-O)]2–
complex (Table 4.2). Additionally, a near linear Fe1-O1-Fe2 bond angle of 176.9° was
observed in the structure of 3. The AF coupled behaviour observed in the Mössbauer studies
can be rationalised when observing this linearity in 3. One would expect a high degree of
electronic communication between the two FeIII centres, made possible by sufficient dorbital overlap, and result in AF coupling of the unpaired electrons in each of the d 5 metal
ions of each FeIII centre, leading to the observed diamagnetic (S = 0) ground state in 3.

Direct injection ESI-MS of a solution of 3 in DMF displayed a signal at 477.07 (calc.
477.10 for C48H42Fe2N8O7) with the appropriate isotopic splitting pattern for a molecule
containing two Fe atoms. This signal corresponded to the dianionic [[FeIII(LPh)]2(µ-O)]2–
ion of 3 (Figure 4.5). This is in agreement with the molecular structure obtained using XRD
methods, and confirms the displacement of the –OAc ligand with a µ-O bridge in solution.
Monobridged Fe2III(µ-O) complexes typically exhibit three vibrational modes, two of
which can be measured using infrared (IR) spectroscopy. A Fourier transform infrared (FTIR) spectrum was measured on a powdered sample of 3-16O. We observed the asymmetric
νas (Fe- O-Fe) stretch at ν = 852 cm-1 (Figure 4.6). Additionally, a diffuse reflectance
infrared Fourier transform (DRIFT) spectrum was obtained, and the symmetric stretch, νs
(Fe-O-Fe) was identified at ν = 358 cm-1(Figure A.55). Both the observed vibrations fall
within the expected region of the asymmetric and symmetric stretches for monobridged
Fe2III(µ-O) complexes respectively.5
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Figure 4.5. ESI-MS of the [[FeIII(LPh)]2(µ-O)]2– ion of 3, Data simulation was carried out
using the mmass isotopic distribution tool.

Figure 4.6. Left: ATR-FTIR of 3-16O (Blue) and 3-18O (Red). Right: Correlation diagram
between ∠(Fe-O-Fe) bond angle and the observed νs and νas stretching vibrations for a series
of Fe2III(µ-O) complexes (Data set of 24 compounds taken from reference 28).

For the purpose of confirming the assignment of both vibrational modes, we synthesized
the 18O labelled isotopomer 3-18O by subjecting a DMF solution of 1 to 18O2 and isolating
the resulting product by precipitating with Et2O and filtration. FT-IR measurement of a
________________________________________________________________________
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powdered sample of 3-18O showed the absence of the ν = 852 cm-1 stretch and the
appearance of a new stretch at ν = 803 cm-1 with a similar intensity and line shape (Figure
4.6), confirming the assignment of the νas (Fe-O-Fe) stretch. This difference represents an
experimental shift (Δ18O) of 49 cm-1 for the 3-18O isotopomer and is in good agreement
with the predicted value of 52 cm-1 that was calculated using Hooke`s Law. νs for 3-18O
could not be determined due to instrument cut off point at 350 cm-1. Interestingly a
correlation exists over a wide range of Fe-O-Fe bond angles and the observed νs and νas
bond vibrations for a series of bridged µ-O complexes.28 This allows the prediction of the
Fe-O-Fe bond angle to within an error of 10° from the knowledge of either νs or νas. 3-16O
correlates strongly with this trend (Figure 4.6).

We attempted to quantify the %

18

O incorporation of a solution of 3-18O using ESI-MS

(Figure A.56). We only observed ~39% for the [[FeIII(LPh)]2(µ-18O)]2– ion based on the
normalized isotopic distribution, after deduction of overlapping signals. Despite our best
efforts to keep the solution in an O2 free environment, a brief exposure to the atmosphere
during MS injection or during the ionization might have caused

18

O displacement, and

hence a higher observed proportion of 3-16O.

4.2.2 Oxidation of 3 with mCPBA
We probed the direct oxidation of 3 using a peracid to investigate its ability to form a high
valent metal complex. of Addition of 1.0 equivalent of mCPBA (3-chloroperoxybenzoic
acid) to a solution of 3 in an oxygenated environment at -75 °C resulted in a sharp increase
in the absorption intensity at λ = 760 nm. The intensity of this absorbance appeared to be
roughly twice the intensity of what we observed when we added mCPBA to 1 (Figure 4.7).
The absorption maxima coincided with the observed oxidation of 1 with of mCPBA
resulting in the high spin mononuclear ferric complex 2 (Figure A.57). ESI-MS reveals the
same [Fe(LPh)(O)]– anion as observed previously with 2, that disappears upon warming the
solution to room temperature suggesting the formation of the same intermediate. Notably,
the formation of this species, that we tentatively assigned to 2 forms within 30 seconds
upon addition of the oxidant with kobs = 0.325 s-1. This represents a rate of formation two
orders of magnitude faster than the reaction of 1 with mCPBA (kobs = 5.54 x 10-3 s-1) (Figure
A.58).
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Figure 4.7. Left: Electronic absorption spectrum at -75 °C in a 1:9 DMF/acetone mixture
of 1 (1.0 mM) + 6 equiv. of mCPBA after 600 seconds of mixing (Solid red trace) and 3
(0.5 mM) + 1 equivalent of mCPBA after 30 seconds of mixing (Dashed red trace).

The reaction appeared to be a direct conversion of 3 into 2 (dissociation of 3 into two
mononuclear FeIII(O) entities), as suggested by the change in the electronic absorption
spectrum, with no identifiable side reactions occurring. We are as of yet unable to
rationalize the higher observed absorbance value or higher reaction rate that we observed
for this conversion. We propose the resulting FeIII(O) is one where the equatorial ligand
arm is a [O]–donor instead of all [N]– ligated as proposed for 2 where no ligand tautomerism
had occurred. Hence this discrepancy may result in a faster reaction rate with mCPBA and
result in a higher absorbance at λ = 760 nm, however we have no evidence to support this
postulate.
4.2.3 Acid/Base properties of 3
We next focused our attention of probing the protonation chemistry of 3 under low
temperature conditions (-75 °C). For this purpose, we utilized different organic acids that
display pKa values in the range of 19 to 23.5 in CH3CN.29 Upon the addition of 12
equivalents of R-CO2H (R = Me, CF3, Ph, PhNO2, PhMe, PhNH2, PhBr) we observed an
immediate (within 5 s) red-shift of the λmax = 385 nm LMCT absorbance of 3 by 20 nm and
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the appearance of a broad feature that tailed into the visible region (Figure 4.8). A similar
shift to lower energy had been observed previously when [NMe4][OAc] was added
externally to [[FeIII(LNO2)]2(µ-O)]2– and was assigned to a binding of OAc to the Iron
centres, however the exact binding mode was not determined.15 To test for a possible
involvement of dissolved –OAc ions that stem from 1, [NMe4][OAc] was externally added
to 3 at 25 °C. No changes in the electronic absorption spectrum were observed, henceforth
precluding the binding of acetate to 3 (Figure A.59), suggesting the observed changes were
due to the interaction of H+ with 3 instead.

We believe this change in electronic absorbance to stem from a protonation that occurs
either on the carboxamidate ligand or on the µ-O bridge, as both sites are expected to be
sufficiently basic to become protonated. We have speculatively assigned the protonated
state to 3(H+). Our initial exploration on the acidity of 3(H+), suggested a high value of
pKa, as there appeared to be no deprotonation occurring with even a large excess (>2000
equiv.) of Et3N (pKa = 18.8)30 under atmospheric conditions, concluding that the pKa must
be higher than 18 for 3(H+).

Figure 4.8. Electronic absorption spectrum of 3 (0.20 mM, black trace), upon addition of
acetic acid (12 equiv.), forming 3(H+) (blue trace), decaying into 4 (magenta trace) in 1:9
DMF/acetone solvent at -75 °C.
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To gain insight into the exact site of protonation in 3(H+), we attempted to determine a pKa
value at -75 °C for 3(H+). Incremental addition of benzoic acid (BzOH, pKa = 21.5 in
CH3CN)

31

to 3 in 0.1 equivalent intervals, resulted in a gradual change of electronic

absorption features that were monitored at λ = 500 nm (Figure 4.9, A.60). An equilibrium
constant Keq could be calculated at various points throughout the titration from the
knowledge of the concentration of both 3 and 3(H+). Keq is defined by equation 4.1. The
concentration of species 3 and 3(H+) were determined based on the determined extinction
coefficient of 3.

Keq =

[3(H+ )][BzO- ]
[3][BzOH]

Ka (3(H+ )=

Ka (BzOH)
Keq

(equation 4.1)

(equation 4.2)

As the complex is assumed to exist entirely as 3 at the start and as 3(H+) at the end of the
titration, [BzO–] is assumed to be equal to [3(H+)]. Knowing the value of Keq at every point,
a value for Ka can be calculated based on equation 4.2,32, 33 where Ka (BzOH) = 3.16 x 1021.
Plotting pKa versus equivalents of [BzOH] added, a linear trend was obtained, from which
an estimated value for the pKa for 3(H+) could be determined from the y-intercept

Figure 4.9. Electronic absorption spectrum of 3 (0.25 mM, black trace), upon incremental
(0.1 equiv.) additions of [BzOH] (grey traces), forming 3(H+) (blue trace) in 1:9
DMF/acetone solvent at -75 °C. Right: Plot of the change in calculated pKa for 3(H+) versus
equivalents of [BzOH]. The estimated pKa for 3(H+) was determined for the y-intercept.
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(theoretical pKa if no acid is added). A value of ~20.2 was obtained in this case (Figure
4.9).

From the crystal structure determined for 3, a near linear Fe-O-Fe bond angle would be
expected to possess a significantly less basic oxo group. If protonation were to occur at the
oxo-bridge moiety, a significant distortion in the Fe-O-Fe bond angle would be necessary
for sufficient basicity of the µ-O bridge. According to the study carried out by Solomon,16,
17

enhanced basicity is observed with a more acute Fe–O–Fe angle as a result of a reduced

Fe–O orbital overlap, thereby resulting in more electron density on the oxo-bridge. We
postulate that a distortion of the Fe-O-Fe angle must occur in 3 prior to a protonation event
at the of oxo moiety (Scheme 4.1). This distortion is justified, as sufficient flexibility of the
Fe-O-Fe moiety was observed in solution (manifestation of paramagnetic behaviour at 298
K).

The determined pKa represents a significantly more basic O-H moiety than other
Fe2III(µ-OH) bridged diferric species. Complexes with (µ-O)(µ-OH) cores published by
Que et al. possess pKa values in the range of 15.9 -17.6.34 However, a µ-OH bridged diferric
complex published by Houser et al. have reported a pKa value as high as 20.5.33 This
unusually high basicity was justified by hydrogen bonding contribution to the µ-OH
moiety. This is a plausible explanation for a higher pKa value for 3(H+), as the lone pair of
the oxime (on the tautomerized [LPh]3–) may form a hydrogen bond to the protonated oxo
moiety, and can be considered a contributing factor to the observed high basicity (Scheme
4.1). Furthermore, hydrogen bonding may stabilize a bent configuration of the Fe2III(µ-OH)
core, further enhancing the orbital overlap of the Fe-O bond, leading to a more basic
Fe2III(µ-OH) moiety. From previous studies conducted by our group, the pKa of the amidate
nitrogen on the pyridine caboxamidate ligand N,N’-(2,6-diisopropylphenyl)-2,6pyridinedicarboxamide (pyAriPr2) was determined to be ~ 15 and therefore presents a less
basic site then the value we obtained for 3(H+).35 We therefore defined (3(H+) as a bridged
Fe2III(µ-OH) complex [NMe4][[FeIII(LPh)]2(µ-OH)] (Scheme 4.1).
Upon formation of 3(H+), a gradual decay of this feature over 900 seconds was observed
at -75 °C (Figure 4.8, A.61). A broad absorbance with λmax centred at 445 nm was the end
result of the decay of 3(H+) with all acids used in this study, suggesting a common end
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Scheme 4.1. Proposed protonation events of 3.

product assigned as 4 (Scheme 4.1). This entity could only be stabilized at temperatures <
-60 °C, and had a limited lifetime of ~ 3 hours at -75 °C. Only AcOH (pKa = 23.5 in
CH3CN)31 and BzOH (pKa = 21.5 in CH3CN)31 showed a clear formation of 4. Other
organic acids that were used, displayed a more broad shoulder in this region, suggesting an
overlap of absorption features with 4, possibly due to the formation of multiple products.
This may be due to the presence of multi-dentate coordination sites, specifically in 2nitrobenzoic acid and anthranilic acid (Figure A.62).

We were encouraged to observe protonated species during ESI-MS studies on intermediate
3(H+). The expected ion assigned to 3(H+) was observed at m/Z = 955.17 (m/Z calc. =
955.20 for C48H43Fe2N8O7, Figure A.63), alongside major prominent ions assigned to LPh,
and unreacted 3. Interestingly we could observe an ion at m/Z = 486.12 that was assigned
to [[Fe(LPh)(OH)]– (m/Z calc. 486.10 for C24H22FeN4O4). This species may have formed as
a result of fragmentation of dinuclear 3(H+) into a mononuclear ferric hydroxide ion. A
thawed solution of 4 was subjected to MS, revealing the presence of an ion at m/Z = 955.17
(m/Z calc. = 955.20 for C48H43Fe2N8O7, Figure 4.10). This supports the formulation of 4 as
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[FeIII(LPh)]2)(H+)(µ-O)]. However, this entity may also present the protonated µ-O bridge
in 3(H+) that we formulated as [FeIII(LPh)]2(µ-OH)]–. Due to 3(H+) and 4 bearing the same
molecular weight, their identity could not be differentiated by MS studies alone. We
speculate that species 4 forms as a result of H+ migration from the µ-OH moiety in 3(H+)
onto the basic carboxamidate ligand to form a more stable structure in 4 (Scheme 4.1). This
postulate is plausible as the carboxamide ligands are also highly basic in nature. Attempts
to deprotonate 4 back into 3 using [NMe4][OH] only led to unidentifiable products.

Figure 4.10. ESI-MS spectra of thawed solution of 4 generated with 12 equivalents of
acetic acid. Peak representing the [[FeIII(LPh)]2(µ-O) + H+]– ion (m/Z = 955.17). Data was
simulated using the mmass isotopic distribution tool.

We observed a bleaching of the spectrum when we warmed a solution of 4 to room
temperature. 1H NMR of this mixture displayed peaks that are associated with the free
ligand H3LPh, suggesting a de-complexation of the Fe2III(µ-O) moiety, as a result of the
protonation of all basic amidate coordination sites. The same observations were made when
we used stronger acids (pKa < 19) in an attempt to protonate 3. Adding trifluoroacetic acid
(pKa = 12.6 in CH3CN), and HCl (pKa = 10.3 in CH3CN) to 3, resulted in the loss of visible
features, with no identifiable intermediates. An immediate reaction occurred when we used
picolinic acid, forming room temperature stable [Fe(pyCO2)3][NMe4] (5, Scheme A.2), that
we were able to isolate. This result supports our argument of a re-protonation of the basic
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tris-amidate ligand coordination sites under strong acidic (pKa < 19.0 in CH3CN)
conditions, resulting in a decomplexation of 3. The basic nature of the trianionic ligand
[LPh]3–, thereby limited our studies to weak acids.

4.2.4 Redox properties of 4
To study the effect of protonation on the redox chemistry of the Fe2III(µ-O) complex, we
have conducted steady state cyclic voltammetry (CV) experiments on 1, 3 and 4 in DMF.
The electrochemistry of 1 has previously been described in DMA36 and we have therefore
chosen DMF as a solvent for reasonable comparison to observations made during UV –Vis
studies. Electrochemistry on ferrous 1 was conducted in the complete absence of air using
a 0.1 M nBu4NPF6 as the supporting electrolyte and scan rates of 0.05 mV s-1 (Figure 4.11).
Scans towards the positive anode exhibited two reversible oxidation events in close
proximity at a low E½ of -1.09 V versus Fc/Fc+. Furthermore, an unresolved irreversible
oxidation event could be identified at 0.69 V. The reversible oxidation event displayed
similar values to the previously reported result of E½ = -0.97 V for 1 in DMA, where the
observation of two closely appearing oxidation events were attributed to the labile nature
of the –OAc ligand.36
3 displayed clearly distinguished irreversible oxidation events at E1 = 0.45 V and
E2 = 0.73 V versus Fc/Fc+, assigned to the metal centred oxidations: Fe2III  FeIIIFeIV and
FeIIIFeIV  Fe2IV respectively. We based this assignment on electrochemical oxidation
events observed for complexes of the type Fe2III(µ-O).21,

24, 37

We have lowered the

temperature to -45 °C when we explored the redox behaviour of the Fe2III(µ-O)(H+) species
in 4 to achieve temperatures close to those used during UV-Vis studies. Irreversible redox
peaks were observed at E1 = 0.71 V and at E2 = 0.82 V. The observed shifted redox events
to higher potentials relative to 3 seem reasonable. The oxo ligand in the Fe2III(µ-O) core
would cause a higher electron density on the metal centres, and a more readily oxidisable
moiety compared to a Fe2III(µ-O)(H+) moiety, where some of the electron density may be
alleviated by the interaction with a proton in complex 4.
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Figure 4.11. Cyclic voltammogram of 1 (3.0 mM, broad range scan; black solid trace and
narrow range scan; black dotted trace) and 3 (3.0 mM red trace) at 25 °C and 3 with benzoic
acid (1.0 equiv., 1.0 mM, blue trace) at -45 °C in DMF using 0.1 M nBuNPF6. Scan rate:
0.05 mV s-1 with arrow indicating sweep direction.
4.2.5 Generation of FeIV(O)(H+) intermediate (6)
We were interested on the influence of H+ and the integrity of the protonated diferric oxo
core upon chemical oxidation of 4 with peroxy acids and the resulting reactivity of the
protonated high valent species. Consequently, we probed the oxidation of 4 using mCPBA
as oxidant. Addition of mCPBA to a solution of 4 at -75 °C results in the appearance of a
near infrared (NIR) absorption band at λ = 735 nm that reached a maximum within 200
seconds following the addition of oxidant (Figure 4.12). The addition of a minimum of 10
equivalents of mCPBA was necessitated to reach a maximum in the electronic absorption
at λ = 735 nm. The extinction coefficient of this feature, assigned to the oxidized species
(6) was determined from a Beer plot (ε = 1200 mol L-1 cm-1, Figure A.64). The electronic
absorption profile of 6 appeared similar to oxo bridged Fe2IV species generated by Que et
al,38, 39 where a NIR absorption feature has also been observed but may also originate from
the typical dd transitions observed for mononuclear FeIV(O) complexes.40, 41 Interestingly,
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6 does not form when mCPBA is added to a solution of 3(H+), suggesting that H+ migration
needs to occur prior to the oxidative step. It should also be noted that electronic absorption
features of 6 appeared distinct to what has been previously observed for intermediate 2 in
Chapter 3 that was assigned to a mononuclear FeIII(O) complex (Figure A.65).

Positive mode ESI-MS of a freshly thawed solution of 6 revealed a cluster at m/Z = 1046.08
with an isotopic pattern matching with the formulation of a dinuclear Iron species. We
could match this assignment with the formulation ([[FeIV(LPh)]2(µ-OH)2] + NMe4+) (Figure
A.66). Alternatively, [[FeIV(LPh)]2(µ-OH2)(µ-O)] + NMe4+ may be proposed. The presence
of two units of [LPh ]3– contributes a change of -6, while the two FeIV units contribute a
charge of +8. Two anionic µ-OH moieties therefore result in an overall neutral complex.
Fetching a NMe4+ counterion during ionization would result in a monocationic charge,
resulting in the observed ion. We believe the second equivalent of H+ stems from an excess
of acid that was used in the generation of 6. With the exceptions of ions that correspond to
LPh and BzOH, we were unable to identify peaks at lower m/Z units ascribed to isotopic
distributions for mononuclear Fe species. However the method that was employed may not
have caused ionization of the neutral [Fe(LPh)(O)(H+)] complex proposed for 6.

Figure 4.12. Left: Electronic absorption spectrum of 4 (0.25 mM, magenta trace) and 6
(0.25 mM green trace) at -75 °C in 1:9 DMF/acetone. Inset: Time stamp showing changes
in electronic absorptions at λ = 735 nm upon addition of mCPBA to 4.
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The reaction of mCPBA with 4 should result in the insertion of an oxygen atom into the
structure, while oxidizing the Fe2III metal centres to an oxidatively accessible dinuclear
Fe2IV intermediate forming a Fe2IV(µ-O)2(H+) complex. This observation was supported by
ESI-MS, however based on the similarities of the NIR feature in the electronic absorption
spectrum, we do not rule out the formation of a mononuclear FeIV(O) entity as the extinction
coefficients of dinuclear intermediates vary over a wider range than for 6.40,

42

Alternatively, the proposed Fe2IV(µ-O)2(H+) may be unstable under experimental
conditions and may undergo dissociation into two entities of mononuclear FeIV(O).
6 is a metastable entity that decays with a half-life of 600 seconds at -75 °C (Figure A.67),
indicating a highly reactive nature of this nascent intermediate. Notably, as 6 decayed, a
concomitant increase in the absorbance band centred at 385 nm attributed to the LMCT (µO)  FeIII transition in 3 was observed (Figure 4.13). A hydrogen atom abstract reaction
(HAA) of 6 with a molecule of solvent can be proposed, upon which an FeIII(OH) complex
would form as a result (assuming the transfer of the hydrogen atom to the O moiety, Figure
4.13). The FeIII(OH) entity may either undergo one of two possible decay routes. A radical
rebound mechamsim with the generated carbon based radical (R•) to result in an FeII
complex. The FeII complex can undergo reaction with dissolved oxygen to generate
complex 3. Alternatively, a dimerization of two molecules of FeIII(OH) may occur to
generate a Fe2III(µ-OH) intermediate that can disproportionate into H2O and a molecule of
3.

Figure 4.13. Left: Electronic absorption spectrum of 6 (0.25 mM, green trace) regenerating
3 (black trace) upon decay of 6 at -75 °C in 1:9 DMF/acetone. Inset: Time stamp showing
changes in electronic absorptions at λ = 735 nm. Right: Proposed scheme for the reaction
of 6 with solvent.
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We noted a rapid consumption of electronic absorption features upon addition of
triphenylphosphine (PPh3) to 6 at -75 °C (Figure A.68). Plotting the change in absorbance
at  = 735 nm versus time, and fitting the resulting curve with an exponential decay
function, allowed us to determine a first order rate (kobs) of the reaction of 6 with PPh3. We
plotted kobs against a series of substrate concentrations to obtain a linear plot, where the
slope was used to determine a value for the second order rate constant (k2, Figure A.69). A
slope of 7.8 mol L-1 s-1 was obtained, indicating the highly electrophilic nature of 6. A 31PNMR in CDCl3 (Figure A.70) of the post reaction mixture showed a new peak located at 
= 29.4 ppm, that was identified as triphenylphosphine oxide (O=PPh3).43 A yield of ~50%
of O=PPh3 with respect to the starting [FeII] concentration was determined (see
experimental details for calculations). We attempted to recover the resulting Fe based
products form a reaction mixture; however, solubility limitations of 3 prevented us from
obtaining sufficient quantities. A closer inspection of the UV-Vis spectrum following a
reaction of 6 with PPh3 showed intense absorbance in the 350 – 500 nm range (Figure
A.68), indicative for the formation of FeIII dimeric products (vide supra). As we expect the
resulting oxo transfer to PPh3 to yield FeII, the presence of dissolved oxygen may result in
the formation of diferric species similar to 3.

The determined k2 value is slightly higher (within the same order of magnitude) than what
has been observed previously in OAT reactions involving mononuclear FeIV(O) as well as
dinuclear open core complexes of the type [XO-Fe-O-Fe=O], which carried out oxo transfer
reaction to diphenyl(pentafluorophenyl)phosphine at -80 °C. However 6 appears to be up
to 103 faster than similar closed core Fe2(µ-O)2 systems (Table 4.3).39, 44 Furthermore we
observed a roughly 60-fold enhancement in oxo transfer reactivity to PPh3 compared to the
mononuclear FeIII(O) complex 2 (Figure 4.14). The significantly higher reactivity of 6
compared to other closed core Fe2(µ-O)2 may be rationalized by the Lewis acid effect of
the proton in the structure of 6 (binding either to the oxo moiety or localized on the
carboxamidate ligand) resulting in an activated FeIV(O) core. The activation of metal oxo
complexes by protons is well studied in the literature where a similar enhancement in both
OAT and HAT reactivity had been observed.45-47
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Table 4.3. Electrochemical and phosphine oxidation data of Fe(O) complexes.
E°(V, vs.
k2 (mol
Yield
Fc/Fc+)

L-1 s-1)

T (°C)

oxide (%)

Ref.

6

0.71 - 0.82

7.8

-75

~50

N/A

2

-1.09

0.13

-75

~80

N/A

[FeIIIFeIV(TPAR3)2(µ-O)2]3+

0.27 - 0.49

10-4a

-80

-

39

[FeIVFeIV(TPAR3)2(µ-O)2]4+

0.76

10-3a

-80

-

39

[FeIV(OH)FeIV(O)(TPAR3)2(µ-O)]3+

0.49 - 0.76

2.8a

-80

99

44

[FeIII(OH)FeIV(O)(TPAR3)2(µ-O)]2+

0.49 - 0.76

2.0a

-80

65

44

[FeIV(TPAR3)(O)]2+

0.49 - 0.76

2.7a

-80

70

39

Complex

TPAR3 = tris((4-methoxy-3,5-dimethylpyridin-2-yl)methyl)amine. aReaction kinetics were
determined for the oxidation of diphenyl(pentafluorophenyl)phosphine as a substrate.

Figure 4.14. Plot of kobs versus varied concentrations of PPh3 with line of best fit of
experimental data for the reaction of 2 (red line) and 6 (green line) with PPh3 at -75 °C in
1:9 DMF / acetone.

4.3 Conclusions
In contrast to the oxidation of 1 with mCPBA in the absence of O2 (that results in the
formation of a mononuclear Fe(O) species, Scheme 4.2) we observed the generation of
Fe2III(µ-O) (3) upon O2 exposure of 1, as previously seen during O2 activation studies on
________________________________________________________________________
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FeII carboxamidate complexes.15 We achieved the isolation of 3 at room temperature, where
structural analysis unequivocally revealed the formation of a dinuclear bridged oxo entity
with a tautomerized carboxamidate ligand, where the amidate oxygen has become an
anionic donor to the metal centre. We extensively characterized 3 with a suit of
spectroscopic tools, allowing us to study the electronic and steric factors surrounding the
near linear Fe2(µ-O) core. Addition of mCPBA to 3 resulted in the formation of 2,
suggesting a dissociation into two mononuclear FeIII(O) entities, however we could not
ascertain the precise equatorial ligand donor N/O for this intermediate. Identifying the µ-O
moiety as a potential site for a hydrogen bonding pocket, acting as a suitable mimic for Hbonding interaction such as those found in various Fe2(µ-O) cores like deoxyHr and Rbr,
we utilized 3 as a starting point to explore its interactions with carboxylic acids. The
protonation of 3 resulted in the formation of bridged Fe2III(µ-OH) (3(H+)) that could only
be stabilized at low temperatures.

Scheme 4.2. Summary of proposed reactions involving tripodal amidate Iron complexes.

We have gathered sufficient evidence to support the site of protonation to be at the oxobridge, as an exceptionally high pKa value (20.2) was determined via titration. The
experimentally calculated pKa of the µ-OH moiety was larger by two orders of magnitude
than other common Fe2III cores bearing a µ-OH bridge with similar values of pKa only
observed for complexes forming hydrogen bonds to the µ-OH moiety. The tautomerized
ligand observed in the crystal structure of 3, may hydrogen bond via the oxime, resulting
________________________________________________________________________
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in a more basic µ-OH bridge. We proposed a tautomerism of the proton on the µ-OH bridge
onto the carboxamidate ligand, as gradual decay of 3(H+) was observed, resultant of a
migration of H+ towards the oxime moiety of the tautomerized ligand forming Fe2III(H+)(µO) (4).
An electrochemically accessible Fe2IV oxidation state was observed in 4, where chemical
oxidation allowed for the trapping of mononuclear FeIV(O)(H+) (6) at -75 °C via oxidation
with mCPBA. This nascent intermediate displayed a rapid reaction with the solvent and
showed a 60 fold increase in OAT reactivity compared to the mononuclear FeIII(O) complex
discussed in chapter 3. The proximity of a proton may account for the high OAT reactivity
of 6. While we were unable to determine the precise locus of protonation in 6, we
demonstrated the activation of an Fe(O) complex in the presence of protons. This study
highlights the significance of protonation of Fe(O) complexes and the subsequent
enhancement in reactivity towards model substrates.

________________________________________________________________________
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4.4 Experimental
4.4.1 Materials
All reactions with air sensitive materials were carried out in an inert atmosphere glovebox,
or manipulated under a Nitrogen or Argon atmosphere using Schlenk line techniques. All
reagents were purchased from commercial sources and were used as received. Anhydrous
N,N-dimethylformamide (DMF) was purchased and stored under an inert atmosphere and
used without any further purification. Acetone was distilled over B2O3 and deoxygenated
using freeze-pump-thaw methods. Diethyl ether was dispensed from a MBRAUN Solvent
Purification System (SPS-5) and deoxygenated by purging a flow of Nitrogen through the
solution for 20 minutes. [nBu4N][PF6] has been recrystallized thrice from 3:1 EtOH/water
mixture and dried in vacuo for 2 days prior to use. 2,2',2''-nitrilotris(N-phenylacetamide)
(H3LPh) and [NMe4]2[FeII(LPh)(OAc)] (1) were synthesized using known procedures.15, 48
Commercially available 3-chloroperoxybenzoic acid (mCPBA) (≤77%) was purified by
washing with a pH 7.5 buffer solution. A purity of 88% was determined via iodometric
titration.

Caution: Peracids are known to be potentially explosive once isolated as a dry powder.
Compounds were stored at -20 °C and never heated above 35 °C. No problems were
encountered during this project.

4.4.2 Physical methods
1

H, 31P-NMR spectra were performed on an Agilent MR 400 MHz NMR spectrometer. IR

spectra were conducted on a Perkin Elmer Spectrum 100 FT-IR/ATR. ESI-MS analysis
was carried out on a Micromass Time of Flight (ToF), interfaced with a Waters 2690 HPLC.
Cyclic Voltammetry was conducted on a CH Instrument 600E electrochemical analyser,
using glassy carbon as the working electrode, Pt wire as the counter electrode, and an
Ag/Ag+ (0.01 M in acetonitrile) reference electrode. All spectra were referenced to the
Fc/Fc+ redox couple. UV-Vis electronic spectra were recorded using an Agilent 8453 diode
array spectrophotometer (190 – 1100 nm range), attached to a Unisoku Scientific
Instrument cryostat using liquid nitrogen as coolant. Gas chromatographic studies were
carried out on a ThermoFisher TRACETM 1300 Gas Chromatograph, equipped with a Flame
Ionization detector. Hydrogen gas was provided by a Parker Hydrogen Gas generator 20H________________________________________________________________________
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MD. Air was provided by Parker Zero Air Generator UHP-10ZA-S. The column used was
a ThermoFisher TraceGOLD TG-1MS GC column. Single crystal X-ray diffraction data
was collected at 100(2) K using graphite-monochromated Mo-Kα radiation (λ = 0.71073
Å) on a Bruker D8 Quest ECO diffractometer equipped with an Oxford Instrument low
temperature unit. Data was corrected for absorption effects using the multi-scan method
(SADABS). Crystals were mounted in high density oil on a MiTeGen micromount. Bruker
APEX software was used to correct for Lorentz and polarization effects. Structures were
solved using ShelXT49 and refinements were made using the Olex2 software package.50 All
non-hydrogen atoms are placed in idealized positions and refined using the anisotropic
riding model. Hydrogen atoms were calculated using the rigid model.

4.4.3 Synthetic procedures
4.4.3.1 Synthesis of [NMe4] 2[[FeIII(LPh)] 2(µ-O)] (3):

In an inert atmosphere glovebox, 1 (80 mg, 0.12 mmol) was transferred into a Schlenk
flask, and dissolved in 2 mL of DMF. The flask sealed with a septum and brought outside
of the glovebox. The contents of the Schlenk flask were frozen solid using liquid N2 and
the flask was evacuated. Under a static vacuum, O2 gas was introduced by piercing the
septum with a needle, attached to a balloon of O2. The contents were allowed to thaw, and
with rapid stirring, the solution turned from a pale yellow colour to a dark orange/brown
colour. The solution was allowed to stir for 1 hour, after which a small amount of product
had precipitated. The O2 gas balloon was removed and any residual O2 was removed via
three freeze-pump-thaw cycles. The flask was returned to the glovebox, and the product
was precipitated from solution using 15 mL of dry Et2O. The dark orange precipitate was
________________________________________________________________________
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collected by filtration, and the product was washed with Et2O and suction dried. 50.0 mg,
68.0%. Crystals suitable for X-ray diffraction were grown via vapour diffusion method
from DMF/ether. δH (400 MHz, D6-DMSO, ppm): 39.29, 9.51, 7.63, 6.11, 3.37 (H2O), 3.09
(CH3, NMe4), 2.90 (CH3, DMF), 2.73 (CH3, DMF), 2.08 (CH3, MeCN), 1.48 (CH3, OAc),
-33.07. ESI-MS (m/Z): calcd. for C48H42Fe2N8O7: 477.0938 Found: 477.0758. ATR-FTIR
(cm-1): 3026, 2959, 2924, 2913, 2852, 2738, 2630, 2143, 1670, 1601, 1574, 1484, 1446,
1373, 1352, 1253, 1212, 1169, 1116, 1074, 1013, 996, 951, 902, 885, 852, 819, 758, 751,
700, 648, 636, 607, 578. λmax, nm (1:9 DMF/acetone) 385 (ε, mol L-1 cm-1, 9400).

4.4.3.2 Synthesis of 18O labelled [NMe4] 2[[FeIII(LPh)] 2(µ-18O)] (3-18O)
In an inert atmosphere glovebox, 1 (15 mg, 0.022 mmol) was transferred into a Schlenk
flask, and dissolved in 0.5 mL of DMF. The flask sealed with a septum and brought outside
of the glovebox. A three channel rubber hosing was attached to the Schlenk flask inlet, a
vacuum line and an

18

O2 (97%) gas cylinder. The solution in the Schlenk was degassed

using three freeze-pump-thaw cycles, and the set up was placed under vacuum for 1 minute,
ensuring that the tap to the gas cylinder was tightly closed at all times. The tap to the
Schlenk, and the tap to the vacuum line were closed. The tap to the 18O2 gas cylinder was
opened carefully to fill the rubber hosing with 18O2 gas. The gas cylinder was then closed
tightly again, and the tap to the Schlenk flask was carefully opened. An immediate colour
change from a pale yellow to a dark orange solution was noted. The solution was allowed
to stir for 1 hour under an atmosphere of 18O2. The solution was degassed using three freezepump-thaw cycles to remove residual

18

O2 gas from the solution. The Schlenk flask was

returned to an inert atmosphere glovebox, where the dark orange solution was treated with
10 mL of dry Et2O to yield the product as a dark orange precipitate that was filtered, washed
with Et2O and suction dried. (11.4 mg, 76%), ESI-MS (m/Z): Calcd. for [[FeIII(LPh)]2(µ18

O)]2–: 478.0964 Found: 478.0902 ATR-FTIR (cm-1): 3387, 3031, 1668, 1601, 1571,

1485, 1446, 1370, 1326, 1253, 1212, 1024, 1011, 999, 970, 951, 911, 889, 803, 761, 700,
670, 624, 616, 610, 596, 587, 578, 568.

4.4.3.3 Generation of [NMe4] 2[FeIII(LPh)] 2(µ-OH)] 2– 3(H+)
To a solution of 3 (0.25 mM) at -75 °C in a 1:9 DMF/acetone mixture were added RCO2H
(R = Me, CF3, Ph, PhNO2 , PhMe, PhNH2, PhBr, Py) (60 µL of 0.2 M solutions in acetone)
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corresponding to 12 equivalents with respect to [Fe] present in solution. The progress of
the reaction was monitored via UV-Vis spectroscopy, by observing the appearance of the
λ = 405 nm shoulder.
4.4.3.4 Generation of [NMe4] 2[FeIII(LPh)] 2 (H+)(µ-O)] 2– (4)
To a solution of 3 (0.25 mM) at -75 °C in a 1:9 DMF/acetone mixture were added RCO2H
(R = Me, CF3, Ph, PhNO2 , PhMe, PhNH2, PhBr, Py) (60 µL of 0.2 M solutions in acetone)
corresponding to 12 equivalents with respect to [Fe] present in solution. The progress of
the reaction was monitored via UV-Vis spectroscopy, by observing initial appearance of
the λ = 405 nm shoulder that decayed into the λ = 445 nm feature attributed to the formation
of 4. Solutions of HCl and were made up by diluting concentrated solutions of each to 0.2
M using acetone.

4.4.3.5 Titration of 3 with BzOH
A stock solution of BzOH (0.01 N) was made up by dissolving 24.4 mg in 20 mL of
acetone. To a solution of 3 at -75 °C in 1:9 DMF/acetone mixture was added; BzOH (0.01
N, 0.1 equiv. increments), monitoring the disappearance of the λ = 385 nm feature, and the
appearance of the λ = 500 nm feature associated with the formation of 3(H+). Additions
were halted when no more changes in the electronic absorbance were noted.

4.4.3.6 Generation of [NMe4][FeIV(LPh)(O)(H+)], (6)
1 (16.9 mg, 0.025 mmol) was dissolved in 5 mL of dry and deoxygenated DMF to make a
5.0 mM stock solution. 1 mL of the DMF stock solution containing 1 was diluted with 9
mL of dry and deoxygenated acetone, giving a 0.5 mM solution of 1 in a 1:9 mixture of
DMF/acetone. 2 mL of 1 (0.5 mM) was transferred into a quartz cuvette, and sealed air
tight using a septa and parafilm. The cuvette containing a solution of 1 was removed from
the glovebox and placed into the UV-Vis spectrometer. The sample was cooled to -75 °C.
1 was exposed to the atmosphere, causing the appearance of the λ = 385 nm band associated
with the formation of 3. 12 equivalents of Benzoic acid (60 µL, 0.1 M) was added to a
solution of 3 via a syringe, causing the gradual disappearance of the λ = 385 nm band, and
the appearance of a broad absorbance at λ = 445 nm attributed to the formation of 4.
mCPBA (88%) (78.4 mg, 0.40 mmol) was weighted out and dissolved in 4 mL of 1:9 DMF
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acetone mixture to make a 0.1 M solution. 10 equivalents of mCPBA (50 µL, 0.1 M) was
added to 4 via a glass syringe. The progress of the reaction was monitored by the
appearance of the λ = 735 nm band attributed to the formation of 6.

4.4.3.7 31P NMR
To a solution of 6 (0.5 mM) in a 1:9 DMF/acetone mixture at -75 °C was added
triphenylphosphine (PPh3) (1.0 M, 20 µL, 20 equiv.) in acetone. The progress of the
reaction was monitored by the disappearance of the λ = 735 nm band. Once the reaction
appeared to be complete, the solution was allowed to warm to room temperature. The post
reaction mixture was transferred into a 10 mL round bottom flask and the cuvette was
washed with 3 mL of acetone. The washings were added to the flask and the solvent was
removed under reduced pressure. Triphenylphosphite oxide (O=P(OPh)3) (10.0 mg, 0.031
mmol) was added to the dried residue as an internal standard. The contents of the flask were
re-dissolved in CDCl3 and the mixture was taken up into a syringe. Any residual insoluble
material was filtered off using a 0.2 µm syringe filter and the eluent was directly filtered
into an NMR tube. This procedure was repeated a total number of three times. A blank
sample was prepared by adding PPh3 to 2 mL of 1:9 DMF/acetone mixture, followed by
removal of solvent, addition of O=P(OPh)3 (10.0 mg, 0.031 mmol) and dissolving in
CDCl3. The quantity of triphenylphosphine oxide (O=PPh3) present in the post reaction
mixture was calculated based on the integration of a known amount of internal standard
present in solution. Deduction of triphenylphosphine oxide in the blank sample gave the
yield of O=PPh3 (~50 %)

4.4.3.8 Reactivity Experiments, extinction coefficient and rate constant
determination
A solution of 6 was prepared as described above. Triphenylphosphine was added as a
concentrated solution (0.5 – 2.0 M) in acetone to a solution of 6 at -75 °C. The progress of
the reaction was monitored via UV-Vis spectroscopy, by observing the disappearance of
the NIR feature at λ = 735 nm. Reaction rate constants were determined by using a
minimum of 10 equivalents of substrate with respect to 2, to ensure pseudo-first order
conditions. Each measurement of kobs was repeated three times. Second Order rate constants
were determined by plotting the dependence of the pseudo-first order rate constants (kobs)
versus the concentration of the substrates. The value of k2 was determined from the line of
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best fit. Extinction coefficient calculations were carried out on three different solutions
using three concentrations. Extinction coefficients were calculated based on the slope
obtained from the Beer plot. Electron Spray Ionization Mass (ESI-MS) Spectrometry
Sample that were generated at -75 °C in a 1:9 DMF/acetone mixture in a cuvette were
transferred rapidly into a chilled MS vial using a pre-cooled Pasteur pipette, and
immediately frozen in liquid Nitrogen. Samples were stored in a liquid nitrogen filled
storage dewar until measurement. Freshly thawed samples were directly injected into the
ionization chamber using a syringe. Room temperature stable Iron complexes and post
reaction mixtures were diluted to ~0.1 mM using acetone, prior to injection.
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5.1 Introduction
The oxidation of aromatic rings presents a powerful transformation due to the versatility of
phenolic products applied in the pharmaceutical, agrochemical, plastics and dye industry.13

The activation of aromatic C-H bonds is a challenging reaction due to its high bond

dissociation enthalpies compared to aliphatic C-H bonds (BDE, 113 kcal mol-1 for benzene
versus 99.5 kcal mol-1 for cyclohexane).4 Terminal NiIV(O) complexes are powerful
oxidants, postulated to be involved in catalytic oxidative reactions of hydrocarbons
containing strong C-H bonds,5-7 as well as olefin epoxidation and heteroatom oxidation.8, 9
It is anticipated that this entity may also be linked to aromatic C-H bond oxidation, as a
series of putative dinuclear NiIII(µ-O)2 complexes supported by tetradentate ligands were
capable of oxidizing benzene to phenol in low yields.10 It is therefore of great interest to
the biocatlytic community to understand and characterise NiIV(O) intermediates in order to
further exploit its reactivity properties.

Nature utilizes metalloenzymes to perform similar aryl oxidation reactions. In mammalian
cells, phenylalanine hydroxylase (PheH) and tyrosine hydroxalase (TyrH) belong to a
subclass of non-haem Fe enzymes known as pterin dependant amino acid hydroxylases
(Section 1.2.1.2). These enzymes were shown to contain a non-haem FeIV(O) unit capable
of catalysing the undirected aromatic oxidation via electrophilic attack, forming the
hydroxylated product under mild conditions.11, 12 The synthesis of oxygenating complexes
inspired by model enzymes has been a goal in catalysis for many decades, 13-16 where
attempts at elucidating the identity of the metal species responsible for aromatic oxidations
have been made. However, as of today, these remain mostly unknown and are still subject
to debate.10, 17, 18

In an ever more increasing number of reports, well characterized Fe IV(O) and FeV(O)
systems are observed to undergo self-hydroxylation of a pendant aryl ring.19-24 Having
identified these intermediates as active oxidants in aromatic oxidation reactions gives
precedent for the aryl C-H bond activation of late transition metal oxo systems that have
thus far remained elusive. High valent NiIII and CuII oxyl (O•) systems undergoing aryl
hydroxylation remains exceedingly rare.25 Only a handful of oxo systems have been
observed to undergo oxidation of the pendant aryl rings and are occurring mostly via
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dinuclear bridged µ-O intermdiates.10,

25-29

Thus far, well characterized mononuclear

NiIV(O) intermediates have shown to be too fleeting to study their reactions towards
aromatic systems, due to the destabilizing effect of the Ni-O bond in a d6 metal ion (Section
1.3.1).30 Our group have previously identified a NiIII(O•) species responsible for
intramolecular C-H bond oxidation of the proximal isopropyl group of the substituted
pyridine dicarboxamide ligand. This provided strong evidence for the involvement of a
putative NiIV(O) species, However we were unsuccessful in trapping this nascent
intermediate.31 Research on metal oxos has been focused on a combination of strong σ and
π-donating ligands to stabilize high metal oxidation states. We employed [LPh]3– in an
attempt to stabilize a terminal NiIV(O) intermediate, as the C3v symmetry displayed by the
NiII centre has the correct electronic predisposition to support a terminal oxo moiety
(Section 1.3.1.2). Instead we observed a rate determining aryl hydroxylation step, providing
evidence for the involvement of a NiIV(O) entity in aromatic oxidation reactions.

Scheme 5.1. Proposed pathway undertaken upon oxidation of 7b by peroxyacetic acids.
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5.2 Results and discussion

5.2.1 Synthesis of [NMe4]2[NiII(LPh)(OAc)] (7b)
2,2',2''-nitrilotris(N-phenylacetamide) (H3LPh) in N,N’-dimethylformamide (DMF) was
reacted with KH (4 equiv.) to yield the corresponding tris-carboxamidate

K3[LPh]

potassium salt. Subsequent addition of NiCl2 (1.0 equiv.) with continuous stirring for 2 h at
25 °C afforded a pale yellow to dark green colour change. Filtration of insoluble salts,
followed by precipitation of the product with Et2O afforded [K][NiII(LPh)(DMF)] (7a) in 74
% yield as a green powder. A [NMe4]+ counter-ion was installed by a one-pot synthesis
following a modified procedure.32 Addition of NiCl2 (1.0 equiv.) to the K3[LPh] salt,
followed by the addition of [NMe4][OAc] (2.0 equiv.) in DMF afforded a dark green
mixture that was filtered to obtain a dark green solution of [NMe4]2[NiII(LPh)(OAc)] (7b).
Alternatively, a counter ion exchange was easily achieved by treatment of 7a with
[NMe4][OAc] (2.4 equiv.) in DMF. 7b displayed greater solubility in CH3CN than 7a,
presumably because the K+ counter ion in 7a limited its solvation to more polar solvents.

Crystals suitable for single crystal X-ray crystallography were grown for 7a and 7b via
slow diffusion of diethyl ether into DMF and CH3CN solutions respectively (Figure 5.1).
Structural analysis of 7a revealed a distorted trigonal bipyramid (TBP) with an associated
tau five (τ5) value of 0.67 where a τ5 parameter of 1.00, represents perfect TBP symmetry,
and 0 represents square based pyramidal geometry for five coordinate complexes.33

Addition of [NMe4][OAc] confirmed the installation of the acetate anion (–OAc) as axial
ligand in place of DMF for 7b. Analysis of 7b shows a coordinated acetate ligand bearing
a shorter Ni–O bond distance of 2.091(3) Å, and a longer Ni–O bond length of 2.324(2) Å.
The C-O bonds of the acetate ligand in 7b are similar (C-O4 = 1.26(8) Å and C-O5 =
1.25(4) Å), suggesting a high degree of electronic delocalization over the acetate ligand, in
line with a bidentate coordination mode. Interestingly, the acetate binding mode in 7b is
different compared to the reported [FeII(LPh)(OAc)]2– (1) and [ZnII(LPh)(OAc)]2–
complexes, where no electronic delocalization over the acetate ligand was observed,
assigning them to a monodentate coordination of –OAc.32 The Ni-O4, Ni-Navg .and Ni-N1
bond lengths are slightly elongated in 7b compared to 7a, while the axially bound acetate
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causes a greater N2-Ni-N4 angle of 157.89(6)° in 7b compared to the smaller N2-Ni1-N3
angle of 134.96(12)° in 7a, due to a more sterically encumbering bidentate acetato ligand.

Figure 5.1. ORTEP plot depicted at 50% probability level of the X-ray crystallographically
determined structure of 7a (left) and 7b (right). Hydrogen atoms and counterions have been
omitted for clarity.

High resolution electrospray ionization mass spectrometry (ESI-MS) for 7a and 7b (Figure
A.75 and A.76) found a common ion at m/Z = 471.0992 (m/Z, calc. = 471.096 for
C24H21N4NiO3) that could be assigned to [NiII(LPh)]–. Axially coordinating ligands may be
labile in CH3CN solutions or could have been displaced during ionization. Nonetheless
ESI-MS data confirms the composition and elemental assignment for the [NiII(LPh)] core
structure in both complexes.
Attenuated total reflectance fourier transform infrared (ATR-FTIR) spectra of H3LPh, 7a
and 7b were recorded on powdered samples (Figures A.78– 80). The N-H stretching mode
of H3LPh was observed at ν = 3237 cm-1. Features at ν = 1560 cm-1 and 1485 cm-1 (Δν = 75
cm-1) in 7b were tentatively assigned to νCO stretching modes of the bound acetate.
Formation of the amidate complexes was indicated by the loss of the diagnostic N-H stretch
of the amide functionality. 7b exhibited ΔνCO less than that of free acetate (ΔνCO = 163 cm1

), and is therefore consistent with a bidentate coordination mode of the –OAc anion in the

solid state, in line with our X-ray structural analysis of 7b.34
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In 1H NMR, 7b displayed four paramagnetically shifted peaks in a [D6]-DMSO solution
(Figure A.73). 1H signals roughly integrated with a 2:2:2:1 ratio, corresponding to the
methylene resonance and aromatic (Ho, Hm, Hp) signals respectively. A peak for the

–

O2CCH3 signal could not be identified, suggesting that the axial –OAc ligand is readily
displaced by a coordinating solvent molecule in solution. A fluxional ligation for –OAc was
observed previously for [FeII(LPh)(OAc)]2–, where a distinct pramagentically shifted peak
for the –O2CCH3 signal also could not be identified.32 Taken together, 7b retains a C3v
symmetric structure in solution.
A solution state magnetic moment of µeff = 3.09 B.M. was determined via the NMR Evans
method for 7b at 25 °C. Assuming a TBP symmetry is maintained in solution, this value is
consistent with an S = 1 (high spin) configuration of a d8 ion in C3v symmetry, further
supporting our 1H NMR observations. The high spin nature of 7b is unsurprising, given the
strong σ-donating properties of the deprotonated amidate ligand.
5.2.2 Preparation and Characterization of [NiIII(OLPh)] (8)
Due to solubility limitations of 7a in CH3CN, we could not achieve high enough
concentrations to carry out electrochemical analysis. Instead, we have conducted steady
state cyclic voltammogram (CV) experiments on 7b in CH3CN, with [nBu4N][PF6] (N nBu4
= tetrabutylammonium) as the supporting electrolyte with a scan rate of 0.05 mV s-1. Two
quasi-reversible oxidation events at 0.09 V and 0.42 V versus the ferrocene/ferrocenium
(Fc/Fc+) couple could be identified, and were assigned to the NiII/NiIII and NiIII/NiIV redox
couples, respectively (Figure 5.2). The results indicated a disposition of 7b to access higher
oxidation states, presenting a feasible method to trap a NiIV(O) intermediate using terminal
oxidants such as peroxy acetic acids.

Chemical oxidation of 7b was examined by reacting with peroxybenzoic acids and
monitoring electronic absorption changes by UV-Vis spectroscopy. Addition of a solution
of 3-chloroperoxybenzoic acid (mCPBA, 86 %, 1.0 equiv.) in CH2Cl2 to a solution of 7b
(0.50 mM) in CH3CN at -40 °C led to the formation of new absorption features at λ = 390
nm, λ = 675 nm and λ = 950 nm, attributed to the formation of a new species (8, Figures
5.3, A.82). A maximum yield of these absorption features was achieved within 60 seconds
and a colour change from a pale green to a dark green colour was noted. 8 had an estimated
half-life of 6000 seconds at
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Figure 5.2. Cyclic Voltammogram in CH3CN at room temperature of 7b. Scan rate: 0.05
mV s-1. Arrow indicating the sweep direction.

Figure 5.3. Electronic absorption spectrum of 7b (0.50 mM, black trace) and 8 formed
from the reaction of 7b + mCPBA (1.0 equiv., 0.50 mM, blue trace) in CH3CN at -40 °C.
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-40 °C (Figure A.83) and we observed a rapid disappearance of electronic absorption
features upon warming a solution of 8 to 25 °C, implicating 8 was a reactive intermediate
that can only be stabilized at low temperature.

Figure 5.4. Negative mode ESI-MS spectrum obtained for 8. Black signal = experimental
result, displaying m/Z = 486.0786. Blue trace = simulation for [Ni(OLPh) – H+]–, calc. m/Z
for C24H20N4NiO4 = 486.0837.

ESI-MS was run on negative mode on a thawed solution of 8. The spectrum displayed a
signal at m/Z = 486.0787 with the appropriate isotopic distribution pattern for an ion
containing Ni. We could match this assignment to either a NiIV(O) ion [Ni(O)(LPh) – H+]–
or a NiIII phenolate ion [Ni(OLPh) – H+, Figure A.85], both corresponding to the elemental
formula: C24H20N4NiO4 (m/Z calc. = 486.0838, Figure 5.4, A.84). This signal shifted by 2
atomic mass units (a.m.u.) when using the

18

O-mCPBA isotopomer (Figure A.86). This

provides evidence that the incorporated oxygen atom stems from the oxidant. Furthermore
we were able to observe a major peak assigned to [LPh – H+] (m/Z = 415.1767), and of
unreacted [Ni(LPh)]– (m/Z = 471.0948). [Ni(LPh)(CN) + H+]– (m/Z = 498.1054) that may
have formed from a reaction with CH3CN and lastly [LPh + mCBA]– (m/Z = 571.1728,
mCBA = 3-chlorobenzoate) that formed following mCPBA oxidation (vide infra).

The X-Band EPR spectrum for 8 measured at 77 K displayed an axial signal (g⊥ = 2.20 and
gǁ = 2.01, Figure 5.5) with a three-line hyperfine splitting in gǁ. Double integration of the
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EPR envelope showed a yield of 75 ± 20 % compared to the TEMPO• (2,2,6,6tetramethylpiperidin-1-yl)oxyl radical standard prepared under the same conditions. The
average g-value (2.14), along with an axial signal was consistent with a spin localized on a
d7, S =½ NiIII ion found in either square planar or tetragonally distorted coordination
environment.35-38 The hyperfine splitting is likely due to an axially coordinating N-atom (I
= 1) found in a close proximity to the unpaired electron on the metal. The observed
hyperfine coupling value (A = 65 MHz) is consistent with typical values observed for
coupling to

14

N nuclei.36,

38-40

We believe the observed coupling stems from axial

coordinating nitrogen atom with an unpaired electron in the dz2 orbital resulting in the
observed hyperfine in gǁ. Taken together, these results indicate that the oxidation of 7b with
mCPBA results in the formation of a major NiIII entity that has undergone a symmetry
change from a C3v symmetric structure in 7b into a tetragonally distorted (C4v) intermediate
in 8.

Figure 5.5. Black trace: X-Band EPR spectra of 8 (10.0 mM) in a frozen CH3CN solution,
collected at 77 K. Blue trace: simulation of experimental data for 8.
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5.2.3 Reaction of 7b with alternative peroxides
Electronic characterizations thus far indicated one electron oxidation of 7b. We probed the
possibility of the formation of a NiIII benzoate adduct, that may have resulted following a
one electron oxidation of 7b with mCPBA and a subsequent coordination of the resulting
mCBA. Accordingly, we prepared bis(3-chlorobenzoyl)peroxide as an alternative oxidant.
In contrast to mCPBA, the related perbenzoate is known to undergo homolytic cleavage of
the O‒O bond, generating a benzyloxy radical41 that can react with 7b and lead to the
formation of the 3-chlorobenzoate adduct of 7.

The reaction of this oxidant with 7b at -40°C was sluggish, however at 25 °C, the reaction
proceeded more rapidly, forming a maximum absorption intensity at λ = 455 nm within
2000 seconds upon addition of 2.0 equiv. of bis(3-chlorobenzoyl)peroxide (Figure 5.6).
The final electronic absorption spectrum appeared significantly different to 8 (Figure A.87).
Interestingly, a thawed reaction mixture of 7b with bis(3-chlorobenzoyl)peroxide displayed
a distinct peak at m/Z = 626.0947, matching the isotopic distribution pattern observed for
an ion containing Ni. We have assigned this to the expected NiIII meta-chlorobenzyloxide
adduct [Ni(LPh)(mCBA)]– (calc. m/Z = 626. 0867 for C31H25ClN4NiO5, Figure 5.6, A.88).
A signal corresponding to [Ni(LPh)(O) – H+]– that we have assigned to 8 was not observed
in this case. This oxidant appears to perform one electron oxidation of 7b to yield the
corresponding NiIII meta-chlorobenzyloxide adduct [NiIII(LPh)(mCBA)]– (9).

Additionally, an X-Band EPR spectrum of the resulting species 9 (Figure 5.6) displayed a
somewhat more rhombic character than the spectrum observed for 8. An overlay of these
spectra reveals a different speciation for 9 (Figure A.87). Taken together, the two
contrasting electronic and spectral properties of 8 and 9 suggests that the reaction of 7b
with mCPBA does not result in the generation of a NiIII benzyloxy adduct, as we have
shown that such a species would possess significantly different spectral features.

To our content, we were also able to generate 8 using peroxybenzoic acid (PBA) as an
alternative to mCPBA. The obtained UV-Vis and EPR features of 8 that had been generated
using this oxidant matched those of 8 that had been generated using mCPBA (Figures A.89
and A.90). The identification of the same product, suggests a similar oxidation route to
mCPBA, ruling out the assignment of 8 as a NiIII benzoate adduct.
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Figure 5.6. Left; Electronic absorption spectrum of 7b (0.5 mM, black trace) and 9 (maroon
trace). Inset: X-Band EPR spectra of 9 (10.0 mM) in a frozen CH3CN solution, collected at
77 K. Right: Negative mode ESI-MS spectrum obtained for 9. Black signal = experimental
result, displaying m/Z = 626.0947. Maroon trace = simulation for [NiIII(mCBA)(LPh)]–, calc.
m/Z for C31H25ClN4NiO5 = 626.0867.

5.2.4 X-ray absorption analysis
Evaluation of the Ni-K-edge XANES (X-ray Absorption Near Edge Structure) for 7b and
8 are shown in Figures 5.7, A.91 and reported in Tables 5.1, A.8 and A.10. Analysis of a
sample of 7b showed a K-edge energy of 8343.4 eV, with a distinct pre-edge feature at
8332.7 eV corresponding to an electronic-dipole forbidden 1s-to-3d transition, which gains
intensity in non-centrosymmetric geometries due to p-d mixing.42 The area of the 1s  3d
transition was evaluated by peak fitting using two distinct pseudo Voigt functions
(Lorentzian/Gaussian ratio = 0.5) obtaining a value of 9.4 × 10-2 eV. No further peaks or
shoulder were observed below the edge energy. The calculated values and the spectral
features observed were diagnostic for a five-coordinated TBP geometry,43 matching the
data observed by XRD.

The Ni-K-edge for 8 exhibited an edge energy of 8344.4 eV, with a + 1.0 eV blue shift
compared to 7b (Table 5.1). Since the edge energy provides a measure of the relative
electron density and effective charge on the Ni atom, its variation can be indirectly
correlated to a change in the oxidation state and is therefore in line with the oxidation of
NiII to NiIII proposed for 8.43 The pre-edge region showed a 1s-to-3d transition at 8333.1
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eV (+ 0.4 eV compared to 7b with a peak area of 5.2 x 10-2 eV. The shift and the decrease
of area observed reflected a clear change in the ligand field (and possibly oxidation state)
between 7b and 8.44 The observations suggest a geometry change from a noncentrosymmetric TBP (in which the forbidden 1s  3d transition gains intensity form p-d
orbital mixing) to a square pyramidal (in which, due to the higher centrosymmetric
character, the intensity of the forbidden 1s  3d transition is highly reduced).43, 44 An
additional peak, assigned to a 1s  4pz transition with shakedown contributions, was
observed at 8338.3 eV, suggesting the presence of a tetragonal geometry.43 These
observations are diagnostic of a square pyramidal NiIII complex which are consistent with
the proposed structure for 8 (Scheme 1).

Evaluation and analysis of the extended X-ray absorption fine structure (EXAFS) for 7b
and 8 was performed and the results are reported in Tables A.9 and A.10. EXAFS data for
7b (Figure 5.7) were best fit with a first shell composed of 6 N/O scatters at 2.05 Å.
Comparison with the crystallographic data (Tables A.12 and A.13) showed an overall
contraction of the first shell, on average 0.06 Å shorter in the refined data, that we ascribe
to the bidentate ligation of the acetate moiety in the examined sample. Such observation is
enhanced by the refinement of the second coordination shell, which exhibits 1 C at 2.40 Å
and 3 C at 2.86 Å. The lone carbon atom at 2.40 Å was consistent with the acetate
carbonylic carbon atom, that was closer by ~ 0.1 Å compared to XRD. The fit of the data
was completed by the third coordination shell, with 2 C at 3.39 Å, 4 C at 3.85 Å and 4 N/O
at 4.23 Å, belonging to the main ligand backbone.

Fitting of EXAFS data for 8 (Figure 5.7, Table A.9 and A.10) showed a first coordination
shell composed of 6 N/O scatterers (with an error of ± 1), divided in two sub-shell: 2 N/O
scatterers at 1.87 Å and 4 N/O scatterers at 2.03 Å. The first sub-shell was consistent with
the proposed structure, matching the Ni-OPh distance (1.89 Å) observed in the
crystallographic data obtained for 10 (see later). The second sub-shell was refined at a
longer distance (~2.03 Å), despite the sample containing a proposed a Ni III atom (see
above). In theory, a higher oxidation state should result in a contraction of the first
coordination shell due to the presence of a more electron deficient Ni. This discrepancy
was addressed by proposing the coordination of a further N/O atom in solution (either a
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Figure 5.7. Top left: Ni K-edge XANES spectrum of 7b (black trace) and 8 (blue trace).
Inset: detailed pre-edge region of XANES spectrum. Top right: Second derivative of the
pre-edge region. Bottom: Best fit to k3-weighted EXAFS of 7b (left) and 8 (right), reported
in R-space and k-space (inset). Experimental data are shown as dashed lines, best fits are
shown as solid lines.
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solvent molecule or the scorpion-tail-like amidic pendant) to the NiIII metal centre, with
consequent partial elongation of the Ni-N/O distances to accommodate the additional
ligand. Such hypothesis was consistent with the 5-coordination square pyramidal geometry
observed by XANES analysis of the sample. The fit was completed by a second shell
composed of 5 C at 2.76 Å and a third shell composed of 11 C (2 C at 3.33 Å, 4 C at 3.76
Å and 5 C at 4.23 Å), all belonging to the ligand backbone.

5.2.5 Oxidation via ‘proton switch’ of Ni carboxamidate complex
Our observation on the geometry change from TBP in 7b to square planar in 8 upon
oxidation with mCPBA can be best explained with protonation of the one of the amide
nitrogen prior / following oxygen atom transfer. Therefore, we were interested to establish
a reversible proton switch by treating 7b with acids followed by bases. We observed a
protonation of 7b upon addition of benzoic acid (PhCO2H, pKa = 4.2 in H2O). Following
changes in the electronic absorption spectrum of 7b upon addition of PhCO2H, a decrease
in the absorption intensity at λ = 320 nm and λ = 657 nm were noted, forming a shoulder
at λ = 330 nm that appeared to reach a minimum with 3.0 equiv. of PhCO2H (Figure 5.8).
We have assigned this protonated state to 7[H+] (Scheme 2). The features associated with
7b could be partially regenerated upon adding [NMe4][OH] (3.6 equiv.) to 7[H+] (Figure
A.92). The same reaction was monitored by 1H NMR spectroscopy in CD3CN (Figure 5.8,
A.93). Upon subsequent additions of acid, a splitting and gradual loss of paramagnetically
shifted features associated with 7b were observed, along with the appearance of a signal at
δ = 10.8 ppm. The disappearance of this peak and the recovery of broad shifted peaks
assigned to 7b was observed when we added [NMe4][OH] to 7[H+], consistent with our
UV-Vis observations. We have assigned the observed δ = 10.8 ppm resonance in 7[H+] to
an amide proton signal based on the typical regions associated with amide group for
carboxamide ligands.32,

45, 46

This observation indicated the protonation of the basic

carboxamide nitrogen, but also suggests a change in symmetry of the 5-coordinate TBP
symmetric (paramagnetic) 7b to a 4 coordinate square planar symmetry (diamagnetic) in
7[H+], where one of the carboxamidate arms has become protonated (Scheme 5.2).

Unfortunately the aromatic region of the spectrum was poorly resolved, due to the overlap
of aromatic signals of 7[H+] with benzoic acid, however, the splitting of the broadly shifted
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Table 5.1. Spectrochemical data for Ni carboxamidate complexes.

Cpd.

µeff

λmax (nm), ε

(B.M.)

(mol L-1 cm-1)

gǁ, gꞱ, (gav.)

pre-edge

edge

energy

energy

(eV)

(eV)

320 (2800),
7b

3.09

405 (170),

N/A

8332.7

8343.4

657 (100)

a

8

-

9

-

390 (3000),

2.01, 2.20,

675 (1300)

(2.14)

455 (4600),

2.07, 2.13,

675 (1200)

2.22 (2.14)

8333.1

-

8344.4

-

Ni-O (Å)

2.091(3)a
2.324(2)a

1.89b

-

determined by XRD. b determined by EXAFS.

Figure 5.8. Left: 1H NMR spectra of 7b (4.0 mM, black trace) in CD3CN upon addition of
benzoic acid; 1.0 equiv. (red trace), 2.0 equiv. (green trace), 3.0 equiv. (blue trace), 3.0
equiv. benzoic acid, followed by 3.6 equiv. [NMe4][OH] (purple trace). Right: Associated
electronic absorption changes of 7b (0.50 mM, black trace), upon addition of benzoic
acid;1.0 equiv. (red trace), 2.0 equiv. (green trace), 3.0 equiv. (blue trace). In CH3CN at 25
°C.

________________________________________________________________________
159

Chapter 5 – Aryl C-H bond hydroxylation via metastable Ni(III) phenolate complex; evidence for
involvement of putative Nickel oxo intermediate

Scheme 5.2. Protonation events of 7b upon addition of H+.

NMR signals may be explained as a break in symmetry of the structure of 7b that results
upon protonation of one of the carboxamidate arms (Scheme 5.2). Therefore, the
protonation of the carboxamidate ligand may rationalize the change to C4v symmetry, as a
result of a protonation step, that occurs prior or following an oxidative step in the reaction
of mCPBA with 7b.

To confirm the precise site of protonation it was decided to estimate the pKa of 7[H+] via
titration with [NMe4][OH]. We measured the equilibrium constant Keq from the reaction of
7[H+] + [-OH] ↔ 7b + [H2O]. Monitoring changes in the absorbance at λ = 330 nm upon
incremental addition of [NMe4][OH] to 7[H+] at 25 °C in CH3CN, a linear increase in the
absorbance of was noted (Figure A.94), attributed to the recovery of 7b. An equilibrium
constant Keq (equation 5.1) could be calculated at various points throughout the titration
from the knowledge of the concentration of both 7[H+] and [NMe4][OH]. The change in
concentration of species 7[H+] was determined from the absorbance at λ = 300 nm. The
concentration of 7b is proportional to the drop in concentration of 7[H+] and the
concentration of [Base] is the known amount of externally added [NMe4][OH]. As the
protonated species is assumed to exist entirely as 7[H+] at the start and as 7b at the end of
the titration, [H-Base] (conjugate base) is assumed to be equal to 7b.

Keq =

[7(𝑯+ )][H-Base]
(equation 5.1)
[7b][Base]
Ka =

Ka (H-Base)
(equation 5.2)
Keq
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Knowing the value of Keq at every point, a value for Ka can be calculated based on equation
5.2,47, 48 where Ka (H-Base) = [H2O] = 1 x 10-15 (see experimental details for calculations).
Plotting pKa versus equivalents of [NMe4][OH] added, a roughly linear trend was obtained,
from which an estimated value for the pKa for 7[H+] could be determined from the yintercept (theoretical pKa if no acid is added, Figure A.95). A value of ~17 was obtained in
this case, however the error in this measurement is likely high (pKa ± 2). Based on this
value, we believe that the protonation likely occurs at the N-H position, however 7[H+]
displayed a significantly more basic N-H than what had been previously determined for the
pyridine dicarboxamidate(2-) ligand (pKa ~15).49 This may be rationalized by a higher
degree of H-bonding of the N-H to the carbonyl moieties of [LPh]3– or the acetate ancillary
ligand.

A recent study has shown that peroxyacetic acids such as mCPBA can act as both Brønsted
acid, as a well as a terminal oxidant, where protonation of the ligand backbone can occur
as a type of ‘proton switch’ prior to a metal bound oxidative step.50 We expected 7b to
possess the ability to act as a proton acceptor, due to presence of three basic carboxamidate
arms, presenting three potential sites for pronation. Preliminary analysis of results hint at a
reversible protonation of 7b that occurs at the basic amidate moiety. Based on the
determined pKa value for the N-H moiety, protonation can be effected by mCPBA (pKa =
7.57 in H2O) following the oxidation of the NiII complex.

5.2.6 Isolation of NiII phenolate complex (10) and hydroxylated ligand (L4)
We were interested in identifying the resultant decay product of 8, as it may give us
structural insight into this intermediate. We have noticed a gradual colour change to from
pale green to brick red, upon warming a solution of 8 to room temperature, with weak
absorption features centred at λ = 326 nm and λ = 450 nm (Figure A.96). The new species
10, attributed to the decay product of the high valent intermediate 8, was stable at 25 °C in
CH3CN. Analysis of the final red solution by ESI-MS revealed the most prominent peak at
m/Z = 487.1013 (calc. = 487.0916 for C24H21N4NiO4, Figure A.77). The mass of 10 was 16
a.m.u greater than the parent [NiII(LPh)]– ion, and we assigned this signal to a NiII species
where ligand oxidation has occurred. We repeated the oxidation on a synthetic scale for the
purpose of isolating 10. The oxidation of 7b was repeated at -40 °C using 1.0 equiv.
mCPBA. The intermediate species 8 was allowed to warm to room temperature, generating
________________________________________________________________________
161

Chapter 5 – Aryl C-H bond hydroxylation via metastable Ni(III) phenolate complex; evidence for
involvement of putative Nickel oxo intermediate

decay product 10. Precipitation of the red product using Et2O, followed by filtration gave
the product in 61 % yield.
A 1H NMR of 10 in [D6]-DMSO was measured and revealed the formation of sharp
peaks in the δ = 0.0 – 12.0 ppm range and the absence of broadly shifted peaks (Figure 5.9
and A.97). We observed a singlet at δ = 10.33 ppm that is typically found in the regions for
the NH signals for carboxamides.32, 45, 46 The presence of a N-H moiety was confirmed by
a νN-H stretch at ν = 3385 cm-1 in the FTIR spectrum (Figure A.81). We observed a total of
9 distinct resonances in the aromatic region that integrated to a total ~11 with respect to the
NH resonance. Additionally, we observed three sets of doublet doublets in the δ = 4.7 – 3.0
ppm range, each integrating to ~ 2. We assigned these to the methylene resonances that
appear to be inequivalent and therefore show as distict sets of siganls. The number of
aromatic and methylene signals is suggestive of an asymmetric structure for 10. The
absence of broadly shifted peaks indicated the formation of a diamagnetic square planar
NiII structure.

A series of 1D selective total correlation spectroscopy (TOCSY) experiments helped us to
deceiver the aromatic signals observed in the 1H NMR spectrum (Figure 5.9 and A.103). It
became apparent that the three aromatic rings appeared in three distinct spin systems. The
signal at δ = 7.33 ppm consisted of an overlapping doublet and triplet, while the signal at δ
= 7.07 stemmed from two overlapping triplets belonging to separate phenyl rings. When
the signal at δ = 7.64 ppm was irradiated, three aromatic signals appeared, corresponding
to one of the phenyl rings of the structure. Another distinct aromatic environment showing
signals for o/m/p positions were identified when the signal at δ = 6.84 ppm was irradiated.
The remaining aromatic ring was identified upon irradiating the peak at δ = 5.93 ppm,
showing a total of four signals. This aryl ring appeared to be asymmetric as a result of a
functionalization at the ortho position, giving four distinct signals. The aromatic signals
depicted as blue and green in Figure 5.9 were distinguished with the aid of a 1H rotatingframe Overhauser effect (ROESY) experiment (see below). Having identified individual
aryl spin systems, we assigned each position based on the hyperfine and with the aid of a
1

H1H COSY (Figure A.101 and A.102).
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Figure 5.9. (a) 1H NMR spectrum of 10, (b) ID ROESY spectrum of 10 irradiated at δ
=10.33 ppm, (c) 1D Selective TOCSY experiments of 10 irradiated at δ = 6.84 ppm (blue),
δ = 7.64 ppm (green) and δ = 5.93 ppm (red). (600 MHz, [D6]-DMSO).
________________________________________________________________________
163

Chapter 5 – Aryl C-H bond hydroxylation via metastable Ni(III) phenolate complex; evidence for
involvement of putative Nickel oxo intermediate

Interestingly the signal at δ = 7.64 ppm was split into two doublets, and appeared to couple
to two different spin systems simultaneously. To further investigate the nature of this
splitting, we conducted a ROESY experiment (Figure 5.9 and A.104). Irradiating the peak
at δ = 10.33 ppm that was assigned to the NH signal showed a coupling to the aromatic
signal at δ = 7.57 ppm, assigned to a dangling aryl ring (Figure 5.9, green). Additionally,
through space coupling interactions to the aromatic proton at δ = 7.64 ppm, assigned to the
oxidized aryl ring (Figure 5.9, red) was observed. Based on the coupling of this signal to
two aromatic rings, suggests a freely dangling aromatic ring that is interacting with another
phenyl ring in the structure of 10, leading to the observed splitting of the signal at δ = 7.64
ppm.
A 13C DEPT-135 experiment (Figure 5.9 and A.105) identified the remaining signals in the
δ = 4.71 – 3.42 ppm range as methylene protons, that each appeared to be split into doublet
of doublets in the 1H NMR. The assignment of each of these resonances was achieved by
HH and CH bond correlation spectra (Figures A.99 – A.102). In brief, the methylene signals
at δ = 4.69 and 4.44 ppm were assigned to the CH2 positions closest to the oxidized phenyl
ring, the peaks found at δ = 4.11 and 3.42 ppm were assigned to the methylene positions
on the free dangling amidic pendant arm, while the remaining two methylene signals δ =
3.85 and 3.48 ppm were assigned to the remaining CH2 position. We proposed the observed
splitting of the CH2 resonances to stem from the planarity of the structure of 10, where one
proton is pointing above and one below the plane at the CH2 position, similar to CH2 signals
observed in a planar ring structure.

We were able to gain clear structural insights by X-ray crystallography on single crystals
that were obtained by slow diffusion of Et2O into an ethanolic solution of 10. Structure
analysis (Figure 5.10) revealed a change from a six coordinate geometry in 7b to a 4coordiante square planar coordination environment around the Ni centre in 10, where an
oxygen atom had become inserted into one of the aryl rings. The planarity of 10 was
immediately apparent, where each of the aryl rings was chemically distinct, confirming our
previous NMR observations of three isolated spin systems. As the bonds around the axially
coordinating N1 were rigid, the structure of 10 was observed to be chiral. The calculated
tau parameter (τ4) for the structure revealed a value of 0.12, which is close to a value of 0
for a perfect square planar geometry, where a value of 1.00 presents tetrahedral symmetry.51
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The average Ni-Navg. (1.87(9) Å) bond length in 10 was significantly shorter than those
observed for 7b (Ni-Navg = 2.06(3) Å), and may be due to a more sterically congested Ni
centre in the 6-coordinate structure of 7b. The Ni-O bond length (1.88(1) Å) was consistent
with reported square planar NiII phenolate complexes.52-54 The non-coordinating free amide
moiety does not appear to interact with the Ni centre in the solid state structure. It is
however expected to loosely rotate in solution, that may lead to the observed coupling of
the aromatic signals as seen in the 1H1H COSY spectrum, by the ability of this moiety to
freely rotate above the planar portion of the structure.

Figure 5.10. Left: ORTEP plot depicted at 50% probability level of the X-ray
crystallographically determined structure of 10. Hydrogen atoms and counterions have
been omitted for clarity. Right: Molecular structure of 10.

A de-matallation was carried out on a post reaction mixture of 7b with mCPBA. Extraction
of the organic residues under slightly alkaline conditions (pH ~ 9) using CH2Cl2 allowed
for the isolation of a roughly 1:1 mixture of H3LPh and the ortho-hydroxylated ligand
derivative

(2,2'-((2-((2-hydroxyphenyl)amino)-2-oxoethyl)azanediyl)bis(N-

phenylacetamide), L4), with a combined yield of 53 %. Residual mCBA was retained in
the aqueous phase (ionized in alkaline media). An attempt to separate H3LPh and L4 using
silica gel column chromatography only resulted in a simultaneous elution of the two
compounds. The lack of separation may be attributed to the neglectable difference in
polarity and mass of the two compounds.
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Nonetheless, we confirmed the presence of L4 by ESI-MS, displaying a signal at m/Z =
431.1712 ([L4 - H+]+, m/Z calc. 431.1719 for C24H23N4O4). Additionally, the identity of L4
was established by 1H NMR spectroscopy (Figure A.106). As a result of the asymmetry in
L4, induced by the presence of one hydroxylated aromatic ring we could identify two NH
resonances at δ = 10.24 ppm and δ = 9.68 ppm integrating with a 2:1 ratio. Additionally,
the OH resonance was identified at δ = 9.82 ppm. Distinct aromatic signals were identified
at δ = 7.91 ppm and three more in the δ = 7.1 – 6.9 ppm range. These were assigned to the
aromatic ring bearing the installed oxygen atom. The remaining two aryl rings bearing
signals for the o/m/p positions were identified in the 7.7 – 7.0 ppm range, however these
were observed to overlap with the aromatic region of H3LPh . As a result of the induced
asymmetry, two distinct methylene signals were identified at δ =3.69 ppm and δ = 3.67
ppm for L4.
The isolation of a NiII phenoxide complex as well as the corresponding
hydroxylated ligand is evidence for the involvement of a Ni oxo intermediate that
undergoes intramolecular aromatic oxidation.

5.2.7 Arene hydroxylation via NiIV(O) intermediate
Peroxy acetic acids such as mCPBA is capable of acting as both a one and two electron
oxidant. Analysis of the organic decay products is often used as a mechanistic probe to test
for the oxidative pathway undertaken by the peroxyacid (Scheme 5.3).7,

55-57

A prior

coordination of mCPBA would result in the formation of a metastable NiII peroxyacid
adduct that can undergo a two electron O–O bond heterolysis mechanism that would result
in a two electron oxidized NiIV(O) species and a corresponding carboxylic acid (Pathway
A). Alternatively, a one electron O–O bond homolysis would yield a NiIII(O) species and
an aryloxy radical (ArCOO•). This radical will undergo further decarboxylation (loss of
CO2) to form a chlorobenzene radical that may abstract H• Cl• or HO• radicals from the
solvent to yield chrlorobenzene, dichlorobenzene or 3-chlorophenol respectively.
Accordingly, we investigated the organic decay products that formed following a reaction
of mCPBA with 7b.

Qualitative analysis of a post reaction mixture of 7b with mCPBA by gas
chromatographic flame ionization detection (GC-FID, Figure A.107) showed no indication
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Scheme 5.3. Possible decay pathways of mCPBA. Pathway A); heterolytic O-O bond
scission, Pathway B); homolytic O-O bond scission.

of chlorobenzene, 1,3-dichlorobenzene or 3-chlorophenol that are typically associated with
a 1 electron oxidation (pathway B, Scheme 5.3) undertaken by mCPBA. However, we were
able to clearly identify 3-chlorobenzoic acid in the reaction mixture. We were unable to
find suitable GC conditions to determine quantitatively the amount of 3-chlorobenzoic acid,
due to the decomposition of mCPBA at elevated temperatures, giving inaccurate readings
in blank measurements. Instead, quantitative 1H NMR revealed that 3-chlorobenzoic acid
is present in ~90 % yield (w.r.t. [Ni]) in a post reaction mixture (Figure A.108). This was
determined by relative integration of the most de-shielded aromatic proton of 3chlorobenzoic acid versus an internal standard at 25 °C (See experimental section for
details). This result was in line with a 2 electron oxidative mechanism (Scheme 5.3,
pathway A) undertaken by the peracid, resulting in the formation of the putative Ni IV(O)
entity upon heterolytic O-O bond cleavage of mCPBA (pathway A, scheme 5.3).31, 57
While observing decay products that support the formation of a NiIV(O) intermediate
[NiIV(LPh)(O)]– (7[O]), our electronic characterisations clearly indicted the formation of a
NiIII intermediate. We therefore suspected a rate determining oxidation event involving
7[O], yielding of the observed NiIII decay product 8. To confirm the postulated involvement
of 7[O] in the generation of 8 (which is a unimolecular reaction), the rate of formation of
8 should remain unaffected by changing the concentration of 7b, as its generation is an
intramolecular reaction. Accordingly, we monitored kinetics for the conversion of 7b into
8 by UV-Vis spectroscopy at -40 °C to assess the potential for the involvement of 7[O] in
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a rate determining aryl oxidation and measured a first order rate constant of kobs = 0.071 s1

. Varying the concentrations of 7b, while keeping equivalents of mCPBA and temperature

constant, the data was fitted with a correlation line. The slope that was obtained showed
little to no difference in the reaction rate as the concentration was increased (Figure 5.11,
A.109). The reaction was carried out in the presence and absence of O2 and it was found
that both the yield (~75 %) and reaction rate remained unaltered (Figure A.110), suggesting
that O2 does not partake. The rate constant appears to be independent of the concentration
of 7b. This is indicative of a unimolecular reaction, where an intramolecular ligand
oxidation is occurring in the rate determining step (rds).

To rule out involvement of a proton/hydrogen atom in the RDS, we were interested
to monitor the rate formation of 8 from a perdeuterated derivative of 7b by analysing the
kinetic isotope effect (KIE). We prepared the perdeuterated aryl analogue [NiII(D15LPh)(OAc)]2– (D15-7b). D15-LPh was synthesized from an adapted procedure using [D5]aniline via phosphite mediated coupling methodologies.58 Incorporation of [D5]-aniline into
the ligand was confirmed by 1H NMR spectroscopy (Figure A.71). Deprotonation,
complexation and counterion exchange steps were followed analogously as describe for the
proto derivative 7b. As expected, the resultant perdeuterated derivative D15-7b displayed
only a single broad shifted peak at δ = 133 ppm assigned to the methylene protons (Figure
A.74).

Conducting the same oxidation of D15-7b with mCPBA, we observed the formation of a
chromophore assigned to the aryl hydroxylated intermediate [NiIII(OLD14-Ph)] (D14-8,
Figure 5.11), based on the high degree of similarity in the electronic absorption profile to
8 (Figure A.111). We measured a rate of kobs = 0.059 s-1 for the formation of (D14-8,) and
allowed us to preliminary determine a KIE value of kH (0.071 s-1) / kD (0.059 s-1) ≈ 1.2 for
the rate of formation of the aryl hydroxylated intermediates. A 1H NMR was recorded on a
post reaction mixture. We observed the expected methylene peaks that displayed as doublet
of doublets in the δ = 3.0 – 5.0 ppm region, as well as observing a NH signal at δ = 10.36
ppm, that was previously observed in 10. This is evidence for the generation of the NiII
phenolate complex, consolidating that aryl oxidation has taken place at the deuterated aryl
ring in D14-8 (Figure A.112).
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Figure 5.11. (a) Rate of formation of 8 upon addition of mCPBA (1.0 equiv.) to 7b at
different concentrations in CH3CN at -40 °C. (b) Electronic absorption spectrum showing
incremental changes in absorbance (grey traces) upon addition of mCPBA to D15-7b (0.50
mM) forming D14-8 (0.50 mM, red trace) in CH3CN at -40 °C. (c) Kinetic traces monitoring
changes the electronic absorption spectrum at λ = 390 nm, upon addition of mCPBA to 7b
(0.50 mM, blue trace) and D15-7b (0.50 mM, red trace) in CH3CN at -40 °C. (d) Eyring plot
(ln(k × T-1) versus T-1) for the conversion of 7b to 8 (blue line, Slope = 7280 ± 340) and
D15-7b to D14-8 (red line, Slope = 7170 ± 250).
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Having identified a two electron oxidation mechanism with mCPBA and a resulting NiIII
phenolate complex observed in EPR and MS studies, it is reasonable to assume the
involvement of a putative NiIV(O) species 7[O] during the aryl hydroxylation step, that
cannot be trapped under these experimental conditions. A preliminary KIE of ≈1.2
appeared to indicate that the reaction of 7[O] with its pendant aryl ring does not appear to
occur through a rate limiting Hydrogen atom abstraction (HAA), as we would expect a
significantly slower D-atom transfer step that would manifest in a larger KIE value.
Therefore, aryl oxidation must operate under a different mechanism. To consider the exact
mechanisms of self hydroxylation via 7[O] we have assessed its intramolecular reactivity
more rigorously.

5.2.8 Activation parameters
Oxidation of the aromatic ring can be considered to be initiated by the attack of a Ni IV(O)
moiety onto the π-system of the pendant arene ligand. This may be effected by a radical
attack of the electromeric NiIII oxyl [NiIII(O•)] entity, resulting in the formation of a O-C
bond, whilst avoiding the cleavage of a strong aromatic C-H bond (~110 kcal mol-1). This
should yield an intermediate NiIII phenoxide where the unpaired electron is delocalized over
the π-system of the aromatic ring (Scheme 5.4). The last step should result in the loss of a
hydrogen atom, regenerating aromaticity in the final product 8. In order to prove the
reaction is operating according to the proposed mechanism outlined in Scheme 5.4, we
required evidence for electrophilic attack of 7[O] onto the aromatic ligand and confirm the
faith of H• that had to be lost in order to result in 8.

We probed the postulate for an initial intramolecular attack of putative 7[O] onto the
aromatic ring by investigating activation parameters for the reaction of 7b with mCPBA.
Temperature dependant kinetic measurement were carried out in CH3CN using a
temperature range of 228 – 243 K to obtain activation parameters for the aryl hydroxylation
reaction undertaken by 7[O]. The formation of 8 was monitored by electronic absorption
spectroscopy. Plotting the change in absorbance at λmax = 390 nm against time, resulted in
a curve that was fit with an exponential function (Figure A.113). An Eyring plot of
ln(kobs/T) against 1/T for the conversion of 7b to 8 was constructed, showing a linear
dependence (Figure 5.11). Activation parameters were derived from equations (A.1-3) and
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Scheme 5.4. Pathway for NiIV(O) mediated aryl oxidation.

are summarized in tables 5.2 and A.11. The slope of the line was used to determine the
reaction enthalpy (ΔHǂ) and was measured as 62.2 kcal mol-1. The reaction entropy (ΔSǂ)
was derived from the y-intercept, obtained by line extrapolation.
intermolecular (bimolecular) aromatic hydroxylation reactions involving FeIV(O) and
FeV(O) complexes.20, 59, 60 This is in agreement with the unimolecular nature of the reaction.
Analysis of the Eyring plot for D15-7b to D14-8 (Figure 5.11 and A.114) shows an almost
indistinguishable slope compared to its proto-analogue. While the entropy values show
some differences, the overall contribution to the activation energy (ΔGǂ) is small. This is
unsurprising, given the similar reaction rates. The observed activation parameters are in
good agreement with literature precedent of aryl hydroxylations involving metal oxo and
bis(µ-oxo) complexes (Table 5.2).21, 26, 29 By closely comparing the slopes of the Eyring
plot, a more accurate value for the KIE (1.02) ≈ 1 could be determined, unambiguously
demonstrating that aryl hydroxylation does not proceed via HAA. An inverse KIE (KIE <
1) or KIE = 1 is typically expected for electrophilic aromatic substitution (EAS)
reactions.19, 20, 26, 60

If the proposed mechanism operates via EAS, the loss of a deuterium atom must occur in
the final step (as depicted in Scheme 5.4). ESI-MS on a reaction mixture of D15-7b with
mCPBA displayed a peak at m/Z = 501.1751 (calc. m/Z = 501.1795 for C24H7D14N4NiO4,
Figure A.115) that was assigned to the aromatic oxidation product [Ni II(OLD14-Ph)] (D1410), confirming the loss of a deuterium atom upon ring oxidation of D15-7b. A 2H-NMR of
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a post reaction mixture of D15-7b with mCPBA also revealed the presence of a peak at δ =
5.51 ppm that we assigned as CHDCl2 (Figure A.116). We speculate that a deutoration of
CH2Cl2 (that is present in the mixture; as mCPBA was added as a solution in CH2Cl2) can
result from a deuterium atom exchange of free D• with CH2Cl2, however we have no
evidence to support this postulate. Another plausible explanation may be the reaction of a
second molecule of residual 7[O] with D• to result in a NiIII(OD) complex, leading to a
different decay pathway. Nonetheless, based on ESI-MS observation, we can confirm a
mechanism of aryl hydroxylation as proposed in Scheme 5.4, resulting in the loss of a
hydrogen/deuterium atom following a fast re-aromatization step. Our determined activation
parameters and KIE agree with an intramolecular electrophilic attack, where aromatic
hydroxylation by 7[O] occurs through EAS instead of a rate determining C-H bond
cleavage.

Table 5.2. Activation parameter for selected metal oxo and bis(µ-oxo) mediated aryl
hydroxylations.
ΔHǂ (kcal mol-1)

ΔSǂ (cal mol-1 K-1)

ΔGǂ (kcal mol-1)

± Error

± Error

± Error

7b

60.5 ± 2.8

−1.4 ± 0.1

62.2 ± 2.8

N/A

D15-7b

59.6 ± 2.1

−2.5 ± 0.1

62.7 ± 2.1

N/A

[CuII2(O2)(xyl-H)]2+

11.9 ± 0.2

−8.4 ± 0.5

14.4 ± 0.5

29

[NiIII2(O2)(H-L-H)]2+

~13.9

~−15.1

~18.4

26

[FeIV(O)(N4Py2Ar)]2+

17.4 ± 0.4

−12.7 ± 1.4

21.2 ± 0.6

21

Ref.

xyl-H:
N,N'-(1,3-phenylenebis(methylene))bis(2-(pyridin-2-yl)-N-(2-(pyridin-2yl)ethyl)ethan-1-amine),
H-L-H:
1,3-bis[bis(6-methyl-22Ar
pyridylmethyl)aminomethyl]benzene), N4Py : 1,1-bis(6-(2,6-difluorophenyl)pyridin-2yl)-N,N-bis(pyridin-2-ylmethyl)methanamine.
5.2.9 Reactivity properties of 7[O].
We studied the reactivity properties of the postulated NiIV(O) entity 7[O] at -40 °C, as such
a species is expected to rapidly react with hydrocarbons under these conditions. We studied
the potential for an interception in the observed aromatic hydroxylation reactions by adding
hydrocarbon substrates prior to the addition of mCPBA to 7b. We found that the addition
of substrates bearing different C-H strengths (BDECH = 92.1 – 76 kcal mol-1) resulted in a
decrease in yield of 8 (Figure A.117). Upon addition of toluene (BDEC-H = 88.0 kcal mol-

________________________________________________________________________
172

Chapter 5 – Aryl C-H bond hydroxylation via metastable Ni(III) phenolate complex; evidence for
involvement of putative Nickel oxo intermediate
1

, 940 equiv.), an apparent interception of aryl oxidation was observed, as an immediate

decrease in the yield of 8 to ~85 % (compared to no substrate added) was noted. A GC-FID
analysis revealed ~12 % benzaldehyde (w.r.t [Ni]) in a post reaction mixture, indicating CH bond oxidation of toluene by putative 7[O] (Figure A.118). Similarly, a decreased yield
with tetrahydrofuran (~70 %), cyclohexene (~50 %), cumene (~30 %) and 1,4Cyclohexadiene (CHD, < 25 %) were noted. Interestingly, quantification of cyclohexene
oxidation products revealed the presence of 1,2-epoxycyclohexane (19.7 %) as the major
product, with minor products of cyclohexene-1-ol (8.0 %) and cyclohexene-1-one (4.9 %)
(Figure A.119). The preferential epoxidation of alkene over C-H abstraction of the αcarbon, is a typical outcome that is observed in reactions that postulate the involvement of
a NiIV(O) entity.6, 9, 61
Altogether, the ability to intercept EAS through addition of substrates bearing medium –
strong C-H bonds to 7b prior to adding mCPBA suggests an interfering C-H bond activation
of putative 7[O] versus intramolecular aryl hydroxylation.

5.2.10 Reactivity properties of 8
We noted that 8 is competent in activating weak C-H and O-H bonds at -40 °C, reacting
with CHD (BDEC-H = 76.0 kcal mol-1) in CH3CN at -40 °C, observing a full decay of the
chromophore associated with 8 within 1200 seconds (Figures A.120, A.121). Plotting the
change in absorbance at λ = 390 nm versus time, and fitting the resulting curve with an
exponential decay function, allowed us to determine the first order rate constants (kobs) of
the reaction of 8 with CHD. We then plotted kobs against a series of substrate concentrations
to obtain a linear plot whose slope was used to determine a value for the second order rate
constant (k2). A value of k2 = 0.010 mol L-1 s-1 was obtained (Figure 5.12). Analysis of a
post reaction mixture by 1H NMR indicated the formation of benzene, resulting from the
oxidation of CHD by 8 (Figure A.122).
Also, the addition of 2,4,6-tri-tert-butylphenol (tBu3PhOH, BDEO-H = 81.2 kcal mol-1)
brought about the rapid decay of 8 at -40 °C (Figures A.123, A.124), and the rise in sharp
absorption features at λ = 383 nm and λ = 400 nm associated with the formation the 2,4,6tri-tert-butylphenoxyl radical (tBu3PhO•). Determination of a k2 value, similar to the
described method above gave a value of k2 = 0.61 mol L-1 s-1. A yield of ~65 % of the radical
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was estimated based on the reported electronic extinction coefficient of tBu3PhO• in
CH3CN.62 This yield falls within ±10 % of the estimated yield determined for 8. Notably,
atmospheric oxygen did not appear to influence the reaction rate, however a significant
increase in the yield of tBu3PhO• was observed in the absence of O2, indicating a potential
side reaction of the radical with O2 (Figure A.125, A.126). A GC-FID analysis of post
reaction mixtures with 8 displayed the presence of 2,6-di-tert-butylquinone (2,6-DTBQ)
that results from a decay of tBu3PhO• in the presence of H2O. (Scheme A.3, Figure A.127).

Lastly, we noted that 8 did not display reactivity towards sulphide substrates, typically used
to assess for potential oxygen atom transfer reactivity of putative metal oxo intermediates.
8 showed no reactivity towards triphenylphosphine at -40 °C, however, when we used the

Figure 5.12. Plots of kobs vs. [substrate] for the reaction of 8 with 1,4-cyclohexadiene (left)
and 2,4,6-tri-tert-butylphenol (right) at -40 °C in CH3CN.

alternative alkyl derivative; tri-tert-butylphosphine we observed a fast decay of 8, and
measured a k2 value of 2.61 mol L-1 s-1 (Figure A.128, A.129). As the reaction progressed,
a rise in an absorption band centred at λ = 326 nm associated with 10 was noted. The
identity of the species in the post reaction mixture was confirmed as the Ni II phenolate
complex by 1H NMR after workup (Figure A.130). From these observations it is clear that
that hydroxyl-rebound / oxo transfer to substrates is not taking place and supports our
postulate of a rate determining aryl hydroxylation that occurs prior to the reaction with
substrates.
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5.3 Conclusion

We have synthesized a NiII complex in C3v symmetry capable of supporting higher
oxidation states by the use of a strongly σ-donating carboxamidate ligand. We
accomplished the formation of a NiIII phenolate complex that formed as a result of
intramolecular aryl hydroxylation by a putative NiIV(O) entity. The metastable NiIII
phenolate complex was exhaustively characterized by a suite of spectroscopic techniques
namely UV-Vis, ESI-MS, perpendicular mode X-Band EPR and XAS. Structural
characterizations and activation parameters gave a clear indication towards a selfhydroxylating mechanism that occured via electrophilic aromatic substitution. The
isolation of a NiII phenolate complex as a thermal decay product provides strong evidence
for the involvement of a terminal Ni oxo intermediate in the reaction with mCPBA. We
were able to interfere self-hydroxylation with externally added hydrocarbons containing
incrementally increased BDEs that manifested in a proportional drop in hydroxylation of
the pendant aryl ring. The reactivity with hydrocarbon, phenolic and phosphine substrates
demonstrated an electron deficient NiIII phenolate and provided a clear indication that
oxygen had been installed in the aryl ring as no oxo-transfer could be identified. The event
of arene hydroxylation has previously been observed with FeIV(O) complexes, as well as
with dinuclear Ni2(µ-O) and Cu2(µ-O), however to the best of our knowledge this is the
first example where a high valent Ni complex carries out arene hydroxylation, providing
strong evidence towards an elusive NiIV(O) intermediate as the responsible oxidant. This
report highlights the interplay between redox and protonation chemistry of a Ni II
carboxamidate complex in the reaction with peroxy acetic acids, where the latter dictates
the speciation of the putative oxo intermediate. We are striving for the isolation of terminal
late transition metal oxo complexes considering the stabilizing effect of protons and other
Lewis acids.
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5.4 Experimental
5.4.1 Materials
All reactions with air sensitive materials were carried out in an inert atmosphere glovebox,
or manipulated under a Nitrogen or Argon atmosphere using Schlenk line techniques. All
reagents were purchased from commercial sources and were used as received. DMF was
purchased and stored under an inert atmosphere in a Schlenk tube containing 3 Å molecular
sieves. Dry CH3CN and diethyl ether were dispensed from a MBRAUN Solvent
Purification System (SPS-5) and deoxygenated by purging a flow of Nitrogen through the
solution. KH was transferred into an inert atmosphere glovebox and washed with n-hexane
to remove mineral oils and was subsequently used as a dry powder. [nBu4N][NPF6] has
been recrystallized thrice from 3:1 EtOH/water mixture and dried in vacuo for 2 days prior
to use. tBu3PhOH was recrystallized twice from hexane and dried in vacuo prior to use.
Commercially available 3-chloroperoxybenzoic acid (mCPBA) (≤77%) was purified by
washing with a pH 7.5 buffer solution. A purity of 86% was determined via iodometric
titration. Water sensitive products were stored in an inert atmosphere glovebox or stored
under vacuum in a desiccator containing CaCl2 as drying agent.

Caution: Peroxyacids are known to be potentially explosive once obtained as a dry powder.
Compounds were stored at -20 °C and never heated above 35°C. No problems were
encountered during this project.

5.4.2 Physical methods
1

H NMR spectra were performed on an Agilent MR 400 MHz NMR spectrometer. IR

spectra were conducted on a Perkin Elmer Spectrum 100 FTIR/ATR. ESI-MS analysis was
carried out on a Micromass Time of Flight (ToF), interfaced with a Waters 2690 HPLC.
CyclicVoltammetry was conducted on a MS Instrument 600E electrochemical analyser,
using glassy carbon as the working electrode, Pt wire as the counter electrode, and an
Ag/Ag+ (0.01 M inCH3CN) reference electrode. All spectra were references to the Fc/Fc+
redox couple. UV-Vis electronic spectra were recorded using an Agilent 8453 diode array
spectrophotometer (190– 1100 nm range), attached to a Unisoku Scientific Instrument
cryostat using liquid nitrogen as coolant. Gas chromatographic studies were carried out on
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a ThermoFisher TRACETM 1300 Gas Chromatograph, equipped with a Flame Ionization
detector. Hydrogen gas was provided by a Parker Hydrogen Gas generator 20H-MD. Air
was provided by Parker Zero Air Generator UHP-10ZA-S. The column used was a
ThermoFisher TraceGOLD TG-1MS GC column.

5.4.3 Synthetic procedures
5.4.3.1 Synthesis of peroxybenzoic acid (PBA)

The title compound was synthesized according to a modified procedure.63
Benzoic acid (0.50 g, 4.1 mmol) was added to a Schlenk flask and to it was added
methansulphonic acid (MsOH, 5.9 g, 61.4 mmol). The suspension was vigorously stirred
and heated to 40 °C. To the suspension was added H2O2 (30 % w/v, 1.0 mL, 12.7 mmol).
The suspension was allowed to stir at 40 °C for 4.5 hours, with periodic shaking of the
flask, to ensure all of the starting material is in solution and stirring. After 4.5 hours, a clear
solution was obtained. This solution was allowed to cool to room temperature. Ice (~ 1.5
g) was added to the solution, followed by a saturated (NH4)2SO4 solution. The aqueous
phase was extracted with CH2Cl2 (3 x 2 mL). The combined organic extracts were washed
with saturated (NH4)2SO4 solution (1 x 2 mL), followed by a phosphate buffer (pH = 7.4)
wash (2 x 3 mL). The organic extract was dried over MgSO4 and the solvent was allowed
to evaporate under a positive flow of N2 gas to yield a white residue (253 mg, 44.7 %). The
product was used without further purification. Iodometric titration of liberated I2 against
Na2S2O3•5H2O, carried out as a triplicate measurement indicated an average of 92% active
Oxygen. Benzoic acid was identified as a minor impurity. 1H NMR δH (400 MHz, CDCl3,
ppm): 11.66 (s, 1H, -OOH), 8.02 (d, 2H, Ar-H), 7.68 (t, 1H, Ar-H), 7.53 (t, 2H, Ar-H), 7.28
(CHCl3).
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5.4.3.2 Synthesis of Bis(3-chlorobenzoyl)peroxide

The compound was synthesized according to a modified procedure.64
3-chlorobenzoic acid (0.783 g, 5.0 mmol) was added to 25 mL round bottom flask, and to
it was added SOCl2 (3.6 mL, 50.0 mmol) to form a yellow suspension. The suspension was
heated to 80°C for 2 hours to yield a yellow solution. Excess SOCl2 was removed under
reduced pressure to yield an orange residue. Dry CH2Cl2 was added to the residue, and
removed under reduced pressure, removing residual SOCl2 as an azeotropic mixture. This
step was repeated 3 times. The resulting acid chloride was used in the next step, without
further purification. The acid chloride was re-dissolved in dry Et2O and cooled to 0°C using
an ice bath. H2O2 (30% w/v, 0.33 mL, 2.9 mmol) was added dropwise over 10 minutes.
NaOH (252.8 mg, 6.3 mmol) was dissolved in 2 mL H2O and added to the solution over 20
minutes, causing the formation of a white precipitate. The precipitate was filtered and
washed with H2O (5 mL × 3) and cold Et2O (~20 mL). The resulting white powder was
dried under vacuum for 3 hours. 0.533 g, 68.6%. 1H NMR δH (400 MHz, CDCl3, ppm):
8.05 (t, J =1.6 Hz, 1H), 7.97 (dd, J = 7.8 Hz, 0.6 Hz, 1H), 7.66 (dt, J = 8.0 Hz, 0.9 Hz, 1H),
7.47 (t, J = 8.0 Hz, 1H), 7.26 (s, CHCl3), 1.56 (s, H2O).

5.4.3.3 Synthesis of 2,2',2''-nitrilotris(N-2,3,4,5,6-[D]-phenyl)acetamide ([D15]H3LPh)

Nitrilotriacetic acid (1.0 g, 5.2 mmol) was added to a round bottom flask, and to it was
added pyridine (50 mL) and [D5]-aniline (1.5 mL, 16.3 mmol). The slurry was stirred and
to it was added P(OPh)3 (5.6 mL, 21.3 mmol) dropwise and heated to 90°C. The slurry was
________________________________________________________________________
178

Chapter 5 – Aryl C-H bond hydroxylation via metastable Ni(III) phenolate complex; evidence for
involvement of putative Nickel oxo intermediate

allowed to stir at this temperature for 12 hours, turning into a yellow solution. The solution
was allowed to cool to room temperature forming an off white precipitate. Et2O (80 mL)
was added to this residue and stirred for 2 hours, resulting in the precipitation of a white
solid. The mixture was filtered and washed with 20 mL of Et2O. The product was further
purified by partially dissolving the product in hot EtOH, leaving the mixture standing in
the freezer at -20 °C overnight and collecting the product by filtration. The white product
was washed with cold EtOH (20 mL) and three aliquots of Et2O. The product was dried
under a positive flow of nitrogen. 1.75 g, 77.4%. 1H NMR δH (400 MHz, D6-DMSO, ppm):
10.29 (s, 1H, N-H amide), 3.66 (s, 2H, CH2), 3.30 (s, H2O), 2.48 (p, DMSO). νmax (ATRFTIR)/cm-1: 3308, 3265, 3234, 3089, 2902, 1689, 1651, 1598, 1565, 1522, 1436, 1415,
1387, 1340, 1328, 1296, 1278, 1244, 1230, 1168, 1135, 986, 962, 950, 940, 905, 871, 857,
842, 820, 795, 759, 743, 636, 851, 562. ESI-MS (m/Z): Found: 454.2639 ([D15-H3LPh +
Na+]+), requires 454.2688 for C24H9D15N4O3Na).

5.4.3.4 Synthesis of [K+][NiII(LPh)(DMF)], (7a)

H3LPh (200 mg, 0.48 mmol) was added to a Schlenk tube under nitrogen and to it was added
DMF (4 mL) to form a cloudy suspension. The mixture was stirred until a clear solution
was obtained. KH (85 mg, 1.92 mmol) was added in one portion, causing vigorous bubbling
to occur. The pale yellow mixture was allowed to stir for 30 minutes until all bubbling
appeared to cease, and a clear yellow solution had formed. NiCl2 (62 mg, 0.48 mmol) was
added in one portion. The orange mixture was allowed to stir for 2 hours, gradually turning
the mixture into a green colour with a precipitate of KCl. The mixture was taken up into a
degassed syringe and filtered through a 0.2 µm syringe filter into a fresh Schlenk tube under
nitrogen. To the intense dark green filtrate was added dry Et2O, causing the precipitation
of a pale green precipitate that was filtered using a pore size 4 Schlenk filter. The green
product was further washed with 3 x 5 mL aliquots of dry Et2O. The product was allowed
to dry under vacuum for 3 hours. Single crystals suitable for X-ray diffraction were grown
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via slow layer diffusion of dry Et2O into a concentrated DMF solution of 7a. 0.207 g,
73.7%. 1H NMR δH (400 MHz, D6-DMSO, ppm): 131.59 (s, 2H), 14.07 (s, 2H), 7.96 (s,
DMF), 2.85 (s, DMF), 2.71 (s, DMF), 2.49 (DMSO), -5.35 (s, 1H), -19.67 (s, 2H). νmax
(ATR-FTIR)/cm-1: 3036 (CH), 2971 (CH), 2930 (CH), 1689 (C=O, DMF), 1670, 1655
(C=O, amide), 1598, 1521s, 1497, 1444, 1390, 1377, 1356, 1315, 1297, 1275, 1247, 1179,
1140, 1077, 1047, 1008, 998, 985, 945, 898, 886, 856, 834, 817, 788, 748sh, 688sh, 664,
616, 591, 581, 575, 570. ESI-MS (m/Z): Found: 471.0992 ([NiII(LPh)]–), requires 471.0967
for C24H21N4NiO3). UV-Vis (DMF), λmax,nm, (ε, mol L-1 cm-1): 405 (190), 615 (30).

5.4.3.5 Synthesis of [NMe4] 2[NiII(LPh)(OAc)], (7b), Method 1:

H3LPh (200 mg, 0.48 mmol) was added to a Schlenk tube under nitrogen and to it was added
DMF (5 mL) to form a cloudy suspension. The mixture was stirred until a clear solution
was obtained. KH (85 mg, 1.92 mmol) was added in one portion, causing vigorous bubbling
to occur. The pale yellow mixture was allowed to stir for 30 minutes until all bubbling
appeared to cease, and a clear yellow solution had formed. NiCl2 (62 mg, 0.48 mmol) was
added in one portion. The orange mixture was allowed to stir for 2 hours, gradually turning
the mixture into a green colour with a precipitate of KCl. To this mixture, [NMe4][OAc]
(128 mg, 0.96 mmol) was added in one portion and the mixture was allowed to stir for a
further 12 hours. The mixture was taken up into a degassed syringe and filtered through a
0.2 µm syringe filter into a fresh Schlenk tube under nitrogen. The solvent was removed
under reduced pressure and the dark green residue was re-dissolved in dry CH3CN. This
caused precipitation of a small amount of insoluble K+ salts that were removed with the aid
of syringe filter. To the intense dark green filtrate was added dry Et2O, causing the
precipitation of a pale green precipitate that was filtered using a pore size 4 Schlenk filter.
The green product was further washed with 3 x 5 mL aliquots of dry Et2O. The product was
allowed to dry under vacuum for 3 hours. Single crystals suitable for X-ray diffraction were
grown via slow layer diffusion of dry Et2O into a concentrated CH3CN solution of 7b. 0.302
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mg, 92.5%. 1H NMR δH (400 MHz, D6-DMSO, ppm): 131.37 (s, 2H), 14.08 (s, 2H), 3.02
(s, NMe4+), 2.49 (s, DMSO), 2.05 (s, AcO–), -5.34 (s. 1H), -19.65 (s, 2H). νmax (ATRFTIR)/cm-1: 3181 (CH), 3051 (CH), 3028 (CH), 2963 (CH), 1731 (C=O, acetate) 1668
(C=O, amide), 1596, 1560, 1546, 1485, 1442, 1426, 1401, 1386, 1261, 1179, 1159, 1135,
1108, 1093, 1968, 1030, 1014, 986, 950, 909, 879, 844, 801, 769, 756, 729, 697, 665, 651,
641, 610, 595, 589, 582, 572, 567, 556. ESI-MS (m/Z): Found: 471.0991 ([NiII(LPh)]–),
requires 471.0967 for C24H21N4NiO3). UV-Vis (CH3CN), λmax, nm, (ε, mol L-1 cm-1): 320
(2800), 405 (170), 657 (100).

Method 2:
7a (100 mg, 0.196 mmol) was added to a Schlenk tube under nitrogen and dissolved in 4
mL of DMF. [NMe4][OAc] (64 mg, 0.48 mmol) was added to the green solution at once,
and the solution was allowed to stir for 12 hours. The small amounts of insoluble K+ salts
that had formed were removed with the aid of syringe filter. To the intense dark green
filtrate was added dry Et2O, causing the precipitation of a pale green precipitate that was
filtered using a pore size 4 Schlenk filter. The green product was further washed with 3 x
5 mL aliquots of dry Et2O. The product was allowed to dry under vacuum for 3 hours.

5.4.3.6 Synthesis of [NMe4] 2[NiII(D15-LPh)(OAc)], (D15-7b)

[D15]-LPh (0.50 g, 1.16 mmol) was added to a Schlenk flask and placed under vacuum for
30 minutes. [D15]-LPh was dissolved in dry DMF and KH (186 mg, 4.64 mmol) was added
at once in one portion, causing vigerous bubbling to occur. Once all bubbling appeared to
cease, NiCl2 (155 mg, 1.22 mmol) was added in one portion and the resulting mixture was
allowed to stir for 2 hours, turning the mixture into a dark green/khaki colour.
[NMe4][OAc] (317 mg, 2.38 mmol) was added in one portion, and the resulting mixture
was filtered through a syringe filter (0.2 µm pore size) and the resulting clear, dark green
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solution was precipitated using dry Et2O (50 mL). The supernatant was decanted under a
positive flow of nitrogen, and the dark green residue was re-dissolved in dry CH3CN. The
small amount of precipitate that had formed was filtered off with the aid of a 0.2 µm pore
size syringe filter. Dry Et2O was used to precipitate the product as a pale green powder.
The product was filtered suing a fritted Schlenk flask (porosity size 4). The product was
further rinsed with three aliquots of 5 mL dry Et2O (5 mL) and the resultant powder was
allowed to dry under vacuum for 4 hours. Yield: 370 mg, 45.9%. 1H NMR δH (400 MHz,
D6-DMSO, ppm): 133.03 (s, CH2), 2.98 (s, NMe4+), 2.49 (s, DMSO), 1.46 (s, CH3CN),
1.06 (Et2O). ). νmax (ATR-FTIR)/cm-1: 3026 (CH), 2907 (CH), 2266, 1663 (C=O, amide),
1576, 1548, 1486, 1394, 1323, 1169, 1117, 1009, 949, 910, 804, 760, 686, 635. ESI-MS
(m/Z): Found: 486.1903 ([NiII(D15-LPh)]–), requires 486.1909 for C24H6D15N4NiO3). UVVis (CH3CN), λmax, nm, (ε, mol L-1 cm-1): 322 (3000), 410 (220), 660 (100).

5.4.3.7 Synthesis of [NMe4] 2[NiII(OLPh)], (10)
7b (50 mg, 0.074 mmol) was added to a Schlenk flask and dissolved in 2 mL of dry CH3CN.
The green solution was cooled to -40 °C under nitrogen using a cryogenic bath with
acetone/liquid N2 as coolant. mCPBA (88%, 14.4 mg, 0.074 mmol) was added in one
portion to the solution, causing a gradual colour change to an intense green/khaki colour.
Once the colour change appeared to be complete, the solution was slowly allowed to warm
to room temperature. The solution was allowed to stir for a further 12 hours at room
temperature, resulting in the formation of a brick red mixture. 25 mL of dry Et 2O was
introduced into the reaction mixture, resulting in further precipitation of red/brown product.
The resulting precipitate was filtered through a porosity size 4 fritted glass filter and washed
with several aliquots of dry Et2O to yield a dark brown material. Crystals suitable for XRD
were generated via slow layer diffusion of diethyl ether into an ethanolic solution of 10.
25.5 mg, 61.2 %. 1H NMR δH (600 MHz, D6-DMSO, ppm): 10.33 (s, 1H, 1), 7.68-7.62 (dd,
1H, J = 16.6 Hz, 7.5 Hz, 2), 7.57 (d, 1H, J = 8.1 Hz, 3), 7.35-7.30 (m, 4H, 4+5), 7.10-7.05
(m, 3H, 6+7), 6.84 (t, 1H, J = 7.4 Hz, 8), 6.31 (t, 1H, J = 7.4 Hz, 9), 6.03 (t, 1H, J = 7.4
Hz, 10), 5.93 (d, 1H, J = 8.0 Hz, 11), 4.71-4.41(dd, 1H, J1 = 163.8 Hz, 16.4 Hz, 12), 4.13
(dd, 1H, J = 375.3 Hz, 16.7, 13), 3.85 (dd, 1H, J = 256.5 Hz, 16.8, 14), 3.33 (s, H2O), 3.09
(s, 12H, a), 2.51 (s, DMSO). 1H NMR δC (150 MHz, D6-DMSO, ppm): 173.2 (Cq amide),
170.8 (Cq, amide), 165. (Cq, amide), 147.4 (Cipso, Ar), 140.0 (Cipso, Ar), 138.7 (Cipso, Ar),
129.3 (Cmeta, 4), 127.1 (Cmeta, 7), 126.9 (Cortho, 5), 124.2 (Cpara, 6), 121.8 (Cpara,, 8), 121.4
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(Cpara,, 9), 120.0 (Cortho, 3), 119.5 (Cortho, 2), 118.2 (Cortho, 2), 114.3 (Cmeta, 11), 112.2 (Cmeta,
10), 66.6 (CH2, 12), 64.5 (CH2, 14), 58.3 (CH2, 13), 54.9 (CH3, a). νmax (ATR-FTIR)/cm1

:3385 (NH), 3302, 3243, 3188, 3127, 3056 (CH), 3033 (CH), 3022 (CH), 2964 (CH), 1680

(C=O, amide) 1620sh, 1599sh, 1570sh, 1551, 1486sh, 1467, 1452, 1444, 1433, 1414s,
1392, 1335w, 1313, 1301, 1275, 1260, 1245s, 1232, 1200, 1157w, 1097, 1086, 1080, 1073,
1033, 1023, 1009, 954, 945, 930, 909w, 887w, 865w, 846w, 830, 797s, 775, 765, 754sh,
745sh, 712, 695, 641, 616w, 598, 572, 563, 555. ESI-MS (m/Z): Found: 487.1013
([NiII(LPh)(OPh)]–), requires 487.0916). UV-Vis (CH3CN), λmax, nm, (ε, mol L-1 cm-1): 330
(3600), 460 (200).

5.4.3.8 Comments on Ni(II) complexes
High resolution electron spray mass spectrometry (ESI-MS) on 7a and 7b detected a peak
at 471.099 in negative mode for both complexes, confirming the elemental composition of
axially vacant 7 (m/Z = 471.097, expected for C24H21N4NiO3). Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectra of powdered samples of 7a and 7b
displayed strong stretching frequency bands in the 1650-1670 cm-1 region assigned to C=O
amide group. A shoulder at 1689 cm-1 assigned to the ν(CO) stretching of coordinated
DMF, was identified for 7a and is blue shifted compared to the ν(CO) stretching mode in
free DMF (1664 cm-1, Figure A.79).65 ν(CO) stretching modes could be identified at 1560
cm-1 and 1485 cm-1 in 7b that was tentatively assigned to the ν(CO) stretching modes of
bound acetate (Figure A.80).34 The 1H NMR spectra of 7b and 7a that were run under
spectrometer settings for solutions containing paramagnetic ions displayed resonances in
the range of -30 – 140 ppm, and compared well with the spectrum of reported paramagnetic
Fe analogues of [LPh]3– (Figure A.72, A.73)32. The 1H NMR spectrum of 7b in CD3CN and
[D6]-DMSO solutions did not give a paramagentically shifted peak for the O2CCH3 signal
(Figure A.73), suggesting that the axial –OAc ligand is readily displaced by coordinating
solvent molecules in solution. NMR spectra of 10 were solved with the aid of 2D 13C1H
heteronuclear single quantum coherence (HSQC) and heteronuclear multiple bond
correlation (HMBC) experiments (Figures A.99 – A.102). ESI-MS, NMR, ATR-FTIR and
XRD confirmed the structural assignments of 7a, 7b and 10.
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5.4.3.9 Preparation of [NMe4][NiIII(OLPh)] (8)
7b (67.9 mg, 0.10 mmol) was dissolved in 10 mL of dry CH3CN to make a 10.0 mM stock
solution. A 10.0 stock solution of 7b was further diluted to a 0.50 mM solution with
CH3CN. 2 mL of 7b (0.50 mM) was transferred into a quartz cuvette and sealed with a
septum. mCPBA (88%) (19.6 mg, 0.10 mmol) was weighted out and dissolved in 5 mL of
CH2Cl2 to make a 0.020 M solution. The cuvette containing a solution of 7b was placed
into the UV-Vis spectrometer and was cooled to -40 °C. mCPBA (88%) (0.020 M, 50 µL,
1.0 equiv.) was added to 7b at -40 °C under continuous stirring, causing a gradual colour
change from pale green to dark green/khaki. The progress of the reaction was monitored
by the absorption maxima at λ = 390 nm and λ = 650 nm.

5.4.3.10 Steady state magnetic moment measurements
Spin states of 7b was determined in [D6]-DMSO at 25 °C using the solution state Evans
method. A capillary tube containing [D6]-DMSO was added to the NMR tube and the 1H
NMR spectrum was recorded under standard conditions. The observed shift in the solvent
peak was noted and the magnetic moment was calculated based on the formulae below;

χ

mol=

3ΔνM
4πcf

3kB
μeff= √
χ T
NA μ2B mol

where Δν is the difference in frequency between the solvent peaks (Hz), M is the molecular
weight of the complex (g mol-1), c is the concentration in (mol L-1), f is the operating
frequency of the NMR spectrometer (4 x 108 Hz), kB is the Boltzmann constant (J K-1), NA
is the Avogadro constant (mol-1), µB is the Bohr magneton (J T-1), and T is absolute
temperature (K).

5.4.3.11 Preparation of [NMe4][NiII(LPh)(OAc)(H+)] 7(H+)
A 0.30 mM solution of 7b was prepared by diluting a 10.0 mM stock solution of 7b with
CH3CN. 2 mL of 7b (0.30 mM) was transferred into a quartz cuvette, and sealed with a
septum. Benzoic acid (0.10 M, 30 µL, 3.0 equiv.) was added to 7b at 25 °C with continuous
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stirring, The progress of the reaction was monitored at by electronic absorption changes at
λ = 330 nm via UV-Vis spectrophotometry.

5.4.3.12 Titration of 7[H+] with [NMe4][OH]
A stock solution of [NMe4][OH] (30% w/v in methanol) was diluted to 0.02 M using
CH3CN. [NMe4][OH] (0.02 M, 10 µL, 0.2 equiv.) was added incrementally every 30
seconds for 250 seconds to a solution of 7[H+] (0.50 mM) at 25 °C in CH3CN. Monitoring
the absorbance at λ = 330 nm, observing the re-formation of 7b, the addition of base was
halted until there were no more changes in the electronic absorption spectra occurring. A
titration plot was drawn up by plotting the equivalents of [NMe4][OH] added versus the
changes in the pKa. The pKa was determined at various points throughout the titration using
equation 5.1 and 5.2. [7b] = (Abs300 - Absinitial) x 0.0005 M, [7(H+)] = 0.0005 M - [7b], [HBase] = [7b], [H-Base] = conc. [NMe4][OH] added. Ka (H-Base) is the conjugate acid of [–
OH] (H2O; Ka = 1014, pKa = 14).
[7(H+ )][H-Base]
(equation 5.1)
Keq =
[7b][Base]
Ka =

Ka (H-Base)
(equation 5.2)
Keq

5.4.3.13 Analysis of ligand decay products for reaction of 7b with mCPBA
7b (92.5 mg, 0.136 mmol) was added to a Schlenk flask and dissolved in CH3CN (5 mL).
The dark green solution was cooled to -40 °C using a cryogenic bath. mCPBA (86 %, 27.3
mg, 0.136 mmol) was dissolved in CH2Cl2 (0.5 mL) and added to 7b under constant stirring,
changing the colour to an intense dark khaki/green colour. The solution was allowed to stir
for 1 hour at -40 °C, before it was allowed to warm to room temperature. The red/brown
mixture was allowed to stir for a further 12 hours. HCl (1.0 N, 10 mL) was added to the
mixture, changing it to a pale orange solution. The solution was transferred into a 50 mL
round bottom flask. NaOH (1.0 N, was added to the solution until the pH was ~ 8 – 9). This
ensures residual mCBA is ionized and remains in the aqueous phase. The aqueous solution
was extracted thrice with CH2Cl2 (5 mL). The organic extract was dried over MgSO4,
filtered and volatiles were evaporated under reduced pressure to yield an off-white residue
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that was recrystallized in EtOH, filtered and dried at 100 °C for 5 hours. 31.2 mg, 53.0 %.
NMR displayed a roughly 1:1 mixture of H3LPh and L4. Attempts to separate the two
compounds using silica gel column chromatography did not lead to a separation.

5.4.3.14 Quantification of mCPBA decay products
A solution of 7b (10 mM, 2 mL) was treated with mCPBA (1.0 equiv.) in CH3CN at -40
°C. The solution was allowed to stir at -40 °C for 1 hour, before being warmed to room
temperature. The reaction mixture was further allowed to stir for 12 hours. The brick red
mixture was treated with HCl (1.0 N, 2 mL) and the organic products were extracted with
DCM (3 x 2 mL). The organic phase was dried over MgSO4, filtered and the solvent was
removed under reduced pressure to yield an orange residue. 1,3,5-trimethylbenzene (10 µL,
0.073 mmol) was added as an internal standard, and the combined mixture was taken up in
CDCl3 for 1H NMR analysis. The relative quantity of 3-chlorobenzoic acid was estimated
using equation 5.3.
Ix
Ical.

×

Ncal.
Nx

×[cal.]

(equation 5.3)

Ix = Integration of sample peak, Ical. = Integration of internal standard peak, Ncal. = number
of protons corresponding to integrated peak in the internal standard. Nx = number of protons
corresponding to integrated peak in the sample. The amount of residual 3-chlorobenzoic
acid (0.0028 mmol, 14 %) that is present in mCPBA that was added to 7b was deducted
from the final amount.

5.4.4 Electrochemical and Spectroscopic analysis
Cyclic Voltammetry (CV) experiments were conducted on a 1.0 mM solution of 7b in
CH3CN at room temperature. [nBu4N][NPF6] (0.10 M) was used as the supporting
electrolyte. A glassy Carbon electrode was used as the working electrode. A AgNO3
electrode was used as a referencing electrode and a Pt wire as the counter electrode. All
spectra were referenced against the reversible Fc/Fc+ couple that was acquired under the
same conditions.
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EPR spectra were acquired by freezing 10.0 mM solutions of 8 and 9 in EPR tubes.
Quantification of concentrations of unpaired spins was done by comparing the integration
of 5.0 mM samples of 8 and 9 to a frozen sample of (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl
(TEMPO) (5.0 mM), measured under the same conditions.

XAS samples were prepared by transferring 5.0 mM solutions containing 8 from a quartz
cuvette to a pre-chilled Delrin® XAS sample holder (~0.2 mL) using a pre-cooled Pasteur
pipette. The sample holder containing 8 was slowly allowed to solidify in liquid Nitrogen,
avoiding the formation of air bubbles during the freezing process. The frozen solutions
were transferred into a storage dewar until measurement. A powdered sample of 7b (20.4
mg, 0.03 mmol) was weighted out and transferred into a mortar. 2 mL of degassed Nujol
was added to the dry powder and mixed to obtain a roughly homogenous mixture (~15
mM). The mixture was taken up into a syringe and transferred into a Delrin® XAS sample
holder. The holder was brought outside of the glovebox and slowly frozen in liquid nitrogen
and transferred to a storage dewar.

5.4.4.1 X-Ray diffraction (XRD) methods
Single crystal X-ray diffraction for 7b was measured on a Bruker APEX-II CCD at 100(2)
K with an Oxford Cryostream using graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). 7a and 10 were collected at 100(2) K using graphite-monochromated Mo-Kα
radiation (λ = 0.71073 Å) on a Bruker D8 Quest ECO diffractometer equipped with an
Oxford Instrument low temperature unit. Data was corrected for absorption effects using
the multi-scan method (SADABS). Crystals were mounted in high density oil on a
MiTeGen micromount. Bruker APEX software was used to correct for Lorentz and
polarization effects.

5.4.4.2 X-ray structure refinements
Structures were solved using ShelXT66 and refinements were made using the Olex2
software package.67 All non-hydrogen atoms are placed in idealized positions and refined
using the anisotropic riding model. Hydrogen atoms were calculated using the rigid model.
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5.4.4.3 Gas Chromatography Flame-Ionization detection (GC-FID) analysis
Post-reaction mixtures of 5.0 mM solutions of 7b with mCPBA (and substrates) in CH3CN
was transferred into a 2 mL sample vial and analysed via GC-FID. A blank sample
containing mCPBA could not be run due to the decomposition of mCPBA under GC
conditions, giving elevated readings of 3-chlorobenzoic acid. The instrument method for
the mCPBA decay products was based on a temperature ramp (1 min. at 60 °C, 10 °C/min
until 160 °C. Hold 160 °C for 1 min.), with splitless injections of 1 µL each. The retention
time for the products were noted as follows within the error of ±0.2 min.: chlorobenzene
(3.1 min), aniline (4.5 min) 1,3-dichlorobenzene (5.1 min), 3-chlorophenol (7.6 min), 3chlorobenzoic acid (9.8 min). Post-reaction mixtures of 1.0 mM solutions of 7b with
mCPBA and cyclohexene in CH3CN were transferred into a 2 mL sample vial and analysed
via GC-FID. A control sample was prepared by addition of the same quantity of
cyclohexene to 2 mL in CH3CN. The instrument method for cyclohexene oxidation
products was based on a temperature ramp (2 min at 40 °C, 8 °C/min for 10.5 min. Hold at
125 °C for 2 min.) with splitless injections of 1 µL each. The retention time for cyclohexene
oxidation products were noted as follows: 1,2-epoxycyclohexane (7.2), cyclohexen-2-ol
(7.7) and cyclohexen-2-one (8.4). The quantification of each was based on a calibration
curve of a pure standard. The yields were calculated based on the average of triplicate
measurements of a reaction mixture.
Post-reaction mixtures of a 0.5 mM solutions of 8 with tBu3PhOH in CH3CN were
transferred into a 2 mL sample vial and analysed via GC-FID. A control sample was
prepared by addition of the same quantity of tBu3PhOH to 2 mL of CH3CN. The instrument
method for 2,6-DTBQ was based on a temperature ramp (2 min at 75 °C, 10°C/min to 200
°C, 2 min at 200 °C) with splitless injections of 1 µL each. The retention time for 2,6DTBQ was noted as 12.3 ±0.2 min. The quantification of 2,6-DTBQ was based on a
calibration curve of a pure standard. The yields were calculated based on the average of
triplicate measurements of a reaction mixture.

5.4.4.4 Electron Spray Ionization mass spectrometry (ESI-MS) analysis
Samples from cuvette at -40 °C in CH3CN were transferred rapidly into a chilled 2 mL MS
vial using a pre-cooled Pasteur pipette and immediately frozen in liquid Nitrogen. Samples
were stored in a liquid nitrogen filled storage dewar until measurement. Freshly thawed
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samples were directly injected into the ionization chamber using a syringe. Room
temperature stable Ni complexes and post reaction mixtures were diluted to ~0.1 mM using
CH3CN, prior to injection.

5.4.4.5 Reactivity experiments and rate constant determination
A solution of 8 was prepared as described above. Substrates were added as concentrated
solutions (0.1 – 2.0 M) in CH2Cl2 to a stirred solution of 8 at -40 °C in CH3CN. The progress
of the reaction was monitored via UV-Vis spectroscopy, by observing the disappearance of
the λ = 390 nm feature for 8. Reaction rate constants were determined by using a minimum
of 10.0 equivalents of substrate with respect to [Ni], to ensure pseudo-first order conditions.
Each measurement of kobs was repeated three times to estimate a standard deviation to
within 10 % (indicated by error bars). Second order rate constants were determined by
plotting the dependence of the pseudo-first order rate constants (kobs) versus the
concentration of the substrates. The value of k2 was determined from the line of best fit.
Post reaction mixtures subjected to ESI-MS or GC-FID analysis were diluted where
required, as outlines in the procedures above.

5.4.4.6 XAS data collection and analysis
The Ni-K-edge X-ray absorption data were collected on beam line 7-3 at SSRL (Stanford
Synchrotron Radiation Lightsource, SLAC National Accelerator Lab, Menlo Park, CA,
USA). Data were collected with the storage ring operating at ca. 3 GeV and 500 mA, using
a LN2 cooled Si (220), ϕ = 0˚ & 90˚ double-crystal monochromator, calibrated by using the
first inflection point of a Ni foil (8333.0 eV). The monochromator was detuned by ~30%
for higher harmonic rejection. The fluoresce detector used was a Canberra 30-element Ge
solid state detector, cooled with LN2. All the measurements were performed at ambient
pressure at ~17 K, gained by an Oxford Helium cryostat, cooled by closed-cycle He gas
loop. The parameters used for the scans were the following: 10 eV steps/1 second
integration time in the pre-edge region, 0.3 eV steps/2 second integration time in the edge,
and 0.05k steps in the EXAFS, with integration time increasing in a k2-weighted fashion
from 2 to 9 seconds over the energy range (kmax = 15.1k). The total detector counts were in
the range between 20k-35k, well within the linear range of the detector electronics. Each
sample was monitored for radiation damage, using different spots where required to ensure
reproducibility of the data.
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Elaboration of the XAS data, including averaging, background removal and normalization,
was performed using Athena.68 Edge energies were determined as main peak in first
derivative and zero-crossings in the second derivative. EXAFS analysis was carried out
using Artemis,68 which incorporates the IFEFFIT fitting engine and FEFF6 for ab initio
EXAFS phase and amplitude parameters. Crystal structures (either as-is or modified
slightly to test different structural models) were used for FEFF6 input to identify significant
paths.
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Chapter 6

Characterization and Reactivity of a
Tripodal Carboxamidate Nickel(III)Hydroxide Complex
XAS experiments were conducted by Giuseppe Spedalotto and Erik R. Farquar at SSRL
beamline 2-2 (SLAC National Accelerator Laboratory, USA). EPR measurements were
carried out by Marta Lovisari (Trinity College Dublin, Ireland).
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6.1 Introduction
It is the hope that catalysts based on cheap first row transition metals will one day be
employed on an industrial scale to convert inert C-H bonds found in natural gas and
petroleum feedstock to higher valued oxidized fine chemicals, while avoiding the current
energetically demanding and costly methodologies such as catalytic cracking and alkane
dehydrogenation.1-3 High valent Ni complexes have been invoked as intermediates in
abstraction of strong C-H and O-H bonds in many biological and industrially relevant
oxidation processes.4-9 Specifically the involvement of a terminal NiIII oxyl [NiIII(O•)] or a
NiIV oxo [NiIV(O)] intermediate have been postulated to be the active oxidizing agents in
the epoxidation of olefins.10, 11 Analysis of decay products, distribution of alcohol/ketone
(A/K) product ratios and 18O-labelling experiments have given some mechanistic insights
that point towards the involvement of a putative NiIV(O) entity.12-17

Pioneering work by Itoh and co-workers have shown the oxidation of strong C-H bonds as
those found in cyclohexane (BDEC-H = 99.5 kcal mol-1) and adamantane (BDEC-H = 97.0
kcal mol-1) to their corresponding alcohol and ketone products using the complex
[NiII(TPA)(OAc)(H2O)]– (TPA = tris(2-pyridylmethyl)amine]) in conjunction with
mCPBA in CH2Cl2/CH3CN under ambient conditions.18 A terminal NiIV(O) complex was
postulated as turn-over numbers (TONs) for metal TPA analogues was in the order of Ni >
Fe > Co > Mn that had also been previously observed in collision experiments with naked
metal oxide cations, converting methane to methanol.19 The activation of C-H bonds using
NiII complexes in the presence of peroxy acetic acids is well established.13,

14, 18, 20-22

However, recently these early findings of an elusive NiIV intermediate carrying out the
oxidation have been challenged. A carboxyl-based radical of the peracid oxidant resultant
of a one electron oxidation of NiII has been shown to oxidize C-H bonds itself, without the
involvement of a Ni species as a catalyst. Henceforth perturbing the mechanistic insights
into the involvement of Ni complexes in the oxidation reactions.23 In order to shed light on
the conceptual role of Ni in these reactions, groups have been eagerly attempting to isolate
putative NiIV(O) complexes that have thus far been coined as reactive ‘intermediates’.
There has been a recent spurt in the number of high valent NiIII (OX) (OX = OH, OCl, OAc,
OCO2H, ONO2)4, 24-27 as well as dinuclear Ni2III bis(µ-oxo) complexes in the literature.28-31
However, the number of well-defined terminal NiIV(O) complexes remains exceedingly
rare.32 The isolation of these species has thus far been hindered due to a fleeting existence
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at room temperature, and is therefore poorly defined due to a lack of thorough structural
characterizations. The shortcoming of well characterized metal oxo complex that are found
after Iron in the first row of the transition metal becomes immediately apparent. The
progressive occupation of antibonding orbitals in C4v symmetry leads to an overall
destabilizing effect of the M=O bond, with a d-count > 4 (oxo-wall axiom, Section 1.3.1).33,
34

Figure 6.1. Selected literature examples of NiIII oxyl systems.
Research on metal oxos has been focused on a combination of strong σ and π-donating
ligands to stabilize high metal oxidation states, as well as employing low coordination
number, to reduce the electronic repulsion between the M=O moiety and the ligand. The
involvement of a NiIII(O•) species was proposed in the epoxidation reaction of a Ni-cyclam
complex [NiII(14-TMC)]2+ (14-TMC = 1,4,8,11-tetraazacyclotetradecane tetraanion) with
styrene in the presence of PhIO by the group of Kochi et. al.10 The first stabilized Ni(O)
species was reported by the group of Ray et al.4 in 2012, where an EPR study showed that
upon

oxidation

of

[NiII(TMG3tren)]2+
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[NiIII(OH)(TMG3tren)]2+ (85 %) [NiIII(O)(TMG3tren)]2+ (15 %) where a more recent
theoretical treatment shows that the latter can either be described as a NiII(O•) or a NiIII(O)
complex.35 Company et al. trapped a NiIII(O•) intermediate at -30 °C in high yield, showing
rapid C-H bond cleavage and OAT reactions with hydrocarbons and sulphides respectively
(Figure 6.1, Section 1.3.6.3).32 Our group have explored the reactivity and the electronic
characterization of square planar Nickel-oxygen adducts; NiIII(OX) (OX = OAc, OCO2H,
ONO2)25,

27

supported by N,N’-(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide

(pyAriPr2), as well as observing an intramolecular HAT reaction of a putative Ni oxo
complex with the supporting ligand.36 In this Chapter, we describe the formation of a
reactive Ni hydroxide intermediate upon oxidation of the tripodal NiII precursor complex
(7b) with peroxyphenyl acetic acid (PPAA). Analysis of the organic decay products of the
oxidant indicated a major one electron oxidation pathway with spectroscopic evidence for
a transferrable oxygen moiety.

6.2 Results and Discussion
6.2.1 Synthesis and Characterization of [NiIII(LPh)(OH)]– (11a)
The tripodal NiII starting complex was synthesized in a one-pot synthesis as described
previously in Chapter 5. KH was added to a solution of H3LPh in DMF, forming K3[LPh]
(LPh = 2,2',2''-nitrilotris(N-phenylacetamide)), followed by the addition of NiCl2 and
[NMe4][OAc]. The dark green mixture was allowed to stir for 12 hours and precipitates
were filtered off. [Ni(LPh)(OAc)]2– (7b) was isolated by precipitation with Et2O from a
concentrated solution in CH3CN followed by filtration. 7b was characterized by 1H NMR,
ESI-MS and FT-IR.

We attempted the oxidation of 7b with peroxyacetic acid (PAA, pKa = 8.4 in H2O) in
CH3CN at -40 °C, however, we were not able to see the expected intense electronic
absorption features of a putative oxyl intermediate, instead we observed bleaching of
electronic absorption features of 7b (Figure A.131). We attribute this to the presence of a
major amount of acetic acid that may have caused a protonation of the basic carboxamidate
ligand and a decomplexation reaction. We synthesized the alternate peroxyphenylacetic
acid (PPAA) that we could isolate in pure form (> 92 %), containing only minor quantities
of acid.37 Addition of PPAA (1.5 equiv.) to a solution of 7b in CH3CN at -40 °C led to the
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formation of new electronic absorption features at λ = 450 nm and a shoulder centred
around λ = 650 nm, attributed to the formation of a new species assigned as 11a (Figure
6.2). The maximum yield of the absorption features was achieved within 30 seconds and
necessitated addition of 1.5 equivalents of PPAA. A colour change from pale green to dark
brown was observed. The half-life of 11a at -40 °C was determined to be > 8 hours (Figure
A.132). We noted a rapid disappearance of the absorption features assigned to 11a when
warming a solution to 25 °C, decreasing the half-life of 11a to 630 seconds (Figure A.133).
We were able to generate 11a using peroxypivalic acid (PPA, pKa = 8.23 in H2O)38 (Figure
A.134) as an alternative oxidant. Similarly, formation of 11a could also be accomplished
through the addition of NaOCl (3.0 equiv.) to 7b at room temperatures (Figure A.135). The
identification of the same product from two different peroxy acids and upon oxidation with
hypochlorite suggests that 11a is not an adduct of PPAA or any of its decay products, as
we would expect such species to have a significantly different UV-Vis features. Notably
the electronic absorption spectrum of 11a was distinct from what we had previously
observed with the oxidation of 7b by 3-chloroperoxybenzoic acid (mCPBA, Figure A.135),
forming the NiIII phenoxide complex [NiIII(OLPh)] (8), suggesting a different speciation.
The electronic absorption features of 11a compare well with NiIII complexes supported by
carboxamidate ligands that share common intense absorption bands in the λ = 400-500 nm
range.24-27, 32, 39

Figure 6.2. Electronic absorption spectra of 7b (0.3 mM, black trace) and 11a (0.3 mM,
red trace, formed from 7b + 1.5 equiv. PPAA) in CH3CN at -40 °C.
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ESI-MS of a freshly thawed solution of 11a displayed a signal at m/Z = 487.1015 whose
mass and isotopic pattern were consistent with the formulation [Ni(O)(LPh)]– (calc. m/Z =
487.0916 for C24H21N4NiO4), that was observed to shift by 2 atomic mass units (a.m.u.)
upon oxidizing 7b with 18O-PPAA (Figures 6.3, A.136). Such an ion can be attributed either
to a NiIV=O species or the NiIII–oxyl (NiIII–O) electromer (11b), giving an overall negative
(-1) charge of the observed ion (Figure A.137). Additional prominent ions at m/Z =
530.1080 could be assigned to [Ni(LPh)(OAc)]– and at m/Z = 606.1397, assigned to
[Ni(LPh)(OBn)]– (OBn = PhCH2CO2–). –OBn ions may form following a 2 electron
oxidation by PPAA (Scheme 6.1).

Figure 6.3. Left: Negative mode ESI-MS spectrum obtained upon addition of PPAA (1.5
equiv.) to 7b at -40 °C in CH3CN. Black trace = experimental result, displaying m/Z =
487.1015. Red trace = simulation for [Ni(LPh)(O)]–, calc. m/Z for C24H21N4NiO4 =
487.0916. Right: Negative mode ESI-MS spectrum of 7b with

16

O-PPAA (1.5 equiv.,

black) and 18O-PPAA (1.5 equiv., red).

An X-Band electron paramagnetic resonance (EPR) spectrum of 11a in CH3CN was
measured (Figure 6.4). The spectrum displayed a broad axial signal consistent with a
paramagnetic low spin d7 (S = ½) NiIII species. To quantify the amount of unpaired spin we
carried out a double integration for the signal of 11a and compared it against the radical
standard (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO). We arrived at a yield of 74 ±
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20%, suggesting a one electron oxidation pathway was undertaken by PPAA in the reaction
with 7b, resulting in a NiIII(OX) species. The EPR spectrum of 11a that was generated
using NaOCl displayed the same signal (Figure A.138). A broad axial signal has been seen
previously with similar high valent species where a NiIII – oxygen complex had been
implied.11, 23

Figure 6.4. X-Band EPR spectrum of 11a (10.0 mM) in a frozen CH3CN solution, collected
at 77 K.

Figure 6.5. 1H NMR spectrum of 11a (maroon trace, 800 MHz, CD3CN) and 7b (green
trace, 400 MHz, CD3CN) Inset: NMR sample of 11a (top) and 7b (bottom) in CD3CN.
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To analyse the structural behaviour of the NiIII species in solution and compare it to
the NiII staring complex, a 1H NMR spectrum was measured on concentrated samples of
7b and 11a at -20 °C in CD3CN. 7b displayed four paramagnetically shifted peaks in a
CD3CN solution (Figure 6.5) at δ = 143.8 ppm, 14.1 ppm, -7.1 ppm 26.6 ppm that roughly
integrated with a 2:2:1:2 ratio, assigned to the methylene resonance and aromatic (Ho, Hp,
Hm) signals respectively. The number of observed peaks suggested high symmetry in 7b
and the retention of C3v symmetry in solution. Similarly, 11a was measured under the same
conditions and showed paramagnetically shifted peaks (δ = -35 – 18 ppm, Figure 6.5) as
would be expected for a d7 ion in solution.40

41, 42

We observed a total number of four

broadened and shifted peaks at δ = 17.4 ppm, 15.2 ppm, -10.2 ppm and -32.8 ppm.
Integration of these peaks gave a more rough estimate for the ratio of the CH2, o/m/p signals
of the aryl ring. Nonetheless, given the thermal instability of 11a, the spectrum was
remarkably clean, indicating a single paramagnetic species is present with a high degree of
symmetry. We observed a clear shift in the peaks measured for 11a where the CH2 signal
displayed a significant up-field shift to δ = 17.4 ppm, while signals assigned to the aromatic
protons showed less prominent shifts. This is suggesting oxidation of the metal by PPAA
where the ancillary –OAc ligand is displaced by –OX (X = H, benzyl or radical), resulting
in different shielding of the protons at these positions. The number of observed peaks are
consistent with the maintenance of C3v symmetry in solution for 11a.

A solution state magnetic moment of µeff = 1.47 B.M. was determined via the NMR Evans
method for 11a, consistent with one unpaired electron in a TBP ligand field. This value is
in agreement with an S = ½ spin state determined by EPR measurement and is consistent
with a low spin configuration of a d7 metal ion found in a TBP ligand field with the unpaired
electron located in the degenerate set of dx2-y2/ dxy orbitals. This is in contrast to the magnetic
moment measured for high spin 7b (d8, µeff = 3.09 B.M) adopting TBP symmetry in
solution. Based on the preliminary spectroscopic evidence we have gathered for 11a, we
proposed the formation of a transient NiIII species in TBP geometry that formed upon a one
electron oxidation of 7b by PPAA.

6.2.2 Product analysis upon O-O Bond cleavage of peroxy acetic acids
We analysed the products that are derived from the decay of PPAA via GC-FID. A warmed
post-reaction mixture of 7b and PPAA contained toluene (PhCH3, 4.8 %), benzyl alcohol
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(PhCH2OH, <1 %), benzaldehyde (PhCOH, 24.3 %), benzoic acid (BzOH, 45.5 %) and
phenylacetic acid (PhCH2CO2H, 25.3 %) (Figure A.139, Table A.14), yields are determined
with respect to the initial [Ni]). BzOH forms as a result of further oxidation events of benzyl
alcohol and benzaldehyde by either 11a or other radicals that form upon homolytic bond
cleavage of PPAA (Scheme 6.1).

Peroxy acetic acids such as PPAA is capable of acting as both a one and two electron
oxidant. Analysis of the organic decay products is often used as a mechanistic probe to test
for the oxidative pathway undertaken by the peroxyacid (Scheme 6.1).12-14, 43, 44 In pathway
A, a prior coordination of PPAA would result in the formation of a metastable Ni II
peroxyacid adduct that would undergo a one electron O–O bond homolysis to yield a
NiIII(O) species and an arylcarboxy radical (ArCOO•). The radical will undergo
decarboxylation to form alkane, alcohol, aldehyde and carboxylic acid decay products in
the presence of atmospheric O2 and/or oxyl radicals. Alternatively, homolysis of PPAA
may be triggered without prior coordination to 7b, resulting in hydroxyl (•OH) and ArCOO•
radicals (Pathway B). The •OH radical may react with 7b, resulting in a NiIII-OH complex.
The third alternative is a two electron O–O bond heterolysis mechanism that would result
in a two electron oxidized NiIV(O) species and a corresponding carboxylic acid (Pathway
C).

Scheme 6.1. Decay pathways and oxidation routes of PPAA.
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We observed only minor amounts of phenylacetic acid (25.3 %), suggesting only a small
proportion of NiIV(O) is formed in the reaction. Our observations are in line with a major
one electron oxidative pathway of the peroxyacid. Therefore, the formation of intermediate
11a appears to occur either via homolytic O–O bond scission of the peroxyacid (Pathway
A) or as a result of a HO• radical attack (Pathway B) resulting in the observed decay
products. We further investigated the faith of the resultant NiIII(OX) complex that had to
result following oxidation by PPAA.

6.2.3 X-ray absorption analysis of 11a
Ni-K-edge XANES (X-ray Absorption Near Edge Structure) of a frozen sample of 11a
(Figures 6.6, A.140 and A.141) showed an edge energy of 8344.2 eV (Table 6.1), with a +
0.8 eV shift compared to 7b. A distinct peak at 8333.3 eV (+ 0.6 eV compared to 7b) was
observed in the pre-edge region, with a peak area value of 7.3 x 10-2 eV which is consistent
with a 5-coordinated geometry.45 No peaks in the region near 8338 eV were observed
excluding the presence of 1s-to-4pz transition with shakedown contributions associated
with tetragonal geometries. The edge energy provides a measure of the relative electron
density and effective charge on the Ni atom and its variation can be correlated to a change
in the oxidation state. A shift of up to 4 eV is expected upon oxidizing from a NiII to NiIV,46
therefore ruling out the formation of a NiIV entity in 11a. The observed shift is in line with
the oxidation of NiII to NiIII as proposed above.45 The XANES data obtained are consistent
with a NiIII metal centre found in a 5-coordinated trigonal bipyramidal geometry, coherent
with the structure proposed for 11a (Scheme 6.3).

Evaluation and fitting of the EXAFS data for 11a (Table 6.1, Figure 6.6) exhibited a first
coordination shell composed of 6 N/O scatters (with an error of ± 1), divided in two subshells. A first sub-shell composed of 2 N/O was refined at 1.90 Å, while the second subshell was composed of 4 N/O scatters at 2.03 Å. Such distances, particularly the 2 N/O
scatters at 1.90 Å, indicate the presence of an elongated NiIII-O• system. The fit was
completed by carbon atoms belonging to the ligand backbone: 5 C at 2.81 Å composed of
the second coordination shell and 11 C (3 C at 3.33 Å, 3 C at 3.77 Å, 5 C at 4.19 Å)
composing the third coordination shell. 11a possesses a significantly shorter Ni-O bond
length then the NiIII-O• species by Company et al. (2.12 Å).32 The presence of a double
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Figure 6.6. Left: Ni K-edge XANES spectrum of 1 (black trace) and 2 (red trace).
Inset: detailed pre-edge region of XANES spectrum. Right: Best fit to k3-weighted EXAFS
of 2, reported in R-space and k-space (inset), experimental data (black dashed lines), best
fits (red solid lines).

Table 6.1. Measured Ni K-edge X-ray absorption parameters of complexes 7b and 11a.
Eedge[a]

Epre-edge[a]

EXAFS Fit

Areapreedge

1st [b]

2nd [b]
1C@
2.40

7b

8343.4

8332.7

0.094

6 N/O @

2.86
2 N/O @

8333.3

5C@

0.073

2.81
4 N/O @
2.03

[a]

4 N/O @ 4.23

3 C @ 3.33

1.90
8344.2

2 C @ 3.39

4 C @ 3.85

2.05
3C@

11a

3rd [b]

3 C @ 3.77

5 C @ 4.19

Energy values reported in eV. [b] Distances reported in Å.
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bonded NiIII=O species was ruled out, since it was not compatible with the elongated NiN/O distance observed. These species are predicted to contain significantly shorter Ni-O
bonds.12, 35 The measured Ni-O distance is in closest agreement (± 0.08 Å) with [NiIII(L1)2(OH)]

(L1

=

(1E,1'E)-1,1'-(pyridine-2,6-diyl)bis(N-(2,6-dimethylphenyl)-1-

phenylmethanimine)) by Shanmugam et al.47 that is currently the only isolated and
structurally characterized high valent Nickel hydroxide complex. Therefore, 11a is best
described as a terminal Nickel(III) hydroxide complex.

6.2.4 One electron oxidations of 7b
In order to rule out the possible formation of Ni-OR adducts (where R = Ac, Bz) in 11a,
we probed the oxidation of 7b with one electron oxidants. Addition of tris(4bromophenyl)ammoniumyl hexachloro-antimonate (magic blue) to 7b in CH3CN at -40 °C
resulted in the formation of an electronic absorption feature at λ = 455 nm and a shoulder
at λ = 675 nm. The maximum absorption intensity was observed upon addition of 1.2
equivalents of magic blue (Figure 6.7, A.142). Furthermore, the reaction of 7b with
[Fc+][PF6] (Fc+ = ferrocenium, 1.0 equiv.) yielded identical electronic absorption features
(Figure A.143). An accumulation of absorption features assigned to excess oxidant was
observed when more than 1.0 equivalents were used, confirming a stoichiometric reaction
of 7b with [Fc+][PF6]. The observation of identical UV-Vis features confirmed that both
oxidants act as one electron oxidizing agents.

ESI-MS of a freshly thawed solution of 7b with magic blue displayed the most intense
signal at m/Z = 530.1105 whose isotopic patter was consistent with the formulation of
[Ni(LPh)(OAc)]– (calc. m/Z = 530.1100 for C26H24N4NiO5, Figure 6.7, A.144), where the
oxidation state of Ni is assigned to +3 to balance the overall monoanionic charge. A
prominent peak at m/Z = 506.0630 assigned to [Ni(LPh)(Cl)]– (calc. m/Z = 506.0656 for
C24H21ClN4NiO3) was also present. This species may have formed as a result of Cl – ions
from the SbCl6– anion associated with magic blue. We have assigned the one electron
oxidized species as [NiIII(OAc)(LPh)] (11b). The X-Band EPR spectrum for 11b measured
at 77 K displayed a metal based axial signal (gav.= 2.14, Figure 6.7, A.145) consistent with
a paramagnetic low spin (d7, S = ½) NiIII species and is closely similar with gav observed
for 11a. Double integration of the EPR envelope shows a yield of 65 ± 20 % compared to
the TEMPO• radical standard.
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Figure 6.7. a) Electronic absorption spectrum of 7b (0.3 mM, black trace) and 7b with
magic blue (1.2 equiv. blue trace) in CH3CN at -40 °C. Inset: X-Band EPR spectra of 7b
with magic blue (1.0 mM) in a frozen CH3CN solution, collected at 77 K. b) Negative mode
ESI-MS spectrum obtained upon addition of magic blue (1.2 equiv.) to 7b at -40 °C in
CH3CN. Black trace = experimental result, blue trace = simulation for [NiIII(LPh)(OAc)]–,
calc. m/Z for C26H24N4NiO5 = 530.1100.

Since the reactions of 7b with PPAA/NaOCl appeared to yield a one electron oxidized
intermediate, we explored the oxidation of 7b with one-electron oxidants, resulting in a
NiIII species with a terminally ligated acetate ligand. We observed the formation of similar
λmax , with the absorbance of 11b being slightly red shifted (Δλmax = 5 nm) as a result of a
different axial coordinated ligand. The broad line shape of the axial signal observed for the
one electron oxidized species 11b appeared significantly different to the EPR spectrum
measured for 11a under the same condition and appeared to be a direct consequence of
district electronic symmetries induced by –OAc versus –OH ligation. The observed gav
values are consistent with an oxidation event that occurred at the Ni centre. Based on the
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spectroscopic differences between 11a and 11b (Figure A.146), we could rule out the
potential coordination of acetate in 11a, as such a species was shown to possess
significantly different spectroscopic properties.

6.2.5 Reactivity properties of 11a
Interestingly, we could observe 1H NMR features assigned to the intramolecular aryl
oxidised decay product [Ni(OLPh)]– (10) in a warmed reaction mixture of 11a (Figure
A.147). An isolated yield of 33% for 10 was obtained from a solution of 11a that had been
generated using PPAA, clearly indicating the involvement of a powerful Ni(OX) species
capable of hydroxylating the aromatic ring in the oxidation of the pendant ligand. To
investigate whether an intramolecular reaction occurs in the rate determining step (rds), we
carried out oxidations with PPAA at different concentrations of 7a at -40 °C. We plotted
kobs against the concentration of 7a and observed an increasing linear trend (Figure A.148),
in line with a 1st order dependence on [7a], coherent with a bimolecular reaction. Therefore
an intramolecular reaction does not occur in the rate determining step, indicating that the
observed chromophore at λ = 450 nm stems from a NiIII(OX) rather than a phenoxide
complex.

Additionally, we were able to intercept aryl oxidation by adding triphenylphosphine (PPh3)
to a solution of 11a at 25 °C. To our content, we identified 7a by 1H NMR after the reaction
was complete, indicating a clean oxo transfer to phosphine by 11a, recovering the starting
NiII complex (Figure A.149). ESI-MS of a post reaction mixture showed the most
prominent peak at 279.0901 a.m.u assigned to triphenylphosphine oxide (O=PPh3) (Figure
A.150). A 31P-NMR of a post reaction mixture displayed a peak at λ = 29.3 ppm assigned
to O=PPh3 (Figure A.151). Quantification using an internal NMR standard showed the
oxide had formed in 53 % yield (see experimental section for details). The reaction with
PPh3 (25 equiv.) proceeded rapidly at 25 °C, leading to a complete disappearance of
electronic absorption features assigned to 11a within 100 seconds. Plotting the change in
absorbance at λ = 450 nm versus time and fitting the resulting curve with an exponential
decay function, allowed us to determine the first order rate constants (kobs) of the reaction
of 11a with PPh3. We then plotted kobs against a series of substrate concentrations to obtain
a linear plot whose slope was used to determine a value for the second order rate constant
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(k2 = 12.5 mol L-1 s-1, Figures A.152, A.153) indicating that 11a bears a transferrable oxo
moiety, readily undergoing oxygen atom transfer to phosphines.

Noticeably, the oxidation of phosphine to the corresponding oxide, as well as the aromatic
oxidation of the pendant aryl ring (both 2e- oxidation events), require two equivalents of
11a to effect these transformations. As we observed an overall yield of ~50 % or less for
these reactions, we suggest this is brought about by a NiIII  NiII conversion, resulting in
0.5 equivalents of phosphine oxide / phenol. This is further corroborated by the recovery
of NiII complexes from post reaction mixtures of 11a in CH3CN. Alternatively, a NiIII 
NiI conversion can be proposed, where the resultant NiI reacts with another molecule of 11a
to generate the observed NiII decay products. (Scheme 6.2)

Scheme 6.2. Balanced equations for the reaction of 2 with PPh3.

The reaction of 11a also proceeded rapidly with hydrocarbons bearing medium to weak CH bond strengths at 25 °C. The addition of cyclohexene resulted in the complete
disappearance of UV-Vis features assigned to 11a. Analysis of the cyclohexene post
reaction mixture by GC-FID showed a majority of the allylic oxidation products; cyclohex2-en-1-ol (17.3 %) and cyclohex-2-en-1-one (45.6 %) with minor amounts of cyclohexene
oxide (8.1 %) (Figure 6.8, A.154). Cyclohexene is used routinely to probe for the oxidation
reactions effected by the high-valent metal oxo species. The relative abundance of the
resulting allylic/epoxide oxidation products can give an indication on the type of oxidant
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involved.48 Reactions involving NiIV(O) species are known to predominantly perform
olefinic C=C bond epoxidation, yielding cyclohexene oxide as the major product of the
reaction (Figure 6.8, pathway b).10, 15, 49. As allylic oxidation products were observed as the
major species in the post reaction mixture, indicated that C-H bond activation (Figure 6.8,
pathway a) was the predominant reaction. This is in favour for the reaction of a NiIII(OX)
species undergoing allylic oxidation. Alternatively, pathway (a) may occur in the presence
of •OH radicals that undergo C-H bond oxidation.

Figure 6.8. Left: Incremental changes in electronic absorption spectra upon addition of
cyclohexene to 11a (0.3 mM, red trace) at 25 °C in CH3CN. Right: Scheme showing
possible oxidation routes in the oxidation of cyclohexene by a Ni(O•) entity.

To the best of our knowledge, no in-depth studies have been conducted on
mononuclear NiIII(OH) complexes in C-H bond activation reactions. The reaction with
9,10-dihydroantracene (DHA, BDE = 78 kcal mol-1) was carried out for the purpose of
comparative analysis with well characterized metal oxidants undergoing DHA oxidation at
25 °C. We have calculated a value of k2 = 0.12 mol L-1 s-1 for the reaction (Figure A.155,
A.156). This value falls within the same order of magnitude as the reaction of the S = 1
[FeIV(TMC)(CH3CN)(O)]+ complex reported by Que et al.50 and the permanganate ion
(MnO4–) (Table 6.2).51,

52

Notably, 11a is considerably less competent than

[RuIV(O)(bpy)2(py)]2+and CuIII(pyN2Me2)(OH) that are among the most reactive metal
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oxidants reported. 53, 54 However 11a appears to react 2.5 – 4 times faster than the Co-OX
complexes [CoIII(TQA)(OIPh)(OH)]2+ and CoIIIPhB(tBuIm)3(O),55,

56

and shows

significantly greater rates than MnIII(OH) and FeIII(OH) complexes.57, 58

Table 6.2. Rate of reactions of M-OX systems with DHA at 25 °C.
k2 (mol L-1 s-1)

ref.

CuIII(pyN2Me2)(OH)

~190

53

[RuIV(O)(bpy)2(py)]2+

125

54

[FeIV(O)(N4Py)]2+

18

59

[FeIV(TMC)(CH3CN)(O)]+

0.14

60

11a

0.12

N/A

[MnVIIO4]–

0.12

51, 52

[CoIII(TQA)(OIPh)(OH)]2+

0.049

55

CoIIIPhB(tBuIm)3(O)

0.029

56

[AuIII(terpy)(OH)]2+

0.020

61

[MnIII(OH)(PY5)]2+

1.6 × 10-3

57

[FeIII(OH)(PY5)]2+

4.3 × 10-4

58

complexes

pyN2Me2 = N,N’-bis(2,6-diisopropylphenyl)2,6-pyridinedicarboxamide, bpy = 2,2'bipyridine, N4Py: N,N’-bis(2-pyridyl)-N-bis(2-pyridyl)methylamine), TMC = 1,4,8,11tetramethyl-1,4,8,11-tetraazacyclotetradecane, TQA = tris(2-quinolylmethyl)amine,
t
BuIm: tris(imidazol-2-ylidene)borate, terpy = 2,2′:6′,2-terpyridine, PY5 = 2,6-bis-(bis(2pyridyl)methoxymethane)pyridine).
The reaction with 1,4-cyclohexadiene (CHD, BDEC-H = 76.0 kcal mol-1) and 2,4,6tri-tert-butylphenol (tBu3PhOH, BDEO-H = 81.2 kcal mol-1) occurred too rapidly at 25 °C
to monitor reaction kinetics accurately, therefore the reaction was monitored at -40 °C.
Addition of CHD resulted in the complete disappearance of electronic absorption features
assigned to 11a (Figures A.157, A.158) at -40 °C, measuring a k2 value of 0.035 mol L-1 s1

. We were able to identify benzene by 1H NMR from a post reaction mixture, however

aside from the formation of LPh, we were unable to isolate the resulting NiII species
following HAA from hydrocarbon and phenolic substrates.
Addition of tBu3PhOH brought about the rapid decay of 11a (Figures A.159, A.160). The
reaction of 11a with 100 equiv. of tBu3PhOH was completed within 200 seconds upon
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initial addition of substrate at -40 °C. A value of k2 = 1.49 mol L-1 s-1 was obtained. The
appearance of sharp absorption features at λ = 383 nm and λ = 400 nm associated with the
formation the 2,4,6-tri-tert-butylphenoxyl radical (tBu3PhO•), could be observed. As its
electronic extinction coefficient has previously been determined in CH3CN,62 we were able
to approximate a yield of ~80 % of tBu3PhO• based on the final electronic absorption
spectrum. This yield falls within ±5 % of the estimated yield determined for 11a. A GCFID analysis of post reaction mixtures with 11a displayed the presence of 2,6-di-tertbutylquinone (2,6-DTBQ) that results from a decay of tBu3PhO• in the presence of H2O.
(Figure A.161, Scheme A.4). tBu3PhO• typically forms following a hydrogen atom
abstraction (HAA) of the phenol O-H bond, forming a stable radical.

We have provided evidence that aromatic oxidation of the pendant aryl ring does not occur
in the rate determining step of the reaction, by establishing a concentration dependence of
[7b] in its oxidation by PPAA (indicative of a bimolecular reaction). We believe that the
formation of the NiII phenoxide product 10 is a thermodynamic sink, where aromatic
oxidation occurs only after warming a solution of 11a to ambient temperatures. This result
is contrary to what we have previously observed when we used 3-chloroperoxybenzoic acid
(mCPBA) in the oxidation of 7b (Chapter 5, Scheme 6.3). In this reaction, we observed a
protonation of [LPh]3–, effected by mCPBA, that lead to a change in symmetry of the
complex and was followed by a rate determining intramolecular oxidation of the pendant
aryl ring. In the current work, we have shown the formation of a C3v symmetric NiIII(OH)
complex in the reaction of PPAA with 7b, suggesting that protonation of the ligand is not
effected. This can be attributed to a higher pKa value of PPAA versus mCPBA (~8.4 vs. 7.6
in H2O).

We envisioned a mechanism where the hydroxyl radical (formed via homolytic cleavage
of PPAA) undergoes attack on 7b, resulting in the formation of 11a and a corresponding
ArCOO• radical. The decay of ArCOO• entails decarboxylation and the formation of
toluene, benzyl alcohol and benzaldehyde in the presence of O2. Benzyl alcohol and
benzaldehyde were observed to undergo further oxidations to benzoic acid in the presence
of •OH radicals and/or 11a as a large proportion of BzOH was identified in the reaction
mixture (~45 %). Additionally, from initial observations of changes in the electronic
absorption spectra of 7b upon addition of PPAA, we noted a minimum requirement of 1.5
equivalents of PPAA to reach a maximum in the absorption intensity at λmax = 450 nm for
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11a. We also obtained an estimated yield of ~75 % by EPR for 11a when 1.5 equivalents
of PPAA were used in the oxidation of 7b. Therefore it is reasonable to assume the
formation of excess •OH radicals that are involved in further oxidations of the PPAA decay
products. When we added PPAA in excess of 1.5 equivalents, we observed a similar
absorption intensity at λmax = 450 nm, albeit the lifetime of 11a was observed to
significantly decrease. Higher concentrations of PPAA may lead to the accumulation of
acidic side products (i.e. phenylacetic acid) resulting in a decomplexation thereby
decreasing the overall yield.

Scheme 6.3. Summary of oxidation events of tripodal NiII carboxamidate complex using
one and two electron oxidants.
Observation of a terminal NiIII oxyl complex remains exceedingly rare to this date and is
still a subject of controversy.4, 32 A more likely outcome in the reaction of NiII species with
peroxy acids is the formation of NiII-acylperoxo adduct that are precursor complexes to
NiIV oxo intermediates (Scheme 6.1). However, identical UV-Vis and EPR spectra were
observed when we used PPAA or NaOCl as oxygen atom transfer reagents in the oxidation
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of 7b. We would expect significantly different UV-Vis features for each of these oxidants
if the resultant species were an acylperoxo adduct. NiII-acylperoxo complexes also react
sluggishly with hydrocarbons as compared to 11a.21 We therefore preclude the assignment
of 11a to be an adduct of a peracid. We initially believed in the formation of a Nickel(III)
oxyl species upon observing a NiIII(O•) entity in ESI-MS studies. In-depth analysis of
PPAA decay products, structural and electronic analysis on 11a by EXAFS and EPR
measurements, provided us with compelling evidence for the presence of a hydroxo moiety.
Therefore 11a is better formulated as a Nickel(III) hydroxide complex.

6.3 Conclusion
A reactive NiIII(OH) intermediate was generated upon reacting a tripodal NiII precursor
with peroxyphenylacetic acid, obtaining the same species using NaOCl as an alternative
oxidant. In-depth magnetic and electronic characterizations for this metastable intermediate
indicated a one electron oxidized metal centre with an elongated Ni-O bond, consistent
with the formulation of a NiIII-OH moiety. There is a dearth of well characterized Nickel
oxo/hydroxo complexes that exist in the literature and therefore there is an overall lack of
understanding on the role of these intermediates in oxidation reactions. Despite the
substitution at the oxo ligand, giving an overall stabilization effect (oxo versus hydroxo
ligand), the nascent NiIII(OH) intermediate was still capable of undergoing efficient C-H
and O-H bond activation of model substrates, thus shedding light on the postulated role of
Ni(OX) species in phenol and hydrocarbon oxidation reactions. It also underlines the
potentially powerful oxidizing capabilities of a postulated Nickel oxo entity. C-H bond
activation of the NiIII(OH) occurred at significantly higher rates than MnIII(OH), FeIII(OH)
and CoIII(OH) complexes, oxidizing DHA at comparable rates to S = 1 FeIV(O) complexes
at 25 °C. Aryl hydroxylation of the pendant phenyl ring on the ligand was observed upon
thermal decay of this high valent species that could be intercepted upon adding
triphenylphosphine, generating 0.5 equivalents of triphenylphosphine oxide. This study
shows that the tripodal carboxamidate ligand can support a reactive NiIII(OX) complex and
is showing promise towards building a platform of stable metal oxyl complexes of the late
transition metals.
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6.4 Experimental
6.4.1 Materials
All reactions with air sensitive materials were carried out in an inert atmosphere glovebox
or manipulated under a Nitrogen or Argon atmosphere using Schlenk line techniques. All
reagents were purchased from commercial sources and were used as received. DMF was
purchased and stored under an inert atmosphere in a Schlenk tube containing 3 Å molecular
sieves. Dry CH3CN and diethyl ether were dispensed from a MBRAUN Solvent
Purification System (SPS-5) and deoxygenated by purging a flow of Nitrogen through the
solution. KH was transferred into an inert atmosphere glovebox and washed with n-hexane
to remove mineral oils and was subsequently used as a dry powder. tBu3PhOH was
recrystallized twice from hexane and dried in vacuuo prior to use. Water sensitive products
were stored in an inert atmosphere glovebox or stored under vacuum in a desiccator
containing CaCl2 as drying agent. Peroxyphenylacetic acid (PPAA) and peroxypivalic
(PPA) were synthesized according to literature procedures.37, 38

Caution: Peroxyacids are known to be potentially explosive once obtained as a dry powder.
Compounds were stored at -20 °C and never heated above 35°C. No problems were
encountered during this project.
6.4.2 Physical methods
1

H NMR spectra were performed on an Agilent MR 400 MHz NMR spectrometer. IR

spectra were conducted on a Perkin Elmer Spectrum 100 FT-IR/ATR. UV-Vis electronic
spectra were recorded using an Agilent 8453 diode array spectrophotometer (190 – 1100
nm range), attached to a Unisoku Scientific Instrument cryostat using liquid nitrogen as
coolant. Gas chromatographic studies were carried out on a ThermoFisher TRACETM 1300
Gas Chromatograph, equipped with a Flame Ionization detector. Hydrogen gas was
provided by a Parker Hydrogen Gas generator 20H-MD. Air was provided by Parker Zero
Air Generator UHP-10ZA-S. The column used was a ThermoFisher TraceGOLD TG-1MS
GC column. Electrospray ionization (ESI) mass spectra were acquired using a Micromass
time of flight spectrometer (ToF), interfaced to a Waters 2690 HPLC or by direct injection
in the mass spectrometry instrument. Attenuated total reflectance infra-red (ATR-FTIR)
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spectra were recorded on a Perkin-Elmer Spectrum 100 Fourier transform infrared
spectrometer.

6.4.3 Synthetic procedures
6.4.3.1 Synthesis of peroxyphenylacetic acid (PPAA)

The title compound was synthesized according to a known procedure.37
Phenylacetic acid (2.50 g, 18.4 mmol) was added to a 100 mL round bottom flask and
dissolved in 20 mL dichloromethane. DMF (142 µL, 0.134 g, 1.83 mmol) and SOCl2 (2.0
mL, 24.4 mmol) were added dropwise and the solution was allowed to stir for 1 hour.
CH2Cl2/DMF and residual SOCl2 were removed under reduced pressure to yield the acid
chloride as a yellow oil that was immediately used in the next step without further
purification. To a fresh 100 mL round bottom flask was added: NaOH (2.35 g, 58.6 mmol),
MgSO4 (40 mg, 0.33 mmol) and water (19 mL), the contents were dissolved by stirring.
1,4-dioxane (28 mL) and H2O2 (30% w/v, 17.3 mL, 0.22 mol) were added to the solution.
The solution was cooled to 0°C in an ice bath. Acid chloride synthesized in the previous
step was taken up in a 5 mL syringe and added dropwise to the solution with continuous
stirring. The cloudy mixture was allowed to stir for a further 15 minutes at 0 °C. The
mixture was allowed to warm to room temperature and aliquots of freshly prepared H2SO4
(1.0 N) solution were added slowly until the pH range indicated ~6-7 on universal pH
indicator paper. The slightly cloudy solution was transferred into a separatory funnel and
the product was extracted with CH2Cl2 (4 x 15 mL). The organic extract was dried over
MgSO4 and the solvent was allowed to evaporate under a positive flow of N2 gas to yield
a white slurry of the crude product. This slurry was re-dissolved in ~ 3mL of Et2O. Slow
layer diffusion of pentane into the ether phase at -20 °C over the course of 24 hours yielded
the product as white crystalline needles. (0.62 g, 22.1%). Iodometric titration of liberated
I2 against Na2S2O3•5H2O, carried out as a triplicate measurement indicated an average of
93% active Oxygen. 1H NMR δH (400 MHz, CDCl3, ppm): 11.29 (s, 1H, -OOH), 7.36-7.31
(m, 5H, Ar-H), 7.26 (CHCl3), 3.74 (s, 2H, CH2).
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6.4.3.2 Synthesis of 18O-labelled peroxyphenylacetic acid (18O-PPAA)

The target compound was synthesized from an adapted procedure.37

Phenylacetic acid (156 mg, 1.15 mmol) was added to a screw cap test tube and to it was
added methansulphonic acid (MsOH, 1.1 mL). CH2Cl2 (0.8 mL) was added and stirred to
form a pale yellow solution. Under vigorous stirring, H218O2 (synthesized from a previously
known procedure,63 30 – 35 % w/v, 0.28 mL, ~2.5 mmol) was added dropwise (1 drop
every 10 seconds). The solution was heated to 40 °C for 4.5 hour, turning the solution into
an orange colour. The solution was allowed to cool to room temperature and transferred
into a vial containing saturated (NH4)2SO4 solution in ice. The aqueous layer was extracted
thrice with CH2Cl2 (3 x 5 mL) and the combined organic extracts were washed twice with
saturated (NH4)2SO4 solution (2 x 5 mL) and twice with phosphate buffer solution (pH =
7.5, 2 x 10 mL). The organic layer was dried over MgSO4, filtered and volatiles were
evaporated under a positive flow of nitrogen, leaving behind an off-white solid residue with
a sharp odour that was used without further purification. Iodometric titration indicated 91
% active Oxygen. Yield: 90 mg, 51%.

6.4.3.3 Preparation of [NMe4][NiIII(LPh)(OH)], (11a) – Method 1 (PPAA):
A 0.30 mM solution of 7b was prepared by diluting a 10.0 mM stock solution of 7b with
acetonitrile (see Chapter 5 for synthesis of 7b). 2 mL of 7b (0.30 mM) was transferred into
a quartz cuvette and sealed with a septum. PPAA (93%) (16.4 mg, 0.10 mmol) was
weighted out and dissolved in 5 mL of CH2Cl2 to make a 0.02 M solution. The cuvette
containing a solution of 7b was placed into the UV-Vis spectrometer and was cooled to 40 °C. PPAA (93%) (0.02 M, 45 µL, 1.5 eq.) was added to 7b at -40 °C under continuous
stirring, causing a gradual colour change from pale green to dark brown. The progress of
the reaction was monitored by the absorption maxima at λ = 450 nm.
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6.4.3.4 Preparation of [NMe4][NiIII(LPh)(OH)] (11a) – Method 2 (NaOCl):
A 0.30 mM solution of 7b was prepared by diluting a 10.0 mM stock solution of 7b with
CH3CN. 2 mL of 7b (0.30 mM) was transferred into a quartz cuvette and sealed with a
septum. A 0.02 M solution of NaOCl was prepared by diluting a NaOCl (14 % w/w) stock
solution with a 1:1 solvent mixture of CH3CN/water. The cuvette containing a solution of
7b was placed into the UV-Vis spectrometer and NaOCl (0.02 M, 90 µL, 3.0 eq.) was added
to 7b at room temperature under continuous stirring, causing a gradual colour change from
pale green to dark brown. The progress of the reaction was monitored by the absorption
maxima at λ = 450 nm.

6.4.3.5 Preparation of [NMe4][NiIII(LPh)(OAc)], (11b) – Method 1 (magic blue):
7b (67.9 mg, 0.10 mmol) was dissolved in 10 mL of dry CH3CN to make a 10.0 mM stock
solution. A 10.0 stock solution of 7b was further diluted to a 0.30 mM solution with
acetonitrile. 2 mL of 7b (0.30 mM) was transferred into a quartz cuvette and sealed with a
septum. Magic blue (16.3 mg, 0.02 mol) was weighted out and dissolved in 2 mL of CH3CN
to make a 0.01 M solution. The cuvette containing a solution of 7b was placed into the UVVis spectrometer and was cooled to -40 °C. Magic blue (0.01 M, 72 µL, 1.2 eq.) was added
to 7b at -40 °C under continuous stirring, causing a gradual colour change from pale green
to brown. The progress of the reaction was monitored by the absorption maxima at λ = 455
nm.

6.4.3.6 Preparation of [NMe4][NiIII(LPh)(OAc)], (11c) - Method 2 ([Fc+][PF6]):
A 0.30 mM solution of 7b was prepared by diluting a 10.0 mM stock solution of 7b with
CH3CN. 2 mL of 7b (0.30 mM) was transferred into a quartz cuvette, and sealed with a
septum. [Fc+][PF6] (33.1 mg, 0.10 mmol) was weighted out and dissolved in 5 mL of
CH3CN to make a 0.02 M solution. The cuvette containing a solution of 7b was placed into
the UV-Vis spectrometer and was cooled to -40 °C. [Fc+][PF6] (0.02 M, 30 µL, 1.0 equiv.)
was added to 7b at -40 °C under continuous stirring, causing a gradual colour change from
pale green to brown. The progress of the reaction was monitored by the absorption maxima
at λ = 455 nm.

________________________________________________________________________
217

Chapter 6 – Characterization and Reactivity of a tripodal carboxamidate Nickel(III) hydroxide complex

6.4.4 Spectroscopic analysis
6.4.4.1 EPR measurements
EPR spectra were acquired by freezing a 10.0 mM solutions of 11a / 11b in EPR tubes.
Quantification of concentrations of unpaired spins was done by comparing the integration
of 5.0 mM samples of 11a / 11b to a frozen sample of (2,2,6,6-tetramethyl-piperidin-1yl)oxyl (TEMPO) (5.0 mM), measured under the same conditions. XAS samples were
prepared by transferring 5.0 mM solutions containing 11a from a quartz cuvette to a prechilled Delrin® XAS sample holder (~0.2 mL) using a pre-cooled Pasteur pipette. The
sample holder containing 11a was slowly allowed to solidify in liquid Nitrogen, avoiding
the formation of air bubbles during the freezing process. The frozen solutions were
transferred into a storage dewar until measurement.

6.4.4.2 Gas Chromatography Flame-Ionization detection (GC-FID) analysis
Post-reaction mixtures of 5.0 mM solutions of 7b with PPAA in acetonitrile were
transferred into 2 mL sample vials and analysed via GC-FID. A control sample was
prepared by addition of the same quantity of PPAA to 2 mL of acetonitrile. The instrument
method for the PPAA decay products was based on a temperature ramp (1 min. at 60 °C,
10 °C/min until 160 °C. Hold 160 °C for 1 min.) with splitless injections of 1 µL each. The
retention time for the products ware noted as follows within the error of ± 0.2 min.: Toluene
(2.5 min), Benzaldehyde (4.4 min), benzyl alcohol (5.4 min), benzoic acid (7.3 min),
phenylacetic acid (8.5 min). The quantification of each decay product was based on a
calibration curve of a pure standard. The yields were calculated based on the average of
triplicate measurements of a reaction mixture. Post-reaction mixtures of a 0.5 mM solutions
of 11a and cyclohexene (980 equiv.) in CH3CN were transferred into a 2 mL sample vial
and analysed via GC-FID. A control sample was prepared by addition of the same quantity
of cyclohexene to 2 mL in CH3CN. The instrument method for cyclohexene oxidation
products was based on a temperature ramp (2 min at 40 °C, 8 °C/min for 10.5 min. Hold at
125 °C for 2 min.) with splitless injections of 1 µL each. The retention time for cyclohexene
oxidation products were noted as follows: 1,2-eopxycyclohexane (7.2 min), cyclohexen-2ol (7.7 min), cyclohexen-2-one (8.4 min) and cyclohexene-1,2-diol (10.5 min). The
quantification of each was based on a calibration curve of a pure standard. The yields were
calculated based on the average of triplicate measurements of a reaction mixture.
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Post-reaction mixtures of a 0.5 mM solutions of 11a with tBu3PhOH in CH3CN were
transferred into a 2 mL sample vial and analysed via GC-FID. A control sample was
prepared by addition of the same quantity of tBu3PhOH to 2 mL of CH3CN. The instrument
method for 2,6-DTBQ was based on a temperature ramp (2 min at 75 °C, 10°C/min to 200
°C, 2 min at 200 °C) with splitless injections of 1 µL each. The retention time for 2,6DTBQ was noted as 12.3 ±0.2 min. The quantification of 2,6-DTBQ was based on a
calibration curve of a pure standard. The yields were calculated based on the average of
triplicate measurements of a reaction mixture.

6.4.4.3 Electron Spray Ionization mass spectrometry (ESI-MS) analysis
Samples from a cuvette at -40 °C in CH3CN were transferred rapidly into a chilled 2 mL
MS vial using a pre-cooled Pasteur pipette and immediately frozen in liquid Nitrogen.
Samples were stored in a liquid nitrogen filled storage dewar until measurement. Freshly
thawed samples were directly injected into the ionization chamber using a syringe. Room
temperature stable Ni complexes and post reaction mixtures were diluted to ~0.1 mM using
CH3CN, prior to injection.

6.4.4.4 Reactivity experiments and rate constant determination
Solutions of 11a were prepared as described above. Substrates were added as concentrated
solutions (0.1 – 2.0 M) in CH2Cl2 to a stirred solution of 11a at -40 °C in CH3CN. The
progress of the reaction was monitored via UV-Vis spectroscopy, by observing the
disappearance of the λ = 450 nm feature for 11a. Reaction rate constants were determined
by using a minimum of 10.0 equivalents of substrate with respect to [Ni], to ensure pseudofirst order conditions. Each measurement of kobs was repeated three times. Second order
rate constants (k2) were determined by plotting the dependence of the pseudo-first order
rate constants (kobs) versus the concentration of the substrates. The value of k2 was
determined from the line of best fit. Post reaction mixtures subjected to ESI-MS or GC –
FID analysis were diluted where required, as outlines in the procedures above.

6.4.4.5 Quantification of O=PPh3
In a screw cap test tube equipped with a stirrer, a solution of 11a (10.0 mM) was prepared
in CH3CN at -40 °C as described above. Triphenylphosphine (PPh3) (0.25 M, 100 µL, 2.5
eq) in CH2Cl2 was added to 11a and allowed to stir for 5 minutes, observing a colour change
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from dark brown to pale green. Once the reaction appeared to be complete, the solution was
allowed to warm to room temperature. The post reaction mixture was transferred into a 10
mL round bottom flask and the cuvette was washed with 3 mL CH3CN. The washings were
added to the flask and the solvent was removed under reduced pressure.
Triphenylphosphate (O=P(OPh)3) (5.0 mg, 0.015 mmol) was added to the dried residue as
an internal standard. The contents of the flask were re-dissolved in CDCl3 and 0.6 mL of
the mixture was transferred into an NMR tube. This procedure was repeated a total number
of three times. A blank sample was prepared by adding PPh3 to 2 mL CH3CN, followed by
removal of solvent, addition of O=P(OPh)3 (5.0 mg, 0.015 mmol) and dissolving in CDCl3.
The quantity of triphenylphosphine oxide (O=PPh3) present in the post reaction mixture
was calculated based on the integration of a known amount of internal standard present in
solution. Deduction of triphenylphosphine oxide in the blank sample gave the yield of
O=PPh3.

6.4.4.6 XAS data collection and analysis
The Ni-K-edge X-ray absorption data were collected on beam line 7-3 at SSRL (Stanford
Synchrotron Radiation Lightsource, SLAC National Accelerator Lab, Menlo Park, CA,
USA). Data were collected with the storage ring operating at ca. 3 GeV and 500 mA, using
a LN2 cooled Si (220), ϕ = 0˚ & 90˚ double-crystal monochromator, calibrated by using the
first inflection point of a Ni foil (8333.0 eV). The monochromator was detuned by ~30%
for higher harmonic rejection. The fluoresce detector used was a Canberra 30-element Ge
solid state detector, cooled with LN2. All the measurements were performed at ambient
pressure at ~17 K, gained by an Oxford Helium cryostat, cooled by closed-cycle He gas
loop. The parameters used for the scans were the following: 10 eV steps/1 second
integration time in the pre-edge region, 0.3 eV steps/2 second integration time in the edge
and 0.05k steps in the EXAFS with integration time increasing in a k2-weighted fashion
from 2 to 9 seconds over the energy range (kmax = 15.1k). The total detector counts were in
the range between 20k-35k, well within the linear range of the detector electronics. Each
sample was monitored for radiation damage, using different spots where required to ensure
reproducibility of the data.

Elaboration of the XAS data, including averaging, background removal and normalization,
was performed using Athena.64 Edge energies were determined as main peak in first
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derivative and zero-crossings in the second derivative. EXAFS analysis was carried out
using Artemis,64 which incorporates the IFEFFIT fitting engine and FEFF6 for ab initio
EXAFS phase and amplitude parameters. Crystal structures (either as-is or modified
slightly to test different structural models) were used for FEFF6 input to identify significant
paths.
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Reaction of tripodal carboxamidate
Co(II) and Ni(II) hydroxide complexes
with acetonitrile
XRD data acquisition and structure refinements was carried out by Dr. Brendan Twamley
and Dr. Robert Gericke (Trinity College Dublin, Ireland).
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7.1 Introduction

In previous chapters we have shown the formation of Iron and Nickel oxo complexes by
oxygen atom transfer (OAT) of peroxyacetic acids to Metal(II) acetate precursors,
generating powerful high valent metal oxidants capable of oxidizing aromatic rings and
activating C-H bonds. Our aim was to expand the generation of terminal oxo complexes
across the first row of transition metals and therefore decided to focus our attention on
Cobalt(II) derivatives supported by [LPh]3–. Unlike our previous attempts of using peroxy
acids, we decided to attempt an alternative strategy towards generating Co III(O) / NiIII(O)
complexes.
We aimed to synthesize a MII complex bearing an ancillary hydroxo (OH) ligand,
where deprotonation of the MII(OH) complex using a strong base, followed by one electron
oxidation would result in the formation of a MIII(O) complex. The generation of a metal
oxo complex using two divergent synthetic pathways (under the same reaction conditions)
would unequivocally prove the formation of a terminal metal oxo complex of the late
transition metals. Recently, Anderson et al. have attempted a similar strategy in the
isolation of a four-coordinate Cobalt(III) oxo complex supported by strong carbene donors.
The starting CoII(OH) complex was oxidized by one electron, followed by deprotonation
using LiHMDS (lithium bis(trimethylsilyl)amide) and subsequent addition of kryptofix (to
remove lithium ions) yielded a Cobalt(III) oxo complex in pseudo-tetrahedral geometry.1
We decided to follow the same route for generating of tripodal Cobalt(III) oxo and
Nickel(III) oxo intermediates.
The formation of metal hydroxide complexes using tripodal ligands is well established.2-5
Borovik et al. have employed a network of H-Bonds in the stabilization of the O-H moiety
using the H3buea (tris[(N´-tert-butylureayl)-N-ethylene]amine) ligand.2-4 [LPh]3– is similar
to H3buea in that it contains strong σ-donating nitrogen donors, however it is lacking Hbond donor groups that can stabilize an O-H moiety. Therefore a greater reactivity of our
Metal(III) hydroxide complexes was expected. This Chapter describes the synthesis of
tripodal MII complexes (where M = Co, Ni) supported by [LPh]3– and their respective
reaction with [NMe4][OH] in DMF and CH3CN. We found that the resultant hydoroxo
complexes displayed instabilities in CH3CN, thereby hindering us to study their reaction
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with one electron oxidants. Instead we identified alternative products from the distinct
modes of reactivity of the resultant metastable metal(II) hydroxides with CH3CN.

7.2 Results and Discussion

7.2.1 Synthesis and characterization of tripodal metal(II) complexes
Addition of KH (4.2 equiv.) to 2,2',2''-nitrilotris(N-phenylacetamide) (H3LPh) in dry N,N’dimethylformamide (DMF) resulted in the formation of H2 gas, indicative of a
deprotonation event occurring at the N-H moiety. We found that treatment of the resultant
K3[LPh] salt with anhydrous Co(OAc)2 resulted in an immediate colour change from the
pale yellow solution of K3[LPh] to a dark purple colour, indicative of a complexation
reaction and the formation of a new CoII complex assigned as 12a. Filtration of insoluble
salts, followed by precipitating the product with dry Et2O gave 12a as a vibrant purple
powder in 42 % yield.

Alternatively, 12a was made in situ without isolation and purification en route to the more
soluble [NMe4]+ salts of this complex. Addition of [NMe4][OAc] to a DMF solution of 12a
caused the formation of a larger quantity of precipitate. Filtration of insoluble material and
evaporation of solvent under reduced pressure resulted in the formation of a dark purple
mother liquor. A greater solubility of this material compared to 12a was observed in
CH3CN, suggesting the presence of a [NMe4]+ conter-ion. Further filtration of insoluble
material and the addition of excess dry Et2O to the clear purple solution resulted in the
precipitation of 12b as a vibrant purple powder that was collected by filtration and dried
under reduced pressure. An overall yield of 61 % was obtained for 12b.

[NMe4][OH] was added to an in situ generated solution of 12a in DMF, causing an
immediate colour change from dark purple to a dark green colour, indicating the
displacement of the ancillary ligand in 12a and the installation of a hydroxo moiety. The
formation of a large amount of precipitate was noted over the course of two hours that was
filtered and discarded. Similarly, the new complex assigned to 12c was isolated by
precipitation from a DMF solution using dry Et2O, collected by filtration and dried under
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Scheme 7.1. Summary of reactions involving tripodal carboxamidate Co(II) complexes.
reduced pressure, yielding of a light green powder (85 %). Notably, a 1H NMR measured
on a powdered sample after one month displayed some decomposition of 12c, indicating a
certain degree of instability at room temperature.

Notably, when we attempted to crystalize 12c in CH3CN we observed a colour change from
dark green to purple indicating the instability of 12c in CH3CN. We observed the formation
of a purple crystalline material over the course of one day. This suggested a decay of 12c
in the solvent due to a reaction with CH3CN molecules or as a resulting loss of the hydroxo
moiety. The crystalline material ascribed to 12d was filtered and washed with dry Et2O to
obtain a dark purple product in 41 % yield. Complexes 12a-d were exhaustively
characterized by 1H NMR, single crystal X-ray diffraction, FT-IR, mass spectrometry and
UV-Vis spectrophotometry.

12a-d were crystalized via slow layer diffusion of Et2O into concentrated samples in
CH3CN or DMF at room temperature. Single crystal X-ray diffraction (XRD, Figure 7.1)
for 12a revealed a trigonal bipyramidal (TBP) complex with an expected tripodal
coordination mode of the three anionic [N]– donors in the equatorial plane and the ligation
of a fourth nitrogen atom (coordinating through lone pairs) at the apex of the structure. 12a
bears an axially coordinated DMF solvent molecule that is binding through the carbonyl
oxygen (Co-O = 2.11(7) Å, Table 7.1), yielding of a five-coordinate structure. Furthermore,
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K+ counter-ions were displaying an interaction with the amidate carbonyl groups of the LPh
backbone, bridging four units of 12a in the unit cell.

Crystallization of 12b was achieved by slow diffusion of Et2O into a concentrated
CH3CN solution. Structural analysis revealed the same coordination of [LPh]3– with Cobalt.
We noted the displacement of the ancillary solvent molecule with an acetate ligand,
resulting in a dianionic Co(II) complex (Scheme 7.1, Figure 7.1). A monodentate binding
mode for acetate was noted in 12b as indicated by the coordination of only one oxygen
atom to the Cobalt centre (Co-O = 2.03(1) Å) and the differences in the carbonyl C-O bond
lengths of the acetate ligand (C-O1 = 1.27(3) vs C-O2 = 1.24(1) Å). Interestingly, the
monodentate –OAc binding mode in 12b, has been observed in the isostructural
[FeII(LPh)(OAc)]2– (1) and [ZnII(LPh)(OAc)]2– complexes reported by Lacy et al.6, however
this in contrast to the bidentate mode observed in [NiII(LPh)(OAc)]2– (7b, Chapter 5). The
presence of two ions of [NMe4]+ were noted in the crystal structure of 12b.

Infusion of Et2O into the DMF layer containing 12c resulted in crystalline material that was
analysed by XRD (Figure 7.1). A five coordinate structure was observed as expected for
the ligation of [LPh]3– with Cobalt(II). An apical coordination of an oxygen atom was
observed in the structure of 12c that was assumed to be the result of a coordinating [OH]–
anion. Closer scrutiny of the Co-O interaction revealed a Co-O bond distance of 1.94(7) Å
(Table 7.1), falling within the range of reported Co-OH complexes with similar
coordination modes.5, 7-12 A CCDC search of Cobalt(II) hydroxide complexes containing
four N-donors resulted in 14 hits, where the average Co-O distance measured 1.97(8) Å
(Figure A.172).13 Based on this observation, we precluded the assignment of 12c to be a
Cobalt(II) aquo complex, as the average distance of Co-OH2 complexes are significantly
longer (2.13(8) Å, based on a dataset of 17 compounds containing the same coordination
sphere as 12c).

The resulting decay product ascribed to 12d was recovered from a vial containing Co(OH)
complex 12c that was left to crystalize in an CH3CN solution. XRD analysis on 12d (Figure
7.1) revealed a five coordinate structure with a striking resemblance to the acetate ligated
complex 12b. We found ambiguity in the type of axial ligand that was bound to the metal
centre. We initially believed in the displacement of the hydroxo ligand with acetate,
however upon closer analysis of the structure, the coordination of acetamide (–NHCOCH3)
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was suggested. There were clear differences within the C-N/O distances of the axial ligand
(C-N1 = 1.31(8) Å for 12d vs. 1.27(3) for 12b). However we remained critical of assigning
12d as an acetamido adduct, as the ancillary Co-N bond lengths were too similar (to within
0.01 Å) to the Co-O bond length found in 12b. Additionally, XRD refinement alone could
not decipher between O and N atoms (neglegetable drop in the R1 value when N atom was
put in place of O atom), retaining the possibility of the axial ligand to correspond to acetate
instead of acetamide. We required additional spectroscopic evidence to confirm the identity
of 12d.

Figure 7.1. ORTEP plot depicted at 50% probability level of the X-ray crystallographically
determined structures for 12a-d. Hydrogen atoms, solvents and counter-ions have been
omitted for clarity. The hydrogen atom in 12c and 12d are placed in idealized positions.
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Table 7.1. Spectral, magnetic and structural properties of tripodal Cobalt(II) complexes.
cpd.
12a
12b

λmax, nm (ε,

µeff

mol L-1 cm-1)

(B.M.)

529 (320)

3.35

-0.31

2.11(7)

0.82(5)

2.04(3)

3.26

0.32a

2.03(1)

0.80(8)

2.09(2)

3.99

-0.28

1.94(7)

0.76(5)

2.11(9)

3.43

-0.30

2.02(3)

0.80(5)

2.09(9)

473 (120),
500 (140)

E½ (V)

Co-O/N
(Å)

τ5

Co-N(avg.)
(Å)

500 (150),
12c

650 (70), 790
(25)

12d
a

500 (160),
593 (90)

Irreversible oxidation was observed, peak aniodic potential (Epa) is referenced instead.

Single crystal X-ray diffraction analysis revealed that a TBP structure was present
in all complexes that differed only in the type of ancillary ligand, confirming the
displacement of a DMF solvent molecule in 12a with apical ligation of either acetate (12b),
hydroxide (12c) or acetamide (12d) (Scheme 7.1). The similarities of the structures were
indicated by a narrow range of the geometry index (τ5 = 0.76 – 0.82, Table 7.1) for
complexes 12a-d, where 1.0 presents perfect TBP symmetry and 0.0 presents square based
pyramidal geometry.14 These discrepancies are indicative of the steric influence of the
different axial ligands (DMF, –OAc, –OH and –NHCOCH3) leading to slight distortions on
the overall structures. We observed more significant differences in the in the average CoN(avg.) distances (Table 7.1) in these structures, particularly for 12c (2.11(9) Å). This was
indicative of a weakening of the Co-N interactions as a result of a higher electron donation
ability for the –OH ligand. Based on structural analysis we can confirm the expected
formulation of 12a as [K][CoII(LPh)(DMF)], 12b as [NMe4]2[CoII(LPh)(OAc)] and 12c as
[NMe4]2[CoII(LPh)(OH)]. Additionally, we speculatively formulate the resultant decay
product 12d as [NMe4]2[CoII(LPh)(NHCOCH3)], however this formulation required further
support by 1H NMR and FT-IR analysis.

ESI-MS spectra measured on dilute solutions of 12a-d displayed the most prominent peak
at m/Z = 472.0946 ([CoII(LPh)]–, C24H21N4O3Co requires m/Z = 472.0946), confirming the
presence of the monoanionic [CoII(LPh)]– core structure in each product. With the exception
231

Chapter 7 – Reaction of tripodal carboxamidate Co(II) and Ni(II) hydroxide complexes with acetonitrile

of 12b, the ancillary ligand X– could however not be identified in MS studies, presumably
due to the hard ionization technique, causing fragmentation of the complexes into anions
of X– and [CoII(LPh)]– (Figure 7.2, A.162). A low intensity peak found at m/Z = (531.1072,
([CoIII(LPh)(OAc)]–, C26H24N4O5Co requires 531.1079) was observed in 12b (Figure
A.163), however this formulation only matched the observed mono anionic charge under
the assumption of a +3 oxidation state for the Cobalt centre. This oxidation may have been
brought about by instrument induced ionization.
1

H NMR spectra of 12a-d in [D6]-DMSO measured at 25 °C displayed four broadly shifted

peaks in the range of -20 ppm to 70 ppm (Figure 7.3). Integration of peaks corresponding
to 12a gave an approximate 2:2:2:1 ratio corresponding to CH2, ortho, meta and para
positions respectively. The most up-field signal located at δ = -11.47 ppm was assigned to
the para position of the phenyl ring based on its integration value. We identified signals at
δ = 0.40 ppm and 21.09 ppm assigned to either ortho or meta positions. The most downfield
shifted signal at δ = 48.61 ppm was assigned to the CH2 signal of the methylene bridge on
LPh. Additionally, we observed peaks assigned to DMF at δ = 2.72 ppm, 2.90 ppm and 7.97
ppm. The observed sharpness of these peaks along with the appearance of these signal in

Figure 7.2. ESI-MS of 12c. Black trace = experimental result, displaying m/Z = 472.0946.
Red trace = simulation for [CoII(LPh)]–, C24H21N4O3Co requires m/Z = 472.0946. Data
simulation was carried out using the mMas isotopic distribution tool.
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the diamagnetic (0 – 12 ppm) range suggests that DMF is not coordinated to the
paramagnetic Cobalt centre in solution, indicating an interchange with [D6]-DMSO solvent
molecules.

Figure 7.3. 1H NMR of 12a (red trace), 12b (purple trace), 12c (green trace) and 12d (blue
trace) in [D6]-DMSO at 25 °C. *impurity identified as residual 12b/12c.
Analysis of the 1H NMR spectrum of 12b showed similar peaks to 12a, with negligible
shift of broadened peaks (Figure 7.3, A.164 - A.167). This implied a displacement of
acetate with [D6]-DMSO solvent as the peak for free acetate could be identified at δ = 1.44
ppm, rationalizing the similarities in the spectra for 12a/b. The observed fluxional ligation
for acetate was observed previously for 1 (Chapter 3) and 7b (Chapter 5), where a distinct
paramagnetically shifted peak for the –OAc signal also could not be identified.6 A clear
shift in the broadened signals could be discerned in the 1H NMR spectrum for 12c, where
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signals for the CH2, the two ortho/meta positions and the para position were identified at δ
= 68.6 ppm, 13.5 ppm, -18.7 ppm and -6.3 ppm respectively. This is a clear indication for
the apical ligation of ligand that is not readily replaced by solvent molecules. We propose
a higher affinity of Co(II) ions for –OH (harder lewis base than –OAc ) thereby leading to a
stronger Co-O interaction with –OH ions that are not easily replaced by solvent molecules.
A peak for the OH signal could not be identified in the 1H NMR spectrum for 12c (Figure
A.166), suggesting a deuterium exchange with OH protons in solution. The 1H NMR
spectrum of 12d appeared different to 12b, confirming our suspicion of ligation of an
ancillary that is different to acetate. However, similarly to 12c, we were unable to identify
a peak assigned to the N-H proton of the acetamide moiety, suggesting a deuterium
exchange with the NH protons. Taken together, the number of broad shifted peaks observed
in the spectra for 12a-d are consistent with the C3v symmetry of the ligand around a
paramagnetic CoII centre, in agreement with the solid state structures.

A solution state magnetic moment was determined via the NMR Evans method at 25 °C.
Complexes 12a-d displayed effective magnetic moments in the range of 3.3 - 4.0 µeff (Table
7.1), corresponding to three unpaired electrons in the ligand field. Assuming TBP
symmetry is maintained in solution, this value is consistent with a high spin (HS, S = 3/2)
configuration of a d7 metal ion. The unpaired electrons are expected to be located in the
degenerate set of dx2-y2 / dxy and the dz2 orbital. The high spin nature of these complexes are
unsurprising, given the strong σ-donating properties of the deprotonated amidate ligand
[LPh]3–.

A Fourier transform infrared (FT-IR) spectrum of 12a-d (Figure A.168) were measured on
powdered samples. The spectrum for 12a showed the loss of the diagnostic N-H stretch of
the amide in H3LPh found at ν = 3237 cm-1, indicating a deprotonation and complexation
event of the ligand had occurred. Additionally, 12a displayed a peak at ν = 2894 cm-1 and
ν = 1663 cm-1 corresponding to the C-H (aldehyde) and C-O (carbonyl) vibrational modes
of bound DMF. 12b showed features at ν = 1560 cm-1 and ν = 1375 cm-1 (Δν = 185 cm)
that were assigned to νCO stretching modes of bound acetate. The observed difference in
νCO are larger than those observed in free acetate (ΔνCO = 163 cm-1), in agreement with a
monodentate coordination mode of the –OAc anion in the solid state structure.15 This is
consistent of what was observed in XRD analysis for 12b. A peak assigned to the O-H
stretch in 12c was found at ν = 3503 cm-1 consistent with what is typically observed for C3v
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symmetric Co(OH) complexes.16 The disappearance of this peak and the formation of a
diagnostic amide N-H stretch at 3238 cm-1 was observed for 12d. This indicated the
formation of an amide functionality, suggestive for the presence of a ligated –NHCOCH3
moiety, previously proposed for 12d. FT-IR analysis confirmed the formation of the
tripodal carboxamidate complexes from LPh, where the identity of each axial ligand was
established.

Steady state cyclic voltammetry of 12a-d were performed in DMF at room temperature
using [nBu4][PF6] as supporting electrolyte (Figure 7.4, Table 7.1). With the exception of
12b, all complexes displayed either fully or quasi reversible redox events at E½ = -0.31 V,
-0.28 V and -0.30 V for 12a, 12c and 12d respectively. These closely lying potentials and
the lack of E½ for 12b made a direct comparison of redox properties difficult within this
series of Co(II) complexes. Nonetheless, we found a greater variance in the peak aniodic
potentials (Epa) for 12a-d, occurring at Epa = -0.32 (12b), -0.26 (12a), -0.22 (12d) and -0.21
(12c), ranking Epa in the order of –OH > –NHCOCH3 > DMF > –OAc. We have assigned
these peaks as the Co(II) / Co(III) redox couple, based on the range of aniodic potentials
measured between -0.39 and -0.16 V in DMF, for a series of tripodal Cobalt(II) complexes
reported by Borovik,16 confirming a +2 oxidation state for these complexes.

The highest Epa was observed for 12c suggesting the most electron deficient Co(II) centre.
However, we would expect the –OH ligand in 12c to be less electron withdrawing than
either –NHCOCH3 or –OAc,17 (resulting in lower Epa). This observation may be explained
by the longer average Co-N bond distances measured for 12c (Table 7.1), indicating less
σ-donation through the N donors and therefore result in a more electron deficient Cobalt
centre. Therefore, we can conclude that the influence of the type of ancillary ligand (–X)
coordinated to the Cobalt(II) centre is twofold: While the electron withdrawing nature of –
X appears to have no influence on the electronic properties of the Cobalt(II) complexes,
the distortion induced on the overall structure (incl. Co-N distances) through axial
coordination directly affects the redox properties of this series of Co(II) complexes.
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Figure 7.4. Steady state cyclic voltammogram of 12a (red trace), 12b (purple trace) 12c
(green trace) and 12d (blue trace) measured at room temperature in DMF using 1.0 mM
concentrations. Scan rate: 0.05 V s-1, 0.1 N [nBu4][PF6] as supporting electrolyte. Arrow
indicating sweep direction.

The unambiguous assignment for complexes 12a-d were made using exhaustive structural,
vibrational and mass spectrometric analysis. A +2 oxidation state for each complex was
confirmed by magnetic moment and cyclic voltammetry measurements. We can conclude
the successful formation of tripodal CoII-X derivatives of [LPh]3– that vary only in the type
of coordinated ancillary ligand (Scheme 7.1).

7.2.2 Reaction of Cobalt(II) hydroxide with CH3CN
We monitored the reaction of 12c with CH3CN by electronic absorption and 1H NMR
spectroscopy at 25 °C. We added [NMe4][OH] (3.0 equiv.) to 12b, resulting in the
formation of the green species 12c (Figure 7.5), showing absorption features at λ = 650 nm
and λ = 790 nm. Near-IR absorption features (700 – 900 nm), assigned to d-d transitions
are known to occur in TBP Cobalt(II) hydroxide complexes, typically displaying electronic
extinction coefficients (ε) of < 50 mol L-1 cm-1.5, 8 This feature has been predicted to stem
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from a 4A1 → 4E transition in HS Cobalt(II) hydroxide complexes in C3v symmetry.18 After
stirring the reaction for 2 hours,

Figure 7.5. Electronic absorption spectrum of 12c (green trace, 5.0 mM) in CH3CN at
25°C, forming 12d (blue trace, 5.0 mM) over the course of 8000 seconds. Gray traces
showing incremental changes in the electronic absorption.

We observed the disappearance of the near-IR band assigned to 12c and a concomitant
increase of a new absorption feature at λ = 593 nm assigned to 12d, observing isosbestic
points at λ = 632 nm, 686 nm and 754 nm. The reaction appeared to be complete after 8000
seconds of initial addition of [NMe4][OH] (Figure A.169). A control was set up, where a
solution of 12c was prepared in dry DMF. We were not able to observe any colour changes
while stirring the sample at room temperature, even after stirring for 1 week. We decided
to add an arbitrary amount of CH3CN to the DMF solution under continuous stirring and
observed a colour change from green to purple within 3 hours. This indicated that formation
of 12d had to result following a reaction with CH3CN.
The reaction was also monitored by 1H NMR spectroscopy at 25 °C. Addition of
[NMe4][OH] to a CD3CN of 12b resulted in an immediate colour change from purple to
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dark green, attributed to the formation of 12c. The sample was placed into a 1H NMR
spectrometer and a spectrum was taken. We noted a slower conversion of 12c into 12d than
what we had previously observed for the UV-Vis and control reactions, most likely as a
result of limited agitation of the sample in the NMR tube. We were only able to see clear
changes in the sample after 18 hours (Figure 7.6). We continued to monitor the reaction for
a total of 60 hours with periodic shaking of the NMR tube to ensure sufficient mixing. We
identified multiple products in the NMR of a post reaction mixture of 12c in CD3CN,
however we saw the formation of new peaks that matched with signals that we had
previously assigned to 12d. The reaction was deemed complete when we observed the
disappearance of the broad shifted peaks at δ = -18.7 ppm, -6.34 ppm, 13.52 ppm and 68.59
ppm assigned to 12c and noted the formation of new peaks at δ = -9.18 ppm, 17.39 ppm
and 50.61 ppm assigned to 12d.

Figure 7.6. 1H NMR of 12c (marked as “c”) converting into 12d (marked as “d”) in CD3CN
at 25 °C over the course of 60 hours.
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Independently synthesized 12d that was isolated and crystalized matched the 1H NMR
spectrum of a post reaction mixture of 12b with [NMe4][OH] (Figure A.170), indicating
formation of the proposed acetamide adduct. To address our previous concern of definitive
assignment of the resultant ancillary ligand (acetate versus acetamide) in 12d, we looked
at the 1H NMR and UV-Vis spectra under more scrutiny and saw a clear difference (Figure
7.3, A.171), indicating a different speciation. The presence of an acetamide moiety in 12d
was also confirmed by an observed amide N-H stretch in the FT-IR spectrum, that is absent
in the spectrum for 12b (Figure A.168). We conclude that the reaction of the CoII(OH)
complex 12c with CH3CN results in the formation of CoII(NHCOCH3) 12d.

7.2.3 Reaction of Nickel(II) hydroxide with CH3CN
[NiII(LPh)(DMF)]– (7a) was synthesized in situ via addition of NiCl2 to a solution of K3[LPh]
in DMF as previously outlined in Chapter 5, from which we could isolate [NiII(LPh)(OAc)]2–
(7b) upon addition of [NMe4][OAc]. When we added [NMe4][OH] to 7a instead, a colour
change from dark green to brick red was observed. We tentatively assigned this new species
to [NiII(LPh)(OH)]2– (7c, Scheme 7.2). Filtration of insoluble material and diffusion of Et2O
into a concentrated solution resulted in a yellow solid product that was isolated as a powder
in 52 % yield. Notably, 7c appeared to be metastable when isolated as a powder, as we
observed a colour change to green within 3 days of isolation. This was attributed to the reformation of 7a. Interestingly, when we removed DMF under reduced pressure and redissolved the resulting residue in CH3CN, an immediate colour change from red to green
was noted, indicating a reaction of 7c with solvent molecules or a rapidly increased rate of
decay in solution.

Accordingly, when we attempted to crystalize 7c in CH3CN, we obtained green crystals
over the course of one day. The colour change was indicative of the instability of 7c in
CH3CN, resulting in a reaction with the solvent and / or loss of the hydroxo moiety. The
resulting decay product assigned as 7d was filtered and washed with Et2O, obtaining 7d as
a pale green product in 35 % yield. Complexes 7c and 7d were characterized by 1H NMR,
FT-IR and XRD.

Fortunately, we obtaining single crystals of 7c suitable for XRD from a DMF
solution via slow layer diffusion methods with Et2O as counter solvent (Figure 7.7). The
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structure revealed a distorted TBP geometry around the Ni centre with an associated τ5
parameter of 0.54(0) (Table 7.2). 7c bears an apically coordinated oxygen atom that we
assume to stem form hydroxide ligation. We measured a Ni-O bond of 1.95(1) Å for 7c,
consistent with reported bond lengths of reported mononuclear Nickel(II) hydroxide
complexes.2, 3, 19-21 We therefore rule out the assignment of 7c as an aquo complex, as these
are expected to possess significantly longer Ni-O bonds.

Crystals suitable for XRD for 7d were obtained from a decayed solution of 7c in CH3CN
(Figure 7.7). Analysis of the structure revealed a similar five-coordinate complex (τ5 =
0.84(8)) with only minor distortions away from TBP symmetry. We noted a linearly
coordinated cyano (–CN) group on the axial plane of the structure with a short C-N bond
of 1.15(1) Å, indicative of a triple bond. The near linear Ni-N-C angle of 176.7° additionally
supports a triply bonded –CN moiety. We propose the presence of the cyano ligand as a
result of a reaction that occurred between 7c and CH3CN.

Figure 7.7. ORTEP plot depicted at 50% probability level of the X-ray crystallographically
determined structures of 7c (top) and 7d (bottom). Hydrogen atoms, solvents and
counterions have been omitted for clarity. The hydrogen atom in 7c is placed in an idealized
position.

Comparing single crystal XRD data for 7a-d (Table 7.2) we can confirm the displacement
of a DMF solvent molecule in 7a with apical ligation of acetate (7b), hydroxide (7c) and
cyanide (7d). We noted significant differences in the geometry index among these
complexes, varying from a highly distorted TBP, τ5 = 0.54 in 7c to highly order TBP
structure in 7d (τ5 = 0.85). This is in great contrast to the small differences observed for the
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CoII-X (12a- d, τ5 = 0.76 – 0.82). The high distortion in 7c is brought about by the close
proximity of a [NMe4]+, that appeared to cause a widening of the Neq-Ni-Neq angle to
136.5°. Despite the different electron withdrawing/donating effects of the ancillary ligands,
we saw only negligible differences in the Ni-N(avg.) distances.

Table 7.2. Structural parameters for Ni(II) carboxamidate complexes.
cpd.

Ni-X (Å)

τ5

Ni-N(avg.) (Å)

7a

2.05(4)

0.67(0)

2.02(4)

N/A

2.06(9)

7b

2.09(1),
2.32 (4)

7c

1.95(1)

0.54(0)

2.08(2)

7d

1.99(7)

0.84(8)

2.07(1)

Analysis of 7c by 1H NMR in [D6-DMSO] at 25 °C revealed broadly shifted peaks,
consistent with paramagnetic ions in solution (Figure A.173). The spectrum was
reminiscent of 7b showing identical peaks at δ = 132.1 ppm, 14.3 ppm, -5.1 ppm and -19.5
ppm assigned to CH2 / Ar-o/m, Ar-p and Ar-o/m respectively (Figure A.175). A distinct
peak could be identified at δ = 79.03 ppm, tentatively assigned to the OH proton of the
hydroxo moiety. The appearance of similar peaks that were assigned to the protons on the
core structure of [NiLPh]– may either suggest a decomposition of the sample in solution or
a displacement of the ancillary –OH ligand with a molecule of solvent that was also
observed for 7b containing fluxionally ligated –OAc. The spectrum of 7d revealed distinct
broad shifted peaks at δ = 126.5 ppm, 11.0 ppm, -5.5 ppm and -28.7 indicating a different
speciation to 7c (Figure A.174). The appearance of peaks distinct to either 7b or 7c would
suggest an ancillary ligand that is more strongly bound to the Ni II centre than either –OAc
or –OH.

An FT-IR spectrum measured on a powdered sample of 7c indicated the absence of sharp
peaks at 3237 cm-1, associated with the N-H stretch of H3LPh, suggesting a deprotonation
and complexation had occurred. We could not identify a distinct O-H stretch in the FT-IR
spectrum of 7c, but rather a broad signal in the ν = 3600 – 3100 cm-1 range that more likely
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stems from adventitious water. However, the lack of such the OH peak has been noted
previously in [NiIIH3buea(OH)]2– reported by Borovik et al. The reason for the absence of
this stretch was unknown.2 The FT-IR spectrum of 7d also showed the absence of N-H
peaks, confirming complexation. Interestingly, we could observe a distinct signal at ν =
2118 cm-1 (Figure A.176), that typically falls within the region observed for C≡N
vibrations,22 indicating the presence of a cyano group in the structure of 7d.

Scheme 7.2. Summary of reactions involving tripodal carboxamidate Ni(II) complexes.

Monitoring changes in the UV-Vis in the reaction of 7a with [NMe4][OH] in DMF at 25
°C, we observed the appearance of a new species, as indicated by the drop in the electronic
absorption feature at λ = 670 nm assigned to 7a, and a rise in a shoulder centred at λ = 505
nm assigned to 7c that appeared stable under these conditions (Figure 7.8). No further
noticeable changes in electronic absorption features could be observed. The same outcome
was achieved when adding KOH (3 equiv.) to a solution of 7a in DMF. When the reaction
was repeated in CH3CN, a gradual decay of 7c was observed, indicating a reaction with
CH3CN.

Workup of the resultant product following the reaction of 7c with CH3CN revealed the
diagnostic C-N vibration at 2118 cm-1 in the FT-IR spectrum assigned to the terminally
ligated cyanide anion in 7d. As a control experiment, we worked up a solution of 7c in
DMF, however we only observed FT-IR and 1H NMR features reminiscent of 7a (attributed
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to the instability of 7c as a powder). This confirmed that the observed cyano group in 7d
must stem from the CH3CN solvent.

Figure 7.8. Left: Electronic absorption spectrum of 7a (3.0 mM, green trace) upon addition
of [NMe4][OH] (3.0 equiv., red trace) in DMF at 25 °C.

7.2.4 Proposed reaction mechanism of NiII(OH) and CoII(OH) with acetonitrile
We attribute the formation of the Cobalt(II) acetamide complex to a nitrile hydration
reaction between 12c and CH3CN that involves nucleophilic attack of the hydroxo complex
onto the nitrile carbon atom of CH3CN (Scheme 7.3). A proton shift from the hydroxo onto
the nitrogen followed by a tautomerization generates the acetamido adduct in the final step.
The reaction of metal hydroxides with nitrile groups is a well-studied process in synthetic
nitrile hydratase (NHase) mimics.11, 23-27 NHase is a metalloenzyme utilizing a Cobalt(III)
or Iron(III) active site to convert nitriles to their corresponding amide functionalities in
natural systems.28,

29

H-bonding interactions in the secondary coordination sphere are

proposed to play an essential role in the enzymatic reactivity of the hydroxylase. 28-30 In
contrast to NHase enzymes, [LPh]3– is lacking H-Bonding functionalities, however we still
observed reactivity of the CoII(OH) with nitriles. This illustrates that the [LPh]3– ligand
platform is a suitable system to generate hydroxide complexes that display reactivity
properties of NHase mimics despite the absence of hydrogen bonding interactions.
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Scheme 7.3. Nitrile hydration reaction of Cobalt(II) hydroxide complex 12c.

We were surprised to find an alternate outcome in the reaction of the Nickel(II) hydroxide
with CH3CN. We found that a reaction occurred between 7c and acetonitrile, resulting in
the formation of a cyano adduct. We speculated a labile hydroxo unit of 7c in solution, as
we did not detect a shift in the 1H NMR signals with respect to 7b. We therefore propose
the attack of a hydroxy anion on an activated molecule of CH3CN that is coordinated to the
Nickel(II) complex, resulting in C-C bond cleavage, forming a –CN anion and CH3OH
(Scheme 7.4, A). Alternatively, CH3CN may undergo oxidative addition to the Nickel
centre and form a putative NiIV intermediate with ligated cyano and methyl (CH3) groups.
The CH3 could eliminate to form CH3OH in the presence of dissolved hydroxide ions and
result in 7d (Scheme 7.4, B). We attribute the reactivity of 7c towards CH3CN to the lack
of stabilization by H-bonds to the O-H moiety. The enhanced reactivity of un-stabilized
Ni(II) hydroxide complexes is well documented. Holm et al. have reported a rapid
sequestration of CO2 with a series of square planar terminal Nickel(II) hydroxido
complexes, resulting in the generation of bicarbonate (HCO3–) adducts.19, 20 Tolman et al.
demonstrated an abstraction of hydrogen from CH3CN using similar square planar
Nickel(II) hydroxide complexes, resulting in the generation of Nickel(II) cyanomethide
entities.31 However, to the best of our knowledge, the formation of a cyano adduct from a
Nickel(II) hydroxo complex is unprecedented.
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Scheme 7.4. Proposed pathways for the generation of Nickel(II) cyanide complex 7d
through A) nucleophilic attack of hydroxide onto NiII(CH3CN) coordination complex or B)
oxidative addition of CH3CN onto Ni centre followed by CH3OH elimination.

7.3 Conclusions
In this Chapter, we focused on the synthesis of terminal hydroxide complexes supported by
the tripodal carboxamidate ligand, with the aim of obtaining terminal oxo complexes.
Unfortunately, the isolation of stable MII(OH) complexes in CH3CN did not prove fruitful,
thereby preventing us from perusing our original goal of generating high valent metal oxo
complexes using MII(OH) as precursors. Instead, the addition of [NMe4][OH] to Cobalt(II)
and Nickel(II) complexes in DMF afforded terminal hydroxide entities that were isolated
and thoroughly characterized by 1H NMR, FT-IR, ESI-MS and XRD. We intended to
further study the protonation and redox behaviour of these complexes in CH3CN and
instead, observed a reaction of the Metal(II) hydroxide complexes with the solvent. We
isolated an acetamide adduct that formed as a result of a nitrile hydration reaction by the
Cobalt(II) hydroxide complex. We discovered this reactivity serendipitously when
dissolving solids of the CoII(OH) in CH3CN during purification attempts. Its formulation
as an acetamide adduct was confirmed after obtaining it in pure form. The conversion of
nitriles to acetamides is a non-redox process, and is observed to occur in nitrile hydratase
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enzymes, converting endogenous nitriles to amides. This reaction is known to occur with
well-studied catalytic systems containing late first row transition metals.

The reaction outcome of the Nickel(II) hydroxide product with CH3CN however was
different. Instead a cyano complex was isolated from a post reaction mixture. We speculate
either nucleophilic attack of –OH on an activated molecule of CH3CN, coordinated to the
tripodal Nickel(II) complex or through oxidative addition followed by elimination of
CH3OH. This outcome is distinct from the what has been previously reported with MII(OH)
complexes in CH3CN. We attribute the reactivity of the tripodal Metal(II) hydroxide
complexes to a the lack of stabilization of the OH moieties by hydrogen bonding rendering
these complexes as potentially useful catalysts for functionalizing nitriles.
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7.4 Experimental

7.4.1 Materials
All reactions with air sensitive materials were carried out in an inert atmosphere glovebox,
or manipulated under a Nitrogen or Argon atmosphere using Schlenk line techniques. All
reagents were purchased from commercial sources and were used as received. DMF was
purchased andstored under an inert atmosphere in a Schlenk tube containing 3 Å molecular
sieves. Dry CH3CN and diethyl ether were dispensed from a MBRAUN Solvent
Purification System (SPS-5) and deoxygenated by purging a flow of Nitrogen through the
solution. KH was transferred into an inert atmosphere glovebox and washed with n-hexane
to remove mineral oils and was subsequently used as a dry powder. Commercially available
[NMe4][OH] (25% w/v methanolic solution) was concentrated to under vacuum to remove
excess MeOH.

7.4.2 Physical methods
1

H NMR spectra were performed on an Agilent MR 400 MHz NMR spectrometer. IR

spectra were conducted on a Perkin Elmer Spectrum 100 FT-IR/ATR. ESI-MS analysis
was
carried out on a Micromass Time of Flight (ToF), interfaced with a Waters 2690 HPLC by
direct injection in the mass spectrometry instrument. Attenuated total reflectance infra-red
(ATR-FTIR) spectra were recorded on a Perkin-Elmer Spectrum 100 Fourier transform
infrared spectrometer. UV-Vis electronic spectra were recorded using an Agilent 8453
diode array spectrophotometer (190 – 1100 nm range), attached to a Unisoku Scientific
Instrument cryostat using liquid nitrogen as coolant.

7.4.3 Synthetic procedures
7.4.3.1 Synthesis of potassium(nitrilotris(N-phenylacetamide)cobalt(II)DMF,
[K][CoII(LPh)(DMF)], (12a);
LPh (0.200 g, 0.48 mmol) was transferred into a Schlenk flask and placed under vacuum
for 1 hour. The solid was dissolved in 4 mL of anhydrous DMF forming a colourless
solution after stirring for 30 minutes. KH (0.085 g, 2.12 mmol) was added in one portion,
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turning the solution into clear yellow. Co(OAc)2 (0.085 g, 0.480 mmol) was added in one
portion once bubbling appeared to cease, turning the solution into a dark purple mixture.
The KOAc precipitate was allowed to settle to the bottom of the Schlenk flask, and with
the aid of a 0.2 µm syringe filter, the supernatant solution was transferred into a clean
Schlenk flask. Crystals suitable for single crystal XRD were grown via slow layer diffusion
of Et2O into a solution of 12a in DMF, yielding purple crystals after 1 day. Yield: 0.118 g,
0.251 mmol, 42.2%), λmax/nm (DMF, ε/L mol-1 cm-1): 529 (320). δH (400 MHz, d6-DMSO,
ppm): -11.47 (s, broad, p-Ar), 0.40 (s, broad, o/m-Ar) 2.72 (s, CH3-DMF), 2.90 (s, CH3DMF), 7.97 (s, CHO-DMF), 21.09 (s, broad, o/m-Ar), 48.61 (s, broad, CH2). ESI-MS (m/Z):
Found: 472.0950 ([CoII(LPh)]–, C24H21CoN4O3 requires 472.0946). νmax (ATR-FTIR)/cm-1:
3056, 3029, 2927, 2894, 1663, 1597, 1578, 1559, 1544, 1485, 1447, 1382, 1336, 1263,
1219, 1168, 1131, 1101, 1068, 1026, 995, 961, 912, 902, 884, 837, 757, 705, 692, 662, 556.

7.4.3.2 Synthesis of tetramethylammonium(nitrilotris(Nphenylacetamide)cobalt(II)acetate, [NMe4] 2[CoII(LPh)(OAc)] , (12b);
LPh (0.50 g, 1.20 mmol) was added to a Schlenk tube and placed under vacuum for 1 hour.
Dry DMF (10 mL) was added to form a clear solution. KH (0.163 g, 4.06 mmol) was added
in one portion, causing vigorous bubbling to occur. Once all bubbling appeared to cease,
and the solution has taken on a pale yellow colour, anhydrous Co(OAc)2 (0.218 g, 1.23
mmol) was added in one portion, changing the solution into an intense dark purple colour.
The mixture was allowed to stir for 1 hour. [NMe4][OAc] (0.32 g, 2.40 mmol) was added
in one portion and the purple mixture was allowed to stir overnight. The precipitate was
filtered off, with the aid of a 0.2 µm syringe filter and the product was precipitated with dry
Et2O (100 mL). The excess pale pink solution was decanted under a positive flow of
nitrogen and the purple residue was re-dissolved in dry CH3CN (8 mL). The small amount
of precipitate of unreacted material was filtered off with a 0.2 µm syringe filter. The product
was precipitated out of solution by adding further dry Et2O (100 mL), and the purple
powder was collected by filtering through a sintered Schlenk tube. The product was further
rinsed by several aliquots of dry Et2O, and left to dry under vacuum for 1 hour. Crystals
suitable for single crystal XRD were grown via slow layer diffusion of Et2O into a solution
of 12b in CH3CN. Yield: 0.493 g, 60.5 %. λmax/nm (MeCN, ε/L mol-1 cm-1): 473 (120), 500
(140). δH (400 MHz, d6-DMSO, ppm): -11.5 (s, broad, p-Ar), 0.21 (s, broad, o/m-Ar), 1.44
(s, AcO–), 3.11 (s, Me4N+), 21.0 (s, broad, o/m-Ar), 48.2 (s, broad, CH2). ESI-MS (m/Z):
Found: 472.0960 ([CoII(LPh)]–, C24H21CoN4O3 requires 472.0946). νmax (ATR-FTIR)/cm-1:
248

Chapter 7 – Reaction of tripodal carboxamidate Co(II) and Ni(II) hydroxide complexes with acetonitrile

3024 (CH), 2892 (CH), 2839 (CH), 1597, 1560 (CO), 1485, 1447, 1375 (CO), 1331, 1256,
1216, 1170, 1128, 1071, 1025, 1008, 993, 952, 903, 880, 761, 699, 654, 612, 551.

7.4.3.3 Synthesis of tetramethylammonium(nitrilotris(Nphenylacetamide)cobalt(II)hydroxide, [NMe4] 2[CoII(LPh)(OH)] , (12c);
LPh (0.50 g, 1.20 mmol) was placed into a Schlenk tube and placed under vacuum for 2
hours. Dry DMF (10 mL) was added and stirred to obtain a clear solution. KH (163 mg,
4.06 mmol) was added in one portion, causing vigorous bubbling to occur, turning the
solution into a pale yellow mixture. Once bubbling appeared to cease, anhydrous Co(OAc)2
(0.218 g, 1.23 mmol) was added in one portion, turning the mixture into a dark purple
colour. The mixture was allowed to stir for 15 minutes. [NMe4][OH] (0.37 mL, 3.84 mmol)
was added dropwise to the solution under nitrogen, turning the mixture into a dark green
colour. The solution was allowed to stir for 2 hours. The precipitate was removed with the
aid of a 0.2 µm syringe filter, and the product was precipitated from solution using dry Et2O
(50 mL) to yield a green/turquoise residue. Excess Et2O was decanted under a positive flow
of N2. Further dry Et2O (30 mL) was added and stirred to until a fine suspension was
obtained. The suspension was filtered using a sintered Schlenk tube. The turquoise product
was dried under vacuum for 1 hour to remove residual solvent. Crystals suitable for single
crystal XRD were grown via slow layer diffusion of Et2O into a solution of 12c in DMF.
Yield: 0.65 g, 85.0 %. The product was stored at -35 °C under N2, as a slow decomposition
at room temperature was noted over 3 months. λmax/nm (MeCN, ε/L mol-1 cm-1): 500 (150),
620 (60), 650 (70), 790 (25). δH (400 MHz, d6-DMSO, ppm): -18.7 (s, broad, o/m-Ar), 6.34 (s, broad, p-Ar), 2.69 (s, DMF), 2.84 (s, DMF), 3.38 (s, Me4N+), 7.92 (s, DMF), 13.52
(s, broad o/m-Ar), 68.59 (s, broad, CH2). ESI-MS (m/Z): Found: 472.0964 ([CoII(LPh)]–,
C24H21CoN4O3 requires 472.0946). νmax (ATR-FTIR)/cm-1: 3503 (OH), 3024 (CH), 2890
(CH), 2836 (CH), 1679, 1598, 1559, 1515, 1485, 1446, 1388, 1330, 1296, 1252, 1226,
1167, 1152, 1127, 1103, 1070, 1059, 1028, 1008, 980, 954, 913, 898, 876, 823, 757, 693,
660, 645, 619, 588, 565.

7.4.3.4 Synthesis of tetramethylammonium(nitrilotris(Nphenylacetamide)cobalt(II)acetamide,
[NMe4] 2[CoII(LPh)(NHCOCH3)] , (12d);
LPh (0.5 g, 1.20 mmol) was placed into a Schlenk flask and placed under vacuum for 1
hour. Dry DMF (10 mL) was added to the Schlenk, and stirred. KH (163 mg, 4.06 mmol)
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was added in one portion, once the solution had become clear. Vigorous bubbling started
to occur and the solution turned into a cloudy yellow mixture. Once the mixture had turned
into a clear yellow solution, anhydrous Co(OAc)2 (218 mg, 1.23 mmol) was added in one
portion, turning the solution into a dark purple colour. The mixture was allowed to stir for
15 minutes before [NMe4][OH] (0.37 mL, 3.84 mmol) was added dropwise via a syringe.
The mixture turned into a deep green colour. The mixture was allowed to stir for a further
12 hours. The supernatant was transferred to another Schlenk tube with the aid of a 0.2 µm
syringe filter. To the clear, dark green solution was added dry Et2O (100 mL) and the cloudy
mixture was allowed to stir for 30 minutes. The pale green supernatant was decanted,
leaving behind a green residue. Dry CH3CN was added and the mixture was allowed to stir
until most of the green product had dissolved into the solution. Any remaining precipitate
was removed with the aid of a 0.2 µm syringe filter. The dark green solution was transferred
into a crystalizing tube and layered with dry Et2O. Dark purple crystals, suitable for XRD
grew over a 1 week period. The crystals were filtered and washed with dry Et2O and dried
under vacuum. Yield: 0.333 g, 40.9 %. λmax/nm (MeCN, ε/L mol-1 cm-1): 500 (160), 593
(90). δH (400 MHz, d6-DMSO, ppm): -9.18 (s, broad, p-Ar), -8.61 (s, broad, o/m-Ar), 3.08
(s, Me4N+), 17.39 (s, broad o/m-Ar), 50.61 (s, broad, CH2). ESI-MS (m/Z): Found: 472.0961
([CoII(LPh)]–, C24H21CoN4O3 requires 472.0946). νmax (ATR-FTIR)/cm-1: 3238 (NH), 3041
(CH), 2902 (CH), 2817 (CH), 1689 (CO), 1651, 1598, 1539, 1495, 1445, 1415, 1367, 1345,
1313, 1300, 1280, 1247, 1211, 1192, 1140, 1078, 1027, 986, 958, 945, 906, 856, 836, 794,
746, 715, 690, 623, 617, 606, 583, 561.

7.4.3.5 Synthesis of tetramethylammonium(nitrilotris(Nphenylacetamide)nickel(II)hydroxide, [NMe4] 2[NiII(LPh)(OH)] , (7c);
LPh (0.20 g, 0.48 mmol) was added to a Schlenk flask, and placed under vacuum for 30
minutes. The solid was dissolved in dry DMF and stirred until all had dissolved. KH (80
mg, 2.0 mmol) was added in one portion, causing vigorous bubbling to occur. The yellow
mixture was stirred until no more bubbling could be observed. Anhydrous NiCl2 (62 mg,
0.48 mmol) was added in one portion, causing a gradual colour change from yellow to dark
green after 2 hours of stirring. [NMe4][OH] (0.15 mL, 1.56 mmol) was added at once, with
no immediate colour changes observed. The mixture was allowed to stir for a further 1
hour, forming a larger amount of precipitate and changing the colour of the mixture to a
brick red colour. The precipitates were removed with the aid of a 0.2 µm syringe filter, and
the solution was layered with dry Et2O, forming yellow crystals suitable for XRD over a 2
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day period. Yield: 0.159 g, 51.9 %. λmax/nm (DMF, ε/L mol-1 cm-1): 407 (220), 507 (80),
645 (40). δH (400 MHz, d6-DMSO, ppm): -19.58 (s, broad, p-Ar), -5.31 (s, broad, o/m-Ar),
2.97 (s, Me4N+), 14.07 (s, broad o/m-Ar), 131.56 (s, broad, CH2). νmax (ATR-FTIR)/cm-1:
3305, 3053, 2987, 2912, 1668, 1595, 1542, 1484, 1444, 1389, 1330, 1255, 1220, 1183,
1171, 1119, 1071, 1025, 1001, 950, 909, 903, 877, 758, 695, 654.

7.4.3.6 Synthesis of tetramethylammonium(nitrilotris(Nphenylacetamide)nickel(II)cyanide, [NMe4] 2[NiII(LPh)(CN)] , (7d);
LPh (0.20 g, 0.48 mmol) was added to a Schlenk flask, and placed under vacuum for 1 hour.
The solid was dissolved in dry DMF to give a cloudy suspension. The suspension was
stirred until a clear solution was obtained. KH (80 mg, 2.0 mmol) was added at once,
causing vigorous bubbling to occur. The solution was stirred until no more bubbling
appeared. Anhydrous NiCl2 was added in one portion, causing a gradual colour change to
dark green. After 2 hours of stirring, [NMe4][OH] (0.15 mL, 1.56 mmol) was added via
syringe. Over the course of 15 minutes, a large amount of precipitate formed, and the colour
of the mixture had taken on a brick red colour. The precipitates were filtered off with the
aid of a 0.2 µm syringe filter. The clear brown solution supernatant was exposed to vacuum
for to remove DMF, to yield a yellowish residue. This residue was re-dissolved in dry
CH3CN, causing the formation of a small amount of precipitate, that was filtered off using
a syringe filter. The solution was transferred to a crystalizing tube, and the solution was
layered with dry Et2O, forming crystals suitable for XRD within one day. Yield: 0.110 g,
35.4 %. δH (400 MHz, d6-DMSO, ppm): -28.71 (s, broad, p-Ar), -5.54 (s, broad, o/m-Ar),
3.03 (s, Me4N+), 11.01 (s, broad o/m-Ar), 126.49 (s, broad, CH2). νmax (ATR-FTIR)/cm-1:
3024, 2919, 2739, 2632, 2118 (CN), 1597, 1561, 1534, 1484, 1444, 1387, 1338, 1251,
1217, 1167, 1120, 1070, 1012, 950, 908, 876, 820, 762, 749, 699, 558.

7.4.4 Spectroscopic measurements
7.4.4.1 Steady state magnetic moment measurements
Spin states of complexes 12a-d were determined in [D6]-DMSO at 25 °C using the solution
state Evans method. A capillary tube containing [D6]-DMSO was added to the NMR tube
and the 1H NMR spectrum was recorded under standard conditions. The observed shift in
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the solvent peak was noted and the magnetic moment was calculated based on the formulae
below:

χ

mol=

3ΔνM
4πcf

3kB
μeff= √
χ T
NA μ2B mol

where Δν is the difference in frequency between the solvent peaks (Hz), M is the molecular
weight of the complex (g mol-1), c is the concentration in (mol L-1), f is the operating
frequency of the NMR spectrometer (4 x 108 Hz), kB is the Boltzmann constant (J K-1), NA
is the Avogadro constant (mol-1), µB is the Bohr magneton (J T-1), and T is absolute
temperature (K).

7.4.4.2 Electrochemistry
Steady state cyclic voltammetry experiments were conducted on 1.0 mM solutions of 12ad in DMF at room temperature, using a glassy Carbon as working electrode, AgNO3
referencing electrode and Pt wire as the counter electrode. nBu4NPF6 (0.1 N) was used as
the supporting electrolyte. A 0.05 V s-1 scan rate was used throughout the experiment. All
spectra were referenced against the reversible Fc/Fc+ couple that was acquired under the
same conditions.

7.4.4.3 Single crystal X-ray diffraction methods
Single crystal X-ray diffraction data was collected at 100(2) K using graphitemonochromated Mo-Kα radiation (λ = 0.71073 Å) on a Bruker D8 Quest ECO
diffractometer equipped with an Oxford Instrument low temperature unit. Data was
corrected for absorption effects using the multi-scan method (SADABS). Crystals were
mounted in high density oil on a MiTeGen micromount. Bruker APEX software was used
to correct for Lorentz and polarization effects. Structures were solved using
ShelXTsoftware.32
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7.4.4.4 Structure refinements
Structure refinements were made using the Olex2 software package.33 All non-hydrogen
atoms are placed in idealized positions and refined using the anisotropic riding model.
Hydrogen atoms were calculated using the rigid model. The Platon SQUEEZE tool34 was
implemented to deduct electron density from embedded solvent in a disordered region that
could not be refined accurately.
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8.1 Summary and Conclusions

The main target of this project was to achieve the isolation of a terminal metal oxo complex
of a metal beyond group 8 of the first row of transition metals and study its reactivity
properties. As there is an overall shortcoming of well-characterized group 9 – 11 metal oxo
systems, it is of great interest to inorganic chemists to target the isolation and thorough
structural characterization to unequivocally prove their existence. However, this has only
be achieved on rare occasions. While we could not achieve a direct isolation of such
species, we obtained reactive intermediates whose reactivity patterns provided indirect
evidence for the involvement of terminal M(O) complexes. Most importantly, invaluable
insights into the reactivity of FeIII(O) (d5, Chapter 3), NiIV(O) (d6, Chapter 5) and NiIII(O•)
(d7, Chapter 6) systems were accomplished all of which are entities that are formally located
beyond the oxo wall.
We began our work by exploring the reported [FeII(LPh)(OAc)]2– (1) complex in the
oxidation reaction with mCPBA at -75 °C and found the formation of an Fe(O) intermediate
formulated as [FeIII(LPh)(O)]2– (2, Chapter 3). We characterized 2 by UV-Vis, Mössbauer,
XAS and mass spectrometry, confirming the identity as a high spin ferric oxo species. 2
was found to be reactive towards triphenylphosphine and 4-Y-PhSCH3 substrates (Y=
OMe, Me, H, F, CN, Br), forming the corresponding oxides as products, displaying an
electrophilic character in oxygen atom transfer reactions. The activation of hydrocarbon CH bonds was achieved, observing a reactivity trend that is typically seen in high spin
FeIV(O) complexes. A Polanyi plot (log(k2) versus BDEC-H) revealed a mechanism of HAT
for the reaction of 2 with hydrocarbon substrates (Figure 8.1). Analysis of post reactions
mixtures by GC-FID identified major ketone products in, ascertaining the involvement of
2 in the oxidation reactions. Taking into account the spectroscopic and reactivity evidence
that we gathered, 2 is formulated as an FeIII(O) complex with an inherently increased
reactivity compared to FeIII(O) complexes supported by a hydrogen bonding network.

1 was observed to be a highly oxygen sensitive species, undergoing a rapid oxidation in the
presence of atmospheric oxygen. In Chapter 4 we described the oxygenation reaction of 1
with O2 and isolated crystals of a diferric monobridged µ-oxo complex formulated as
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Figure 8.1. Polanyi plot for HAT reactivity of 2 (left) and schematic for DHA oxidation
performed by 2.
[[FeIII(LPh)]2(µ-O)]2– (3) that was characterized by electronic absorption, Mössbauer,
vibrational and mass spectroscopy. We identified the tautomerized carboxamidate ligand
in 3 as a suitable hydrogen bonding pocket to study the protonation chemistry of the µ-O
moiety and found an exceptionally high pKa value (20.2) that was determined via titration.
Subsequent reaction with the protonated state with mCPBA resulted in a highly reactive
intermediate that we have postulated to bear a FeIV(O)(H+) moiety (based electronic
absorption spectroscopy). However the exact identity of this intermediate could not be
ascertained. Nonetheless, this reactive intermediate displayed a rapid reaction with the
solvent and showed a 60 fold increase in OAT reactivity compared to the mononuclear
FeIII(O) complex discussed in Chapter 3. From this study, we can conclude that protonation
directly results in an enhancement in reactivity of the Fe(O) towards model substrates.

To study the viability of our selected ligand system to support a terminal oxo moiety of the
late transition metals, we probed the oxidation of [NiII(LPh)(OAc)]2– (7b) with mCPBA in
Chapter 5. Despite an electrochemically accessible +4 oxidation state, an EPR spectrum
displayed the formation of a NiIII intermediate in high yield (~75 %). In-depth electronic
and structural analysis by XANES and EXAFS indicated the formation of a tetragonal NiIII
entity formulated as [NiIII(OLPh)] (8). The change from TBP symmetry in 7b to a tetragonal
structure in 8 was attributed to a protonation event that was effected by mCPBA (pKa =
7.57) prior to an oxidative step. Organic decay product analysis of mCPBA revealed a two
electron oxidation pathway, thereby confirming the involvement of a Ni IV entity towards
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the formation of 8. A decayed solution of 8 displayed a stable NiII phenolate complex
[NiII(OLPh)]– (10) where aromatic oxidation had occurred. This was indirect evidence for
the involvement of a transient NiIV(O) species. Activation parameters for the conversion of
7b into 8 confirmed the unimolecular nature of this transformation. The measured KIE (≈1)
for this reaction confirmed that HAT is not rate determining in the oxidation of the pendant
aryl ring, concluding that aromatic hydroxylation occurred via an electrophilic aromatic
substitution.

Figure 8.2. NiIV(O) mediated aromatic oxidation explored in Chapter 5.

Observing a reaction of a high valent metal oxo at the ortho-position of the pendant
aromatic ring, we were interested in derivatization of H3LPh that would block the 2,6positions from oxidation (Chapter 2). To this end, we attempted a phosphite mediated
coupling reaction using NTA and NH2Ar2,6-R (R = F, Me, iPr), however this only resulted
in an intramolecular coupling and the formation of alternate products. We can conclude
that a ring closing reaction is favoured when the 2,6-positions of the aromatic ring is
functionalized and that the desired tripodal amidate ligand may only be formed when using
4-substituted anilines.
The NiIV(O) complex described above did not possess significant stability to be
electronically observed. We found that we could generate a more stable high valent Ni-OX
entity when we employed peroxyphenyl acetic acid (pKa ~ 8.4) as oxidant. In contrast to
the putative NiIV(O) system described in Chapter 5, we successfully trapped this
intermediate at -40 °C. Electronic characterization revealed a broad axial signal in the EPR
spectrum, displaying the absence of a 1s  4pz transition in the XANES spectrum
confirming the formation of a TBP symmetric NiIII complex. Additionally, we found a shift
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by 2 a.m.u when we employed the

18

O-labelled peroxyacid isotopomer, formulating this

intermediate as [NiIII(LPh)(OH)]– (11a). The formation of 11a is a result of •OH radical
attack (generated through O-O bond homolysis in PPAA) on the NiII staring material 7b.
The oxidation with weak C-H bonds proceeded slowly with 11a at 25 °C. The generation
of the aryl hydroxylation product 10 resulted from a decayed solution of 11a. However a
rapid OAT reactivity of this intermediate occurred with PPh3 thereby intercepting aromatic
oxidation, evidencing a transferrable oxo moiety in 11a.
In the work that followed we attempted to support the formation of a Ni III(OH) complex
that would subsequently result in 11a by addition of exogenous -OH ions to 7b. Obtaining
[NiII(LPh)(OH)]2– (7c), we planned utilizing it as a precursor to the generation of a high
valent metal oxidant, but instead observed a rapid reaction when dissolving in CH3CN. In
light of this, we synthesized the CoII(OH) analogue (12c) with the aim of obtaining more
stable hydroxo complexes. All CoII complexes synthesized in this study were extensively
characterized using single crystal X-ray diffraction, cyclic voltammetry, 1H NMR, and FTIR. A slow reaction of

Figure 8.3. Nitrile hydration reaction of 12c with CH3CN, depicting the initial attack of OH onto CH3CN. Structures of 12c (left) and 12d (right) are shown as ORTEP plots at 50
% probability. Solvent molecules and Hydrogen atoms are omitted for clarity. Selected Hatoms are placed in idealized positions.
the CoII(OH) was however still observed in CH3CN. The resulting CoII complex revealed
coordination of an acetamido ligand that formed as a result of a nitrile hydration reaction
of 12c with acetonitrile (Figure 8.3). This is in contrast to the reaction of 7c with CH3CN,
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where nucleophilic attack of –OH ions resulted in the formation of the cyano ligated
complex NiII(CN) (7d). We conclude that a lack of hydrogen bonding to the OH moiety of
7c and 12c is attributed to observed reactivity with CH3CN.
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8.2 Future Work

The work carried out in this project has unlocked potential avenues to be explored further
to consolidate the understanding of late transition metal oxo complexes.
We generated and exhaustively characterized an FeIII(O) (2) complex and
demonstrated its oxidative reactivity towards sulphides and hydrocarbons. We isolated an
Fe2III(µ-O) system (3) by single crystal X-ray diffraction and identified a tautomerism that
had occurred in the supporting tripodal carboxamidate ligand [LPh]3–. We could not
ascertain if this tautomerism took place in 2 and whether the type of equatorial N/O donor
(competition between the amidic nitrogen or oxygen donor in [LPh]3–) had an influence on
the HAT mechanism with hydrocarbons and direct OAT or stepwise proton / electron
transfer with 4-substituted thioanisoles. Similarly, the question arises whether the N/O
donor had an influence on the extinction coefficient (ε) and the observed enhancement in ε
upon prior exposure to O2. In a future study, generation of a tripodal amine ligand from
reduction of H3LPh using LiAlH4 will eliminate the competition of N/O donor atoms and
ensure coordination of the FeII through N-donors, thereby helping to answer these
questions.
The effect of H+ on a Fe2III(µ-O) complex was studied, and revealed the subsequent
generation of a protonated FeIV(O) complex (6) upon oxidation. A significant enhancement
on OAT reactivity towards triphenylphosphine was demonstrated and attributed to the
presence of H+. However the exact speciation of 6 remains inconclusive, in part due to a
lack of structural characterization. A thorough structural analysis by DFT, Mössbauer and
XAS is required to unambiguously proof the locus of H+ on 6 and to extend its reactivity
studies on hydrocarbon substrates.
The involvement of a NiIV(O) entity was unambiguously demonstrated by
observing intramolecular aromatic oxidation at low temperature, however we are as of yet
unable to definitively provide spectroscopic evidence for its existence. Its short lifetime
only allowed us to trap a NiIII phenoxide complex (8), resultant of its reaction with the
pendant aryl ring due to the oxidative non-innocence of [LPh]3–. Stabilization of a NiIV(O)
complex may be achieved by further decreasing the temperature and vary the solvent
system where reactivity studies can be conducted at -80 °C. Its stability may further be
enhanced by utilizing a more oxidatively resistant ligand compared to [LPh]3–. Generation
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of 2,6-disubstituted derivatives may be accomplished using a different coupling
methodology than the one explored by our group. The resultant ortho protected ligand
variants should prevent electrophilic attack of the oxo moiety, thereby hindering a potential
decay pathway of a NiIV(O) complex. Alternatively the use of perflurinated alkyl
substituents may block intramolecular oxidation and induce an overall prolonged lifetime
of a NiIV(O).
We discovered that peroxyphenyl acetic acid (PPAA) proved to be a valuable
oxidizing agent, generating a NiIII(OH) complex (11a) without a prior protonation event of
the supporting ligand. This was attributed to PPAA possessing a higher pKa value than other
peroxyacids used previously. PPAA in combination with NiII ligated by [LPh]3– supported
the formation of a terminal hydroxide species, thereby opening avenues to explore high
valent metal hydroxo chemistry of ligated Cobalt and Copper derivatives of [LPh]3–.
Additionally, we developed a synthetic strategy to synthesize 18O-labelled isotopomers of
PPAA and mCPBA from H218O2 in high yields that can be utilized in the study of metal
oxo systems and in the wider field of chemistry for the application of isotope labelling.

While we found that low valent Cobalt and Nickel hydroxide complexes appear to react in
CH3CN, we expect more stable hydroxo species to be formed in THF or CH2Cl2. A
combination of strong bases and one electron oxidants (or electrochemical oxidation) in
these solvents may form terminal metal oxo systems with these metals at low temperature.
The results that are yielding of this reaction may help rationalize our observation of a Nickel
hydroxide species in CH3CN instead of the anticipated oxo complex. The generation of a
Ni oxyl intermediate using a divergent pathway (deprotonation followed by 1e- oxidation
versus direct OAT with peroxyacids) will add weight to the existence of terminal metal oxo
complexes of the late transition metals.
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Chapter 2

NMR data for L1

Figure A.1. 1H NMR spectrum of L1 (400 MHz, D6-DMSO). *D6-DMSO residual solvent
peak. **H2O.

Figure A.2. 13C NMR spectrum of L1 (100 MHz, D6-DMSO). * D6-DMSO residual solvent
peaks.

265

Appendix – Chapter 2

Figure A.3. 19F NMR spectrum of L1 (376 MHz, D6-DMSO).

Figure A.4. DEPT-135 spectrum of L1 (100 MHz, D6-DMSO).
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Figure A.5. HSQC spectrum of L1 (400 MHz, D6-DMSO).

Figure A.6. HMBC spectrum of L1 (400 MHz, D6-DMSO).
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NMR data for L2

Figure A.7. 1H NMR spectrum of L2 (400 MHz, CDCl3).

Figure A.8. 13C NMR spectrum of L2 (100 MHz, CDCl3). *CDCl3 residual solvent peaks.

268

Appendix – Chapter 2

Figure A.9. HSQC spectrum of L2 (400 MHz, CDCl3).

Figure A.10. HH-COSY spectrum of L2 (400 MHz, CDCl3).
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NMR data for L3

Figure A.11. 1H NMR spectrum of L3 (400 MHz, CDCl3). *CDCl3 residual solvent peak.
**H2O.

Figure A.12. 13C NMR spectrum of L3 (100 MHz, CDCl3). *CDCl3 residual solvent
peak.
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Figure A.13. HSQC spectrum of L3 (400 MHz, CDCl3).

Figure A.14. HH-COSY spectrum of L3 (400 MHz, CDCl3).
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ATR-FTIR and ESI-MS for L1-3.

Figure A.15. ATR-FTIR spectrum of L1.

Figure A.16. ATR-FTIR spectrum of L2.
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Figure A.17. ATR-FTIR spectrum of L3.

Figure A.18. Negative mode ESI-MS spectrum of L1. *Found m/Z [L1-H+], expected
m/Z [L1-H+]– = 394.0815 for C18H13F4N3O3.
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Figure A.19. Positive mode ESI-MS spectrum of L2. *Found m/Z [L2+Na+]+, expected
m/Z [L2+Na+]+ = 402.1794.

Figure A.20. Negative mode ESI-MS spectrum of L3. *Found m/Z [L3-H+]–, expected
m/Z [L3-H+]– = 490.3070).
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Crystallographic data for L2 and L3.
Table A.1. Crystal data and structure refinement for L2 and L3.
Compound

L2
2077758

L3
2077759

C22H25N3O3

C30H41N3O3

Formula weight

379.45

491.66

Temperature (K)

100(2)

100(2)

CCDC no.
Empirical formula

Wavelength (Å)

0.71073

0.71073

Crystal system

Orthorhombic

Monoclinic

Pbca

P21/c

a (Å)

17.0793(4)

16.9320(9)

b (Å)

9.5082(3)

9.1228(5)

c (Å)

24.7043(7)

18.1074(10)

°)


90


97.7622(19)

90



4011.82(19)

2771.4(3)

8

4

ρcalc (g/cm )

1.256

1.178

μ (mm )

0.085

0.076

F(000)

1616

1064

Crystal size (mm )

0.43 x 0.3 x 0.15

0.5 x 0.08 x 0.07

Theta range for data collection

2.900 to 33.858°.

2.428 to 26.157°.

-26≤h≤26, -13≤k≤14, -30≤l≤38

-20≤h≤20, -10≤k≤11, -22≤l≤22

Space group
Unit cell dimensions

°)
°)
Volume (Å3)
Z
3

-1

3

Index ranges
Reflections collected

118867

38365

8073 [R(int) = 0.0522]

5514 [R(int) = 0.1132]

99.80%

99.90%

Semi-empirical from equivalents

Semi-empirical from equivalents

0.7465 and 0.7277

0.7453 and 0.6917

Full-matrix least-squares on F2

Full-matrix least-squares on F2

8073 / 0 / 260

5514 / 1 / 337

1.037

1.026

Final R indices [I>2σ(I)]*

R1 = 0.0448,
wR2 = 0.1098

R1 = 0.0537,
wR2 = 0.0970

R indices (all data)

R1 = 0.0578,
wR2 = 0.1174

R1 = 0.0995,
wR2 = 0.1131

0.489 and -0.250

0.208 and -0.218

Independent reflections
Completeness to theta = 25.242°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F

2

Largest diff. peak and hole (e.Å-3)
*R1 =

||Fo| − |Fc||/ |Fo|, wR2 = [ w(Fo2 − Fc2)2/ w(Fo2)2]1/2.
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Chapter 3
Characterization of 1 and 2

Figure A.21. 1H NMR of [NMe4]2[57FeII(LPh)(OAc)] in [D6]-DMSO.

Figure A.22. Electronic absorption spectrum of 2 at various concentrations (left) and the
corresponding Beer plot for the calculation of the extinction coefficient, assuming that all
of the Fe(II) starting compound is converted to 2 (right).
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Figure A.23. Electronic absorption spectrum of 1 (Black trace, 0.5 mM) and 2 (red trace,
from the reaction of 1 with 10 equiv. of PPAA at -75 °C in a 1:9 DMF/acetone mixture.

Figure A.24. Top: Spectrum of a direct injection ESI-MS of a thawed sample of 1 + 6
equiv. mCPBA.
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Figure A.25. ESI-MS spectrum of the [Fe(LPh)(O)]– ion, generated through addition of
6.0 equiv. mCPBA to 1. Data was simulated using the mmas isotopic distribution tool.

Figure A.26. ESI-MS of 1 + 6.0 equiv. mCPBA, after warming the sample to room
temperature.
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Figure A.27. GC trace for post reaction mixtures of 1 (2.0 mM) with mCPBA (1.0 equiv.)
in acetone.

Figure A.28. 2nd derivative of the pre-edge region of the XANES spectrum of 1 (black
trace) and 2 (red trace).
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Figure A.29. Representative pre-edge peak fits of 1 (top) and 2 (bottom). The experimental
data is shown as dots, the background function in a blue line, the component pre-edge
functions as red lines, and the sum of the background + component functions as a solid
black line.
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Table A.2. EXAFS Fitting of the data for 1. Significant fits are highlighted in bold. Fitting
range was k = 2-12.0 Å-1 with back transform ranges of 1-2.20 Å for fits 1-10 and 1-2.80
Å for fits 11-16. R is in units of Å; σ² is in units of 10-3 Å; ΔE0 is in units of eV; R represents
the fractional mis-fit of the data, while χ2 is the χ2 fitting metric normalized by the number
of independent data points in a given fit.

Fe-N/O
fit n

r

FeꞏꞏꞏC

Fe-N/O
σ2

n

r

σ2

n

r

σ2

ΔE0

χ2

R

1

4 2.08

3.15

-0.29

27.886 0.0230

2

5 2.08

4.73

-0.81

18.244 0.0151

3

6 2.08

6.20

-1.31

30.131 0.0249

4

4 2.08

3.13

-0.05

28.887 0.0239

5

5 2.08

4.70

-0.56

18.259 0.0151

6

6 2.08

6.16

-1.06

29.182 0.0241

7

4 2.09

2.89

1 1.98

6.09

-1.98

26.252 0.0118

8

3 2.06

7.38

2 2.09

1.40

-1.60

28.013 0.0126

9

2 2.03

7.76

3 2.09

2.36

-1.70

27.664 0.0124

10 1 1.98

6.17

4 2.09

2.96

-1.70

27.496 0.0123

11 5 2.08

4.66

-0.83

86.456 0.1160

12 5 2.08

4.87

3 2.98

1.23

-0.12

25.398 0.0258

13 5 2.08

4.86

4 2.99

2.85

0.04

21.795 0.0222

14 5 2.08

4.85

5 2.99

4.28

0.15

21.685 0.0221

15 5 2.09

4.85

6 2.99

5.62

0.22

24.054 0.0245

16 5 2.09

4.84

7 3.00

6.93

0.27

28.202 0.0287
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Table A.3. EXAFS Fitting of the data for 2. Significant fits are highlighted in bold. Fitting
range was k = 2-12.0 Å-1 with back transform ranges of 1-2.13 Å for fits 1-8 and 1-2.88 Å
for fits 9-13. R is in units of Å; σ² is in units of 10-3 Å; ΔE0 is in units of eV; R represents
the fractional mis-fit of the data, while χ2 is the χ2 fitting metric normalized by the number
of independent data points in a given fit.

Fe-N/O
fit n

r

FeꞏꞏꞏC

Fe-N/O
σ2

n

r

σ2

n

r

σ2

ΔE0

χ2

R

1

3 1.99

1.46

-2.01

11.728 0.0361

2

4 1.99

3.31

-2.62

15.616 0.0481

3

5 1.99

4.96

-3.29

28.178 0.0868

4

3 2.03

5.19

1 1.96

1.94

-0.30

24.553 0.0378

5

4 1.99

3.43

1 1.68

8.52

-1.89

5.965

6

5 1.99

4.98

1 3.28

4.19

-3.31

55.339 0.0852

7

3 2.07 18.12 2 1.99

0.32

-0.10

32.010 0.0494

8

4 2.02 31.77 2 1.99

0.55

-2.38

35.404 0.0545

4 2.04

1 1.98

2.51

-0.13

38.063 0.1644

4 2.06 10.01 1 1.98

3.04

3 2.93

1.52

2.04

24.131 0.0729

10 4 2.06 10.33 1 1.98

2.98

4 2.93

3.31

2.08

23.881 0.0722

11 4 2.06 10.63 1 1.98

2.92

5 2.93

4.90

2.05

24.903 0.0753

12 4 2.05 10.89 1 1.98

2.87

6 2.93

6.39

1.97

26.810 0.0811

9

9.98

13
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Reaction of 2 with Triphenylphosphine

Figure A.30. Left: Electronic absorption spectrum of 2 (black trace) in 1:9 DMF acetone
at -75 °C upon addition of 25 equivalence PPh3 (red trace). Dashed traces represent
electronic absorption changes at 60 second intervals. Right: Time stamp, monitoring
electronic absorption changes at λ = 760 nm upon addition of 25 equivalence of PPh3 to 2.
Red line: Exponential decay fit of experimental data (Black squares).

Figure A.31. Plot of kobs versus varied concentrations of PPh3. Red line: Line of best fit of
experimental data.
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Reaction of 2 with p-Y-thioanisoles

Figure A.32. kinetic trace for the reaction of 2 (λ = 760 nm) with benzonitrile (red trace)
and p-CN-thioanisole at -40 °C in 1:9 DMF/acetone.
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Figure A.33. Changes in UV-Vis spectrum upon addition of p-Y-thioanisoles to 2 at -40
°C in 1:9 DMF/acetone. From the order staring top left: p-OMe-thioanisole, p-Methioanisole, p-H-thioanisole, p-F-thioanisole, p-Br-thioanisole, p-CN-thioanisole.
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Figure A.34. Example kinetic traces form the reaction of 2 (λ = 760 nm) with p-Ythioanisoles at -40 °C in 1:9 DMF/acetone. From the order staring top left: p-OMethioanisole, p-Me-thioanisole, p-H-thioanisole, p-F-thioanisole, p-Br-thioanisole, p-CNthioanisole.
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Figure A.35. Plot of kobs versus [substrate] for the reaction of 2 with p-Y-thioanisole
substrates at -40 °C in 1:9 DMF/acetone. From the order staring top left: p-OMethioanisole, p-Me-thioanisole, p-H-thioanisole, p-F-thioanisole, p-Br-thioanisole, p-CNthioanisole.
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Figure A.36. Hammett plot of log(kx/kH) versus σp of p-Y-substituted thioanisoles (slope
ρ = - 3.4).

Table A.4. Reaction parameters for the oxidation of 4-Y-PhSCH3 thioanisoles effected by
2.
Eox vs
Y=
σp
σp +
k2 (mol L-1 s-1)
k2/k2(H)
log(k2/k2(H))
SCE
H

0

0

1.34

0.02

1

0

F

0.05

-0.08

-

0.048

2.4

0.38

Me

-0.17

-0.31

1.24

0.053

2.65

0.42

OMe

-0.27

-0.8

1.13

0.419

20.95

1.32

Br

0.2

0.15

1.41

0.0054

0.27

-0.57

CN

0.66

-

-

0.01

0.5

-0.3
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Reaction of 2 with hydrocarbons

Figure A.37. Changes in UV-Vis spectrum upon addition of hydrocarbons substrates to 2
at -40 °C in 1:9 DMF/acetone. From the order staring top left: Xanthene, DHA, Fluorene,
Cumene, Cyclohexene.
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Figure A.38. Overlay of electronic absorption spectra of: 2 + cumene (1430 equiv., red
trace), 2 + 4-Br-PhSCH3 (800 equiv., green trace) at -40 °C in 1:9 DMF/acetone solution.
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Figure A.39: Example kinetic traces form the reaction of 2 (λmax = 760 nm) with
hydrocarbon substrates at -40 °C in 1:9 DMF/acetone. From the order staring top left:
Xanthene, DHA, Fluorene, Cumene, Cyclohexene.
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Figure A.40. Plot of kobs versus [substrate] for the reaction of 2 with hydrocarbon substrates
at -40 °C in 1:9 DMF/acetone. From the order staring top left: Xanthene, DHA, Fluorene,
Cumene, Cyclohexene.
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Figure A.41. Polanyi Plot showing reactions of 2 with hydrocarbons substrates at -40 °C.
BDEC-H values with associated errors obtained from references 1-5.

Figure A.42. Left: Electronic absorption spectrum of 2 (black trace) in 1:9 DMF acetone
at -30 °C upon addition of 80 equiv. CHD (red trace). Dashed traces represent electronic
absorption changes at 5 second intervals. Right: Time stamp, monitoring electronic
absorption changes at λ = 760 nm upon addition of 80 equiv. of CHD to 2. Red line:
Exponential decay fit of experimental data (black squares).
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Figure A.43. Plot of kobs versus varied concentrations of CHD. Red line: Line of best fit of
experimental data.

Table A.5. Rates of CHD oxidation by selected FeIV(O) complexes at -30 °C.
k2 (mol

k2' (mol
L-1 s-1)

Complex

S

L-1 s-1)

2

2

0.95

0.475

-0.323

N/A

[FeIV(TMG2dien)(CH3CN)(O)]2+

2

18

9

0.954

6

[FeIV(TMG3tren)(O)]2+

2

1.2

0.6

-0.222

7

[FeIV(tpaPh)(O)]−

2

2.8

1.4

0.146

8

[FeIV(N4Py)(O)]2+

1

1.3

0.65

-0.187

9

[FeIV(TMC)(MeCN)(O)] 2+

1

0.018

0.009

-2.045

10

[FeIV(Pytacn)(Cl)(O)]2+

1

0.00112

5.60E-04

-3.25

11
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Characterization of oxidation products

Scheme A.1. Expected Products of oxidation of various hydrocarbons by 2.
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Figure A.44. ESI-MS showing post reaction mixture of 2 + 20 equiv. of PPh3. m/Z
([O=PPh3] + H+) = 279.09. m/Z ([O=PPh3] + Na+) = 301.08.

Figure A.45. 31P-NMR of 2 + 20 eqiv. PPh3 in CDCl3 containing O=P(OPh)3 as internal
standard.
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Figure A.46. GC trace for post reaction mixtures of 2 with DHA in the presence of O2.
Black trace: DHA (0.06 M) in 1:9 DMF/acetone, red trace 2 (0.5 mM) + DHA (0.06 M) in
DMF/acetone. Shaded area indicating integrated region used for quantification.

Figure A.47. GC trace for post reaction mixtures of 2 with DHA. Black trace: DHA (0.06
M) in 1:9 DMF/acetone, red trace 2 (0.5 mM) + DHA (0.06 M) in DMF/acetone. Shaded
area indicating integrated region used for quantification.
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Figure A.48. GC trace for post reaction mixtures of 2 with xanthene. Black trace: Xanthene
(0.03 M) in 1:9 DMF/acetone, red trace 2 (1.0 mM) + xanthene (0.03 M) in DMF/acetone.
Shaded area indicating integrated region used for quantification.

Figure A.49. GC trace for post reaction mixtures of 2 with fluorene. Black trace: fluorene
(0.08 M) in 1:9 DMF/acetone, red trace 2 (1.0 mM) + fluorene (0.08 M) in DMF/acetone.
Shaded area indicating integrated region used for quantification.
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Figure A.50. GC trace for post reaction mixtures of 2 with cumene. Black trace: cumene
(0.36 M) in 1:9 DMF/acetone, red trace 2 (1.0 mM) + cumene (0.36 M) in DMF/acetone.
Shaded area indicating integrated region used for quantification.

Figure A.51. GC chromatogram of a post reaction mixture of 2 + 1370 equiv. of
cyclohexene (red trace). Blank sample containing DMF/acetone + 1370 eqiv. of
cyclohexene.
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Figure A.52. GC trace for post reaction mixtures of 2 with 4-Me-PhSCH3. Black trace: 4Me-PhSCH3 (50 equiv.) in 1:9 DMF/acetone, red trace 2 (0.5 mM) + 4-Me-PhSCH3 (50
equiv.) in DMF/acetone. Shaded area indicating integrated region used for quantification.

Table A.6. Product yields for reactions of 2 with hydrocarbons and 4-Y-PhSCH3.
substrate

ox. product

% yielda

xanthene

xanthone

92.6 ± 7.7

anthracene

9.3 ± 3.9, 12.7 ± 8.4b

anthrone

98.6 ± 9.7, 105.0 ± 1.4b

fluorene

9-fluoreneone

46.8 ± 0.4

cumene

2-phenylpropan-2-ol

< 1.0

1,2-epoxycyclohexane

10.8 ± 1.5

cyclohex-2-en-1-ol

14.8 ± 0.8

cyclohex-2-en-1-one

47.2 ± 1.6

methyl p-tolyl sulphoxide

47.7 ± 0.5

DHA

Cyclohexene

4-MePhSCH3
a

product yields calculated based on conc.[Fe] in sample. bReaction carried out under

athmospheric conditions.
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Figure A.53. 1H NMR spectrum of 3 in [D]6-DMSO. *Residual DMSO solvent peak.

Figure A.54. Electronic absorption spectrum of 3 at various concentrations (left) and the
corresponding Beer plot for the calculation of the extinction coefficient (right).
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Figure A.55. DRIFT spectrum of 3-16O.

Figure A.56. ESI-MS spectrum of the observed isotopic pattern at 477, and simulations for
the [[FeIII(LPh)]2(µ-16O)]2– (blue) and [[FeIII(LPh)]2(µ-18O)]2– (red) ions. Data was simulated
using the mmas isotopic distribution tool.
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Figure A.57. Electronic absorption spectrum overlay of 1 + 6 equiv. of mCPBA (blue
trace) and 3 + 1 equiv. of mCPBA (red trace) in a 1:9 DMF/acetone mixture at -75 °C.
Spectra were normalized at λ = 760 nm.

Figure A.58. Time trace monitoring changes in electronic absorption spectra at 760 nm of
1 + mCPBA (top) and 3 + mCPBA (bottom). Black squares represent absorption changes
taken every 1.0 second interval. Red trace represents exponential fit that was used to
calculate kobs for the reaction.
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Figure A.59. Electronic absorption spectra of 3 (Black line) upon addition of 8.0 equiv. of
[NMe4][OAc] (8.0 equiv, red trace), in 1:9 DMF/acetone at 25 °C.

Figure A.60. Plot of absorbance at λ = 500 nm for 3 (0.25 mM) against equivalents of
[BzOH] added.
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Figure A.61. Electronic absorption spectra of 3 (0.2 mM, black line) upon addition of RCO2H (12 equiv., blue trace), generating 4 (magenta line) in 1:9 DMF/acetone at -75 °C.
Dashed lines represent time stamps after 60 second intervals. Inset: Time stamp, monitoring
changes in electronic absorption spectra at λ = 405 nm.
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Figure A.62. Electronic absorption spectra of 3 (0.2 mM, black line) upon addition of RCO2H (12 equiv., blue trace), generating 4 (magenta line). Dashed lines represent time
stamps after 60 second intervals. From top left in order: benzoic acid, acetic acid, orthotoluic acid, 3-nitrobenzoic acid, anthranilic acid and 3-bromobenzoic acid in 1:9
DMF/acetone at – 75 °C.
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Figure A.63. ESI-MS on a thawed solution of 3(H+), generated upon addition of BzOH
(12 equiv.) to 3 at -75 °C.

Scheme A.2. Protonation events of 3 at different pKa values with ORTEP drawing of
molecular structure of 5. Thermal displacement ellipsoids are depicted at 50% probability
level. Hydrogen atoms and counter-ions are omitted for clarity.
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Figure A.64. Left: Electronic absorption spectrum of 4 (solid traces) and 6 (dashed traces)
at various concentrations. Right: Beer plot for the calculation of the extinction coefficient
for 4 (at λ = 445 nm, blue trace) and 6 (at λ = 735 nm, red trace).

Figure A.65. Normalized electronic absorption spectrum of 2 and 6 in 1:9 DMF/acetone at
-75 °C.
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Figure A.66. ESI-MS spectra of [[FeIV(LPh)]2(µ-OH)2] + NMe4+ for 6. Black trace:
Experimental data. Red trace: Simulated data using the mmas isotopic distribution tool.

Figure A.67. Time stamp, monitoring changes in electronic absorption spectra at λ = 735
nm for 6 in 1:9 DMF/acetone at – 75 °C.
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Figure A.68. Left: Electronic absorption spectrum of 6 (green trace, 0.5 mM) in 1:9 DMF
acetone at -75 °C upon addition of 25 equiv. PPh3 (black trace). Dashed traces represent
electronic absorption changes at one second intervals. Right: Time stamp, monitoring
electronic absorption changes at λ = 735 nm upon addition of 25 equiv. of PPh3 to 2. Green
line: Exponential decay fit of experimental data (black squares).

Figure A.69. Plot of kobs versus varied concentrations of PPh3 in the reaction of 6 with PPh3.
Green line: Line of best fit of experimental data.

311

Appendix – Chapter 4

Figure A.70. 31P NMR of 6 and 50 eqiv. PPh3 in CDCl3 containing O=P(OPh)3 as internal
standard (int. std.).
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Table A.7. Crystal data and structure refinement for 3 and 5.
Complex

3

5

C28H33N5O3.5Fe

C22H24N4O6Fe

Formula weight

1102.90

496.61

Temperature/K

100

100(2)

Crystal system

triclinic

triclinic

P-1

P-1

a/Å

15.0089(11)

7.160(2)

b/Å

18.2562(15)

10.403(2)

c/Å

24.258(2)

15.659(2)

α/°

102.636(7)

93.30(3)

β/°

101.217(6)

94.59(3)

γ/°

90.254(6)

92.34(3)

Volume/Å3

6354.4(9)

1159.5(4)

12

2

ρcalcg/cm3

1.556

1.354

μ/mm-1

6.17

0.693

F(000)

3072

469

Empirical formula

Space group

Z

Radiation
2Θ range for data collection/°
Index ranges

CuKα (λ = 1.54178)

Data/restraints/parameters

2.614 to 68.33

-16 ≤ h ≤ 16, -19 ≤ k ≤ 20, -26 ≤

-10 ≤ h ≤ 6, -14 ≤ k

l ≤ 26

≤ 14, -22 ≤ l ≤ 22

52072

18466

18265 [Rint = 0.1905, Rsigma =

6695 [Rint = 0.0822,

0.2387]

Rsigma = 0.1488]

18265/0/1367

6695/0/302

0.942

1.026

Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]

R1 = 0.1059, wR2 = 0.2460

Final R indexes [all data]

R1 = 0.2411, wR2 = 0.3303

Largest diff. peak/hole / e Å-3

0.71073)

4.966 to 118.172

Reflections collected
Independent reflections

MoKα (λ =

0.88/-0.51

313

R1 = 0.0664, wR2 =
0.1125
R1 = 0.1587, wR2 =
0.1376
0.98/-1.23
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Figure A.71. 1H NMR spectrum of 2,2',2''-nitrilotris(N-2,3,4,5,6-[D]-phenyl)acetamide
([D15]- H3LPh) (400 MHz, [D6]-DMSO).

Figure A.72.1H NMR spectrum of 7a (400 MHz, [D6]-DMSO).
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Figure A.73. 1H NMR spectrum of 7b (400 MHz, [D6]-DMSO).

Figure A.74. 1H NMR spectrum of D15-7b (400 MHz, [D6]-DMSO).
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FigureA.75. Negative mode ESI-MS of 7a.*Found m/Z for [NiII(LPh)]– anion.

Figure A.76. Negative mode ESI-MS of 7b.*Found m/Z for [NiII(LPh)]– anion.

Figure A.77. Negative mode ESI-MS of 10. Found m/Z for [NiII(OLPh)]–.
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Figure A.78. ATR-FTIR spectrum of H3LPh.

Figure A.79. ATR-FTIR spectrum of 7a.
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Figure A.80. ATR-FTIR spectrum of 7b.

Figure A.81. ATR-FTIR spectrum of 10.
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Figure A.82. Electronic absorption spectrum of 7b (black trace), 0.2 equiv. incremental
additions of mCPBA to 7b (grey trace), 8 (Red trace) in CH3CN at -40 °C.

Figure A.83. Kinetic trace, monitoring the natural decay of 8 (λ = 390 nm), in CH3CN at 40 °C.
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Figure A.84. Negative mode ESI-MS spectrum obtained upon addition of 1.0 equiv.
mCPBA to 7b at -40 °C in CH3CN.

Figure A.85. Proposed structures observed during ESI-MS studies of a solutions of 8.
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Figure A.86. Negative mode ESI-MS spectrum of 1.0 equiv. 16O-mCPBA to 7b (left) and
18

O-mCPBA to 7b (right) at -40 °C in CH3CN.

Figure A.87. Left; Electronic absorption spectrum of 7b (0.5 mM, black trace), 8 (blue
trace) and 9 (maroon trace). Right: X-Band EPR spectra of 8 (10.0 mM, blue trace) and 9
(10.0 mM, maroon trace) in a frozen CH3CN solution, collected at 77 K.
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Figure A.88. Negative mode ESI-MS spectrum obtained upon addition of 2.0 equiv. bis(3chlorobenzoyl)peroxide to 7b at -40 °C in CH3CN.

Figure A.89. Electronic absorption spectrum of 7b (0.50 mM, Black trace), 8 generated
with 1.0 eqiv. mCPBA (solid blue trace) and 1.0 eqiv. peroxybenzoic acid (dashed blue
trace) in CH3CN at -40 °C.
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Figure A.90. X-Band EPR spectra of 8, generated upon addition of peroxybenzoic acid
(1.0 equiv.) to 7b (10.0 mM) at -40 °C in CH3CN. Collected at 77 K.

Table A.8. XANES pre-edge peak fitting parameters. The values in parentheses correspond
to uncertainty in the final digit for each parameter, taken as the standard deviation
determined from the three separate fits conducted on each sample.
Epre-edge (eV)a Height

FWHM

Areab

7b

8332.65(1)

0.0379(1)

1.86(2)

9.3(1)

8

8332.95(1)

0.0220(2)

1.77(4)

5.1(2)

a

The pre-edge energies correspond to the centre of the pseudo-Voigt

functions.b Areas are multiplied by 102 for convenience.
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Figure A.91. Representative pre-edge peak fits of 7b and 8. Experimental data (dotted
line), background function (blue line), component pre-edge functions (red lines), sum of
the background + component functions (black line).

Table A.9. Comparison of selected bond length between XRD data (average) and EXAFS
Fit for 7b.
XRD of 7b

EXAFS Fit

Ni-N/O

2.11 Å

Ni-N/O

2.05 Å

Ni∙∙∙Cacet

2.53 Å

Ni∙∙∙Cacet

2.40 Å

Ni∙∙∙C

2.89 Å

Ni∙∙∙C

2.86 Å

324

Appendix – Chapter 5

Table A.10. Significant data from Ni K-edge X-ray absorption spectroscopy analysis of
complexes 7b and 8.
Eedge[a]

Epre-edge[a]

Areapre-edge[b]

EXAFS Fit
1st [c]
6 N/O
@
2.05

7b
8343.4

8332.7

2nd [c]
1C@
2.40
3C@

9.4

2.86

3rd [c]

2 C @ 3.39

4 C @ 3.85
4 N/O @ 4.23

2 N/O
@
1.87

5C@
2.76

2 C @ 3.33

4 N/O

8
8344.4

8333.1

5.2

@

4 C @ 3.76

2.03
5 C @ 4.23
[a]

Energy values reported in eV. [b] Areas multiplied by 100 for convenience. [c] Distances

reported in Å.

Figure A.92. Electronic absorption spectrum of 7[H+] (0.5 mM, red trace), upon
incremental (0.2 equiv.) addition of [NMe4][OH] (black traces) in CH3CN at 25 °C.
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Figure A.93. 1H NMR spectra of 7b (4.0 mM, black trace) upon addition of benzoic
acid;1.0 equiv. (red trace), 2.0 equiv. (green trace), 3.0 equiv. (blue trace), 3.0 equiv.
benzoic acid, followed by 3.6 equiv. [NMe4][OH] (purple trace), (400 MHz, CD3CN).

Figure A.94. Time stamp at λ = 330 nm upon incremental 0.2 equiv. additions of
[NMe4][OH] to 7[H+].
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Figure A.95. Plot of pKa versus [NMe4][OH]. Determining the pKa at the y-intercept.

Figure A.96. Electronic absorption spectrum of 8 (0.50 mM, dashed blue trace) and 10
(0.50 mM, purple trace) in CH3CN at -40 °C.
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Figure A.97. 1H NMR spectrum of 10 (600 MHz, [D6]-DMSO).

Figure A.98. 13C-NMR spectrum of 10 (150 MHz, [D6]-DMSO).
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Figure A.99. HSQC spectrum of 10 (600 MHz, [D6]-DMSO).

Figure A.100. HMBC spectrum of 10 (600 MHz, [D6]-DMSO).
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Figure A.101. 1H1H COSY spectrum of 10 (600 MHz, [D6]-DMSO).

Figure A.102. Zoom of 1H1H COSY spectrum of 10 (600 MHz, [D6]-DMSO).
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Figure A.103. 1D Selective TOCSY experiments of 10 irradiated at δ = 6.84 ppm (blue),
δ = 7.64 ppm (green) and δ = 5.93 ppm (red). (600 MHz, [D6]-DMSO).

Figure A.104. ID ROESY spectrum of 10 irradiated at δ =10.33 ppm. (600 MHz, [D6]DMSO).
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Figure A.105. 13C-DEPT 135 spectrum of 10 (600 MHz, [D6]-DMSO).
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Figure A.106. 1H NMR spectrum of ligand decay products of 7b with mCPBA. *residual
[D6]-DMSO solvent peak, 800 MHz, [D6]-DMSO.
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Figure A.107. GC-FID overlay spectrum of a post reaction mixture of 7b with mCPBA
(1.0 equiv., black solid trace) and pristine samples of: chlorobenzene (3.1 min, maroon
dashed trace), aniline (4.5 min, green dashed trace), 1,3-dichlorobenzene (5.1 min. purple
dashed trace), 3-chlorophenol (7.6 min, orange dashed trace) and 3-chlorobenzoic acid (9.8
min, red dashed trace) in CH3CN.

Figure A.108. 1H NMR of the organic extract of 7b (10.0 mM) with mCPBA (1.0 equiv.)
in CDCl3 at 25 °C.
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Figure A.109. Kinetic traces, monitoring the formation of 8 (λ = 390 nm) at different
concentrations of 7b in CH3CN at -40 °C.

Figure A.110. Electronic absorption spectrum of 7b (0.30 mM, black trace) and 8 (0.30
mM, blue trace) in CH3CN at -40 °C in the absence of O2. Right: Kinetic traces, monitoring
the formation of 8 (λ = 390 nm).
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Figure A.111. Electronic absorption spectrum of 7b (0.50 mM, black solid trace) and D157b (0.50 mM, black dashed trace), 8 (0.50 mM, blue trace) and D14-8 in CH3CN at -40 °C.

Figure A.112. 1H NMR of a post reaction mixture D15-7b with mCPBA after Et2O wash to
remove excess mCBA in. * Unidentified impurity, 600 MHz, [D6]-DMSO.
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Figure A.113. Kinetic traces, monitoring the formation of 8 (0.40 mM, λ = 390 nm) at
different temperatures (228 – 243 K) in CH3CN.
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Figure A.114. Kinetic traces, monitoring the formation of D14-8 (0.40 mM, λ = 390 nm) at
different temperatures (228 – 243 K) in CH3CN.

Activation parameters were calculated according to the equations below (Eq. A.1 –A.3). A
Summary of the results are shown in Table A.11.
∆Hǂ = -slope × R

(equation A.1.)
k

∆Sǂ = R × intercept - R (ln hB )
∆𝐺 ǂ = ∆𝐻 ǂ − 𝑇∆𝑆 ǂ

(equation A.2.)
(equation A.3.)
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Table A.11. First Order rate constants upon addition of mCPBA (1.0 equiv.) to 7b and
D15-7b in CH3CN at -40 °C.

T

1[OAc]
T-1 (K- kobs (s-

d15-1[OAc]
ln(kobs x K-

T (K)

T-1 (K-1)

kobs (s-

ln(kobs x K-

1)

1)

(K)

1)

1)

1)

228

0.0044

0.028

-9.00

228

0.0044

0.028

-9.00

233

0.0043

0.060

-8.26

233

0.0043

0.058

-8.30

238

0.0042

0.128

-7.53

238

0.0042

0.124

-7.56

243

0.0041

0.227

-6.98

243

0.0041

0.239

-6.92

Figure A.115. Negative mode ESI-MS spectrum obtained upon addition of 1.0 equiv.
mCPBA to D15-7b at -40 °C in CH3CN.
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Figure A.116. 2H NMR of a post reaction mixture D15-7b with mCPBA (600 MHz,
CD3CN).

Figure A.117. Addition of no substrate, toluene (BDEC-H = 88.0 kcal mol-1, 940 equiv.),
tetrahydrofuran (BDEC-H = 92.1.0 kcal mol-1, 1230 equiv.), cyclohexene (BDEC-H = 87.0
kcal mol-1, 980 equiv.), cumene (BDEC-H = 84.8 kcal mol-1, 710 equiv.) and 1,4cyclohexadiene (BDEC-H = 76.0 kcal mol-1, 1050 equiv.) to 7b prior to adding mCPBA at 40 °C in CH3CN. Values of BDEC-H taken from references 1, 2.
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Figure A.118. GC-FID chromatogram of a post reaction mixture of 7b with mCPBA in the
presence of toluene (940 equiv., red trace), and toluene in CH3CN (940 equiv). Shaded area
indicating integrated region used for quantification.

Figure A.119. GC-FID chromatogram of a post reaction mixture of 7b with mCPBA in the
presence of cyclohexene (980 equiv., red trace), and toluene in CH3CN (980 equiv.).
Shaded area indicating integrated region used for quantification.
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Figure A.120. Electronic absorption spectrum of 8 (0.3 mM, blue trace) upon addition of
100 equiv. of CHD in CH3CN at -40 °C. Grey traces showing incremental changes in the
electronic absorption spectrum of 8. Black trace showing the final spectrum after 1200
seconds of initial addition of CHD.

Figure A.121. Kinetic trace, monitoring changes in the electronic absorption spectrum of
8 upon addition of CHD (100 equiv.) in CH3CN at -40 °C.
342

Appendix – Chapter 5

Figure A.122. 1H NMR spectrum for the reaction of 8 with CHD (35 equiv.). Reaction
carried out at -40 °C. *residual solvent peak. (400 MHz, CD3CN).

Figure A.123. Electronic absorption spectrum of 8 (0.3 mM, blue trace) upon addition of
100 equiv. of tBu3PhOH in CH3CN at -40 °C. Grey traces showing incremental changes in
the electronic absorption spectrum of 8. Black trace showing the final spectrum after 600
seconds of initial addition of tBu3PhOH.
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Figure A.124. Kinetic trace, monitoring changes in the electronic absorption spectrum of
8 upon addition of tBu3PhOH (50 equiv.) in CH3CN at -40 °C.

Figure A.125. Electronic absorption spectrum of 8 in the presence of O2 (0.50 mM, solid
cyan trace) and absence of O2 (0.50 mM, solid blue trace), upon addition of tBu3PhOH in
the presence of O2 (50 equiv., dashed cyan trace) and absence of O2 (50 equiv., dashed blue
trace) in CH3CN at -40 °C.
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Figure A.126. Kinetic trace, monitoring changes in the electronic absorption spectrum of
8 upon addition of tBu3PhOH in the presence of O2 (50 equiv. cyan trace, k2 = 0.019 s-1)
and absence of O2 (50 equiv. blue trace, k2 = 0.018 s-1) in CH3CN at -40 °C.

Figure A.127. GC trace of a post reaction mixture of 8 with tBu3PhOH (50 equiv., blue
trace), and tBu3PhOH (50 equiv., black trace) in CH3CN.
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Scheme A.3. Mechanism for the formation of 2,6-DTBQ via oxidation of tBu3PhOH.

Figure A.128. Left: Electronic absorption spectrum of 8 (0.3 mM, blue trace) upon addition
of 50 equiv. of tri-tert-butylphosphine in CH3CN at -40 °C. Black traces showing
incremental changes in the electronic absorption spectrum of 8. Black trace showing the
final spectrum after 700 seconds of initial addition of tri-tert-butylphosphine. Right:
Kinetic traces showing changes in electronic absorption spectra over time.
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Figure A.129. Plot of kobs vs. [substrate] for the reaction of 8 with tri-tert-butylphosphine
in CH3CN at -40 °C.

Figure A.130. 1H NMR spectra of a post reaction mixture of 8 with 12.5 equiv. tri-tertbutylphosphine. *Intermedaites were prepared at -40 °C in CH3CN using a 10 mM
concentration and allowed to warm to room temperature. The solution was stirred overnight
and the resulting products were precipitated with Et2O, filtered and washed with more Et2O
to remove excess mCBA and tri-tert-butylphosphine decay products. The resulting powder
was dissolved in [D6]-DMSO and analysed. (400 MHz, [D6]-DMSO).
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Table A.12. Selected bond lengths and bond angles for 7a, 7b and 10.
cpd.

Ni-O

Ni-N(Avg)

Ni-N(axial)

∠O-Ni-N

7a

2.05(4)

2.02(3)

2.07(1)

175.1(8)

2.06(6)

2.10(2)

166.9(7)

1.88(2)

1.91(6)

171.9(1)

7b
10

2.09(1)
2.32(4)
1.88(2)
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Table A.13. Crystal data and structure refinement for 7a, 7b and 10.
Complex
7a
7b
10
Empirical formula
C29H28N3OKNi
C71H103N13O11Ni2
C30H39N5O5 Ni
Formula weight
532.35
1432.08
608.37
Temperature/K
99.96
100.01
100
Crystal system
monoclinic
monoclinic
orthorhombic
Space group
P21/c
P21/c
Pbca
a/Å
11.1906(4)
19.4068(7)
19.3528(10)
b/Å
11.2919(4)
10.8174(4)
13.4109(6)
c/Å
21.1661(9)
37.0886(13)
22.0554(11)
α/°
90
90
90
β/°
97.8660(10)
105.0080(10)
90
γ/°
90
90
90
3
Volume/Å
2649.45(17)
7520.5(5)
5724.2(5)
Z
4
4
8
3
ρcalcg/cm
1.335
1.265
1.412
-1
μ/mm
0.915
0.566
0.727
F(000)
1112
3056
2576
0.191 × 0.159 ×
0.232 × 0.195 ×
0.307 × 0.302 ×
Crystal size/mm3
0.086
0.128
0.251
MoKα (λ =
MoKα (λ =
Radiation
MoKα (λ = 0.71073)
0.71073)
0.71073)
2Θ range for data
6.142 to 54.456
3.528 to 55.622
5.602 to 56.102
collection/°
-13 ≤ h ≤ 14, -14 ≤ k -25 ≤ h ≤ 25, -14 ≤ -25 ≤ h ≤ 25, -17 ≤
Index ranges
≤ 14, -27 ≤ l ≤ 27
k ≤ 14, -48 ≤ l ≤ 48 k ≤ 17, -29 ≤ l ≤ 29
Reflections collected
38141
170632
80965
17783 [Rint =
6905 [Rint =
5905 [Rint = 0.0563,
Independent reflections
0.0612, Rsigma =
0.0480, Rsigma =
Rsigma = 0.0318]
0.0354]
0.0207]
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ
(I)]
Final R indexes [all data]

5905/0/343

17783/0/894

6905/0/376

1.048
R1 = 0.0545, wR2 =
0.1518
R1 = 0.0721, wR2 =
0.1648

1.025
R1 = 0.0398,
wR2 = 0.0797
R1 = 0.0650,
wR2 = 0.0886

1.065
R1 = 0.0363,
wR2 = 0.0857
R1 = 0.0509,
wR2 = 0.0967

Largest diff. peak/hole / e
1.28/-0.50
0.57/-0.40
0.69/-0.53
Å-3
References
1.
X.-S. Xue, P. Ji, B. Zhou and J.-P. Cheng, Chem. Rev., 2017, 117, 8622-8648.
2.
S. K.-Y. Leung, W.-M. Tsui, J.-S. Huang, C.-M. Che, J.-L. Liang and N. Zhu, J.
Am. Chem. Soc., 2005, 127, 16629-16640.
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Figure A.131. Electronic absorption spectrum of 7b (0.50 mM, Black trace), 7b + 1.0
equiv. PAA (0.3 mM, Red trace) in CH3CN at -40 °C.

Figure A.132. Kinetic trace, monitoring the partial decay of 11a (λ = 450 nm) in CH3CN
at -40 °C.
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Figure A.133. Kinetic trace, monitoring the natural decay of 11a (λ = 450 nm) in CH3CN
at 25 °C.

Figure A.134. Electronic absorption spectrum of 7b (0.30 mM, Black trace), 11a generated
with 1.5 equiv. PPAA (solid red trace) and 1.5 equiv. PPA (dashed red trace) in CH3CN at
-40 °C.
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Figure A.135. Normalized UV-Visible spectrum of 7b (black trace), 11a (generated via
addition of 1.5 equiv. PPAA to 7b, (red trace), 11a (generated via addition of 3.0 equiv.
NaOCl to 7b, green trace) and 8 (blue trace).

Figure A.136. Negative mode ESI-MS spectrum obtained upon addition of 1.5 equiv.
PPAA to 7b at -40 °C in CH3CN.

352

Appendix – Chapter 6

Figure A.137. Proposed structures observed during ESI-MS studies on a solution of 11a.

Figure A.138. X-Band EPR spectra of 11a, generated upon addition of NaOCl (3.0 equiv.)
to 7b (10.0 mM) at 25 °C in CH3CN. Collected at 77 K.
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Figure A.139. GC chromatogram of a post reaction of 7b (5.0 mM) with PPAA (1.5 equiv.)
in CH3CN.

Table A.14. Relative quantity of PPAA decay products as measured by GC-FID.
benzyl

benzoic

phenylacetic

alcohol

acid

acid

4.4

5.4

7.3

8.5

0.23

0.59

0.04

0.74

1.23

SD

0.06

0.02

0.001

0.03

0.09

% (w.r.t. Ni)

4.8

24.3

0.8

45.5

25.3

± 1.2

± 0.6

± 0.1

± 1.8

± 1.9

toluene

benzaldehyde

Ret. Time (min)

2.5

Avg. Amount (mM)

% error
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Figure A.140. Second derivative of the pre-edge region for 7b and 11a.

Figure A.141. Representative pre-edge peak fits for 11a. Experimental data (dotted line),
background function (blue line), component pre-edge functions (red lines), sum of the
background + component functions (black line).
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Figure A.142. Electronic absorption spectrum of 7b (0.30 mM, black trace), 11c generated
with magic blue (1.2 equiv., orange trace) in CH3CN at -40 °C.

Figure A.143. Electronic absorption spectrum of 7b (0.30 mM, black trace), 11b generated
with [Fc+][PF6] (1.0 equiv., yellow trace) in CH3CN at -40 °C.
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Figure A.144. Negative mode ESI-MS spectrum obtained upon addition of 1.2 equiv.
magic blue to 7b at -40 °C in CH3CN.

Figure A.145. X-Band EPR spectra of 11b (1.0 mM) in a frozen CH3CN solution,
collected at 77 K.
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Figure A.146. Normalized UV-Visible spectrum of 7b (black trace), 11a (red trace) and
11c (blue trace) in CH3CN at -40 °C.

Figure A.147. 1H NMR overlay on a post reaction mixture of warmed solution of 11a (cyan
trace) and 10 (maroon trace). 400 MHz, [D6]-DMSO.
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Figure A.148. Kinetic traces, monitoring the formation of 11a (λ = 650 nm) at different
concentrations of 7b and plot of kobs versus varied concentrations of 7b in CH3CN at -40
°C.

Figure A.149. 1H NMR on a post reaction mixture of 11a with PPh3 (400 MHz, [D6]DMSO).
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Figure A.150. Positive mode ESI-MS spectrum obtained upon addition of 25 equiv. PPh3
to 11a at -40 °C in CH3CN.

Figure A.151. 31P-NMR of 11a + 2.5 equiv PPh3 in CDCl3
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Figure A.152. Electronic absorption spectrum of 11a (0.3 mM, red trace) upon addition of
50 equiv. of PPh3 in CH3CN at -40 °C. Grey traces showing incremental changes in the
electronic absorption spectrum of 11a. Black trace showing the final spectrum after 150
seconds of initial addition of PPh3.

Figure A.153. Left; kinetic trace, monitoring changes in the electronic absorption spectrum
of 11a upon addition of PPh3 (25 equiv.) in CH3CN at -40 °C. Right: Plot of kobs vs.
[substrate] for the reaction of 11a with PPh3.
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Figure A.154. GC chromatogram of 11a (0.5 mM) with cyclohexene (980 equiv, red trace)
and cyclohexene (980 equiv., black trace) in CH3CN.

Figure A.155. Electronic absorption spectrum of 11a (0.3 mM, red trace) upon addition of
16.7 equiv. of DHA in CH3CN at -40 °C. Grey traces showing incremental changes in the
electronic absorption spectrum of 11a. Black trace showing the final spectrum after 1500
seconds of initial addition of DHA.
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Figure A.156. Left; kinetic trace, monitoring changes in the electronic absorption spectrum
of 11a upon addition of DHA (16.7 equiv.) in CH3CN at -40 °C. Right: Plot of kobs vs.
[substrate] for the reaction of 11a with DHA.

Figure A.157. Electronic absorption spectrum of 11a (0.3 mM, red trace) upon addition of
1709 equiv. of CHD in CH3CN at -40 °C. Grey traces showing incremental changes in the
electronic absorption spectrum of 11a. Black trace showing the final spectrum after 300
seconds of initial addition of CHD.
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Figure A.158. Left; kinetic trace, monitoring changes in the electronic absorption spectrum
of 11a upon addition of CHD (1709 equiv.) in CH3CN at -40 °C. Right: Plot of kobs vs.
[substrate] for the reaction of 11a with CHD.

Figure A.159. Electronic absorption spectrum of 11a (0.3 mM, red trace) upon addition of
25 equiv. of tBu3PhOH in CH3CN at -40 °C. Grey traces showing incremental changes in
the electronic absorption spectrum of 11a. Black trace showing the final spectrum after 300
seconds of initial addition of tBu3PhOH.
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Figure A.160. Left; kinetic trace, monitoring changes in the electronic absorption spectrum
of 11a upon addition of tBu3PhOH (25 equiv.) in CH3CN at -40 °C. Right: Plot of kobs vs.
[substrate] for the reaction of 11a with tBu3PhOH.

Figure A.161. GC trace of a post reaction mixture of 11a with tBu3PhOH (50 equiv., red
trace), and tBu3PhOH (50 equiv., black trace) in CH3CN.

Scheme A.4. Mechanism for the formation of 2,6-DTBQ via oxidation of tBu3PhOH.
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Figure A.162. Negative mode ESI-MS of 12a (a), 12b (b), 12c (c) and 12d (d).

Figure A.163. Negative mode ESI-MS of 12b showing the m/Z = 531.1079 ion assigned
to [CoIII(LPh)(OAc)]–.
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Figure A.164. 1H NMR spectrum of 12a in [D]6-DMSO at 25 °C. *Residual solvent peak
(400 MHz, [D6]-DMSO).

Figure A.165. 1H NMR spectrum of 12b in [D]6-DMSO at 25 °C. *Residual solvent peak
(400 MHz, [D6]-DMSO).
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Figure A.166. 1H NMR spectrum of 12c in [D]6-DMSO at 25 °C. *Residual solvent peak
(400 MHz, [D6]-DMSO).

Figure A.167. 1H NMR spectrum of 12d in [D]6-DMSO at 25 °C. *Residual solvent peak.
(400 MHz, [D6]-DMSO).
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Figure A.168. ATR-FTIR spectra of powdered samples of H3LPh (top left), 12a (top
right), 12b (middle left), 12c (middle right) and 12d (bottom left).
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Figure A.169. Time trace monitoring changes in the electronic absorption spectrum at λ =
790 nm of 12c into 12d in CH3CN at 25 °C.

Figure A.170. 1H NMR of 12d (blue trace) and 12b with 1.0 equiv. [NMe4][OH] (red
trace) at 25 °C (400 MHz, [D6]-DMSO).
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Figure A.171. Electronic absorption spectra 5.0 mM samples of 12b (purple trace), 12c
(green trace) and 12d (blue trace). Measured at 25 °C in CH3CN.

Figure A.172. CCDC Library search for Co(II)-OH/OH2 complexes with 4N-donor
ligands.1
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Figure A.173. 1H NMR spectrum of 7c at 25 °C. *Residual solvent peak (400 MHz, [D6]DMSO).

Figure A.174. 1H NMR spectrum of 7d at 25 °C. *Residual solvent peak (400 MHz, [D6]DMSO).
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Figure A.175. 1H NMR spectrum of 7b (black trace) and 7c (green trace) in [D]6-DMSO
at 25 °C. *Residual solvent peak (400 MHz, [D6]-DMSO).

Figure A.176. ATR-FTIR spectra of powdered samples of 7c (left) and 7d (right).
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Table A.15. Crystal data and structure refinement for 12a-d.
Complex
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data
collection/°
Index ranges
Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

12a

12b

12c

12d

C28H28N5O4KCo

C29H55N8O8Co

C32H46N6O4Co

C36H52N8O4Co

637.68
99.97
monoclinic
C2/c
35.9461(16)
11.2664(5)
18.3190(8)
90
99.9730(10)
90
7306.8(6)
8
1.159
0.51
2712
0.41 × 0.30 ×
0.28
MoKα (λ =
0.71073)
5.234 to
55.264
-46 ≤ h ≤ 46,
-14 ≤ k ≤ 14,
-23 ≤ l ≤ 23
55458
8481 [Rint =
0.0356,
Rsigma =
0.0222]

719.78
150.13
orthorhombic
P212121
11.2788(19)
17.556(3)
19.545(3)
90
90
90
3870.1(11)
4
1.235
0.49
1532
0.31 × 0.16 ×
0.11
MoKα (λ =
0.71073)
3.118 to
53.27
-14 ≤ h ≤ 12,
-22 ≤ k ≤ 20,
-24 ≤ l ≤ 24
33714
8107 [Rint =
0.0732,
Rsigma =
0.0808]

584.57
105
monoclinic
P21/c
11.1674(4)
11.4510(4)
21.0396(7)
90
98.0750(10)
90
2663.82(16)
4
1.458
0.843
1212

690.73
100
orthorhombic
P212121
11.1230(4)
17.4535(6)
19.3101(6)
90
90
90
3748.8(2)
4
1.224
4.03
1480
0.1× 0.06 ×
0.2 × 0.13 × 0.06
0.11
Mo Kα (λ =
CuKα (λ =
0.71073)
1.54178)
6.826 to
5.286 to 54.996
140.014
-9 ≤ h ≤ 14, -14 ≤ -13 ≤ h ≤ 13,
k ≤ 8, -27 ≤ l ≤
-20 ≤ k ≤ 21,
20
-23 ≤ l ≤ 23
9925
21525
6299 [Rint =
6058 [Rint =
0.0404,
0.0395, Rsigma =
Rsigma =
0.0679]
0.0603]
6058/0/346

6299/0/452

8481/0/401

8107/0/459

1.019

0.917
R1 = 0.0277,
wR2 =
0.0675
R1 = 0.0310,
wR2 =
0.0685

1.037

0.949

R1 = 0.0355,
wR2 = 0.0901

R1 = 0.0406,
wR2 = 0.0718

R1 = 0.0439,
wR2 = 0.0948

R1 = 0.0809,
wR2 = 0.0814

0.98/-0.46

0.52/-0.37

Final R indexes [I>=2σ
(I)]

R1 = 0.0431,
wR2 = 0.0855

Final R indexes [all data]

R1 = 0.0765,
wR2 = 0.0984

Largest diff. peak/hole / e
Å-3

0.41/-0.42
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0.31/-0.24
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Table A.16. Crystal data and structure refinement for 7c and 7d.
Complex
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)

7c
C32H46N6NiO4
637.46
100.02
monoclinic
C2/c
35.519(8)
11.222(3)
18.530(5)
90
97.894(7)
90
7316(3)
8
1.158
0.57
2720

7d
C50H100N3O2Ni
834.03
100.01
monoclinic
P21/n
11.1550(10)
20.7995(17)
18.3736(14)
90
106.541(2)
90
4086.6(6)
4
1.356
0.522
1860

Crystal size/mm3

0.17 × 0.17 × 0.07

0.387 × 0.134 × 0.064

Radiation
2Θ range for data
collection/°

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)

5.024 to 53.692

3.03 to 55.054

-41 ≤ h ≤ 45, -14 ≤ k ≤ 14,
-23 ≤ l ≤ 23

-14 ≤ h ≤ 9, -24 ≤ k ≤ 27, -23 ≤ l
≤ 22

42505

25627

7829 [Rint = 0.0815,
Rsigma = 0.0547]

9408 [Rint = 0.0523, Rsigma =
0.0746]

7829/1/399

9408/0/470

1.06

1.141

R1 = 0.0500, wR2 = 0.1143

R1 = 0.0639, wR2 = 0.1679

Final R indexes [all data]

R1 = 0.0814, wR2 = 0.1224

R1 = 0.1142, wR2 = 0.1891

Largest diff. peak/hole / e
Å-3

0.77/-0.45

1.97/-0.39

Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ
(I)]
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