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Summary

High-valent M=O and M–O–X complexes are hypothesised to be potent oxidising inter-
mediates both in enzymatic and small-molecule catalysis. In contrast to those from groups
6-8, oxidants that contain late transition metals (Co, Ni, Cu) are poorly understood. The
main topics of the work described in this thesis are the preparation, characterisation and
study of the oxidative reactivity of high-valent nickel complexes, supported by pyridinedi-
carboxamidate ligands (pyN2

Me2 and pyN2
iPr2). In chapter 2, the initial discovery that the

complex [NiII(OCO2H)(pyN2
Me2)]– could be reacted at low temperature (<-40 ◦C) with a

one electron chemical oxidant (tris(4-bromophenyl)ammoniumyl hexachloroantimonate –
magic blue), to form the metastable [NiIII(OCO2H)(pyN2

Me2)] is described. This species
was characterised by EPR and XAS spectroscopies, and DFT calculations, confirming its
identity as a NiIII complex. It was shown that it was competent in the oxidation of sev-
eral substrates, including those with weak O–H bonds (2,6-di-tert-butylphenol) and C–H
bonds (1-benzyl-1,4-dihydronicotinamide). A D/H kinetic isotope effect of 2.1, in the ox-
idation of 2,6-DTBP, hinted towards an hydrogen atom transfer or proton-coupled electron
transfer type mechanism.

In successive work, the scope of the investigation was extended by substituting the
–OCO2H ligand with other monodentate O donors (–OAc and –ONO2; chapter 3) and
multidentate N/O ligands (acac, bpy, terpy, 2,6-dipicolinate; chapter 4). This involved the
development of a widely applicable synthetic method, consisting in the displacement of
the acetonitrile in [NiII(CH3CN)(pyN2

Me2)] by the desired ligand. All resulting NiII com-
pounds were characterised by X-ray diffraction, and NMR, MS and FTIR spectroscopies.

Through methods analogous to those employed for the NiIII–OCO2H compound, that is,
oxidation of the NiII complexes with either magic blue, cerium ammonium nitrate or hy-
pochlorous acid, several more NiIII oxidants were prepared and characterised. Analysis
of their reactivity in the oxidation of phenols demonstrated that electron poor species, i.e.
those with weakly basic ligands, and in particular the NiIII–ONO2 complex, were the best
oxidants, with the highest reaction rates. The NiIII–OAc complex was moderately stable
at 25 ◦C, allowing extensive study of its reactivity with hydrocarbons. It oxidised a wide
range of hydrocarbons, with BDEC-H values going from 75.5 (xanthene) to 89 kcal/mol
(toluene). Kinetic analysis revealed a linear relation between reaction rates and the BDEC-H

of the substrates (Bell-Evans-Polanyi relationship); together with observed KIEs of 3.0-
3.3, this constituted strong evidence of an hydrogen atom transfer mechanism. Import-
antly, the reaction rates were particularly high, surpassing those of most knownMnIII–O–X
and FeIII–O–X oxidants, and rivalling FeIV=O and CuIII–OH species which are amongst
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the fastest known hydrogen atom abstractors. High valent nickel-oxygen complexes, and
complexes of the late transition metals in general, look thus to be quite powerful oxidants.

Unlike these NiIII–O–X compounds, neither species with the NiIV oxidation state, nor hav-
ing an oxo ligand, had sufficient stability to be spectroscopically observed, even at low
temperatures (≤-80 ◦C). Nevertheless, in chapter 5, evidence that a highly reactive inter-
mediate is transiently formed in the reaction of [NiII(CH3CN)(pyN2

iPr2)] with m-CPBA is
shown. Through the analysis of decay products, isotopic labelling experiments and DFT
calculations it was determined that in this reaction m-CPBA acted as a two-electron ox-
idant, forming a NiIII–O• species, [NiIII(O•)(pyN2

iPr2)]. Interestingly, the principal decay
pathway of this intermediate involved hydrogen atom abstraction from a benzylic C–H
group of the supporting ligand, which after radical rebound and cyclisation of the result-
ing benzyl alcohol, led to the formation of an unusual benzoxazine product.

In the last chapter of the thesis (chapter 6) the coordination of pyN2
iPr2 ligand to other

metals, specifically cobalt and zinc, is explored. ACoIIcomplex, [CoII(CH3CN)(pyN2
iPr2)],

was synthesised, which interestinglywas isostructural to [NiII(CH3CN)(pyN2
iPr2)]. In view

of employing it as a precursor to high–valent oxidants, the introduction of an O-donor lig-
and (–OAc) was tested: while not structurally characterised, 1HNMR and UV-Vis spectro-
scopies demonstrated the formation of a new species, presumably CoII–OAc. The oxida-
tion of [CoII(CH3CN)(pyN2

iPr2)], and its –OAc adduct were also assessed in cyclic voltam-
metry experiments. Complexes [ZnII(OAc)(pyN2

iPr2)]– and [ZnII(Br)2(HpyN2
iPr2)]– were

also formed, and a crystal structure of the dibromozinc species was obtained, which re-
vealed a tetrahedral zinc centre, with one of the amide groups of pyN2

iPr2 protonated and
not involved in binding to the metal.
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acac acetylacetonate(–)
ATR-FTIR attenuated total reflectance - Fourier transform infrared
BDE bond dissociation energy
BDFE bond dissociation free energy
Bn-TPEN N-benzyl-N,N’,N’-tris(2-pyridylmethyl)-1,2-diaminoethane
BNAH 1-benzyl-1,4-dihydronicotinamide
BPMCN N,N’-bis(2-pyridylmethyl)-N,N’-dimethyl-trans-cyclohexane-1,2-diamine
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BVS bond valence sum
CAN cerium(IV) ammonium nitrate
CPET concerted proton-electron transfer
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DFT density functional theory
DHA 9,10-dihydroanthracene
2,6-dipic 2,6-pyridinedicarboxylate
DMF dimethylformamide
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dpaq2Me 2-(bis(pyridin-2-ylmethyl))amino-N-2-methylquinolin-8-yl-acetamidato(–)
dpaqH 2-(bis(pyridin-2-ylmethyl))amino-N-quinolin-8-yl-acetamidato(–)
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ET–PT electron transfer - proton transfer
EXAFS extended X-ray absorption fine structure
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FWHM full width at half maximum
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GC-MS gas chromatography - mass spectrometry
GOF goodness of fit
HAA hydrogen atom abstraction
HAT hydrogen atom transfer
KIE kinetic isotope effect
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sulfonamidato(3–)
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NIR near infrared
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PT–ET proton transfer - electron transfer
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TBP8Cz octakis(p-tert-butylphenyl)corrolazinato(3–)
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Introduction
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1.1 The oxidation of hydrocarbons

Oxidation reactions constitute a large and varied class of transformations which are
employed in syntheses ranging from laboratory scale to fine chemicals and large-scale
commodities.1 Various directions of research in the field are aimed at improving the
selectivity and yields of products, employing milder conditions and inexpensive and
non-polluting reagents: catalytic methods, utilising atmospheric dioxygen or hydrogen
peroxide, would be in this sense particularly attractive.

A class of substrates of great interest is represented by hydrocarbons. Alkanes make up an
abundant source of organic feedstock for the chemical industry. Several factors however
hamper their transformation into higher-value products. Specifically, their C–H bonds are
quite inert and require harsh conditions to react, leading to energy-intensive and poorly se-
lective processes. For example, cracking and dehydrogenation are endothermic reactions
which require high temperature and pressures. On the contrary, oxidative functionalisa-
tions, using atmospheric oxygen, are exothermic processes which could potentially couple
energy production and transformations such as the conversion of alkanes into the cor-
responding alcohols, aldehydes and carboxylic acids.2 Unfortunately for these reactions
selectivity is a major issue. In general, the functionalised products are more reactive than
the starting materials, leading to overoxidation if a large excess of substrate is not used.

In summary, the twofold challenge of activating both dioxygen and inert substrates under
mild conditions represents a major hurdle to the oxidative functionalisation of hydrocar-
bons. These issues could potentially be overcome by the development of new oxidation
catalysts, offering notable rewards from both the economic and the environmental points
of view.

1.1.1 Oxidations in biology

One of the most promising approaches to the design of catalysts capable of the selective
oxidation of inert substrates is the emulation of biological systems.3 Numerous oxidation
reactions, including the hydroxylation of inert C–H bonds, are catalysed by metalloen-
zymes. These enzymes operate under physiological conditions of temperature and pres-
sure: if this chemistry could be replicated in an industrial process, the energy demand
would be greatly reduced compared to the present state of the art. The metals at the core
of the enzymes’ active sites (primarily iron and copper), are abundant in the earth’s crust
and of limited toxicity, lending themselves to large-scale use.
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While a variety ofmechanisms and reactive species has been hypothesised for the oxidation
reactions catalysed by metalloenzymes, they possess certain common features.3,4 In the
first place, the dioxygen molecule binds to the metal, concomitantly with its one-electron
reduction, to form a superoxide (O2

–) ligand. Further activation of the O2 fragment is in-
duced through its progressive reduction, with population of its antibonding orbitals leading
to a lowered O–O bond order. The necessary reducing equivalents can be provided by a
second metal centre or by external cofactors, including NAD(P)H, flavin, ascorbate,5 tet-
rahydropterin, α-ketoacids, or several electron-transfer proteins (sch. 1.1).6 In some cases
no sacrificial reductant is needed, as the substrate undergoes a 4-electron oxidation.7,8

Scheme 1.1. Dioxygen activation and generation of high-valent intermediates in enzymatic oxid-
ations.

Superoxo, peroxo and hydroperoxo intermediates have been shown to be able to directly
attack substrates in specific cases;4 nevertheless, the actual oxidant that performs substrate
activation is more commonly formed after scission of the O–O bond. These oxidants
include terminal, high-valent metal-oxygen adducts which can be described as possessing
oxo or oxyl ligands, depending on their electronic structure (e.g. FeIV=O, FeV(OH)=O,
(L•+)FeIV=O←→ (L)FeV=O, CuII–O• ←→ CuIII=O), and dinuclear bridging-oxo species
(e.g. FeIV2(µ-O)2, CuIII2(µ-O)2).

1.2 Reactive metal-oxygen species

Because of issues associated with applying enzymatic processes on the industrial scale, the
synthesis of small-molecule, bioinspired complexes acquires great importance. Further-
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more, biomimetic complexes can be useful in elucidating both enzymatic and biomimetic
mechanisms, through the study of their reactivity, and the structural and spectroscopic ex-
amination of intermediates. In turn, this understanding can point the way towards more
effective catalysts.

Mononuclear metal oxos are the most widely studied reactive intermediates: the observa-
tion of high-valent iron oxo species, both in synthetic and enzymatic haem systems, dates
back to the 1980s.9–11 By contrast, a non-haem FeIV=O complex, [Fe(O)(TMC)(MeCN)]2+

(TMC = tetramethylcyclam), was only isolated and crystallographic characterised in
2003,12 spurring a great interest in the field. Numerous oxo complexes of iron (as well as
manganese and chromium) in high oxidation states have been synthesised, and shown to
be competent oxidants in diverse reactions, including the hydroxylation of inert alkanes
such as cyclohexane.13–15 This has led to a good understanding of these compounds, al-
though they show a remarkable complexity in their reactivity and how it is modulated by
ligand effects, the presence of Lewis acids, and other conditions.

Terminal oxidants based on the later transition metals (Co, Ni and Cu) represent a new
research directions that has begun to garner attention in recent years. They are expected
to display novel and more potent reactivity, together with a higher instability (section 1.3).
Finally, in many synthetic systems, the diverse range of supporting ligand environments,
and the use of oxidants other than O2, can lead the isolation of a great structural variety of
oxidising intermediates, aside from metal oxos. These are generally less well known, but
nevertheless display interesting properties and reactivity (section 1.4).

1.2.1 Hydrogen atom transfer

A variety of oxidation reactions are performed by biological and synthetic metal-oxygen
oxidants (fig. 1.1),16–18 corresponding to a range of different mechanisms. A critical ele-
mentary step is that of hydrogen atom transfer (HAT, also called hydrogen atom abstrac-
tion, HAA), which is involved in the activation of C–H bonds and in their oxidations (i.e.
aliphatic hydroxylation, oxidative dehydrogenation, N/O-dealkylation). Hydrogen atom
transfer and affine mechanisms have been extensively studied in different fields (e.g. com-
bustion, atmospheric chemistry), resulting in a lack of universally agreed descriptions and
definitions. For the purpose of consistency, the nomenclature scheme proposed by Mayer
will be referred to throughout this thesis.19

The general class of reactions in which a proton and an electron are transferred from a
donor to an acceptor molecule is called proton-coupled electron transfer (PCET). Depend-
ing on whether the two particles are transferred in a single kinetic step (i.e. without the
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Figure 1.1. Oxidation reactions mediated by biological metal-oxygen intermediates.

formation of intermediates), or in two, one can further classify concerted proton-electron
transfer (CPET), proton transfer - electron transfer (PT-ET, when the proton is transferred
first) and electron transfer - proton transfer (ETPT, in which the electron is transferred
first). Furthermore, even within the concerted reaction, the transfer of the two particles
can be synchronous (i.e. they are transferred to the same degree in the transition state) or
not; and they can be transferred to the same atom, or to different locations in the acceptor
molecule. I will talk of HAT/HAA for any CPET reaction with synchronous H+and e–

transfer to the same acceptor molecule, irrespectively of their destinations within it.

Extensive studies on CPET reactions have led to the development of structure-reactivity
relationship models. A simple observation is that the rate of the reaction is correlated
with its thermodynamic driving force.20 The existence of a linear relationship between
the reaction enthalpy and the activation energy (Ea = E0 + α∆H◦), within a family of
simple reactions, was recognized from early kinetic and theoretical studies (Bell-Evans-
Polanyi principle).21,22 In a HAA reaction the ∆H◦ is equal to the difference between the
bond dissociation energies (BDE) of the E–H bond that is broken in the substrate (C–H
in a hydrocarbon) and the E–H bond that is formed in the oxidant (O–H in the case of a
metal-oxygen adduct). An important consequence of the linear free energy relationship is
that a higher-energy intermediate will display higher reaction rates, as well as provide the
driving force for the activation of stronger C–H bonds.
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In rigorous terms, the theoretical derivation of the relationship is valid for free energies
rather than enthalpies, and ∆G◦ and bond dissociation free energies (BDFE) should be
used. Nevertheless, BDEs are often used in the literature instead, because of the somewhat
lower availability of experimental BDFE data; this constitutes a reasonable approximation
in the absence of large entropic effects.

Figure 1.2. Relationships between HAT, ET, PT and the intermediates involved, for aM=O oxidant
(left) and for a generic M–O–X oxidant (right).

The BDFEO-H is thus the crucial thermodynamic parameter determining the oxidising
power of an hydrogen atom abstractor. As a free energy, it can decomposed into the sum
of those of the two steps of proton and electron transfer (fig. 1.2), which can be more easily
measured as equilibrium acidities (pKa) and redox potentials (E◦). This is very useful for
the determination of solution BDFEs through the use of a thermochemical cycle; this ap-
proach was pioneered by Bordwell,23 using the following equation, in which the constant
Csol is related to the free energy of the H•/ H+ reduction in the given solvent.

BDFEsol(X −H) = 1.37pKa + 23.06E◦ + Csol

It is evident that the reduction potential of a compound alone is not an accurate indicator
of its oxidising power. Moreover, the parameters are correlated, in that a given structural
modification will generally have opposite effects on the BDEO-H;an increase in electron-
richness will correspond to an increased basicity but a lower reduction potential, and vice
versa.

In the last decades several theoretical approaches have been developed to describe the HAT
reactivity for metal complexes.24–27 Mayer has applied a Marcus-theory based approach
from which he rederived the aforementioned linear-free energy relationship.20,28–30 In ad-
dition to that, Marcus theory provided some other predictions; specifically, the ∆‡G/∆G◦

6



slope should be close to -0.5 for reactions that are not too exo- or endoergonic. Moreover,
an additional parameter explains the experimental observations of stark differences in HAT
rates for certain reactions which have similar driving forces. For example, O–H bonds (in
phenols or hydroxylamines) consistently react much faster than C–H bonds with the same
BDFEX-H. The intrinsic difference in reactivity is attributed to the self-exchange rates: the
rate of the reaction RO• + ROH → ROH + RO• is higher than that of R3C• + R3CH →
R3CH + R3C•, in spite of both having ∆G◦ = 0.

1.2.2 Other modes of reactivity

Aside from the HAT/PCET reactions described above, several other elementary mechan-
isms can be at play in the oxidation of organic substrates. Aromatic C–H bonds have very
large homolytic bond dissociation energies (e.g. benzene has BDEC–H= 113 kcal/mol31),
making their activation via HAT quite thermodynamically unfavourable. In fact, the aro-
matic hydroxylation by terminal and bridging oxo complexes has been shown to proceed
through an electrophilic aromatic substitution mechanism.32–34

Another class of reactions, including alkene epoxidation and the oxidation of heteroatoms
(phosphine to phosphine oxide, sulfide to sulfoxide and sulfone, amine to N-oxide), cor-
responds to the net transfer of an O atom to an electron rich substrate. This can happen
in a single, concerted step (oxygen atom transfer, OAT), but can also be initiated by a
single electron transfer, to form a radical cation (i.e. Ph3PO•+), which then reacts further
to give the oxygenated product. In general, simple electron transfer, as opposed to concer-
ted group transfer processes (HAT, OAT), are favoured for oxidants with a large reduction
potential.

Oxidants can also display nucleophilic behaviour, typically attacking an electron-poor car-
bon atom such as in the carbonyl group of carboxylates and aldehydes. This has been
observed or hypothesised predominantly for peroxo, superoxo and µ-oxo species both in
enzymes35,36 and model complexes.4,37,38

1.3 Early and late transition metals

As noted above (section 1.2), a large number of the highly oxidising metal-oxygen inter-
mediates come from groups 6-8 of the periodic table. This is especially true for terminal
metal-oxo complexes. In fact, a trend in transition metal chemistry is quite evident, in that
the early transition metals give highly stable, inert oxocomplexes (e.g. VIVO2+, TiIVO2+),
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whereas on moving to the right in the period the complexes become less stable and more
reactive.39 One can then foresee that metals to the right of the d-block, possessing higher
electronegativities and less stable high oxidation states, would produce stronger oxidising
agents.

Their isolation has proved a difficult experimental challenge, but computational studies
have been carried out which support this hypothesis. Pierpont and Cundari investigated
a series of Fe, Co, and Ni oxo complexes supported by bidentate ligands, and predicted
them to be capable of hydroxylating methane.40 The later metals were found to be more
reactive, with activation barriers as low as 8.1 kcal/mol in the case of a NiIII=O with a
fluorinated β-diketiminate ligand. Similarly, both [CuIII(O)(L)] and [CuIII(OH)(L)]+ com-
plexes were predicted by Cramer and coworkers to carry out the same reaction with ∆‡H

of 14.7 and 23.0 kcal/mol respectively.41 Computations as well showed bare MIIIO+ ions to
be capable of oxidising methane, with later transition metals being more effective.42 The
hydroxylation of alkanes by CuIIIO was also demonstrated experimentally by the reaction
of [CuIII(O)(phenanthroline)]+ with propane in an ion beam.43 The CoO+ ion has also been
shown to activate small alkanes (C1–C5) in the gas phase.44

1.3.1 Molecular orbital structure

The ligand field model developed by Ballhausen and Gray in 1963 to describe the elec-
tronic structure of metal oxo complexes in tetragonal symmetry,45,46 is also explanatory of
the destabilisation incurred with the increasing d-electron count of the metal. The inter-
action of the O2- ligand with the metal centre gives rise to three bonding orbitals, which
are mostly of s/pO character and occupied, and three corresponding antibonding orbitals,
which havemostly d-character (fig. 1.3, left). For a d0 ion, then, one has aM=O bond order
of 3, conferring remarkable stability. In a tetragonal field, any d electron after the first two
has to occupy antibonding orbitals, destabilising the oxo ligand and increasing Mδ+–Oδ−

polarisation and the oxygen basicity. Taking into account realistically achievable oxidation
states, FeIV=O, d4, is the rightmost possible multiply bond metal-oxygen adduct, and an
“oxo wall” separates groups 8 and 9 (although d4 IrV=O has been reported47).

This model is only strictly valid for a tetragonal coordination environment. One could
envision that 3- or 4- coordination of the metal, in contrast to the octahedral, square pyr-
amidal and trigonal bipyramidal geometries common in Fe=O chemistry, can relieve some
of the M–O antibonding interactions. Lowering the coordination number frees up some of
the d-like orbitals as non-bonding orbitals, reducing the strain caused by high d-electron
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counts. The diagram for the square-planar case is shown in the right side of fig. 1.3. Com-
pared to the tetragonal case, the two lowest-energy d-block orbitals are nonbonding with
respect to the M–O interaction; so that a bond order of 2 can be maintained for a d6 con-
figuration, as opposed to d4 in a low-spin octahedral complex.

Figure 1.3. Schematic orbital energy diagram for M=O bonding in octahedral (left) and square
planar (right) geometries. Only interactions involving the d-block are included for simplicity. Mo-
lecular orbitals are labelled according to the local symmetry and bonding character relative to the
M–O bond, and the prevalent atomic orbital contribution.

1.3.2 Model oxo-complexes of the late transition metals

Figure 1.4. Selected examples of metal oxos with d > 4.

Only a few transition metal terminal oxo complexes with five or more d valence electrons
have been reported in the literature (fig. 1.4). Cundari reported a series of rhenium(I) (d6)
complexes, [ReI(O)(alkyne)2]– (1).48 A peculiarity of these complexes is the presence of
the strongly π-accepting alkyne ligands; computation of their electronic structures demon-
strated the delocalisation of the frontier molecular orbitals over them, as well as the effect
of low coordination number in allowing an oxo- and alkyne-based non-bonding orbital.
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Amongst the late transition metals, Milstein obtained a [PtIV(O)(PCN)]+ (2, PCN =
C6H3[CH2P(tBu)2](CH2)2N(CH3)2), by oxygen atom transfer from dimethyldioxirane to a
square-planar PtII precursor.49 Other than an unusual water activation reaction, yielding a
PtIV dihydroxo complex, 2 had unremarkable reactivity. A contributing factor may be the
higher metal-ligand bond strength and stability of the high oxidation states for third-row
metals, compared to the first row.

Recently, Company reported a metastable, high-valent nickel complex supported by a bis-
amidato macrocyclic ligand.50 [NiIII(O•)(L)] (3) was obtained from the reaction of the
[NiII(L)] precursor with m-chloroperbenzoic acid (m-CPBA). While 3 could be seen as
a formal nickel(IV)-oxo compound, according to computational and spectral evidence it
is more appropriately described as a nickel(III)-oxyl compound, with a Ni-O single bond
order. 3 showed a remarkable reactivity, affecting the sulfoxidation of thioanisole derivat-
ives, the epoxidation of alkenes and HAA from hydrocarbons including cyclohexane (BDE
= 99 kcal/mol).

Finally, Ray and coworkers have investigated a cobalt(IV)-oxo complex.51 [CoII(13-
TMC)(OTf)]+ (13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane) was con-
verted into [CoIV(O)(13-TMC)]2+ 4 by chemical oxidation with PhIO, or under photo-
chemical conditions with [RuII(bpy)3]2+, Na2S2O8 and water. 4 was capable of HAT
from hydrocarbons (including fluorene, BDE = 80 kcal/mol), and of OAT to alkenes and
[FeII(TMC)]2+, forming [FeIV(O)(TMC)]2+. Interestingly, DFT calculations indicated an
unusual electronic structure, in which, in spite of a tetragonal ligand field, a relatively
low-energy dx2-y2 is non-bonding with respect to the Co-O bonding (but anti-bonding with
respect to the plane’s Co-N bonds).

1.4 M–O–X oxidants

Aside from M=O complexes, various other M–O–X entities are capable hydrocarbon ox-
idants, and have been identified in biological systems. Lipoxygenases are a family of
non-haem iron enzymes, which catalyse the oxidation of polyunsaturated fatty acids.52,53

In their catalytic cycles, an FeIII–OH is responsible for HAT from a weak C–H bond in
the substrate.52–56 There is also evidence for an analogous MnIII–OH oxidant in an Mn-
lipoxygenase.57–59 Galactose oxidase is another enzyme which exploits an aryloxo-metal
oxidant: it performs the two-electron oxidation of alcohols to aldehydes through a com-
bination of a CuII/I couple and a metal bound tyrosyl radical.60,61 The presence of these
M–O–X intermediates in enzymatic cycles has prompted the study of related model com-
plexes.
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1.4.1 Model complexes of lipoxygenase

There is a substantial body of hydroxo and alkoxo complexes of MnIII, FeIII, and RuIII

which are capable of HAT reactivity, making them excellent models to study the chem-
istry of the lipoxygenases. The first attempts at preparing models of this active site fo-
cussed on replicating the coordination environment, i.e. synthesising mononuclear com-
plexes with FeIII–OH or FeIII–OCH3 cores, but these generally were not proficient at HAT
from hydrocarbons.62–64

Figure 1.5. Examples of hydroxo and alkoxo MnIII, FeIII, and RuIII complexes.
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Neutral pyridine and imidazole ligands

The first breakthrough was the synthesis of [FeIII(OCH3)(PY5)](OTf)2 (5, fig. 1.5), a stable
ferric complex.65,66 5 was shown to react with a series of hydrocarbons: a linear correl-
ation between reaction rates and BDEC–H in the substrates, as well as a KIE = 5.5, im-
plied a HAT mechanism. Remarkably the BDEC–H of some of the oxidised C–H bonds
(the highest was toluene, 89 kcal/mol) was notably higher than the BDEO–H of the newly
formed FeII–O(CH3)–H (measured as 83.5 kcal/mol), i.e. the reaction enthalpy was de-
cidedly positive. A crucial feature was the FeIII/II reduction potential of 0.660 V (vs SHE),
which is especially high and similar to that of soybean lipoxygenase (0.6 V vs SHE).67 Such
a potential is likely necessary to enhance the oxidising capability of the ferric oxidation
state.

Subsequent work on the complexes [FeIII(OH)(PY5)]2+ (6, fig. 1.5) and [MnIII(OH)(PY5)]2+

(7, fig. 1.5) showed effects of ligand and metal on the HAT reactivity.68,69 The hydroxo
FeIII complex 6, which corresponds more closely the FeIII–OH intermediate in lipoxy-
genase, showed diminished oxidising capabilities from the thermodynamic point of view
when compared to the methoxide 5: both the reduction potential (6: 0.56; 5: 0.66 V) as
well as the BDEO–H for the protonated, FeII forms resulting from HAT (6H: 80; 5H: 83.5
kcal/mol) were lower. Curiously, it was a kinetically better oxidant (k2(6 + DHA)/k2(5 +
DHA) = 3.6); this effect has been suggested to be due to the increased steric hindrance
of the –OCH3 group as opposed to the –OH group. Conversely, substitution of FeIII with
MnIII made for a better oxidant, both from the thermodynamic (BDEO–H of 7H = 82
kcal/mol) and kinetic (k2(7 + DHA)/k2(6 + DHA) = 3.7) points of view. It was noted
that the transition from MnIII to MnII entailed a large structural reorganisation, because of
Jahn-Teller effects that are present in the MnIII compound but not in MnII (or FeIII/II). This
did not hamper the reaction kinetics, in comparison to 6, although it may contribute to a
relative insensitivity of the reaction rates to the substrate BDEC–H.

A similar RuIII complex, [RuIII(OH)(PY5Me)]2+ (8, fig. 1.5), has also been reported, al-
though its oxidative reactivity was only tested against hydroquinone substrates and ascor-
bic acid.70 HAT was shown to be the mechanism for the more electron-poor substrates.
Fluoro- and chlorohydroquinones, as well as ascorbic acid, were oxidised with KIEs = 1.2
- 1.7 and only a weak dependence of reaction rate on their oxidation potential. More elec-
tron rich hydroquinones, on the other hand, reacted by initial electron transfer followed by
deprotonation, and reaction rates were strongly affected by their E0.

Ligands with benzoimidazole donors have also been explored: [FeIII(OCH3)(Hctb)]3+ (9,
fig. 1.5) and [FeIII(OEt)(Hctb)]3+ (10, fig. 1.5)71 were shown to oxidise DHA with KIE =
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5.1. Importantly, they also exhibited lipoxygenase-like activity, catalysing the oxidation of
linoleic acid in the presence of dioxygen. Their high +3 charge state, due to the protonated
state of a non-ligated imidazole moiety, led to high, irreversible Eox = 0.9 V vs SHE in
CH3OH; nevertheless their reaction rate with DHA is one fifth of that of 6 under the same
conditions.

The series of complexes [FeIII(OCH3)(medtb)]2+ (11a, fig. 1.5) and [FeIII(OR)(Hmedtb)]3+

(11b-d, R = Et, nPr, nBu, fig. 1.5) also oxidised DHA with reaction rates in the same order
of magnitude, and KIEs = 1.9 (11a) and 3.2 (11b).72 A redox potential E0 = 0.79 V vs SHE
was measured for the FeIII/II couple in 11a (for 11b-d the measurements were complicated
by binding competition between alkoxide and solvent molecules). In spite of a correlation
between the alcohol chain length and the FeIII–O bond distances, implying a gradation of
electron donation, no corresponding effect was found on reaction rates in DHA oxidation.

Anionic ligands

A hydroxo FeIII complex, supported by the MesTMP ligand, ([FeIII(OH)(MesTMP)], 12,
fig. 1.5) was capable of catalysing the disproportionation of TEMPOH. TEMPOH pos-
sesses a remarkably weak O–H bond (BDEO–H = 70.6 kcal/mol in CH3CN), and the cata-
lytic step inwhich it is oxidisedwas shown to occur throughHAT.73 In contrast, the cationic
porphyrinoid ligand PyPz has recently been shown to form a highly reactive FeIII–OH,
([(PyPz)FeIII(OH)(OH2)]4+, 13, fig. 1.5).74 It was found to oxidise stronger C–H bonds
(diphenylmethane, 82 kcal/mol) and its reaction rate with DHAwas very high (73 m−1 s−1

at 25 ◦C, KIE = 21). This result is suggestive of the importance of high oxidation potentials
of the MIII–OH oxidants, as hinted at by the early lipoxygenase models.

MnIII–OH complexes have also been reported, supported by anionic, amidate ligands
(dpaqH in 14 and its methylated analogue dpaq2Me in 15, fig. 1.5).75 The hydroxide lig-
and derived from dioxygen, via its activation by a MnII precursor. TEMPOH (with
KIE = 1.8), xanthene, and phenols with weak O–H bonds were oxidised by both com-
plexes. Interestingly, the methylated ligand induced an elongation of the Mn–Nquinoline

bond, and a corresponding higher reduction potential (-0.02 vs -0.15 vs. SHE), result-
ing in a 240-fold increase in reaction rate towards TEMPOH. The methoxide complex,
[MnIII(OCH3)(dpaqH)]+ (16, fig. 1.5) also showed oxidising reactivity towards phenols.76,77

Kovacs reported a series of compounds [MnIII(OR)(SMe2N4(tren))] (17a-d, R = H, CH3,
Ph, 4-NO2Ph, fig. 1.5), which were characterised by ligation from a thiolate donor and by
solubility in water.78 The –OH and –OCH3 compounds, which displayed lower reduction
potentials, were capable of oxidising TEMPOH. A BDFE was determined for MnIII-OH2
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(74 kcal/mol). Conversely, an iron analogue [FeII(OH2)(OMe2N4(tren))] (18, fig. 1.5) was
found to have a weaker BDFE (69 kcal/mol),79 and consequently its reaction is spontan-
eous in the direction [FeII(OH2)(OMe2N4(tren))] + TEMPO→ [FeIII(OH)(OMe2N4(tren))]
+ TEMPOH. In this case the change from Mn to Fe, and the switch from the thiolate to a
less electron-donating alkoxide donor, contributed to the lowering of both E0 and pKa in
18 in comparison to 17aH, thus weakening the M(O(H)–H) bond.

1.4.2 Comparison of Mn/Fe=O and –OH complexes

Some ligands have proven versatile enough to support both M=O complexes and their
protonated, M–OH analogues. These systems are particularly significant in allowing the
direct comparison between the two terminal ligands (O2– and –OH) in the same coordina-
tion environment, thus allowing comparisons of relative reactivity properties.

Manganese

Fuji analysed salen complexes of manganese, corresponding to various putative inter-
mediates in the catalytic epoxidation of alkenes.80,81 [MnIV(O)(Messalen)] (19, fig. 1.6),
[MnIV(OH)(Messalen)]+ (19H+, fig. 1.6) and [MnIII(OH2)(Messalen•+)]2+ (19H2

2+, fig. 1.6),
while formally having the same oxidation state, displayed striking differences in reactivity,
presumably as a result of the differing protonation state of the oxygen ligand. Interestingly,
in spite of protonation increasing the total charge and electropositivity, theMnIV=O 19was
by far the best oxidant, the only one capable of transferring oxygen atoms to phosphines
and sulfides, as well as activating weak C–H bonds; the MnIV–OH 19H+ was limited to
oxidising phenols (via HAT from the O–H bond, with BDEO–H of up to 83 kcal/mol), and
the [MnIII–OH2(L•+)] 19H2

2+, in which protonation induced an internal electron transfer
with reduction of the metal to MnIII and oxidation of the supporting salen ligand, showed
no such reactivity.

Extensive work has been conducted on the system [MnIV(OH)2(Me2EBC)]2+ (20H2
2+,

fig. 1.6), which has the property of being subject to sequential deprotonation to give first an
Mn(O)(OH) (20H+, fig. 1.6) and then an Mn(O)2 form (20, fig. 1.6), depending on the pH
of the medium.82–90 All three complexes were shown to oxidise a series of hydrocarbons
(xanthene to fluorene): the reaction rates were about 15 times faster for 20H+ as opposed
to 20H2

2+, and 40 times faster for 20.83,84 The oxidising power trend was thus the reverse of
the total charge and electropositivity of the complex. Conversely, the BDEO–H of the newly
formed O–H bonds seemed to be the key parameter. Values were determined for 20H
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Figure 1.6. Sets of oxo, hydroxo and aquo complexes of Mn and Fe supported by the same ligand.
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= [MnIII(OH)(OH2)(Me2EBC)]2+ (83.0 kcal/mol) and 20H2+ = [MnIII(OH)2(Me2EBC)]2+

(84.3 kcal/mol). Assuming that the 1.3 kcal/mol difference is entirely reflected in the ac-
tivation energies, this is sufficient to explain entirely the difference in reaction rates. KIEs
of 3.3 (20H2

2+) and 3.8 (20) were measured for the oxidation of DHA.

Computational studies showed that deprotonation of the OH moiety of 20H2
2+ has a large

effect on the energy and composition of the π∗ (Mn–O) frontier orbitals, but only minor
ones on the σ∗ (Mn–O). Hence it was suggested, also on the basis of steric considerations,
that the HAT process in 20 and 20H+ is mediated through the σ∗ (Mn–O) orbital, leading
to a modest difference in HAT reaction rates.85

An interesting disparity was observed in the distribution of products from the oxidation of
DHA. At pH 13.4, where theMnIV(O)2 20 is the main form of the complex, the oxygenated
product anthraquinone was the predominant product. In contrast, at pH 4.0, more anthra-
cene was formed, and at even lower pH traces of chlorinated product were identified.86,87

The explanation for this was based on different post-HAT reaction pathways: theMnIII–OH
derived from 20 can recombine by radical rebound with the substrate, leading to oxygen-
ated products, whereas with MnIII–OH2, produced from 20H2

2+, this is not possible and
the radical originating from HAT can diffuse into the solution and react with another mo-
lecule of oxidant or a chloride ion present in the buffer solution.

The oxidation of triarylphosphines showed more significant differences in terms of re-
action rates;88 the reaction of 20 was relatively independent of the presence of electron-
withdrawing or -donating substituents on the phosphines, while 20H2

2+ was markedly
more reactive with electron-rich substrates (Hammett slopes ρ = -0.08 and -7.0 respect-
ively); hence, the oxo in 20was assumed to react by concerted oxygen atom transfer, while
the hydroxo in 20H2

2+ initiated the oxidation by electron transfer. Moreover, an inverse
solvent isotope effect with 20H2

2+ suggested the presence of a protonation pre-equilibrium,
leading to the formation of themore electropositive oxidant [MnIV(OH)(OH2)(Me2EBC)]3+

(20H3
3+) as the active species.

Iron

A unique example of an FeIV–OH complex which is capable of hydrocarbon oxidation
is [FeIV(OH)(β-BPMCN)(OOtBu)]2+ (21, fig. 1.6).91 This compound was shown to effect
HAT fromC–H andO–H bonds, with the hydrogen atom being transferred to the hydroxide
rather than the alkylperoxide group. 21 could also be induced to decay through O–O bond
scission to form oxoiron(IV) complexes [FeIV(O)(β-BPMCN)(L)]2+ (22, L = CH3CN or
pyridine, fig. 1.6); the oxoiron(IV) complex, in spite of a lower charge displayed greatly
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enhanced electrophilic oxidative capabilities as opposed to the hydroxide analogue (k2(22
+ DHA)/k2 (21 + DHA) = 100). This behaviour was attributed, on the basis of DFT
calculations, to the disruption of the Fe=O π-bonding, which makes the acceptor orbitals
of Fe–OH higher in energy and of lesser O character. KIEs, measured at -70 ◦C, were also
strikingly different with values of 200 for 22 and 3 for 21.

Complexes with second coordination sphere interactions

A class of M–O–X complexes is constituted by those with oxo ligands that are stabilised
through a hydrogen bonding network in the second coordination sphere. This approach
has been pioneered and widely pursued by Borovik. The tripodal tris-urea ligand H3buea
has been used in order to stabilise a series of M=O and M–OH complexes of both Mn
and Fe (23-24, fig. 1.6). The ligand possesses three urea groups, each of which can bind
the metal through one deprotonated urea N atom, while the second urea NH acts as a
hydrogen bond donor. While many of these complexes are best described as possessing
terminal oxo ligands, the hydrogen bonding can be thought of conferring a modulation of
their properties analogous to those of covalent or coordinative bonding. This is especially
relevant for the Mn/FeIII complexes, whose electronic structure is thought to disallow a
multiple M=O bond order: delocalisation of the electron density of the highly basic oxo
ligand over the H atoms, through hydrogen bonding, is then fundamental in contributing
to its stabilisation. As a result, MIII–O bonds are elongated with distances closer to those
of M–OH complexes than of M=O.

The series of Mn–OH and Mn=O complexes supported by H3buea spans four oxidation
states (MnII/III/IV/V, fig. 1.6).92–100 Amongst them, the Mn=O displayed oxidative reactivity.
232- (MnIII–O) abstracted hydrogen atoms from TEMPOH, diphenylhydrazine, DHA and
1,4-cyclohexadiene.94 The oxidised form [MnIV(O)(H3buea)]- (23-, fig. 1.6), also effected
OAT to electron rich phosphines (PPh2Me and PPhMe2, but not PPh3) and HAT from
diphenylhydrazine and DHA.96,97 BDEO–H for the protonated forms 23H2- (MnII–OH),
23H- (MnIII–OH) and 23H (MnIV–OH) were estimated to be 77, 89 and 95 kcal/mol
respectively.93,95,97,98,100 The oxidation of DHA by 23- (MnIV=O) and 232- (MnIII=O) was
compared.97 Curiously, the MnIII complex reacted faster (232-: k2 = 0.48 m−1 s−1, KIE
= 2.6; 23-: k2 = 0.026 m−1 s−1, KIE = 6.8), contrary to what was expected on the basis
of BDEO–H of the product of this reaction. A mechanism of sequential proton transfer
– electron transfer (PT-ET) 232-, deriving from a more basic oxo ligand, was thus pro-
posed, in contrast with concerted HAT for 23-. Completing the series, the compound
[MnV(O)(H3buea)]- (23) could abstract a hydrogen atom from 2,4,6-tris-tert-butylphenol
to give [MnIV(OH)(H3buea)]- (23-).100
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AnotherMnIII–O--H species, supported by the ligandH3bupawas isolated as an intermedi-
ate in the reduction of dioxygen to water catalysed by amanganese complex.101 25 (fig. 1.6)
could not be unambiguously assigned to either tautomeric structure [MnIII(O)(H3bupa)]-,
or [MnIII(OH)(H2bupa)]-, i.e. the hydrogen atom could either be seen as bound to the oxy-
gen and hydrogen bonding to the pendant ureate arm of the ligand, or vice versa. 25 was
capable of abstracting a hydrogen atom from diphenylhydrazine to generate MnII.

The FeIII–O complex, [FeIII(O)(H3buea)]2- (242-, fig. 1.6)102 showed in its XRD structure a
relatively elongated Fe–O bond (1.81 Å), when compared to Fe=O units, and calculations
attributed an Fe–O bond order of one. 242- was shown to abstract hydrogen atoms from
diphenylhydrazine, DHA and 1,4-cyclohexadiene. The reactions were slightly slower than
for the Mn equivalent 232-. The protonated form [FeIII(OH)(H3buea)]- (24H-), was also
characterised,95 and its BDEO–H was determined to be 66 kcal/mol.94 The FeIV=O com-
plex, [FeIV(O)(H3buea)]- (24-), was formed as the one-electron oxidation product of 242-.
The S = 1 product also presents a shortened Fe–O bond, at 1.81 Å; while this is again
slightly longer than typical FeIV=O units, it is more consistent with a double bonded Fe=O
structure.103 This complex was suggested to decay via HAT from DMF. It was also cap-
able of oxidising diphenylhydrazine. Finally, [FeV(O)(H3buea)] (24), was postulated to
transiently form from one electron-oxidation of 24-, and to abstract hydrogen atoms from
either solvent or phenols to give the protonated [FeIV(O)(H4buea)] (24H).104

Scheme 1.2. Tautomerism of the tris-pyrrolylamine ligand and interconversion of aquo, hydroxo,
and oxo complexes with proton and electron transfer.

Another relevant and analogous ligand system is Fout’s tris-pyrrolylamine derivative
(sch. 1.2). Each of its three arms can display a tautomerism between an imino-pyrrolide
form, which has an anionic N donor and a hydrogen bond acceptor, and an amine-
azafulvalene form, which has a neutral N donor and a hydrogen bond donating N–H
group. Aquo and hydroxo MII complexes, and oxo MIII complexes have been isolated
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for both Mn and Fe supported by this ligand (26 and 27, sch. 1.2).105–107 These com-
plexes were involved in the remarkable catalytic reduction of oxoanions ClO4

- and NO3
-

to Cl- and NO respectively, but their oxidative properties have not been reported.108,109

The compound 27H (FeIII=O) oxidised diphenylhydrazine, in order to regenerate the FeII

compound 27H-.109

1.4.3 Lewis acid metal-oxygen adducts

Various simple oxometal complexes from groups VI-VIII of the periodic table are cap-
able oxidants. Interestingly, it has been observed that their reactivity can be greatly en-
hanced by the addition of Lewis acids (LA), and the formation of electrophilic M–O–LA
intermediates was postulated as the explanation. These include compounds such as
K[MnVIIO4],110–112 (Bu4N)2[CrVI2O7] and (C5H5NH)[CrVIO3Cl],110 Ba[FeVIO4],113 and
Ba[RuVI(O)2(OAc)4],114 and Lewis acids such as Li+, Ca2+, Ba2+, Zn2+, Cu2+, Fe3+, Al3+,
Sc3+ and BF3. Evidence for the M–O–LA intermediate was obtained only for the forma-
tion of [MnO4.BF3]–, via stopped-flow spectroscopy.111 It oxidised toluene with a reaction
rate of 9 m−1 s−1, which is 7 orders of magnitudes greater than for [MnO4]– alone, but with
similar KIEs (6.8 vs. 6). Collins observed a similar effect, in which [MnV(O)(TAML)]–

complexes (TAML = tetraamidomacrocyclic ligands) were activated towards the oxidation
of PPh3, upon the addition of acidic metal ions.115 The intermediate Mn–O–LA species
were nevertheless not observed.

Manganese

The effect of Lewis acid ligation on MnIV=O complexes has been investigated in several
other studies. It was observed that the addition of scandium(III) triflate to the complex
[MnIV(O)(N4Py)(OTf)]+ (28a), induced stepwise changes in its electronic spectra, corres-
ponding to adducts with one and two equivalents of Sc(OTf)3 (28b-c, fig. 1.7).116 28b-c
formed with high binding constants (Ka = 6× 103 m-1, Kb >�> 104 m-1) and were mod-
erately stable at 25 ◦C (t½ = 12h, 24h). This allowed for spectroscopic characterisation,
which together with DFT computations confirmed structures with an MnIV–O–ScIII core
in both compounds, and with the second Sc3+ ion in 28c bound in the second coordination
sphere through bridging triflates.

The complex [MnIV(O)(Bn-TPEN)(OTf)]2+ (29a) displayed entirely similar behaviour,
leading to the formation of adducts 29b-c (fig. 1.7) with respectively one and two Sc3+

ions.117 The Sc3+ adducts were found to bemore reactive than [MnIV(O)(N4Py)(OTf)]+, to-
wards thioanisole (k2(28c)/k2(28a) = 2200), but less for HAT reactions ((k2(28a)/k2 (28c)
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Figure 1.7. Reactive M–O–X complexes of manganese and iron formed as adducts with redox-
inactive Lewis acids.
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= 5, k2(28a)/k2(28b) = 180 for the oxidation of 1,4-cyclohexadiene). The opposite effects
were explained by the existence of different mechanisms; the binding of Sc3+ greatly in-
creased electrophilicity (Ered vs. SCE: 28a = 0.80 V, 28b = 1.31 V, 28c = 1.42 V, 29a =
0.78 V, 29b = 1.28 V, 29c = 1.36 V). Moreover, reduced reorganizational energies were es-
timated, through Marcus theory, for the Sc3+ adducts; possibly, because of the conversion
of the MnIV=O bond to a more elongated MnIV–O–ScIII. Together, these effects favoured
the switch from direct oxygen atom transfer to the sulfide to a fast electron transfer mech-
anism. In contrast, the slower HAT reactions were justified on the basis of the increased
steric bulk from the Sc(OTf)3 groups, which hinder the approach of the substrate to the O
atom.

The effect of the presence of Lewis acids (Al3+, Sc3+, Y3+, Yb3+, Mg2+, Ca2+, Na+) on
the dihydroxomanganese complex 20H2

2+ was also investigated.118 The oxidation of PPh3,
which occurred via rate determining ET,88 was faster by a factor of up to 26, for the trivalent
(and more acidic) cations. In contrast, only minor effects on reaction rates were seen
in olefin epoxidation and HAT (C–H oxidation) reactions. Still, 20H2

2+ + Al3+ could
oxidise ethylbenzene (BDEC–H = 85 kcal/mol). Evidence for the formation of the active
intermediates, postulated to possess MnIV–O–Mn+ structural elements was derived from
changes in the UV-Vis. spectra and redox potentials, and in the case of Al3+ from the
appearance of hyperfine coupling to 27Al (I = 5/2) in the EPR spectrum.

An interesting case is that of the complex [MnV(O)(TBP8Cz)] (30), an MnV=O supported
by a porphyrinoid ligand. It was shown that addition of a Lewis acid (B(C6F5)3, Zn2+, or
H+) caused the valence tautomerism and the transformation to [MnIV(O–LA)(TBP8Cz•+)]
complexes (30–LA, fig. 1.7), with a ligand radical cation, accompanied by a change from
low to high spin state.119–121 The reduction potential was found to increase dramatic-
ally, with E0(30) = -0.05 V and E0(30–Zn2+) = + 0.69 vs. SCE.122 30–LA complexes
acted as one-electron oxidants (towards ferrocene, phenols, or hydrocarbons), forming
[MnIV(O–LA)(TBP8Cz)], whereas 30 acted as a two-electron oxidant, being reduced to
[MnIII(OH2)(TBP8Cz)]. The reaction rate towards xanthene was increased by a factor
of 4 in 30–Zn2+, 10 in 30–H+ and 28 in 30–B(C6F5)3 (with KIE = 25), as opposed to
30.120 Thus, in contrast to the examples of 28/29, the HAT reactivity of 30 was improved
by Lewis acids binding. Surprisingly, the oxidation of triarylphosphines followed the
opposite trend, with slower rates for 30–LA than for 30; showing that while the effect
of increased E0 dominated the one-electron HAT process, the two electrons OAT was
inversely affected.122

A close analogue of 30, [MnV(O)(tpf)] (31), also displayed tautomerisation on addition
of trifluoroacetic acid.123 The product 31–TFA (fig. 1.7), though, was less reactive both
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in HAT from phenols and OAT to thioanisole, than 31. It has been suggested that TFA
is only a weak Lewis acid and has limited effect on the electronic properties of the ox-
idant, together with a small steric inhibition;121 nevertheless, the reactivity of M–O–LA
complexes seems to be governed by very subtle effects.

Iron

Fukuzumi and Nam observed that the electron transfer properties of [FeIV(O)(TMC)]2+

changed in the presence of Sc(OTf)3, and obtained the crystal structure of a complex
derived from the reaction (32, fig. 1.7).124 While originally reported as possessing an
FeIV=O–ScIII–OH core, this description has however been disputed by later computational
and spectroscopic studies,125,126 which showed that 32 is actually an FeIII–O–ScIII–OH2

complex.

For the iron complex [FeIV(O)(N4Py)]2+ (33), it was observed that the rate of electron
transfer was greatly enhanced in the presence of metal ions (Sc3+, Zn2+, Mg2+, Ca2+; 108-
fold rate enhancement in the case of Sc3+)127 This was attributed to a mechanism of metal-
coupled electron transfer (in analogy to PCET). According to it, the Lewis acids has a
much greater affinity for the FeIII–O moiety, product of the ET reaction, than for the or-
ginal Fe=O. Hence, formation of FeIII–O–LA shifts the equilibrium, providing a larger
driving force for the ET reaction. In fact, the FeIV/FeIII reduction potential increased by
0.84 V in the presence of two equivalents of Sc(OTf)3. In contrast to the analogous MnIV

complexes, the Sc3+ adducts showed lower stability, and were not isolated and spectro-
scopically characterised.

An augmentation in reaction rates, and the occurrence of different mechanisms, were also
observed in the oxidation of benzyl alcohols, to give aldehydes and dimerised products.128

33, by itself, abstracted a benzylic hydrogen atom, with KIE = 14; conversely, in the pres-
ence of Sc3+ the KIE disappeared, and electron transfer (coupled with Sc3+ binding) was
found to be the rate-determining step in a sequential ET-PT mechanism. The same ef-
fects of increased rates, lowered KIE, and switch to an ET rate determining step was
observed when the Brønsted acid HClO4 was added to 33, in the oxidation of toluene
derivatives.129 A protonated intermediate was assumed to be the key ET intermediate,
although the hydroxo compound [FeIV(OH)(N4Py)]3+ (33H+) was not spectroscopically
observed. In later work, the binding of up to two molecules of HOTf (33–(HOTf)2 or
33H2

2+) was postulated.130

Analogous behaviour was observed in sulfoxidation reactions.129,131 While the oxo 33 re-
acted by concerted OAT, in the presence of either Sc(OTf)3 or HClO4 a faster mechanism
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of metal-coupled (from 33–(Sc(OTf)3)x), or proton-coupled (33–HAx) electron transfer
arised instead. Enhanced electron transfer was also determined to be at play in the oxidat-
ive dimerisation and N-demethylation of N,N-dimethylaniline.132

In conclusion, both metal-based Lewis acids and protons appeared to modify oxometal
compounds, forming Fe–O–X species with greater propensity to ET reactions; in fact the
reaction rates for adducts with HOTf and a series of metal triflates were found to correlate
equally well with the same measure of Lewis acidity.133

1.4.4 Late transition M–O–X complexes

When compared to Mn and Fe, the high-valent, reactive complexes of the later transition
metals have only recently become a focus of research, and fewer examples of them exist.

Figure 1.8. High valent M–O–X complexes of Co, Nic, and Cu.

Cobalt

The tris-sulfonamido MST ligand has been used in the preparation of several heterobimet-
allic complexes. Amongst these, the complex [CoIII(µ-OH)(MST)CaII(15-crown-5)]+ (34,
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fig. 1.8), represents a Co–OH complex, which is capable of oxidising diphenylhydrazine
to azobenzene, forming a CoII(µ-OH2)CaII product.134 34 possesses an hydroxo ligand that
bridges the CoIII and CaII ions, and is further hydrogen bonded to a sulphonamide group’s
O atom.

Ray has reported a series of Co–O–LA complexes; in contrast to the Fe and Mn ex-
amples, the corresponding naked, terminal Co=O haven’t been observed, and are pre-
sumably not stable species. [CoIV(O)–Sc(OTf)3)(TMG3tren)]2+ (35, fig. 1.8), was ob-
tained from the oxidation of [CoII(OTf)(TMG3tren)]+ with a iodosoarene in the presence
of Sc(OTf)3.135 Borovik has proposed that the characterisation of this species is likely
more consistent with a CoIII(µ-OH)–ScIII structure.134 35 was capable of oxidising PPh3,
giving PPh3O and [CoII(OTf)(TMG3tren)]+, albeit ∼55 times more slowly than the iron
analogue [FeIV(O)(TMG3tren)]2+. On the other hand, 35, unlike [FeIV(O)(TMG3tren)]2+,
could oxidise 1,1’-dibromoferrocene, showing a good ET capability. In the oxidation of
DHA, as well, a 45% yield of anthraquinone was formed, which is assumed result from
ET from DHA rather than HAT.

A similar strategywas utilised to produce the complexes [CoIV(O–Mn+)(TAML)] (36–Mn+,
Mn+ = Sc3+, Ce3+, Y3+, Zn2+, fig. 1.8).136 Li[CoIII(TAML)].3H2O was oxidised either with
cerium ammonium nitrate or with an iodosoarene in the presence of metal triflate salts
(Sc(OTf)3, Ce(OTf)3, Y(OTf)3, Zn(OTf)2), giving products with very similar UV-Vis
spectra. The putative 36–Sc, [CoIV(O–Sc(OTf)3(OH)2)(TAML)]4-, was the most stable
of the series and showed oxidation capabilities. It performed HAT from a series of hydro-
carbons, including triphenylmethane (BDEC–H = 81 kcal/mol), displaying a Polanyi linear
free energy relationship between reaction rates and substrates’ BDEC–H. A KIE of 13 was
measured for xanthene, and its product of oxidation xanthone was found, in an isotopic
labelling experiment, to incorporate 18O from the Co–18O–Sc complex 36–Sc. 36–Sc also
transferred an oxygen atom to arylmethylsulfides, with analogous incorporation of labelled
18O in the resulting sulfoxides. The reaction with para-subsituted arylmethylsulfides also
showed a Hammett correlation with large negtative ρ = -2.8, demonstrating the electro-
philic character of 36–Sc in oxygen atom transfer reactions.

Nickel

Ray reported the formation of a mixture of two metastable NiIII moieties, tentatively de-
scribed as NiIII=O or NiIII–OH compounds (37, fig. 1.8), from the reaction of m-CPBA
acid with [NiII(OTf)(TMG3tren)]+.137 These were capable of oxidising PPh3 to PPh3O, as
well as hydrocarbons with weak C–H bonds (including 1,4-cyclohexadiene, BDE = 78
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kcal/mol). DHA was oxidised with KIE = 3.9, and there was a Polanyi linear free en-
ergy relationship between reaction rates and the hydrocarbon substrates’ BDEC–H, which
suggest a HAT rate determining step.

Copper

Tolman reported the [CuIII(OH)(pyN2
iPr2)] complex 38 (fig. 1.8), and showed it to be one

of the most reactive metal-based HAT reagents known, with reaction rates in the oxid-
ation of DHA of the same order of magnitude, or better than most oxomanganese and
iron complexes.138,139 With the help of a modified ligand, a complex incorporating a hy-
droxylated THF molecule was isolated and crystallographically characterised.140 Extens-
ive studies of 38, [CuIII(OH)(pipN2

iPr2)] (39, fig. 1.8) and [CuIII(OH)(NO2pyN2
iPr2)] (40,

fig. 1.8), which respectively possess the more electron-donating ligand pipN2
iPr2 , and the

less electron-donating NO2pyN2
iPr2 , showed an enhanced reactivity for the electron-poor

complexes, as manifested in both reaction rates (k2 40/38/39 = 400/38/1) and BDEO–H (40
= 91, 38 = 90, 39 = 88 kcal/mol).141 Unlike other M–OH and M–OR complexes, these
Cu compounds displayed remarkably high kinetic isotope effects (25-30 at -40 ◦C), to-
gether with interesting differences in their dependence from temperature; while not fully
understood, these are indicative of subtle effects involving theHAT processes.139,141,142 The
oxidation of phenols has also been investigated, and showed an apparent switch between
a concerted HAT/PCET mechanism to a sequential PT-ET depending on the pKa of the
substrates.143

A large group of Cu–O–X oxidants is constituted by CuII(OAr) complexes, which have
been designed as models for the active site of galactose oxidase. A peculiarity of these
phenoxyl complexes is that the oxidising equivalents are shared between the metal and
the radical ligand, each of which is reduced by one electron in the oxidation. Work in the
field has been extensively reviewed.144–146 These complexes affect the oxidation of aliphatic
alcohols to aldehydes, as well as phenols and some hydrocarbons. Some of them displayed
high KIEs (e.g., up to 54 for the oxidation of CH3OH to CH2O by [CuII(tBusalophen•+)],
41, fig. 1.8, but 5-10 more commonly), suggesting a HAT rate determining step, with
tunnelling behaviour. The reactions are catalytic in the presence of oxygen, implying that
the phenolate ligand can be reoxidised, presumably through a Cu–OO• intermediate.

1.4.5 Comparative reactivity trends

The oxidising capabilities of M–O–X can be characterised on the basis of certain thermo-
dynamic and kinetic quantities. Activation of C–H bonds occurs generally through HAT,
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and the BDEO–H of the resulting M–O(H)–X product is a useful measuring stick for com-
paring reactivity properties. For a kinetic comparison of different oxidants, the reaction
by HAT from DHA is a useful benchmark, as it has been extensively investigated for a
number of species (table 1.1); for weaker oxidants, the reactivity towards O–H bonds, can
be considered instead. The HAT reaction betweenM–O–X are generally first order in both
oxidant and substrates, with k2 values that span several orders of magnitude (10-5 to 103

m−1 s−1 for the oxidation of DHA at 25 ◦C).

Effects of the central metal

As described above, the BDE of the O–H bonds formed in the oxidant after HAT/PCET
are the crucial thermodynamic parameter in determining the reaction’s thermodynam-
ics. This BDEO–H has been determined for several of the compounds in this review. For
Mn/Fe–OH2, and –O(H)R compounds they fall in the 67-89 kcal/mol range. By compar-
ison, for Fe–OH compounds values as high as 99 kcal/mol have been estimated (in com-
pound II of cytochrome P450).149 Manganese and iron displayed roughly similar levels of
reactivity: reaction rates span several orders of magnitude (table 1.1), but are more affected
by changes in the coordination environment and supporting ligands than by substituting Fe
for Mn. When complexes with the same ligands but different metals were compared (e.g.
6/7, 17/18, 242-/232-), Mn had slightly higher reaction rates, consistent with correspond-
ingly higher BDEO–H and E0 values. With the exception of the highly charged FeIII–OH
complex 13, CoIV and CuIII complexes 36–Sc and 38-40 surpass Fe–OX andMn–OX react-
ivity by orders of magnitude in the oxidation of DHA, and compare favourably with many
M=O complexes. Tolman’s CuIII–OH species, in particular, displayed almost record k2
values (2× 103 m−1 s−1), accompanied by higher BDEO–H values of 88-91 kcal/mol, and
were capable of oxidising unactivated C–H bonds such as those of cyclohexane (BDEC–H

= 99 kcal/mol).139 The M–O–X intermediates deriving from the late transition metals can
be thus considered intriguing species, which are capable of remarkable reactivity.

Effects of the O–X ligands

As mentioned above, the nature of the O–X ligand has often greater effect than that of
the central metal, even leading to the variation in reaction mechanism. The group of
complexes with ligands such as terminal hydroxide, alkoxide and simple acid oxoanions
showed largely similar behaviours. They perform C–H and O–H bond activation through
HAT, as demonstrated by KIEs and Polanyi linear relationships, and their reactivity is
modulated by steric and inductive electronic effects. For example, FeIII–OH (6) displayed
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Table 1.1. Kinetic and thermodynamic parameters for M–O–X compounds that have been studied
in the oxidation of C–H and O–H bonds.

Compound k2 / m−1 s−1 (T / ◦C)
[a]

KIE (T /
◦C) [a]

∆‡H /
kcal/mol

∆‡S / cal
K-1 mol-1

BDEO–H /
kcal/mol [b]

E0 vs
SHE / V

∆‡G
/∆(BDE)
slope [c]

Reference

5 1.2× 10−4 (25) 5.5 (25) 13.4 -25 83.5 0.660 0.17 65,147

6 4.3× 10−4 (25) 6.3 (25) 13.2 -26 80 0.555 0.26 69

7 1.6× 10−3 (25) 2.4 (25) 9,3 -36 82 0.810 0.07 68

8 - 1.7 (25,
ascorbate) - - 77 0.60 [e] at

pH 2 - 70

9 9.8× 10−4 (50) 5.1 (50) - - - 0.903 irr. - 71

10 - - - - - 0.900 irr. - 71

11a 1.6× 10−4 (60) 1.9 (60) - - - 0.79 - 72

13 73 [d] 21 (20) [d] 6.8 -27.2 84 1.09 [f] at
pH 2 - 74

20 2.21× 10−3 (25) 2.6 (25) 13.7 -24.5 - - 0.16 82–90

20H2
2+ 3.51× 10−5 (25) 4.8 (25) 15.2 -27.9 83.0 0.756 0.14 82–90

20H+ 6.64× 10−4 (25) - - - 84.3 - 0.23 82–90

21 1.5× 10−3 (-70) 3 (-70) - - - - - 91

22 0.14 (-70) 200 (-70) - - - - - 91

232- 0.29 [d] 2.6 (20) 14 -14 77 0.564 [g]

irr. - 93–95

23- 2.6× 10−2 [d] 6.8 (20) 5 -49 89 -0.36 [g]

irr. - 96,97

242- - - - - 66 0.98 [g]

irr. - 93,102

30 1.8× 10−5 (23) - - - - 0.19 [e] - 119–121,148

30–Zn - - - - 0.93 [e] - 119–121,148

30–H 6.7× 10−4 (23) - - - - - - 120

30–B(C6F5)3 4.3× 10−4 (23) 25
(xanthene) - - - - - 120

36–Sc 0.21 (5) 13 (5,
xanthene) - - - - 0.30 136

37 1.25× 10−2 (-30) 3.9 (-30) - - - - - 137

38 1.9× 102 (25) [d] 29 (-40) 5.1 -31 90 0.566 [g] 0.37 138,141

39 5.0 (25) [d] 25 (-40) 3.8 -38 88 0.380 [g] - 141

40 2× 103 (25) [d] 26 (-40) 4.9 -27 91 0.764 [g] - 141

12 76 (25, TEMPOH) 67 -0.83 73

14 0.13 (25, TEMPOH) 1.8 (25) 9.9 -35 - -0.02 [g] 0.08 75,77

15 3.9 (-35, TEMPOH) 2.7 (-35) 5.7 -41 - -0.15 [g] - 75,77

16 8× 10−2 (25,
TEMPOH) 1.8 (25) 11.4 -27 -0.24 [g]

irr. 0.20 76

17 2.1× 103 (25,
TEMPOH) 2.1 (25) 8.2 -25.5 70.1 [h] -0.02 [g] - 79

17b 3.6× 102 (25,
TEMPOH) 3.1 (25) 8.3 -29 0.13 [g] - 78

18 - - - - 68.6 [h] -0.254 - 79

19 11.7 (-70, 2,6-DTPB) 5.3 (-70,
2.6-DTPB) - - - - 0.63 80,81

19H+ 1.9× 10−3 (-70,
2,6-DTPB)

9.5 (-70,
2.6-DTPB) - - - 1.46 [g] 0.36 80,81

[a] k2 and KIE refer to the oxidation of DHA unless otherwise specified. [b] BDE of the newly formed
O–H bond after HAT. [c] Bell-Evans-Polanyi slopes were calculated from reported kinetic data; the Eyring
equation was used to derive activation energies. [d] Data at 25 ◦C was not available; values were derived
from the experimentally determined activation parameters via the Eyring equation. [e] Corrected based on
SCE = 0.24 V vs. SHE. [f] Corrected based on AgCl = 0.23 vs. SHE. [g] Corrected based on Fc = 0.64 V
vs. SHE. [h] Bond dissociation free energies are reported instead of BDEs.
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slightly faster reaction rates, compared to FeIII–OCH3 (5), in spite of both lower product
BDEO–H and E0. This was attributed to lower steric impediments for the hydroxide com-
plex versus the methoxide. Similarly, MnIII–OH complexes 14 and 17awere more reactive
than their counterpart MnIII–OCH3 (16 and 17b). Aryloxide ligands, on the other hand,
did not produce reactive complexes in 17c,d. Varying the chain length of linear alkoxide
ligands (C1-C4) did not induce a large effect in reactivity differences in 11a-d. Interest-
ingly, the order of oxidising power in the series 17a-d (and in 5,6) is the reverse of their
reduction potential.

Oxo versus O–X ligands

It is interesting to compare the structure and reactivity of M–O–X complexes to that of
terminal M=O complexes. A structural feature that is crucial in determining the reactiv-
ity properties of M=O complexes is π bonding between the O-atom and the metal. The
O2- ligand is a strong π donor, which generates destabilising interactions with occupied
d orbitals (section 1.3.1). By contrast, in an –O–X ligand the electron density is relieved
by the formation of the O–X bond. Although one electron pair can still be available for π
donation to the metal, the –O–X ligands are not obligate π donors, leading to more subtle
effects in bonding and reactivity. In their oxidising reactions, the general trend is for M=O
complexes to show a strong preference for the concerted group transfer mechanisms. For
M–O–X this preference is less marked. Protonation or Lewis acid binding cause increased
charge andE0, improving the driving force for ET. As a result themechanisms can switch to
either sequential ET-PT, ET followed by diffusion of the resulting substrate radical cation,
or concerted PCET, but with a bigger effect of electron transfer on the reaction rates. In
the systems that allow the direct comparison of –OH and =O species supported by the
same ligands, the M=O were markedly more reactive (k2(19)/ k2(19H+) = 6000; k2(20)/
k2(20H2

2+) = 60; k2(22)/ k2(21) = 90), although some M–O–X complexes, particularly the
tetracationic FeIII–OH 13 and the CoIV and CuIII complexes 36–Sc and 38-40 can rival or
surpass them.

Effects of Lewis acid ligation

Awider variety of mechanisms is involved in the oxidations performed by M–O–LA com-
plexes. An important factor is that these highly electron-withdrawing groups tend to lead
to particularly high reduction potentials. Reactions which occur through rate determining
electron transfer are then more favoured, especially as concerted group transfer reactions
(HAT/PCET and OAT) can suffer from steric hindrance. Such effects were observed in the
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Mn compounds 20H2
2+–LA, which was faster than the corresponding M=O and M–OH

compounds in ET-initiated oxidation of phosphines, but slower in OAT to alkenes and
HAT; in 28b-c, which were faster than 28a in ET to sulphides, but slower in HAT re-
actions; and in the iron compound 33, which switched from HAT to ET-PT in benzylic
oxidations in the presence of Sc3+. In the latter case, the large increase of E0 induced upon
binding of the Sc3+, without a corresponding increase of the pKa, even caused the favoured
mechanism in the oxidation of C–H bonds to tip from concerted PCET to a sequential ET-
PT, with rate determining electron transfer processes, as evidenced by the disappearance
of a KIE.

Effects of the supporting ligands

The supporting, spectator ligand also plays an important role: in general, the complexes
with more electron-poor ligands were more capable HAT reagents. In fact, both lipoxy-
genase and its functional models (5-11) have uncommonly high FeIII/II redox potentials
(>0.55 V vs. SHE). Neutral ligands tend to give better performances than anionic ones;
the uncharged 12, with E0 = -0.83 V, had only limited oxidation capability (reacted with
the weak O–H bond of TEMPOH). The porphyrinoid systems 12 (neutral) and 13 (charge
+4, arising from N-methylpyridinium moieties at the periphery of the ligand) demonstrate
the dramatic effect that a change in electron-poorness of the system has on its oxidation
power. In the series of CuIII complexes 38-40, as well, the more electron-rich ligands cor-
responded to lower E0, BDEO–H, and reaction rates. It should be remembered that E0 is
the relevant thermodynamic parameter only for a simple electron transfer process, while
the BDE is the crucial parameter in defining a PCET/HAT reaction. E0 and pKa concur
in determining the BDE of an O–H bond, and the two are somewhat inversely correlated.
The significant influence of E0 in the HAT reactivity of M–O–X species can be attrib-
uted to a limited variability of pKa: the basicity of –O–X is not as strongly affected by
the electron density of the metal as that of the terminal oxo ligand in M=O is, as a con-
sequence of π bonding. Experimentally determined BDEO–H values are only available for
a few complexes, which unfortunately limits the understanding of these effects.

Kinetic isotope effects

An important feature of the HAT reactions is that they display primary KIEs when deu-
terated substrates are oxidised, as expected when C–H (C–D) bond breaking is involved
in the rate determining step. The KIE values for the M–O–X compounds are relatively
small (<�<10), with few exceptions which are represented by the highly reactive 13 (KIE
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= 21) and 38-40 (KIEs = 25-29), and the triarylboron adduct 30–B(C6F5)3 (KIE = 25).
These observations are in sharp contrast with very high values observed in M=O com-
plexes; FeIV=O complex 22 has KIE = 200 at -70 ◦C (k2 = 0.14 m−1 s−1), while FeIV–OH
21, supported by the same ligand, has only KIE = 3 (k2 = 0.0015 m−1 s−1). Interestingly,
theoretical studies have failed to predict a large difference in KIEs between FeIV=O and
FeIV–OH.150 According to its semiclassical derivation, an H/D KIE arises from the differ-
ence in zero-point energies of the stretching vibrations in the E–H bond that is broken (1.15
kcal/mol higher in C–H vs C–D). In the transition state of an HAT reaction, this vibration
is lost, and the original ∆E translates to a lower activation energy for C–H breaking than
for C–D.151,152 Values of KIE lower than those thereby predicted (~7 at room temperature)
are however not uncommon. A possible cause is a lack of linearity in the O---H---C trans-
ition state.It is possible that this might be more common for M–O–X type oxidants, whose
stereoelectronic properties are more likely to promote an approach along a narrower angle
than 180°, resulting in low KIE values. The very large KIEs observed in M=O however
result from tunnelling effects, which complicates the treatment of the phenomenon; the
factors affecting their exact magnitude are as of yet not completely understood.

Conclusions

In conclusion, numerous high valent M–O–X species have been investigated as oxidising
intermediates, and they are competent in reactions that include the activation of hydrocar-
bons through HAT. M–O–X complexes of the late transition metals seem to be promising
oxidants, rivalling some of the better known M=O complexes. Numerous steric and elec-
tronic effects have been shown to affect their reactivity, often leading to subtle mechanistic
variations. In general, when compared to M=O, several complexes have shown a relat-
ively higher propensity to undergo electron transfer processes, as opposed to concerted
atom transfer (HAT, OAT), presumably as a consequence of higher charge and reduction
potentials. Nevertheless, many of these effects are still poorly understood, due to the dif-
ficulty of drawing general trends from limited examples. Several, relatively unexplored
new directions of research are thus open in the study of reactive M–O–X complexes, and
will hopefully lead to new strategies towards the development of efficient catalysts for the
oxidation of hydrocarbons.
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1.5 Nickel-based oxidations

1.5.1 Enzymes and synthetic catalysts

In contrast to metals such as manganese, iron and copper, nickel is less common in bio-
logical systems, and only a few Ni-dependent enzymes are known.153 Aciredutone dioxy-
genase catalyses the oxidation of aciredutone to 3-(methylthio)propionate, but the role of
the metal is limited to that of a Lewis acid.154 Quercetin 2,4-dioxygenase activates oxy-
gen and initiates the aerobic degradation of quercetin, although it hasn’t been established
whether the metal is redox-active in the reaction.155 It has been suggested that nickel it
has been rarely selected for by evolution because it easily substitutes Fe in certain DNA-
repairing enzymes, making it potentially toxic.153 Moreover, the aqueous NiII ion is redox-
inactive, as both its oxidation and reduction occur at more extreme potentials than those of
water; electronic modulation by the ligands is thus highly important. On the other hand,
it possesses a flexible coordination geometry, as octahedral, square-planar and tetrahedral
complexes of NiII are all common, unlike for heavier d8 ions.156

In contrast with this limited biological utilisation, numerous homogeneous and hetero-
geneous nickel oxidation catalysts exist. In the 80s and 90s, alkene epoxidation catalysts
were developed, based on various N, O and P ligated NiII salts.157–160 Kochi and Burrows
conducted independent mechanistic studies which led to the suggestion of NiIV=O as the
OAT agent, on the basis of the analysis of product distribution and of side reactions; the
species was never observed.161,162 Computational studies have also suggested NiIV–OH
type species capable of epoxidation.163 In the epoxidation reactions, competitive ligand
and solvent oxidations have been observed, which would proceed through HAA, hinted
at the possibility for hydrocarbon oxidation. More recently, this has been achieved cata-
lytically with NiII complexes supported by various tetradentate polypyridylamine ligands
by Itoh’s and Palanandaviar’s groups.164–168 Both NiIII=O and NiIV=O intermediates have
been proposed on the basis of computational studies.169 A nickel(II)-acylperoxo complex
was also isolated, and proposed as an alternative oxidant in catalysts supported by hy-
drotris(pyrazolyl)borate type ligands.170 Itoh’s catalysts were also shown to oxidise arenes
selectively to phenols; in this case dinuclear dinickel(III)-bis(µ-oxo) complexes were pro-
posed as the active metal species.171 Water oxidation catalysis by nickel complexes has also
been demonstrated.172,173 Finally, the chlorination of hydrocarbons, by NaOCl and under
nickel catalysis, has been demonstrated, although mechanistic studies in this case pointed
towards the formation of highly reactive, metal-free Cl• radicals.174
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1.5.2 Model complexes

As the work done in catalysis shows, a multitude of reactions and mechanisms involving
high-valent nickel have been observed or hypothesised. Model complexes for the hy-
pothesised intermediates are a rich area of study. Several structural motifs have been
explored and structurally characterised, including Ni-peroxo, -superoxo, -alkylperoxo
and -acylperoxo.175 Moreover, binuclear compounds with bridging oxo ligands ([NiIII2(µ-
O)2],176–181 and [NiIII(µ-O)2CuIII]38) have been found to be effective both as electrophilic
(HAT, aromatic oxidation) and nucleophilic (aldehyde deformylation) oxidants.

In contrast, terminal Ni-O complexes present a much more limited number of examples;
these include the putative NiIII–O• and NiIII–O(H) species (see 3, section 1.3.2 and 37,
section 1.4.4). Another highly reactive, metastable species, with a proposed NiIV–OCl
structure has been recently reported (42); 42 was capable of epoxidising alkenes and hy-
droxylating alkanes (cyclohexane), at even faster rates than the NiIII–O• analogue 3.182

Aside from these, a few unreactive Ni–OX species are known. Latos-Grażyński obtained
a complex, from the addition of hydroxide to a bromo NiIIIspecies, which was only char-
acterised by EPR spectroscopy.183 Liaw reported NiIII–OCH3 and NiIII–OPh species, but
didn’t investigate their reactivity.184 Finally, organometallic NiIII–OR complexes have been
prepared which can reductively eliminate to form C-O bonds.185 The limited number of
examples demonstrate how the difficulty of trapping highly reactive, terminal Ni-O species
has hindered the progress towards a better understanding of their structure and reactivity,
and their catalytic behaviour.

1.6 Aims & methods

The overarching aim of my group’s research is the preparation of high-valent metal-oxygen
complexes, which can function as models of the intermediates that are hypothesised to
activate C–H bonds in catalytic systems. Nickel was chosen as the main focus of this
project, with the ultimate goal of isolating the terminal oxo complexes, NiIII=O or NiIV=O;
as well as other NiIII–O–X species. Trapping these species will help elucidate their role in
catalytic cycles, and ascertain how their oxidising power andmechanism of action compare
with those of the better-understood Fe and Mn equivalents.

The first step in the investigation is the synthesis and characterisation of stable, low-
valent (NiII) precursors, through the ordinary methods of coordination chemistry. The
pyridinedicarboxamidato(2-) ligands were selected as ideal frameworks for the stabilisa-
tion of the high oxidation states of nickel (fig. 1.9. The anionic amidate donors, due
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to their strong σ-donating ability, are capable of stabilising high oxidation states of the
central metal; these moieties are also resistant to oxidative and hydrolytic degradation.186

Moreover pincer ligands, that is, tridentate, meridionally coordinating ligands, are cap-
able of favouring the square planar geometry, which, based on the arguments exposed
in section 1.3.1, helps stabilise the π-donating O ligands. A further advantage of pincer
ligands that contributes to their widespread use in catalysis is that their conformational ri-
gidity makes them highly resistant to several common degradation pathways.187,188 Tolman
made use of N,N’-bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamidato(2-) (pyN2

iPr2)
and similar ligands to prepare the CuIII–OH compounds 38-40,138,141 as well as an analog-
ous CuII–O2

•-189 Thermally stable NiIII and NiIV species have also been synthesised as 2:1
pyN2

H2 : Ni complexes.190

Figure 1.9. Complexes of the ligands pyN2
Me2 and pyN2

iPr2 .

Once the NiII precursors are synthesised, high-valent species can then be generated
through their chemical oxidation. Metastable intermediates can be trapped by the use
of low-temperature techniques, and studied spectroscopically (UV-visible, vibrational,
EPR, NMR spectroscopies); in the case of highly reactive species, only possessing a
transient existence, indirect evidence can still be derived from the analysis of reaction
products and reaction kinetics.

Aside from their structural and spectroscopic properties, a central focus is on the reactivity
of the intermediates, specifically in oxidation reactions. The main modes of reactivity is
expected to correspond to those familiar from enzymes and Fe/Mn models (section 1.2):
chiefly HAT, from both C–H and O–H bonds, and OAT; reaction with model substrates
and kinetic analysis is an effective way of investigating these reactions. Two fundamental
questions revolve around the individuation of structure/reactivity relationships. A first
goal is to determine the effects that the increased d electron count and electronegativity in
moving from the middle to the right of the transition series, have on the oxidising power of
the complexes and their feasibility as intermediates in catalytic systems. At the same time,
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comparing systems with the same central metal, it would be interesting to assessing how
oxo complexes differ from those having different terminal O-donor ligands, in terms of
both oxidising power and variation in their mechanisms of formation and reactivity. The
results in this field of investigation will be beneficial to the understanding and design of
oxidation catalysts.
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Chapter 2

Characterisation and Oxidising
Reactivity of a Nickel(III) Bicarbonate
Complex

The work described in this chapter has been previously published in an article in Chemistry –
A European Journal.1 The DFT calculations were performed by Prof. Marcel Swart (Univer-
sity of Girona, Spain); the XAS data collection and analysis were done by Dr Eric R. Farqua-
har (Brookhaven National Laboratory, USA); Dr. A. J. Fitzpatrick and Prof. Grace G. Morgan
(University College Dublin) kindly allowed use of the EPR spectrometer and helped with spectra
acquisition.

Reproduced in part with permission from: Pirovano, P.; Farquhar, E. R.; Swart, M.; Fitzpatrick, A.
J.; Morgan, G. G.; McDonald, A. R. Chem. Eur. J. 2015, 21, 3785–3790. Copyright 2015 John
Wiley and Sons.
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2.1 Introduction

As outlined in sections 1.5 and 1.6, the small number of well-characterised, high valent
nickel complexes in the literature poses an obstacle to the investigation of their oxidative
reactivity. At the start of this work, the few known mononuclear, terminal NiIII–O–X
species had either limited characterisation, or were not known to react with oxidisable
substrates.2–5

Holm has reported the synthesis of a series of [NiII(OH)(pyN2
R2)]– complexes, and demon-

strated the reactivity of the hydroxo ligand as a base or nucleophile.6–9 One important result
was the observation that, on exposure to atmospheric CO2, [NiII(OH)(pyN2

Me2)]– (43) re-
acted to form a terminal bicarbonato complex, [NiII(OCO2H)(pyN2

Me2)]–, 44a (sch. 2.1).
These compounds were selected as starting materials for the preparation of high-valent
Ni–O–X oxidants. While attempts at the oxidation of the NiII–OH complex did not prove
fruitful, I describe in this chapter the successful oxidation of 44a, to yield a metastable
NiIII–O–X species that is capable of oxidising organic substrates.

Scheme 2.1. Complexes [NiII(OH)(pyN2
Me2)], 44a, and 44b. Schematic representation of the

preparation of 44a and 44b.

2.2 Formation and characterisation of a nickel(III) bicar-
bonate complex

In acetone, at -80 ◦C, 44a was reacted with the organic oxidant tris(4-bromophenyl)-
ammoniumyl hexachloroantimonate10 (‘magic blue’, dissolved in CH3CN, E◦ = 0.70 V vs
Fc+/Fc11). An instantaneous reaction was observed as evidenced by the appearance of two
intense features in the electronic absorption spectrum (λmax = 520 and 790 nm, fig. 2.1a),
assigned to a novel species 44b. A titration of magic blue against 44a showed that the
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intensity of the new features reached a maximum after the addition of one equivalent of
magic blue (fig. 2.1a, inset). The addition of greater than one equivalent of magic blue
did not cause a further change in the new features, while the presence of excess unreacted
magic blue in the reaction mixture was observed in the electronic absorption spectrum
(fig. 2.1b). Initial indications thus suggested that 44a had been oxidized by one electron
yielding a novel species, 44b, postulated to be a NiIII–OCO2H complex.

(a) (b)

Figure 2.1. (a) UV-Vis spectrum of 44a (orange trace, 0.4 mm in acetone) that was reacted with
magic blue at -80 ºC to yield 44b (blue trace). Inset: Titration of 44a with magic blue monitored
by plotting the intensity of the λmax = 520 nm feature versus equivalents of magic blue. (b) UV-Vis
spectral changes during the titration of 44a (0.4 mm, acetone solution, solid orange trace) with 15
mm magic blue solution in acetonitrile at -80 ◦C. The solid blue trace corresponds to the addition
of 1 equivalent of oxidant, and the dashed grey traces to further addition of excess oxidant.

The intense absorption features in the visible and near-IR (NIR) regions of the UV-Vis
spectrum, observed upon the reaction between 44a and magic blue to yield 44b, suggest a
change in the oxidation state of the Ni centre. Many of the NiIII complexes reported to date
display similarly intense chromophores in the visible and NIR regions of their absorption
spectra.3,5,12–19 Intermediate 44b could be generated in acetone or THF. The features as-
sociated with 44b are the same in both solvents. Likewise, when 44b was prepared in the
presence or absence of excess CH3CN (acetone or CH3CN can be used as the solvent for
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magic blue) no difference in the electronic absorption features was noted. These observa-
tions are important as they demonstrate that solvent is not coordinating to the NiIII centre
in 44b. Should solvent coordinate to the NiIII centre in 44b, one would anticipate different
UV-Vis characteristics of the oxidized product in different solvent media.

2.2.1 EPR spectroscopy

44bwas further characterized using X-band electron paramagnetic resonance (EPR) spec-
troscopy. An acetone solution of 44b was frozen in liquid nitrogen and an axial spectrum
was obtained at 113 K (fig. 2.2, g⊥ = 2.25, g‖ = 2.02). The yield of NiIII was calculated
to be 95% (±15%) by double integration of the signal of 44b against that of a radical
standard (TEMPO). The obtained g-values are consistent with an S =½ (low-spin) d7 NiIII

species,16,20–22 and the average g-value (gav. = 2.17) is indicative of the unpaired electron sit-
ting on the Ni centre, rather than being a ligand-based radical. Importantly, g⊥ > g‖,which
is typical for axially elongated octahedral complexes or square planar complexes.14,16,20–26

2 8 0 3 0 0 3 2 0 3 4 0
F i e l d  ( m T )

2 . 4 2 . 2 2
g - f a c t o r

Figure 2.2. Solid trace: X-band EPR spectrum of 44b in a frozen acetone solution. Measured at
113 K; microwave power = 31.6 mW; modulation amplitude = 0.5 mT; g⊥ = 2.25, g‖ = 2.02, gav. =
2.17. Dashed trace: simulated spectrum for 44b. The system was modelled as an S = ½ electron
spin with axial g tensor, and inhomogeneous line broadening. The greater line broadening in the x
and y directions is possibly due to unresolved hyperfine coupling with the 14N nuclei of the ligand.
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The most likely configurations for a low-spin d7 ion in pseudo-tetragonal symmetry in-
volve the unpaired electron density being located in an orbital of predominant dz2 or dxy

character. Instances where g⊥ > g‖ have been usually understood to correspond to a dz2

singly-occupied orbital.14,16,20–22,24,26 In all, the EPR analysis suggests that oxidation of the
square-planar precursor 44a resulted in the loss of an electron yielding a square-planar, S
= ½, d7, NiIII species, 44b, with a metal-based dz2-like occupied orbital.

Density functional theory (DFT) Mulliken spin density calculations were performed in or-
der to further probe the location of the unpaired electron density in 44b. These calculations
supported the experimental observations that the unpaired spin predominantly resides in
a metal-based molecular orbital. The DFT calculations predict that either metal-based
dz2- or dxy-like molecular orbitals are the likely locations of the unpaired electron density
(fig. 2.3 displays spin density plot for dz2 occupancy). The DFT calculations thus support
the EPR determined electronic structure of 44b.

Figure 2.3. Left: DFT optimized structure of 44b. Hydrogen atoms (except bicarbonate proton)
have been excluded for clarity. Right: DFT optimized spin density plot of 44b.

Table 2.1. Nickel-ligand bond distances for 44a and 44b as determined using: [a] XRD; [b] EX-
AFS; and [c] DFT.

Ni–OCO2H Ni–Npyridine Ni–Namido

44a[a]6 1.871(4) 1.817(4) 2 at 1.895(4)
44a[b] 4 at 1.87
44a[c] 1.90 1.80 2 at 1.90
44b[b] 2 at 1.84 2 at 1.99
44b[c] 1.96 1.84 2 at 1.93

45



2.2.2 X-Ray absorption spectroscopy

Figure 2.4. XANES spectra of 44a (black trace) and 44b (green trace), along with associated first
and second derivatives.

X-ray absorption spectroscopy (XAS) was employed to analyse the electronic and struc-
tural properties of 44b. The XAS K edge energy measured for 44b (8345 eV) lies in
the expected range for NiIII complexes.27–29 Interestingly, there is only a very minor shift
in the K-edge energy compared to the K-edge energy measured for NiII-containing 44a
(fig. 2.4). This is not unusual for Ni (and indeed Cu) K-edge analysis, several groups have
made similar observations when comparing NiII/III species within comparable coordination
environments.28,30–32 Contributions to the edge from 1s → 4p absorption features distort
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Figure 2.5. (top) k3χ(k) EXAFS spectra of 44a (black trace) and 44b (green trace). (bottom)
Fourier transforms of the k3χ(k) EXAFS (k = 1.5-13.5 Å-1 for 44a, k = 1.5-13 Å-1 for 44b).
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the edge and prevent accurate assessment of the edge shift upon oxidation of 44a to yield
44b.

The derivatives of the normalized X-ray absorption near-edge spectrum (XANES) indicate
a modest edge shift of 0.1 - 0.2 eV when comparing the 1s→ 3d pre-edge transition of 44a
to 44b, in accord with increased oxidation of the Ni centre in 44b. Although there appears
to be negligible change in the edge energy between 44a and 44b, the shape of the edge
and relative intensities of features in the edge are markedly different. Such differences are
indicative of the distinct electronic environments of the Ni-centre in complexes 44a and
44b.

Extended X-ray absorption fine structure (EXAFS) analysis of 44b yielded a disordered
first coordination shell of 4 O/N donors (fig. 2.5, table 2.2 in the experimental section).
This shell could be split into two components with two scatterers at∼1.84 Å and two scat-
terers at ∼1.99 Å giving the best fit of the experimental data obtained for 44b (table 2.1).
These observations suggest that a single-bonded oxygen ligand is present in 44b, i.e. the
bicarbonate remains intact.Fits with 5 N/O donors were also reasonably good, and the EX-
AFS analysis cannot conclusively exclude this possibility. Attempts to fit the data contain-
ing a very short Ni–O bond (∼1.65 Å) resulted in very poor fits, ruling out the possibility
of 44b being a NiIII=O species. Comparison of the EXAFS fits for 44a and 44b suggests
there are little to no structural differences in the two complexes. The fits acquired for 44a
match well with the X-ray diffraction determined bond distances obtained for 44a.6

2.2.3 DFT calculations

DFT was employed to further understand the structural properties of 44b (table 2.1,
fig. 2.3). The DFT predictions indicate that the bicarbonate ligand in 44b would remain
bound in a monodentate fashion, in good agreement with the EXAFS analyses of a first
coordination sphere of 4 donors. Furthermore, the computational analyses predicted that
the d7 NiIII ion in 44b would remain in a square planar coordination environment ana-
logous to that seen for 44b, in good agreement with the EPR measurements that indicate
the NiIII ion sits in a square planar environ. DFT also predicted that the Ni–OCO2H and
Ni–N(py) bond distances in 44b would be 1.96 Å and 1.84 Å (table 2.1), respectively,
in reasonably good agreement with the EXAFS analyses showing two O/N scatterers at
∼1.84 Å.

The combination of EXAFS and DFT predictions shows that the Ni centre in 44b has
remained 4-coordinate, in a square planar environment, and that the bicarbonate ligand is
present. It is important to note that the obtained EXAFS data could also be reasonably well
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fit with a –OH ligand (in place of –OCO2H). Holm et al demonstrated that 44a reversibly
binds CO2, and it is reasonable to suggest the affinity of 44b for CO2 may be less than for
44a.6,7,9

It was also endeavoured to probe 44b using Raman spectroscopy, but failed to identify
peaks that confirmed the presence of either –OH or –OCO2H ligands; the rich Raman spec-
trum of the acetone support medium constituted a hurdle. Efforts to obtain mass spectro-
metric evidence for the molecular formula of 44b also failed, presumably as a result of the
low thermal stability of 44b. It is important to note that oxidation of [NiII(OH)(pyN2

Me2)]–

withmagic blue does not yield the same spectroscopic features attributed to 44b, but in fact
yields as yet unidentified species. To conclude, 44b is likely to maintain the coordinated
–OCO2H ligand.

2.3 Oxidative reactivity

2.3.1 Oxidation of O–H bonds

44b was stable at -80 ◦C, but decayed upon warming above -40 ◦C. After warming to
room temperature, the solution was EPR silent, indicating the disappearance of the ox-
idised species, suggesting the formation of as yet unidentified diamagnetic NiII species.
After thermal decay and acidic work-up of the reaction mixture, the protonated ligand
(H2pyN2

Me2) was recovered without any indications of ligand oxidation (no evidence for
ligand hydroxylation or oxidative decomposition was obtained by mass spectrometry or
1H NMR spectroscopy).

The HAA reactivity of 44b towards external substrates was investigated by reacting it with
molecules containing weak O–H or C–H bonds. At -40 ◦C, 44b reacted with 100 equiv. of
2,6-di-tert-butylphenol (2,6-DTBP), as evidenced by the disappearance over 600 s of the
electronic absorption features attributed to 44b (fig. A.1). This resulted in the appearance
of a new band at λmax = 555 nm, which can be attributed to the formation of the phenoxyl
radical as a result of HAA from DTBP by 44b.33,34 EPR analysis confirmed the formation
of a phenoxyl radical (fig. A.2). After warming to room temperature, 3,3’,5,5’-tetra-tert-
butyl-[1,1’-bi(cyclohexane)]-2,2’,5,5’-tetraene-4,4’-dione (sch. 2.2) and traces of 2,6-di-
tert-butylquinone were detected using GC-MS. Such products form by radical coupling or
thermal decomposition, respectively, of the parent 2,6-di-tert-butylphenoxyl radical.

A pseudo first-order rate constant (kobs) for this reaction was determined by plotting the
change in absorbance features for 44b against time and fitting the resulting curve (fig. A.3).

49



Scheme 2.2. Formation of the final products from the oxidation of 2,6-DTBP by 44b.

A second-order rate constant (k2) was calculated from the slope of a linear plot of kobs val-
ues determined under a series of substrate concentrations (fig. A.4). The k2 value determ-
ined for the reaction between 44b and 2,6-DTBP was 0.1040 m−1 s−1, while for deutero-
2,6-DTBP a k2 value of 0.0503 m−1 s−1 was determined, yielding a KIE value of 2.1. This
KIE value is consistent with 44b performing HAT on the O–H bond of 2,6-DTBP, and
with HAT being rate-limiting.

2.3.2 Oxidation of other substrates

44b was also found to react with 1-benzyl-1,4-dihydronicotinamide (BNAH, BDEC–H =
68kcal/mol) at -80 ◦C, as evidenced by a rapid disappearance of the visible absorption
features attributed to 44b (fig. A.5). The product of this reaction was identified by 1H
NMR spectroscopy as 1-benzyl-1-pyridinium-3-carboxamide, which typically forms as a
result of HAT from the C–H bond of BNAH. This product formed as a result of a two-
electron oxidation of BNAH. This likely occurs through initial HAT from BNAH followed
by an electron transfer from the resultant product to another molecule of 44b, although the
oxidation could also proceed through a concerted hydride transfer step. In summary, 44b
was found to be a quite reactive HAT/PCET reagent capable of activating O–H and C–H
bonds at low temperatures.

The capacity of 44b to carry out OAT was also probed. 44b was reacted with triphen-
ylphosphine (PPh3, 50 equiv.) at -80 ◦C resulting in the formation of triphenylphosphine
oxide (PPh3O, detected by ESI MS and 31P NMR spectroscopy, fig. A.6). OAT is a two-
electron transfer process, thus the formation of PPh3O from this reaction would be ex-
pected to yield a NiI product. Such a NiI species was not observed, but rather only NiII
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products. Presumably, the formed NiI product reacts with another molecule of 44b (sim-
ilar to the BNAH oxidation) to yield the observed NiII products; alternatively, the reac-
tion proceeded through two successive one-electron transfer steps from two distinct 44b
molecules. 44b was completely consumed by just 0.5 equivalents of PPh3 and BNAH,
confirming the suspicions about the mechanisms of its reductive decay.

A second-order rate constant (k2) for the reaction between 44b and PPh3 was determined
(5.3 m−1 s−1, figs. A.7 and A.8). This k2 value for PPh3 oxidation is quite high compared
to values determined for Fe=O and Mn=O complexes in the same reaction.35 It is quite
significant that the Ni-species displayed such a high rate constant.

44b was also found to be reactive towards ferrocene. Ferrocene (1 equiv. in acetone)
reacted with 44b instantaneously, as evidenced by the disappearance of UV-Vis features
attributed to 44b, and new features in the visible region that can be attributed to ferrocen-
ium cation (λmax = 630 nm, fig. A.9). The conversion of ferrocene to ferrocenium was
quantitative. 44b thus represents an exciting example of a terminal Ni-oxygen adduct that
is capable of HAA, OAT and electron transfer.

2.4 Conclusions

In summary, a NiIII complex, 44b, was generated by the one-electron oxidation of 44a at
low temperature. EPR spectroscopy suggested the oxidation was borne principally by the
central metal atom, yielding a low-spin (S = 1/2), d7 NiIII ion, sitting in a square planar
coordination environment. XAS analysis provided further support for this indicating that
44b contained a NiIII centre coordinated by four N/O donor ligands. DFT calculations on
the structure and Mulliken spin density supported these experimental conclusions further.
44b was capable of oxidizing organic substrates including 2,6-DTBP, BNAH, and PPh3.
This constituted the first example of a terminal NiIII–O(X) species that is sufficiently well-
behaved to allow thorough structural, spectroscopic, and reactivity investigations, and was
an important step towards the elucidation of the properties of these compounds and their
role in oxidation catalysis.
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2.5 Experimental section

Physical Methods

Electronic absorption spectra were recorded on a HewlettPackard (Agilent) 8453 diode
array spectrophotometer (190-1100 nm range) in quartz cuvettes cooled using a liquid
nitrogen cooled cryostat from Unisoku Scientific Instruments (Osaka, Japan). 1H and 31P
NMR analyses were performed on a Bruker Avance III 400 MHz instrument. GC-MS
was performed using a GCT Premier Micromass time of flight mass spectrometer (TOF).
ESI mass spectra were acquired using a Micromass time of flight spectrometer (TOF),
interfaced to aWaters 2690 HPLC. EPR spectra were recorded on aMagnetechMiniscope
MS2000 instrument, with liquid nitrogen cooling.

Materials and synthesis

All reactions with air-sensitive materials were conducted under an inert atmosphere using
either standard Schlenk techniques or a nitrogen atmosphere glove box. All reagents and
solvents were purchased from commercial sources and used as received, unless otherwise
stated. Anhydrous DMF and acetonitrile were purchased and used without further puri-
fication. Anhydrous THF and diethyl ether were dispensed through an Innovative Tech-
nology PureSolv EN solvent purification system and deoxygenated by purging with argon.
Acetone was dried over magnesium sulfate, then over 4 Å molecular sieves, distilled and
deoxygenated by purging with argon.

[NiII(OH)(pyN2
Me2)]– was prepared according to the reported procedure6 and recrystal-

lized from DMF/diethyl ether. Its identity was confirmed by 1H NMR, UV-Vis and ATR-
FTIR spectroscopies, and its stability in acetone solutions verified by 1H NMR spectro-
scopy. The [D6]acetone spectrum displays minor solvent shifts compared to the reported
CD2Cl2 spectrum. Moreover, the proton signal at -4.89 ppm signifies the integrity of the
hydroxo moiety.

δH (400 MHz, [D6]acetone): 8.00 (1H, t, 4-py), 7.49 (2H, d, 3,5-py), 6.85 (4H, d,
ArH), 6.77 (2H, t, ArH), 3.45 (8H, m, NCH2CH3), 2.50 (12H, s, CH3), 1.35 (12H, m,
NCH2CH3), -4.89 (1H, s, OH).

Solutions of 44a were obtained by exposing [NiII(OH)(pyN2
Me2)]– to CO2 according to

the reported procedures,6 and they were either used directly or the compound was isol-
ated by crystallisation. The 1H NMR spectrum of 44a in [D6]acetone differs from that of
[NiII(OH)(pyN2

Me2)]– by the absence of the OH signal.
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δH (400 MHz, [D6]acetone): 8.09 (1H, t, 4-py), 7.50 (2H, d, 3,5-py), 6.85 (4H, d,
ArH), 6.77 (2H, t, ArH), 3.42 (8H, m, NCH2CH3), 2.52 (12H, s, CH3), 1.39 (12H, m,
NCH2CH3).

Deutero-2,6-di-tert-butylphenol

Deutero-2,6-di-tert-butylphenol was prepared as follows according to a modification of
the reported literature procedure.36

1.030 g of 2,6-di-tert-butylphenol (5.0 mmol) was stirred with 2 mL of deuterium oxide
for 24 h, whilst heating above its melting point (45◦C). The mixture was then allowed to
cool down and the phenol extracted into 4 mL of hexane. The solution was dried over
magnesium sulfate and the solvent removed in vacuo. The cycle was repeated with 2 mL
of fresh D2O, and the product was obtained as a white solid (0.820 g, 80%). The degree
of incorporation of deuterium (95%) was evaluated via 1H NMR, by the decrease of the
intensity of the OH peak at 5.22 ppm (in anhydrous CD3Cl).

Preparation of [NiIII(OCO2H)(pyN2
Me2)], hydrogenocarbonato-N,N’-

bis(2,6-dimethylphenyl)-2,6-pyridinedicarboxamido-nickel(III), 44b

A 0.4 mm solution of 44a in acetone was cooled in a cuvette cooled to -80 ◦C (or -40◦C).
52 µL of a freshly prepared 15 mm solution of magic blue in acetonitrile was added under
continuous stirring. The formation of 44b was immediate as evidenced by the formation
of bands at 520 and 790 nm.

EPR analysis

A 0.4mm solution of 44b for EPR analysis was prepared according to the above procedure.
An aliquot was transferred, via a pre-cooled pipette, into a pre-cooled quartz EPR tube
and frozen in liquid nitrogen. The EPR spectrum was recorded at 113 K, 9.387 GHz,
31.6 Wmicrowave power, with a 300 mT field sweep in 60 s, and 0.5 mT field modulation
amplitude. Integration, simulation and fitting were executed with Matlab and the easySpin
computational package.37 The system was modelled as an S =½ electron spin with axial g
tensor, and inhomogeneous line broadening. Quantification of the concentration of spins
in the sample was determined by comparison of the double integral of the signal of 44b to
that of a frozen 0.4 mm acetone solution of TEMPO, measured under the same conditions.
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X-Ray absorption spectroscopy

Samples for XAS analysis were prepared by transferring acetone solutions of 44a (4 mm)
and 44b (1.6 mm) into XAS sample cups pre-cooled in a liquid nitrogen bath and imme-
diately freezing them. The solution of 44b was prepared by the slow addition of 0.5 mL
of a freshly prepared 10 mm solution of magic blue in acetone to 2 mL of a 2 mm solution
of 44a cooled to -80 ◦C. The lower concentration of 44b was due to limited solubility at
low temperature.

XAS Data Collection & Analysis

XAS data was collected on beamline X3B at the National Synchrotron Light Source
(Brookhaven National Laboratory, Upton, NY USA). The beamline was equipped with
a Si(111) double crystal monochromator with sagittal focusing of the second crystal for
energy selection, and a downstream cylindrically bent nickel-coated mirror for vertical
focusing and harmonic rejection. Samples were maintained at approx. 15-20 K using a
He Displex cryostat. A Ni metal foil was used for internal energy calibration, with the
first inflection point of the reference foil set to 8333 eV. XAS data were collected in fluor-
escence using a 31-element solid state germanium detector (Canberra), with a Co filter
(3 absorption lengths) used to reduce scatter and maintain detector linearity. Data was
obtained over an energy range of 8133 – 9090 eV. Samples were carefully monitored for
evidence of photoreduction during data collection, with no evidence of radiation damage
based on the absence of a red-shift in the experimental absorption edge. Averaging and
normalization of the XAS data was performed using Athena, a graphical implementation
of the IFEFFIT package. Reference spectra were carefully aligned to ensure accurate
energy calibrations for both 44a and 44b. EXAFS analysis was carried out with Artemis,
using theoretical phase and amplitude parameters calculated with FEFF6L for the crystal
structure of 44a as an initial model. The structure of the FEFF6L input model was adjusted
as needed to match the refined bond lengths from EXAFS analysis. In a given EXAFS
fit, r and σ2 were allowed to freely float, while coordination number n for a given shell
was fixed and varied in integral steps. The scale factor S0 was fixed at 0.9, while ∆E0

(the point at which k = 0 Å-1) was allowed to float at a common value for all shells. The
goodness of fit was assessed using the R-factor fit statistic reported by IFEFFIT, which is
defined as R =

∑
[(χdata–χtheory)2/(χdata)2].

First shell EXAFS analysis of 44a indicates fit 2.2, consisting of 4 Ni-N/O scatterers at
1.87 Å, is the best fit based on resolution, GOF, and BVS grounds. It is possible to split
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Table 2.2. First-shell EXAFS fits for 44a and 44b.[a]

Complex 44a
Ni-O/N Ni-N/O

fit n r σ2 n r σ2 R ∆E0 BVS
2.1 3 1.87 1.7 0.0529 0.41 1.70
2.2 4 1.87 3.1 0.0170 -0.42 2.27
2.3 5 1.87 4.3 0.0134 -1.25 2.84
2.4 6 1.87 5.5 0.0296 -2.08 3.42
2.5 1 1.79 0.5 3 1.90 1.8 0.0130 -0.19 2.28
2.6 2 1.82 3.1 2 1.90 2.0 0.0153 -0.77 2.35
2.7 2 1.82 10.5 3 1.87 2.4 0.0161 -2.49 3.01
2.8 1 1.79 12.9 4 1.87 3.2 0.0129 -2.30 2.99

Complex 44b
Ni-O/N Ni-N/O

fit n r σ2 n r σ2 R ∆E0

3.1 3 1.89 4.5 0.0844 -1.84
3.2 4 1.89 6.3 0.0367 -2.25
3.3 5 1.89 8.0 0.0191 -2.78
3.4 6 1.89 9.5 0.0192 -3.32
3.5 1 1.82 0.9 3 1.95 5.9 0.0112 0.85
3.6 2 1.84 2.9 2 1.99 4.8 0.0093 0.65
3.7 2 1.97 5.3 3 1.86 3.7 0.0029 -0.32
3.8 1 2.02 1.8 4 1.88 4.4 0.0022 -0.12

[a] The bolded row represents the best fit for each system. Fitting range was k = 1.5-
13.5 Å-1 for 44a (resolution = 0.13 Å, back transform = 1-2 Å), k = 1.5-13 Å-1 for 44b
(resolution = 0.137 Å, back transform range = 1-1.95 Å). r is in units of Å; σ2 is in units of
10-3 Å; ∆E0 is in units of eV; R represents the goodness of the fit (GOF) and is defined as
R =

∑
[(χdata–χtheory)2/(χdata)2]. The bond valence sum (BVS) was calculated for 44a

and is defined as BVS =
∑
e

r0−r
0.37 , where r0 is an empirically derived parameter for a given

pair of atoms and r is the actual bond length. The values of r0 were taken from reference.6
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the first shell into two subshells (e.g., fit 2.5), but the difference in path lengths is gen-
erally smaller than the 0.13 Å resolution of the data. For 44b, single shell fits revealed
significantly increased disorder based on the magnitude of σ2. Splitting this shell into two
sub-shells results in a significantly improved fit quality (e.g., fit 3.6). Notably, fits to a 5-
coordinate NiIII site in 44b, while giving outstanding R-factor values, deviate significantly
from the structural model and are difficult to reproduce accurately, suggesting that they are
not plausible global minima, unlike the two-shell 4-coordinate fits.

DFT Methods

All calculations have been performed using the Amsterdam Density Functional (ADF,
version 2013.01)38,39 and QUILD40 programs. The S12g density functional41 was used
for obtaining the molecular structures since it provides reliable spin-state energies and
gives structures with equal accuracy as the PBE-D42,43 functional, which was successfully
used recently for a set of 16 FeIII/IV (oxo/peroxo/hydroxo) complexes.44 The frozen core
approach39 with a triple-ζ basis set with double polarization (TZ2P) was used for the geo-
metry optimizations. Scalar relativistic effects were taken into account self-consistently
(ZORA). Solvent effects were included in all calculations through the use of COSMO45,46

with parameters corresponding to the solvent used experimentally (acetone). Accurate
numerical integration settings with the Becke grid47 were used in all calculations.

Reactivity Studies

General procedure for reactivity experiments

A solution of 44b at -80 ◦C (or -40 ◦C) was prepared according to the above procedure.
Substrates were added as concentrated acetone solutions. The reactions were monitored
using UV-Vis spectroscopy, and after complete disappearance of the features correspond-
ing to 44b, were allowed to warm up to room temperature. The reaction mixtures were
diluted with methanol for MS analysis, or the solvent was removed in vacuo for NMR
analysis.

Rate constants determination

Reactions were executed with 7 to 300 equivalents of substrate to ensure pseudo-first order
conditions. The second-order rate constant was determined from the linear dependence of
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the pseudo-first order constant on substrate concentration. Values for the observed kobs
were obtained by fitting the decay of the absorbance at 520 nm during a reaction as an
exponential. The average from repeated experiments were utilized for the determination
of k2.
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Chapter 3

Tuning of the Reactivity of
Nickel(III)–Oxygen Adducts in O–H
and C–H Bond Activation

The work described in this chapter has been previously published in an article in Journal of the
American Chemical Society.1 The DFT calculations were performed by Prof. Marcel Swart (Uni-
versity of Girona, Spain); the XAS data collection and analysis were done by Dr Eric R. Farquahar
(Brookhaven National Laboratory, USA); Dr. A. J. Fitzpatrick and Prof. Grace G.Morgan (Univer-
sity College Dublin) kindly allowed use of the EPR spectrometer and helped with spectra acquis-
ition; the XRD data collection and structure solutions and refinements were done by Dr Brendan
Twamley (Trinity College Dublin).

Reproduced in part with permission from: Pirovano, P.; Farquhar, E. R.; Swart, M.; McDonald, A.
R. J. Am. Chem. Soc. 2016, 138, 14362– 14370. Copyright 2016 American Chemical Society.
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3.1 Introduction

While the preparation of the NiIII–OCO2H complex 44b was an exciting achievement,
only its reaction with easily oxidised substrates, such as phenols and the H_ donor BNAH,
could be probed; its limited thermal stability prevented more in-depth examinations of
the reaction mechanisms, and of more arduous reactions such as the oxidation of hy-
drocarbons. Moreover, 44b represented the first example of a metal-bicarbonate oxidant,
and suggested that the properties of NiIII–O–X species could easily be varied by substi-
tution of the O ligand. Analogous compounds to 44a, with different O- donor ligands
in place of bicarbonate, could be easily synthesised. In this chapter, the preparation of
two new NiIII–O–X complexes, [NiIII(OAc)(pyN2

iPr2)] (45b) and [NiIII(ONO2)(pyN2
iPr2)]

(46b), from their NiII–O–X precursors 45a and 46a, respectively (sch. 3.1) is described.
An investigation into relationships between the properties of the O-donor ligands in 44-
46b and their oxidative reactivity is presented.

Scheme 3.1. Synthesis of NiII complexes 45a, 46a, and 47. (a) 1) H2pyN2
Me2 , CH3OH, 65 ◦C;

2) NaOCH3; 3) CH3CN (b) Et4NOAc, CH3CN, Et2O, room temperature; (c) Et4NNO3, CH3CN,
Et2O, room temperature.

3.2 Synthesis and characterisation of nickel(II) complexes

Et4N[NiII(OAc)(pyN2
Me2)] (45a) and Et4N[NiII(ONO2)(pyN2

Me2)] (46a) were obtained via
a two-step synthesis (sch. 3.1). The neutral complex [NiII(CH3CN)(pyN2

Me2)] (47) was
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first synthesized by reacting H2pyN2
Me2 with NiCl2 (1 equiv.) in the presence of NaOCH3

(2.1 equiv.), in CH3OH. Subsequent CH3CN ligand introduction and filtration of insoluble
by-products allowed for isolation of pure 47. The product was obtained in 75% yield. The
CH3CN ligand in 47 could be displaced by the addition of either tetraethylammonium
acetate (Et4NOAc, 1.1 equiv.) to a CH3CN solution of 47, or tetraethylammonium nitrate
(Et4NNO3, 1.1 equiv.) to a CH3OH solution of 47, to yield 45a and 46a, respectively.
1H and 13C NMR, ATR-FTIR, and ESI MS confirmed the structure, composition, and
elemental assignments of the complexes.
Single crystals of 45a, 46a and 47, that were suitable for X-ray diffraction (XRD) meas-
urements were obtained (fig. 3.1). All the complexes showed the NiII ion to be in a
square planar coordination environment. The geometric parameters of the [NiII(pyN2

Me2)]
unit were similar to those of previously reported [NiII(pyN2

Me2)] complexes (table 3.3).2

The –OAc and –ONO2 anions, in 45a and 46a, respectively, bind in a monodentate fash-
ion (fig. 3.1), similarly to the bicarbonate ligand in 44a,2 and lie perpendicular to the
[Ni(pyN2

Me2)] plane. The XRD experiments confirmed the structure of compounds 45a,
46a and 47, showing a nearly invariant square planar nickel coordination environment,
with bond distances that are largely unaffected by the electron-donating ability of the an-
cillary ligands.

Figure 3.1. ORTEP plots (at 50% probability level) of the x-ray crystallographically-determined
structures of 45a, 46a, and 47; hydrogen atoms for all and counterions for 45a and 46a, have been
omitted for clarity.

3.3 Formation and characterisation of nickel(III) com-
plexes

The generation of [NiIII(OCO2H)(pyN2
Me2)], 44b, by the one electron oxidation of 44a,

was reported in chapter 2. In an analogous fashion, complexes 45a and 46a were oxid-
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ized to yield [NiIII(OAc)(pyN2
Me2)] and [NiIII(ONO2)(pyN2

Me2)], 45-46b respectively
(sch. 3.2). This was achieved by dissolving 45a and 46a in acetone (0.3 mm) and
cooling these solutions to -40 ◦C. Addition of one equivalent of the one-electron ox-
idant tris(4-bromophenyl)ammoniumyl hexachloroantimonate (magic blue, dissolved in
CH3CN), caused an immediate reaction as evidenced by electronic absorption spectro-
scopy (fig. 3.2). For both 45a and 46a the immediate appearance of two intense visible
and NIR absorption bands in the electronic absorption spectrum, assigned to 45b and 46b
respectively, demonstrated their one-electron oxidation.

Scheme 3.2. Synthetic routes to the NiIII complexes 44-46b. (a) magic blue (1 equiv., acetone); (b)
NaOCl/AcOH/H2O (15 equiv., acetone); (c). (NH4)2[Ce(NO3)6] (CAN, 5 equiv., acetone). Grey
crossover reactions show that NaOCl/AcOH always yields 45b, and CAN always yields 46b.

Figure 3.2. UV-visible spectra of [NiIII(OX)(pyN2
Me2)] complexes 44b (black trace), 45b (blue

trace), and 46b (red trace), in acetone solutions. Molar absorptivities were calculated using the
Beer-Lambert equation from the measured absorbances and EPR-determined concentrations of the
products.
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Table 3.1. Salient spectroscopic features and properties of [NiII(pyN2
Me2)] and

[NiIII(OX)(pyN2
Me2)].

λmax (nm)
(ε /

m−1 cm−1)

νC=O/C≡N/N=O

(cm-1) g⊥, g‖ (gav.)
E1/2 vs

Fc+/Fc (V) Ni–O (Å)
Ni

K-pre-edge,
edge (eV)

k2
2,6-DTBP
at -40 ◦C

(m−1 s−1)[d]

44a 470 (1200) 1618, 1585 0.48
1.87[a],
1.878[b],
1.871(4)[c]

8345

45a 470 (1200) 1620, 1608,
1585 0.35

1.87[a],
1.864[b],
1.870(1)[c]

8333.1,
8345

46a 455 (1200) 1623, 1609,
1587, 1290 0.56

1.88[a],
1.890[b],
1.888(3)[c]

8332.7,
8345

44b 520 (6000),
780 (3600)

2.25, 2.02
(2.17)

1.84[a],
1.944/2.146[b,e],
or 1.874[b,f]

8345 0.104

45b 510 (7000),
760 (3600)

2.24, 2.02
(2.17)

1.92[a],
1.929/2.118[b,e],
or 1.864[b,f]

8333.6,
8345 0.125

46b 560 (6700),
890 (4600)

2.25, 2.01
(2.17)

1.93/2.08[a],
1.944/2.108[b,e],
or 1.888[b,f]

8333.8,
8345 1.96

47 435 (1400),
550 (110)

2337, 2311,
1630, 1585

[a] from EXAFS fitting; [b] from DFT; [c] from XRD; [d] second order rate constant for the reaction with
2,6-di-tert-butylphenol at -40 ◦C; [e] dz2 spin-density; [f] dxz spin density.

Such features in the visible region have been identified as typical of NiIII complexes of 2,6-
pyridinedicarboxamidate ligands.3 Specifically, 45b displayed features at λmax = 510 and
760 nm, while 46b displayed absorption maxima at λmax = 560 and 890 nm (table 3.1).
The presence of these features compares favourably to the electronic absorption spectrum
of 44b (λmax = 520 and 780 nm, table 3.1), with only minor differences between the
–OCO2H ligated 44b and –OAc ligated 45b. In the case of the more electron-poor –ONO2-
ligated 46b, red-shifted absorption features (compared to 44b and 45b) were observed,
presumably as a result of the –ONO2 ligand being markedly less basic.

It was observed that cerium ammonium nitrate ((NH4)2[CeIV(NO3)6], CAN) effected the
oxidation of 46a (0.3 mm acetone solution, -40 ◦C, 5 equiv. of CAN in CH3OH) to give
46b as evidenced by electronic absorption spectroscopy and EPR (figs. A.27 and A.28).
Fascinatingly, addition of excess CAN (5 equiv.) to either 44a or 45a, also caused the ap-
pearance of the characteristic absorption bands of 46b (λmax = 560 and 890 nm, figs. A.29
and A.30), presumably as a result of the large excess of –ONO2 anions in CAN.

In a similar way, species 45b could be generated by oxidizing 45a with hypochlorous acid
(formed from an aqueous NaOCl/AcOH mixture), as evidenced by electronic absorption
and EPR spectroscopies (figs. A.31 and A.32). Furthermore, addition of NaOCl/AcOH
to 44a or 46a resulted in the formation of features similar to those of 45b (figs. A.33
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and A.34). In summary, oxidation of the NiII precursors 44-46a by magic blue is a method
of general validity, while CAN and NaOCl/AcOH could only cleanly generate –ONO2-
ligated 46b and –OAc-ligated 45b, respectively. The formation of anion-ligated complexes
for CAN and NaOCl/AcOH is an intriguing observation, given the wide employment of
these oxidants to generate terminal metal-oxo species.

44-46b were thermally unstable: at -40 ◦C, half-lives (t½) of 90 minutes for 44b and 200
minutes for 46b were measured; in contrast, 45b showed no appreciable decay over the
course of several hours at -40 ◦C. When 45bwas prepared using NaOCl/AcOH it displayed
a half-life of 750 s at 25 ◦C. Neither 44b nor 46b were stable at 25 ◦C.

3.3.1 EPR spectroscopy

EPR spectroscopy analysis of 45-46b showed the presence of a single S = ½ species for
each complex (fig. 3.3). The spectra displayed axial symmetry with g⊥ > g‖. The average
g-values (gav., table 3.1) were consistent with the unpaired electron residing predominantly
on the NiIII ion. For 44-46b, the g-values (table 3.1 and figs. A.24 to A.26) are essentially
equivalent, and together with the shape of the signal (g⊥ > g‖) are consistent with a low-
spin, d7, NiIII ion in square planar or elongated octahedral coordination environment.4–7

The similarities in g-value are consistent with the XAS-determined metal-ligand bond
distances being almost equal for 44-46b, and suggests little to no difference in electronic
symmetry at the metal site.

DFT Mulliken spin density calculations were performed and suggested that the unpaired
spin in 44-46b predominantly resides in a metal-based molecular orbital (dz2- or dxz-like
molecular orbitals). Often when g⊥ > g‖, it has been indicative of a dz2 singly occupied
molecular orbital.4–11 However, one cannot definitively conclude where the unpaired spin
density resides, as detailed below. The yields of the S = ½ entities were determined to
be ∼95% (±15%), through comparison with a spin standard (TEMPO, 0.4 mm), based on
the concentration of the NiII starting solutions. This corresponds to a nearly quantitative
conversion of the NiII precursors to NiIII-oxygen adducts.

3.3.2 Mass spectroscopy

ESI MS analysis was conducted by injecting thawed acetone solutions of 45b and 46b,
immediately after thawing. In the solution of 45b, a peak at m/Z = 495 was identified
that corresponds to a mass of [45b + Li]+ (fig. 3.4). For 46b, a mass peak at m/Z = 510
was detected (fig. 3.4), which corresponds to [46b + H3O]+. The isotopic patterns for the
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Figure 3.3. EPR spectra of 44b (black trace), 45b (blue trace), and 46b (red trace), collected from
frozen acetone solutions at 77 K, microwave power = 31.6 mW. Simulated spectra are in figs. A.24
to A.26.

Figure 3.4. ESIMS peaks identified in solutions of 45b (top left) and 46b (top right), and simulated
isotopic patterns for to [45b + Li]+ (bottom left) and [46b + H3O]+ (bottom right).
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observed ionswere typical of Ni-containing ions, demonstrating the ions are likely to be the
expected NiIII products (simulated spectra in fig. 3.4). It should be noted that in the ESIMS
analysis of solutions of the NiII precursors 45-46a, only negatively-charged ions could be
detected, meaning ESIMS of the NiII precursor results in the anionic [NiII(OX)(pyN2

Me2)]–

fragment flying. ESI MS analysis of the NiIII products 45-46b displayed the positively
charged ions discussed above. This means that the ESI MS analysis of 45-46b pertains
only to the NiIII oxidation state and not the precursor NiII species. The low-temperature
ESI MS analysis thus provides proof for the elemental composition of 45-46b.

3.3.3 X-Ray absorption spectroscopy

Neither 45b nor 46b were sufficiently thermally stable to grow crystals suitable for X-ray
crystallography. Therefore, Ni K-edge X-ray absorption spectroscopy was performed on
frozen solutions of both complexes. The Ni K-edge energy obtained for both 45b and 46b
(8345 eV, table 3.1) was within the range expected for NiIII ions,12–14 and was almost the
exact same as that obtained for 44b (8345 eV).

A comparison of the Ni K-edge X-ray absorption near-edge spectra (figs. 3.5 and 3.6)
showed little difference between precursor complexes 44-46a, suggesting that the an-
ionic O-donor ligand does not dramatically affect the Ni K-edge energy (figs. 3.5 and 3.7
and table 3.1). As with a comparison of the XANES of 44a and 44b (chapter 2), there was
little-to-no shift in the Ni K-edge upon comparison of 45-46a with 45-46b, respectively
(table 3.1 and fig. 3.7). However, the XANES spectra of NiII complexes 45-46a display
a markedly different profile/shape to those of 45-46b (fig. 3.7), indicating a reaction had
occurred upon oxidation of 45-46a to yield 45-46b. Analogous observations that identify
no edge energy changes when comparing NiII/III species, within comparable coordination
environments, have previously been observed.12,15,16

In this instance, contributions to the edge from 1s-to-4p absorption features distort the
edge shape (∼8340 eV), making determination of nickel oxidation state from edge energy
alone challenging. One should further note that the weak 1s-to-3d pre-edge transitions
show modest 0.5-1 eV blue shifts (table 3.1 and fig. 3.7) upon conversion of 45a to 45b
(8333.1 eV to 8333.6 eV) and 46a to 46b (8332.7 eV to 8333.8 eV), providing further
evidence for an altered ligand field in 45-46b consistent with an increase in Ni oxidation
state.17

Extended X-ray absorption fine structure (EXAFS) analysis of 45b and 46b showed that
both contained a first coordination sphere with 4 - 5 O/N scatterers (table 3.1). For 44-46b,
there was a small but statistically significant expansion of the average scatterer distance
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Figure 3.5. Normalized XANES spectra of complexes 45a, 45b, 46a, and 46b. The inset shows
an expansion of the pre-edge region.

69



Figure 3.6. Normalized XANES spectra of NiII complexes 45a and 46a compared with previously
published data on 44a. The inset shows an expansion of the pre-edge region.

from the absorber in NiIII 44-46b (the distance gets longer going from 44b to 46b). This
would suggest the –ONO2 ligand in 46bwas more weakly bound, and a weaker field donor.

For 46b the best fits were obtained through splitting the first shell, yielding scattering
atoms at 1.93 and a rather long 2.08 Å, respectively. The latter might reflect a –ONO2

ligand bound in a bidentate fashion in 46b. In general, however, the EXAFS analysis
cannot conclusively distinguish between 4- and a 5- coordinate species for both 45b and
46b. Fitting the data with a very short Ni–O bond (ca. 1.65 Å) resulted in very poor fits,
eliminating the possibility of 44-46b being terminal NiIII=O.

3.3.4 DFT calculations

To further understand the structural properties of 45b and 46b, DFT calculations were
performed using an array ofmethods. Firstly, theDFT-predictedNi–O bond lengths for 44-
46a correlated well with the X-ray crystallographically determined bond lengths, and those
measured using XAS. For the NiIII complexes 44-46b, DFT methods suggested negligible
difference in relative energy (ca. 1 kcal/mol) for species where the unpaired electron
resides in a metal-based dxz- or dz2-like molecular orbital.
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Figure 3.7. (top) Normalized XANES spectra of complexes 45a, 45b, 46a, and 46b. The inset
shows an expansion of the pre-edge region. (bottom) The 2nd derivative of the pre-edge region for
complexes 45a, 45b, 46a, and 46b, highlighting changes in the 1s-to-3d transition energy.
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Figure 3.8. Representative best fits to k3-weighted EXAFS data of 45a, 45b, 46a, and 46b. Ex-
perimental data is shown as a dotted line, while the best fit is shown as a solid line.
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Fascinatingly, dramatic differences in the ligand-binding mode are predicted whether the
unpaired electron resides in a dxz- or dz2-like orbital, where the ligands are coordinated
either in monodentate (dxz) or bidentate (dz2) fashion (figs. A.52 to A.54). The metal-
ligand bond-length predictions are also predicted to be affected by the nature of the binding
mode (table 3.1). Critically, the XAS-determined Ni–O bond length for 46b correlates
well with that predicted for 46b with the unpaired electron residing in a dz2-like molecular
orbital. The XAS thus suggests that in 46b the –ONO2 ligand may be bidentate, whereas
for 44b and 45b the ancillary ligands are likely monodentate. DFT predicts negligible
energy differences between 44-46bwith the respective bindingmodes, while EPR suggests
that for 46b the dz2 is occupied, and thus all three should have bidentate donors.

Overall, the DFT calculations correlate well with the XAS-determined bond lengths, al-
though the binding mode for the ancillary O-donor ligands remains unclear. Importantly,
the –ONO2 ligand in 46b appears to be the weakest-field donor, causing 46b to be the most
electrophilic oxidant.

3.4 Oxidative reactivity

3.4.1 Oxidation of O–H bonds

In order to ascertain the effect of varying the oxygen-adduct (i.e. –OCO2H for 44b, –OAc
for 45b, –ONO2 for 46b), the reaction between 2,6-di-tert-butylphenol, in excess, and 45b
and 46b was performed at -40 ◦C. It was demonstrated in chapter 2 that 44b reacted with
2,6-DTBP at -40 ◦C. In order to ensure a fair and effective comparison, magic blue was
used as the oxidant in the preparation of 45b and 46b (as was the case for 44b), and the
same reaction temperature (-40 ◦C) and solvent medium (acetone) was used for all three
reactivity studies.

The reactions between 45b and 46b and 2,6-DTBP were monitored by electronic absorp-
tion spectroscopy: upon addition of an excess of substrate (>10 equiv. 2,6-DTBP) to
0.3 mm solutions of 45b and 46b in acetone, decay of the absorbance features attributed
to 45b and 46b was observed. After the reactions, the radical homo-coupling product
3,3’,5,5’-tetra-tert-butyl-[1,1’-bis(cyclohexane)]-2,2’,5,5’-tetraene-4,4’-dione, together
with small amounts of its hydroquinoid form 3,3’,5,5’-tetra-tert-butyl-[1,1’-biphenyl]-
4,4’-diol (Scheme sch. A.1), were detected by ESI MS.

The decay was monitored over the course of the reaction, and pseudo first order rate con-
stants (kobs) were obtained by exponential fitting of the decay plot. Second-order rate
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constants (k2) were determined by plotting kobs (determined at varying substrate concen-
trations) against substrate concentration and calculating the slope of the resulting linear
plot (fig. 3.9). The reactions of 45b and 46b with 2,6-DTBP proceeded with k2 of 0.125
and 1.96 m−1 s−1, respectively (table 3.5). The k2 determined for 45b was thus compar-
able with that measured for 44b (k2 = 0.104 m−1 s−1), while that determined for 46b was
approximately 15 times greater. The –ONO2 ligand thus appears to enhance the oxidative
reactivity of 46b by an order of magnitude compared to the terminal –OCO2H and –OAc
ligands in 44b and 45b.

Figure 3.9. Plots of kobs versus [2,6-DTBP] determined for the reaction between 44b (black), 45b
(blue), and 46b (red) and 2,6-DTBP at -40 ◦C in acetone.

k2 was also determined for the reaction of 46b with 2,4-di-tert-butylphenol (2,4-DTBP,
k2 = 158 m−1 s−1), which was 80 times larger than that of 2,6-DTBP (fig. 3.10). Im-
portantly, different reaction kinetics between these two sterically disparate substrates by
the same oxidant has been considered to imply a HAT mechanism.18 Furthermore, a kin-
etic isotope effect for the reaction of 44b with 2,6-DTBP of 2.1 was previously meas-
ured (chapter 2). These rate constants and KIE values are a strong indication that 44-46b
perform HAT/CPET, rather than a stepwise form of proton coupled electron transfer on
phenols.

Mayer and co-workers have been to the fore in defining the HAT reactivity properties
of metal-based oxidants.19–21 They have demonstrated that thermodynamic driving forces
(∆G◦ of the HAT reaction) determine the reactivity properties of metal-based oxidants. In
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Figure 3.10. Plots of kobs versus [DTBP] determined for the reaction between 46b and 2,4-DTBP
(blue), and for the reaction between 46b and 2,6-DTBP (red), at -40 ◦C in acetone.

the HAT reactions between 44-46b and 2,6-DTBP, ∆G◦ would explicitly be correlated to
the BDFE of the newly formed O–H bond in the [NiII(O(H)X)(pyN2

Me2)] products (defined
as 44-46a(H)). The BDFEO–H can be defined as the sum of the free energies of two steps
(plus a constant), [NiIII(OX)(pyN2

Me2)] (44-46b) + e– → [NiII(OX)(pyN2
Me2)]– (44-46a)

and [NiII(OX)(pyN2
Me2)]– (44-46a) + H+ [NiII(O(H)X)(pyN2

Me2)] (44-46a(H)), which are
represented by E0

NiII/III
of 44-46a and the pKaO–H of 44-46a(H), respectively.

Attempts were carried out to calculate the BDFEO–H for 44-46a(H) by obtaining E0
NiII/III

for 44-46a and a pKaO–H for 44-46a(H). Cyclic voltammograms for solutions of 44-46a in
acetone (0.1 m Bu4NPF6, scan rate of 0.05 Vs-1) displayed quasi-reversible (Epa,pc: 44a:
0.11 V; 45a: 0.07 V; 46a: 0.13 V) redox waves at E1/2 = 0.48, 0.35, and 0.56 V vs. Fc+/Fc
respectively (fig. 3.11). The measured E0

NiII/III
for 44-46a showed the expected correl-

ation with the electronic properties of the terminal ligands, i.e. the more basic ligands
yielded complexes with smaller E0

NiII/III
(–OAc < –OCO2H < –ONO2).

A comparison of the pKa of the conjugate acids of the ligands showed that the –OCO2Hand
–OAc ligands have similar values (aqueous scale pKa of AcOH = 4.7, H2CO3 = 3.5).22,23

In contrast the –ONO2 ligand is much more electron-poor (aqueous scale pKa of HNO3 =
-1.2).24 The most electrophilic NiIII-oxygen adduct is therefore likely to be 46b, based on
the E0

NiII/III
for 46a.
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Figure 3.11. Steady state cyclic voltammograms of 44a (black), 45a (blue), and 46a (red), vs.
Fc+/Fc; conditions: 0.3 mm (acetone), 0.1 m Bu4NPF6, scan rate 0.05 V s-1, room temperature.

Attempted determination of the pKa of the O–H in 44-46a(H).

It was not possible to synthesise the conjugate acid complexes 44-46a(H) (that is,
[NiII(H2CO3)(pyN2

Me2)], [NiII(HOAc)(pyN2
Me2)], [NiII(HNO3)(pyN2

Me2)]). Upon reac-
tion between AcOH or HNO3 (1 equiv., room temperature) and complex 47, the complex
decomposed to yield H2pyN2

Me2 , as evidenced by 1H NMR spectroscopy (figs. A.36
and A.37). Similarly, electronic absorption and 1H NMR analyses of the reaction between
45a and either Et2O ·HBF4 or AcOH showed protonation and decomposition of the com-
plex (figs. A.38 to A.40). An experimental determination of the pKa values of 44-46a(H)
is thus impossible, and in turn the BDFEO–H for 44-46a(H) cannot be calculated.

Discussion on the relative HAT reactivities of 44-46b towards phenols.

In considering the reaction between 44-46b and phenols, the following factors were con-
sidered:

(a) On the ancillary ligands of 44-46b (–OCO2H, –OAc, –ONO2) there are multiple O-
atoms that can be the acceptor/binding site of the incoming H-atom during the reaction
between 44-46b and 2,6-DTBP. It is also possible that rather than the ancillary O-atom
donor, it is the carboxamido N or O atoms that accept the proton. Given the stark differ-
ences in reactivity of 46b compared to 44-45b, it is likely that the H-atom to be delivered
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to the ancillary ligand. While the reactivity studies indicated a (concerted) HAT reaction,
that does not necessarily mean the proton and electron are delivered to the same location
(sch. 3.3). Arguments can be made for at least two mechanistic postulates (thus HAT or
separated concerted proton and electron transfer), where the incoming proton either ar-
rives at the proximal or distal O atoms of the metal bound –OCO2H, –OAc, and –ONO2

ligands in 44-46b.25,26

(b) According to cyclic voltammetry 46a displayed a higher E0
NiII/III

than 44-45a, while
XAS indicated that 46b displayed the longest Ni–O bond length. These observations
indicate that the –ONO2 ligand in 46b is a relatively weak-field donor, and causes the
NiIII–oxygen adduct 46b to be relatively more electrophilic.
(c) The BDFEO–H in 44-46a(H) could not be determined, preventing an accurate com-
parison of the relative BDFEO–H to relative reactivity. Critically, it cannot be said with
certainty that reaction of 44-46a with H+-donors would result in the same O-atom being
protonated as reaction of 44-46b with H-atom donors.
(d) HNO3 is considerably more acidic than H2CO3 and AcOH. Based on this, one can
postulate that when comparing metal-bound HNO3 to metal-bound H2CO3 and AcOH in
44-46a(H), that the pKa of the HNO3 in 46a(H) will be lower than for 44-45a(H). (e) For
free AcOH and HNO3 the BDEO–H are 112 kcal/mol and 101.7 kcal/mol, respectively.27 To
the best of my knowledge the BDE/BDFEO–H of H2CO3 are yet to be predicted/determined.
Based on the higher BDEO–H value for AcOH, one would anticipate the acetoxyl radical to
display higher rate constants for HAT than the nitrate radical (NO3

•). This contrasts with
the observation that –ONO2-ligated 46b displayed a higher k2 than –OAc-ligated 45b,
suggesting that the BDFEO–H in 46a(H) is greater than that in 44a(H) or 45a(H).

Scheme 3.3. Possible PCET mechanisms for the reaction of NiIII-oxygen adducts (NiIII-acetate
here) with alcohols (ROH). Top: classical HAT mechanism; Bottom: separated concerted proton
and electron transfer.

In summary, 46a displayed a higher E0
NiII/III

than 44-46a, and 46b is postulated to be
the most electrophilic oxidant, while 46a(H) is postulated to contain a more acidic proton
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than 44-45a(H). 46b displayed a higher k2 for the oxidation of phenols, suggesting that the
BDFEO–H in 46a(H) is greater than that in 44-45a(H). Based on these observations, one
can surmise that in the reaction between 44-46b and phenols, electron transfer has a greater
contribution to HAT reaction rate than proton transfer. This is because the postulated
relatively low pKa value in 46a(H) does not cause a relatively low reaction rate, whereas
the relatively high E0

NiII/III
for 46a appears to correlate with a higher oxidation rate for

46b.

This is an interesting outcome, because it suggests the reactivity of high-valent oxidants
may be tuned by simply tuning the electronic properties of the ancillary oxygen-atom donor
ligand. Examples of either the effect of the redox potential28 or of basicity29 prevailing
have been observed in the literature, although the modifications in the complexes are not
as simple as the substitution of a terminal oxygen-ligand.

3.4.2 Oxidation of C–H bonds

At low temperatures (-40 ◦C), only 1-benzyl-1,4-dihydronicotinamide (BNAH, BDE =
68 kcal/mol) and 10-methyl-9,10-dihydroacridine (BDE = 74 kcal/mol),30 were capable
of bringing about the decay of 45b and 46b (i.e. were oxidized by 45b and 46b). The
analysis of these reactions is however complicated by the fact that the substrates can act as
hydride donors, as well as hydrogen atom donors. At room temperature the reactivity of
45b towards hydrocarbon substrates with gradually increasing C–H bond strengths (BDE=
78-90 kcal/mol)31,32 including xanthene, 9,10-dihydroanthracene (DHA), fluorene, benzyl
alcohol, ethylbenzene and toluene was explored.

45b was found to react with all of the listed substrates at 25 ◦C, along time scales that
allowed kinetic analysis of the reactions. k2 was determined for the reaction of each of
these substrates with 45b using methods analogous to those described above for phenols
( table 3.6 and figs. A.41 to A.46 and A.48 to A.50). A plot of the logarithms of the k2
for the reaction of 45b with each substrate against the substrate BDEC–H showed a linear
correlation (fig. 3.12). This is what was expected for a HAT mechanism, in which BDEs
determine the ∆H◦ of the reaction.∗ Conversely, the correlations between k2 and either
pKa or reduction potentialsE0

NiII/III
of the substrates are poor: the C–H bond of fluorene is

more acidic than that of any of the other substrates, and xanthene is far more easily oxidized
than the rest.21 The observed linear relationship between reaction rate and BDEC–H is a
strong indication of a HAT rate-determining step.

∗It should be noted that while the thermodynamic relationships are strictly meant to hold for free energies,
it is often necessary to substitute BDEs for BDFEs, due to the limited availability of BDFE data in the
literature.
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Deriving Gibbs energies of activation from the measured k2 values, a ∆‡G/∆(BDE)

slope of -0.31 can be determined (fig. A.51). This value compares favourably with the
∆‡G/∆G◦ value of -0.5 predicted by Marcus theory,19,20,33 and experimental values in the
range of -0.15 – -0.7 for other comparable complexes (table 3.2).

Figure 3.12. Plot of log(k2), for the reactions of 45b with hydrocarbon substrates, measured at 25
◦C, against the BDEC–H of the substrates. BDEs from references.31,32 The reaction rate of DHA
was corrected by a factor of 2 to account for the second HAT event from anthracenyl radical.

Analysis of the post-reaction mixtures was conducted by GC-MS, and the identified ox-
idized products were consistent with HAT-initiated oxidation. Oxygenated products were
formed from all substrates (xanthone from xanthene, anthraquinone from DHA, fluoren-
one from fluorene, benzoic acid from benzyl alcohol and toluene and acetophenone from
ethylbenzene, sch. A.2). However, from the reaction of DHA with 45b, the main product
was the aromatised anthracene, with only traces on anthraquinone being formed. In no
case products incorporating chlorine or acetate moieties were found, demonstrating that
the NaOCl/AcOH oxidant is not responsible for the substrate oxidation.34†

To further investigate the mechanism of the reaction between 45b and hydrocarbon sub-
strates, the deuterated substrates [D2]xanthene and [D4]DHA were employed. The reac-

†The absence of acetate-containing products makes a rebound recombination mechanism unlikely, i.e.
one in which HAT is followed by reaction of the resulting carbon-based radical with a ligand in the metal
coordination sphere. More likely, water or dioxygen in the solution is the source of the oxygen groups in the
oxygenated products. When the oxidation of xanthene was performed in the presence of 30 µL of H2

18O,
both [16O]xanthone and [18O]xanthone were identified in approximately 1:1 ratio by ESI-MS.
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tions with the deuterated substrates proceeded more slowly than with the corresponding
protic substrates, giving kinetic isotope effect values of 3.3 and 3.0 respectively (figs. A.41
and A.42). These values closely match the KIE value determined for the reaction between
44b and 2,6-DTBP (2.1, chapter 2).

The presence of a primary kinetic isotope effect lends further evidence that C–H bond
breaking occurs in the rate determining step. The relatively small size of the effect could
be explained by the high temperature of the experiment. Should the difference in activation
energies be exactly equal to the difference between the zero-point energies of C–H and
C–D stretching vibrations, a KIE of 6.9 would be predicted at 25 ◦C.35,36 Lower values, as
in the case of 44b and 45b, can arise from a not fully linear O· · ·H· · ·C reaction axis, or
from a significant vibration involving the hydrogen atom in the transition state.35

DHA is a commonly employed substrate in HAT studies, allowing to compare the react-
ivity properties of 45b to those of previously reported high-valent metal-oxygen adducts.
The determined k2 values for the reaction between DHA and selected complexes of Mn,
Fe, Ru and Cu at 25 ◦C (table 3.2) are tabulated. The k2 for 45b was about half of that of
[FeIV(O)(N4Py)]2+, and only one order of magnitude smaller than [RuIV(O)(bpy)2(py)]2+

and [CuIII(OH)(pyN2
iPr2)], which rank among the most reactive oxidants reported to date.

Permanganate (MnO4
-), as well as the MnIV-dioxo [MnIV(Me2EBC)(O)2], are consider-

ably slower. It should be noted that 45b is not an oxo complex. By comparison, an FeIII-
alkoxide complex ([FeIII(OCH3)(PY5)]2+) is a much weaker oxidant compared to FeIV=O.
The high reaction rate of 45b, as well as that of Tolman’s CuIII–OH complex, lend weight
to the postulated high oxidizing power of complexes based on the late-transition metals.

Table 3.2. Kinetic parameters for the HAT reactions of selected high valent metal-oxo and other
metal-oxygen complexes with DHA.

k2[a] (m−1 s−1) KIE[b] −∆G‡/∆(BDE)[c] Reference
45b 8.11 3.0 0.31

[MnVIIO4]– 0.12 0.69 37,38

[MnIV(Me2EBC)(O)2] ∼0.03 3.78[d] 0.21 39

[FeIV(O)(N4Py)]2+ 18 20[e] 0.15 40,41

[FeIII(OCH3)(PY5)]2+ 0.0049 5.5 0.17 42

[RuIV(O)(bpy)2(py)]2+ 125 50-100 0.47 31

[CuIII(OH)(pyN2
iPr2)] ∼190 24[f] 0.37 43,44

[a] For the reaction with DHA at 25 ◦C. For [MnIV(Me2EBC)(O)2] and [CuIII(OH)(pyN2
iPr2 )], data at 25

◦C was not available; values were derived from the experimentally determined activation parameters via the
Eyring equation; [b] Kinetic isotope effect for the oxidation of DHA, measured at 25 ◦C unless otherwise
noted; [c] Empirically determined slope of the activation free energy vs. substrate BDE regression line, for
a series of hydrocarbon substrates; [d]) measured at 288 K; [e] measured at 313 K; [f] measured at 248 K.
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3.5 Conclusions

Two new [NiIII(OX)(pyN2
Me2)] compounds, 45b and 46b, were synthesised and fully char-

acterised, demonstrating the high-yield preparation of pure NiIII oxidants. Comparison of
their oxidative reactivity towards 2,6-di-tert-butylphenol, showed the –ONO2 complex 46b
reacted 15 times faster than its –OAc and –OCO2H congeners, indicating that the electron-
deficiency of the complex is the prevalent factor in determining oxidizing potency.

For 45b a linear Polanyi relationship between k2 and substrate BDEC–H provides strong
evidence for the postulated HAT mechanism of C–H bond activation. 45b was capable
of reacting with relatively hard to oxidise substrates and has a high reaction rate towards
DHA, of the same order of magnitude as FeIV=O complexes, in spite of the stabilization
afforded by substitution at the O-atom (thus carboxylato versus oxo complexes).

This demonstrates the effectiveness of late-transition metal oxidants in the activation of
strongC–Hbonds, and the ease at which the reactivity of high-valentmetal-oxygen adducts
can be tuned by simple manipulation of anionic constituents.
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3.6 Experimental section

Physical Methods

Electronic absorption spectra were recorded on a Hewlett Packard (Agilent) 8453 diode ar-
ray spectrophotometer (190-1100 nm range) in quartz cuvettes cooled using a liquid nitro-
gen cooled cryostat fromUnisoku Scientific Instruments (Osaka, Japan). 1H and 13CNMR
analyses were performed on an Agilent MR400 instrument (400.13 MHz for 1HNMR and
100.61MHz for 13CNMR). GC-MSwas performed using a GCT Premier Micromass time
of flight mass spectrometer. Electrospray ionization (ESI) mass spectra were acquired us-
ing a Micromass time of flight spectrometer (TOF), interfaced to a Waters 2690 HPLC, or
by direct injection in the mass spectrometry instrument. ATR-FTIR spectra were recorded
on a Perkin-Elmer Spectrum 100 Fourier transform infrared spectrometer. CHN elemental
content analyses were performed on an Exeter Analytical CE 440 elemental analyser fitted
with a Varian 55B SpectraAA atomic absorption spectrometer. Electron paramagnetic res-
onance spectra were recorded on a Magnetech Miniscope MS2000 instrument, with liquid
nitrogen cooling. Cyclic voltammetry experiments were conducted with a CH Instruments
600E electrochemical analyser, using a glassy carbon working electrode, a platinum wire
counter electrode and an Ag/AgNO3 0.01 m reference electrode.

Materials and synthesis

Reactions with air-sensitive materials were conducted under an inert atmosphere using
standard Schlenk techniques or in a nitrogen atmosphere glove-box. All solvents and
reagents were purchased from commercial sources and used as received, unless otherwise
stated. Anhydrous CH3CN, CH2Cl2, and diethylether were dispensed through an Innov-
ative Technology PureSolv EN solvent purification system and deoxygenated by sparging
with argon. Anhydrous acetone was obtained by drying over magnesium sulfate, then over
4 Å molecular sieves, distilling and deoxygenating by sparging with argon. NaOCl was
purchased as 17% active chlorine (2.4 m) solution and stored frozen until use. Fluorene
was recrystallized from hexanes; 2,4-di-tert-butylphenol and 2,6-di-tert-butylphenol were
recrystallized from ethanol. N,N’-(2,6-dimethylphenyl)pyridine-2,6-dicarboxamide,2

[NiII(OCO2H)(pyN2
Me2)]Et4N (44a),2 [D2]xanthene,45 [D4]9,10-dihydroanthracene45 and

10-methyl-9,10-dihydroacridine46 were prepared according to reported procedures. Crude
Et4NNO3 was prepared by the reaction of Et4NOH and HNO3 in methanol, followed by
precipitation with excess acetone.
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Synthesis of [NiII(CH3CN)(pyN2
Me2)], acetonitrile(N,N’-bis(2,6-dimethylphenyl)-2,6-

pyridinedicarboxamido)nickel(II), 47 - method A

The reaction was conducted under an inert (N2) atmosphere. N,N’-(2,6-dimethylphenyl)-
pyridine-2,6-dicarboxamide (0.550 g, 1.47 mmol) was dissolved in anhydrous CH3CN (15
mL). Addition of NaH (60% dispersion in mineral oil, 0.118 g, 2.95 mmol, 2 eq.) resulted
in immediate gas evolution and caused the solution to turn yellow and some precipitate to
form. When bubbling ceased, Ni(OTf)2 (0.570 mg, 1.6 mmol, 1.1 eq.) was added. The
resulting red mixture was stirred for 3 h at room temperature, after which the solvent was
removed in vacuo; the residues were taken up in anhydrous CH2Cl2 (60 mL), filtered and
evaporated to yield the product as a red-brown powder (0.310mg, 0.66mmol, 45%). Crys-
tals suitable for X-ray diffraction were obtained by diffusion of Et2O into a concentrated
CH2Cl2 solution.

δH (400 MHz, CDCl3): 8.07 (1H, t, J = 7.7 Hz, 4-py), 7.75 (2H, d, J = 7.7 Hz, 3,5-py),
6.99–6.81 (6H, m, ArH), 2.49 (12H, s, ArCH3), 1.28 (3H, s, CH3CN).

δC (101 MHz, CDCl3): 166.0 (NC=O), 151.0 (pyridine CH), 144.1 (aniline Cq), 141.3
(pyridine Cq), 134.0 (aniline Cq), 127.5 (aniline CH), 125.0 (aniline CH), 123.5 (pyridine
CH), 122.4 (CH3CN), 19.0 (ArCH3), 1.1 (CH3CN).

ESI-MS (m/Z): Found: 471.1331 ([M + H]+, C25H25N4O2Ni requires 471.1331).

Anal. Calcd. for C25H24N4NiO2: C, 63.73; H, 5.13; N, 11.89. Found: C, 62.89; H, 5.12;
N, 11.75.

νmax (ATR-FTIR) /cm-1: 2974 (CH), 2944 (CH), 2913 (CH), 2337w (C≡N), 2311w
(C≡N), 1630s, 1585, 1466, 1362s, 830, 757s, 675s.
λmax /nm: (CH3CN) 245 (ε /m−1 cm−1 19500), 340 (11000), 435 (1400), 560sh (110).

Synthesis of [NiII(CH3CN)(pyN2
Me2)], acetonitrile(N,N’-bis(2,6-dimethylphenyl)-2,6-

pyridinedicarboxamido)-nickel(II), 47 - method B

Anhydrous NiCl2 (0.200 g, 1.54 mmol) was refluxed in CH3OH (20 mL) until complete
dissolution. The resulting pale green solution was cooled down to room temperature,
andN,N’-bis(2,6-dimethylphenyl)pyridine-2,6-dicarboxamide (0.576 g, 1.54mmol, 1 eq.),
was added, followed by NaOCH3 (prepared by dissolving 0.074 g of sodium, 3.22 mmol,
2.1 eq., in 5 mL CH3OH). A dark red mixture resulted. The mixture was refluxed for 1
h, then the methanol was removed by evaporation; the solid was taken up in CH3CN (40
mL), and heated to reflux for 12 h. The solvent was removed again, the solid taken up
in CH2Cl2 (100 mL), dried over MgSO4 and filtered. Removal of the solvent yielded the
product as a red-brown powder (540 mg, 1.15 mmol, 74%).
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Synthesis of [NiII(OAc)(pyN2
Me2)]Et4N, tetraethylammonium acetato(N,N’-bis(2,6-

dimethylphenyl)-2,6-pyridinedicarboxamido)nickelate(II), 45a

47 (0.204 g, 0.43 mmol) was dissolved in CH3CN (3 mL). Et4NOAc (0.090 g, 0.48 mmol,
1.1 eq.) was subsequently added and the solution stirred for 10 minutes. Stirring was
ceased and Et2O (20 mL) was layered on top of the solution. Over the course of 5 days,
bright red crystals of the product formed, and were recovered by decanting of the solution
(0.160 g, 0.25 mmol, 58%). Crystals suitable for X-ray diffraction were identified in the
product.

δH (400 MHz, CDCl3): 7.86 (1H, t, J = 7.7 Hz, 4-py), 7.52 (2H, d, J = 7.7 Hz, 3,5-py),
6.93–6.62 (6H, m, ArH), 2.88 (8H, m, NCH2CH3), 2.57 (12H, s, ArCH3), 1.09 (12H, m,
NCH2CH3), 0.78 (3H, s, CH3CO2).

δC (101 MHz, CDCl3): 176.7 (CH3C=O), 165.4 (NC=O), 152.3 (pyridine CH), 144.5
(aniline Cq), 138.4 (pyridine Cq), 134.8 (aniline Cq), 126.8 (aniline CH), 123.5 (anil-
ine CH), 121.7 (pyridine CH), 52.0 (NCH2CH3), 22.1 (CH3CO2), 19.4 (ArCH3), 7.4
(NCH2CH3).

ESI-MS (m/Z): Found: -488.1128 ([Ni(OAc)(pyN2
Me2)]–, C25H24N3O3Ni requires 488.1120).

Anal. Calcd. for C33H44N4NiO4·H2O: C, 62.18; H, 7.27; N, 8.79. Found: C, 62.47; H,
7.17; N, 8.82.

νmax (ATR-FTIR) /cm-1: 2971 (CH), 2946 (CH), 2912 (CH), 1620s, 1608, 1585, 1474,
1430, 1370s, 996, 768s, 680s.

λmax /nm: (CH3CN) 245 (ε /m−1 cm−1 20000), 295sh (9800) 385 (7000), 470sh (1200);
(acetone) 390 (6700), 470sh (1200).

Synthesis of [NiII(ONO2)(pyN2
Me2)]Et4N, tetraethylammonium nitrato(N,N’-bis(2,6-

dimethylphenyl)-2,6-pyridinedicarboxamido)nickelate(II), 46a

47 (0.230 g, 0.48 mmol) was dissolved in CH3OH (3 mL). Et4NNO3 (0.103 g, 0.54 mmol,
1.1 eq.) was subsequently added and the solution stirred for 10 minutes. Stirring was
ceased and Et2O (20 mL) was layered on top of the solution. Over the course of 4 days,
bright red crystals of the product formed, and were recovered by decanting off the solution
(0.135 g, 0.22 mmol, 44%). Crystals suitable for X-ray diffraction were identified in the
product.

δH (400 MHz, CD3OD): 8.24 (1H, t, J = 7.5 Hz, 4-py), 7.71 (2H, d, J = 7.5 Hz, 3,5-py),
6.97 (6H, br, ArH), 3.33 (8H, m, NCH2CH3, overlaps with residual CH3OH signal), 2.57
(12H, s, ArCH3), 1.30 (12H, m, NCH2CH3).
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δC (101 MHz, CD3OD): 167.4 (NC=O), 152.8 (aniline Cq), 143.3 (pyridine CH), 128.7
(aniline CH), 126.3 (aniline CH), 124.2 (pyridine CH), 53.2 (NCH2CH3), 19.1 (ArCH3),
7.5 (NCH2CH3).
ESI-MS (m/Z): Found: -491.0870 ([Ni(ONO2)(pyN2

Me2)]–, C23H21N4NiO5 requires
491.0871).
Anal. Calcd. for C31H41N5NiO5·CH3OH: C, 58.73; H, 6.93; N, 10.70. Found: C, 58.88;
H, 6.77; N, 10.86.
νmax (ATR-FTIR) /cm-1: 2971 (CH), 2946 (CH), 2915 (CH) 1623s, 1609s, 1585, 1471,
1370s, 1290s (NO3 symm. stretch), 1010, 769, 691, 680.
λmax /nm: (acetone) 340 (ε /m−1 cm−1 9000), 455 (1200).

Preparation of [NiIII(OAc)(pyN2
Me2)], acetato(N,N’-bis(2,6-dimethylphenyl)-2,6-py-

ridinedicarboxamido)nickel(III), 45b or [NiIII(ONO2)(pyN2
Me2)], nitrato(N,N’-bis-

(2,6-dimethylphenyl)-2,6-pyridinedicarboxamido)nickel(III), 46b – method A (magic
blue)

2 mL of a 0.3 mm acetone solution of 45a (for the preparation of 45b), or 46a (for the
preparation of 46b), were cooled to the desired temperature (-80 ◦C < T < -40 ◦C) in a
cuvette. 40 µL of a freshly prepared 15 mm solution of tris(4-bromophenyl)ammoniumyl
hexachloroantimonate (magic blue) in acetonitrile were added under continuous stirring.
The formation of the NiIII intermediate was immediate as evidenced by the formation of
electronic absorption bands at 510 and 760 nm (for 45b) or 560 and 890 nm (for 46b).

Preparation of [NiIII(OAc)(pyN2
Me2)], acetato(N,N’-bis(2,6-dimethylphenyl)-2,6-py-

ridinedicarboxamido)nickel(III), 45b – method B (NaOCl/AcOH)

A solution of 45a (2 mL, 0.3 mm in acetone) was cooled to the desired temperature (-80
◦C < T < 25 ◦C). 6 µL of a solution of hypochlorous acid (prepared by mixing 0.1 mL
acetic acid (1.75 mmol) and 1 mL of 17% NaOCl (2.1 mmol, 1.2 eq.) were added, causing
the formation of dark purple 45b. The characteristic electronic absorption bands of 45b
(λmax = 510 and 760 nm) grew to their maximum intensity in ∼5s (at 25 ◦C), indicating
completion of the reaction.

Preparation of [NiIII(ONO2)(L)], nitrato(N,N’-bis(2,6-dimethylphenyl)-2,6-pyridine-
dicarboxamido)nickel(III), 46b – method B (cerium ammonium nitrate)

A solution of 46a (2mL, 0.3mm in anhydrous acetone) was cooled to the desired temperat-
ure (-80 ◦C < T < -40 ◦C) in a cuvette. 12 µL of a CH3OH solution of (NH4)2[CeIV(NO3)6]
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(0.25 m) were added under continuous stirring. The characteristic bands of 46b (λmax =
560 and 790 nm) reached their maximum intensity after 30 s, at -40 ◦C.

X-Ray diffraction methods

Single crystal X-ray data were collected at 100(2) K on a Bruker Apex II CCD diffracto-
meter using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å), an Oxford Cryo-
systems Cobra low temperature device and a MiTeGen micromount. Bruker APEX47 soft-
ware was used to correct for Lorentz and polarization effects. The structures were solved
and refined using the Bruker SHELXTL Software Package.48,49

X-ray structure refinements

45awas found to co-crystallise with onemolecule of water. Disorder in the dimethylphenyl
groups, due to rotation along the Ar-N bond, was modelled using restraints and constraints
(SADI, SAME and EADP); occupancy was refined to 70:30%. Hydrogen atoms on the
solvent water molecule were located and refined using restraints (DFIX) and constraints
(AFIX). The model was refined to convergence. The structure of 46a contained partially
occupied solvent sites which could not be refined; 47 presented no disorder or solvent
molecules.

Table 3.3. Selected bond distances (Å) and angles (°) for 44a (reference2), 45a, 46a, and 47.

44a 45a 46a 47
Ni–Npyridine 1.817(4) 1.816(1) 1.816(3) 1.813(2)
Ni–Namide 1.895(4) 1.906(2) 1.897(3) 1.889(2)
Ni–OX 1.871(4) 1.870(1) 1.888(2)

Ni–NCH3CN 1.855(2)
Npyridine–Ni–Namide 83.40(9) 83.0(1) 83.4(5) 83.6(1)

Namide–Ni–O(/NCH3CN) 96.60(9) 97.1(16) 96.6(4) 96.5(3)
Namide-Ni-Namide’ 166.79(18) 165.33(7) 166.66(12) 166.98(8)

Npyridine-Ni-O(/NCH3CN) 178.99(17) 176.66(6) 176.46(16) 179.33(8)
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Table 3.4. Crystal data and structure refinement parameters for 45a, 46a, and 47.

45a 46a 47
Empirical formula C33H46N4NiO5 C31H41N5NiO5 C25H24N4NiO2
Formula weight 637.45 622.40 471.19
Temperature 100(2) K 100(2) K 100(2) K
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å

Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c Cc P21/c

Unit cell dimensions a= 9.2236(3) Å a= 17.8415(9) Å a= 13.9373(10) Å
α= 90° α = 90° α = 90°

b= 12.0067(4) Å b= 11.2027(6) Å b= 11.6859(8) Å
β = 95.7501(9)° β = 109.1470(10)° β = 101.5569(17)°
c= 29.5763(11) Å c= 17.1224(8) Å c= 14.2687(9) Å

γ = 90° γ = 90° γ = 90°
Volume 3258.95(19) Å3 3233.0(3) Å3 2276.8(3) Å3

Z 4 4 4
Density (calculated) 1.299 Mg/m3 1.279 Mg/m3 1.375 Mg/m3

Absorption coefficient 0.641 mm-1 0.645 mm-1 0.881 mm-1

F(000) 1360 1320 984
Crystal size 0.27 x 0.10 x 0.04

mm3
0.20 x 0.15 x 0.15

mm3
0.22 x 0.13 x 0.11

mm3

Theta range for data collection 1.832 to 27.493° 2.183 to 33.226° 2.874 to 27.999°
Index ranges −11 ≤ h ≤ 9,

−15 ≤ k ≤ 15,
−38 ≤ l ≤ 38

−27 ≤ h ≤ 27,
−17 ≤ k ≤ 17,
−26 ≤ l ≤ 26

−18 ≤ h ≤ 18,
−13 ≤ k ≤ 15,
−18 ≤ l ≤ 13

Reflections collected 50097 55443 12948
Independent reflections 7466 [R(int) =

0.0387]
12180 [R(int) =

0.0238]
5454 [R(int) =

0.0433]
Completeness to theta= 25.242° 26.000° 26.000°

100.0 % 100.0 % 99.6 %
Absorption correction Semi-empirical from

equivalents
Semi-empirical from

equivalents
Semi-empirical from

equivalents
Max. and min. transmission 0.7456 and 0.6970 0.7465 and 0.6940 0.7456 and 0.6992

Refinement method Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Data / restraints / parameters 7466 / 21 / 389 12180 / 32 / 368 5454 / 0 / 294
Goodness-of-fit on F2 1.068 1.037 1.023

Final R indices [I > 2σ(I)] R1 = 0.0362, wR2 =
0.0821

R1 = 0.0555, wR2 =
0.1351

R1 = 0.0384, wR2 =
0.0760

R indices (all data) R1 = 0.0503, wR2 =
0.0880

R1 = 0.0610, wR2 =
0.1389

R1 = 0.0720, wR2 =
0.0873

Largest diff. peak and hole 0.440 and -0.497 e
Å-3

1.368 and -0.997 e
Å-3

0.334 and -0.422 e
Å-3
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Cyclic voltammetry

CV experiments were conducted on 3 mm solutions of compounds 44-46a in acetone,
at room temperature, with a 0.05 V s-1 scan rate. The supporting electrolyte was 0.1 m
Bu4NPF6. Potentials were referenced to the Fc+/Fc couple by addition of an internal fer-
rocene standard to the solutions of 44-46a. 45a and 46a were measured in air. While the
voltammogram of 44a displayed a redox event even in air, performing the CV under a CO2

atmosphere improved both reversibility and signal intensity.

EPR Spectroscopy

EPR samples were prepared by freezing solutions of 45b or 46b in EPR tubes, prepared
according to the above procedures, in liquid nitrogen. The EPR spectra were recorded at
77 K, 9.379 GHz, 31.6 W microwave power, with a 300 mT field sweep in 60 s, and 0.5
mT field modulation amplitude. Integration, simulation, and fitting were executed with
Matlab and the easySpin computational package.50 Quantification of the concentration of
spins in the samples was obtained by comparison of the double integral of the signals to
that of a frozen 0.4 mm acetone solution of TEMPO, measured under the same conditions.
The concentrations thus determined, together with the electronic absorption spectroscopy
absorbance values for the same samples, were used to calculate the absorptivities of 45b
and 46b via the Beer-Lambert law. The systems were modelled as S = ½ electron spins
with axial g tensor with inhomogeneous line broadening (See figs. A.24 to A.26).

Mass spectrometry

Samples for ESI-MS analysis were prepared in the same way (but 45-46b were frozen
in glass vials), and directly injected in the spectrometer immediately after thawing. A
desolvation temperature of 100 ◦C was used.

X-Ray absorption spectroscopy

Samples for X-ray absorption spectroscopy analysis were prepared by transferring solu-
tions of 45a (50 mm, acetonitrile), 46a (27 mm, acetone), 45b (8.5 mm, acetone) and 46b
(3.6 mm, acetone), into XAS sample cups pre-cooled in a liquid nitrogen bath and imme-
diately freezing them. The solution of 45b was prepared according to method B above, at
-45 ◦C and with initial concentration of the NiII complex scaled up to 8.5 mm; the solution
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of 46bwas prepared according to method B above, at -45 ◦C and with initial concentration
of the NiII complex scaled up to 4 mm. Acetonitrile was used for 45a because it allowed
for much greater solubility.

X-ray absorption spectroscopy data was collected at beamline 2-2 of the Stanford Syn-
chrotron Radiation Lightsource (SLACNational Accelerator Lab, Menlo Park, CA, USA),
with the storage ring operating at 3.0 GeV and 500 mA. A Si(111) double crystal mono-
chromator was used for energy selection, and was detuned by ∼30% for higher harmonic
rejection. Sample temperatures weremaintained at approximately 20K using a HeDisplex
cryostat. A metallic nickel foil spectrum was recorded simultaneously using a photodiode
for internal energy calibration, with the first inflection point of the reference foil edge set
to 8333.0 eV. XAS data were collected as fluorescence spectra using a 13 element solid
state germanium detector (Canberra), with the following parameters: 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 8 seconds over the energy range (kmax = 14k).

The total detector counts were typically 5-40 kHz, well within the linear range of the
detector electronics. Samples were monitored for photoreduction during data collection,
however no photoreduction was observed for any sample based on the absence of any scan-
to-scan red-shift in the absorption edge. Tandem Mossbauer/XAS cups with a sample
window of 4 mm x 10 mm were used as sample cells. Averaging and normalization of the
XAS data was performed using Athena.51

Edge energies were determined as the half-height of the white-line intensity. EXAFS
analysis was carried out using Artemis, which incorporates the IFEFFIT fitting engine and
FEFF6 for ab initio EXAFS phase and amplitude parameters.51 Crystal structures (either
as-is or modified slightly to test different structural models) were used for FEFF6 input to
identify significant paths. Fits of 45b and 46b were performed on two different models
having either monodentate- or bidentate-bound exogenous anions. 45b was best modelled
with a monodentate acetate moiety, while 46b was best fit using a bidentate nitrate anion.
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 S2
0 was fixed at 0.9, while the edge

shift parameter ∆E0 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 R-factor
and reduced χ2.
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Reactivity studies

General procedure for reactivity experiments Solutions of 45b and 46bwere prepared
according tomethodA (magic blue as oxidant, page 83), at -40 ◦C, for the reactivity studies
with phenols. For hydrocarbon oxidation reactions at room temperature, a solution of 45b
was prepared according to method B (HOCl as oxidant, page 83), the precipitate quickly
separated by decanting, and the solution transferred to a cuvette. Substrates were added
under stirring as concentrated acetone solutions, or as a neat liquid (benzyl alcohol). For
reactions with ethylbenzene and toluene, a substrate/acetone mixture (from 5% to 50%)
was used as the solvent. The consumption of 45b or 46b was monitored using electronic
absorption spectroscopy, by observing the disappearance of the visible/NIR features (45b:
λmax = 510 and 760 nm 46b: λmax = 560 and 790 nm) over time. The post-reaction
mixtures were diluted with acetone for GC-MS or ESI MS analysis.

Rate constants determination For rate constant determinations a minimum of 10 equi-
valents of substrate were used to ensure pseudo-first order conditions. The second-order
rate constants (k2) were determined from the linear dependence of the pseudo-first order
constants (kobs) on substrate concentration. Values for the observed kobs were obtained by
fitting the decay of the absorbance at 510 nm (45b) or 560 nm (46b) as an exponential.
Each experiment was repeated three times, and the average kobs value was utilized for the
determination of k2.

Table 3.5. Second order rate constants (k2) for the reactions of 44b, 45b and 46b with phenol
substrates at -40 ◦C (2,4- and 2,6-DTBP).

Substrate k2 (m−1 s−1)
44b 2,6-DTBP 0.104
45b 2,6-DTBP 0.125
46b 2,6-DTBP 1.96
46b 2,4-DTBP 158.5

Attempted determination of the pKa of O–H in 44-46a(H).

Determining the pKa values for the conjugate acids of 44-46a was attempted using elec-
tronic absorption spectroscopy, by monitoring the reaction between 44-46a and various
acids, and determining the acid dissociation constant. The following issues presented in
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Table 3.6. Second order rate constants (k2) for the reactions of 45b with hydrocarbon substrates at
25 ◦C. a) The reaction rate constant was corrected by a factor of 2 to account for the second HAA
event from anthracenyl radical.

Substrate k2 (m−1 s−1) BDE (kcal/mol)
Xanthene 35.1 75.531

[D2]Xanthene 10.8
DHA[a] 8.11 7831

[D4]DHA[a] 2.67
Fluorene 3.94 8031

Benzylalcohol 0.692 8432
Ethylbenzene 01.6 8731

Toluene 0.0076 9031

considering this experiment: the formed metal-bound AcOH, H2CO3, and HNO3 ligands
in 44-46a(H) are likely to be extremely labile and easily displaced by ligating solvent (acet-
one, present in large excess). Furthermore, carbonic acid in 44a(H) is likely to decay to
yield CO2 and H2O. The spectroscopic properties of 44-46a(H) are not known, because
they could be synthesised independently, thus preventing from differentiating between 44-
46a(H) and solvent substituted adducts thereof. Furthermore, in attempting to determine
the pKa of the O–H group in 44-46a(H), it cannot be said with certainty that reaction of
44-46a with H+-donors would result in the same O-atom being protonated as reaction of
44-46b with H-atom donors.

Nonetheless, the reaction between 45a and strong acids was explored. Electronic absorp-
tion analysis of the reaction between 45a and Et2O ·HBF4 or AcOH (2 equiv.) showed that
both acids reacted with the NiII complex at room temperature (figs. A.38 and A.39). Unfor-
tunately, the electronic absorption spectra obtained from these acid/base reactions were not
typical of [NiII(L)] complexes, where one typically expects features in the region λmax =
380-410 nm. This can be attributed to the protonation of the 2,6-pyridinedicarboxamidate
ligand rather than the ancillary O-ligand.

Importantly, in 1H NMR experiments on the reaction between 45a and Et2O ·HBF4 ad-
dition of even sub-stoichiometric amounts of Et2O ·HBF4 showed the formation of free
N,N’-bis(2,6-dimethylphenyl)-2,6-pyridinedicarboxamide ligand, as clearly evidenced by
the presence of the carboxamide NH signal at 9.10 ppm (fig. A.40). It was thus not possible
to experimentally determine the pKa values of 44-46a(H) and in turn could not calculate
the BDFEO–H for 44-46a(H).
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DFT Methods

All calculations have been performed using the Amsterdam Density Functional (ADF)52,53

andQUILD54 programs. Molecular orbitals were expanded in an uncontracted set of Slater
type orbitals (STOs) of triple-ζ quality with double polarization functions (TZ2P), or the
TDZP basis set which consists of triple-ζ quality on the metal and double-ζ quality on
all other atoms, in both cases including one polarization function.55,56 Core electrons were
not treated explicitly during the geometry optimizations (frozen core approximation53). An
auxiliary set of s, p, d, f, and g STOs was used to fit the molecular density and to represent
the Coulomb and exchange potentials accurately for each SCF cycle. Geometries of all
possible spin states were optimized with the QUILD54 program using adapted delocalized
coordinates until the maximum gradient component was less than 10-4 a.u.. Energies,
gradients and Hessians (for vibrational frequencies) were calculated using BP86-D3,57–59

in all cases by including solvation effects through the COSMO60 dielectric continuum
model with appropriate parameters for each solvent used (in this acetone was used).61

Scalar relativistic corrections have been included self-consistently in all calculations by us-
ing the zeroth-order regular approximation (ZORA).62 The geometry optimizations at the
BP86-D3 level were performed with the TDZP basis set. Subsequent single-point calcu-
lations (with the all-electron TZ2P basis set) have been performed with S12g, S12h,63 and
MVS.64 For all calculations carried out with BP86-D3 the Becke65,66 grid of normal qual-
ity was used; calculations performed with S12g and S12h were performed with a Becke
grid of very good quality, and for MVS a five times radial-grid boost was applied. All
DFT calculations were performed using the unrestricted Kohn-Sham scheme. The choice
for using BP86-D3/TDZP for the geometry optimizations was based on a recent study67

where it was shown that both BP86-D3/TDZP and S12g/TZ2P performed best for a set of
16 FeIII/IV (oxo/peroxo/hydroxo) complexes. However, because of the lower needs of in-
tegration accuracy (normal for BP86-D3 vs. very good for S12g) a considerable speed-up
can be achieved by using BP86-D3/TDZP.
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Chapter 4

Modulation of the Coordination
Environment of Nickel(II) and (III)
Pyridinedicarboxamidate Complexes

The XRD data collection and structure solutions and refinements were done by Dr Brendan Twam-
ley (Trinity College Dublin); Prof. Robert Barkley (Trinity College Dublin) provided access and
training to the EPR spectrometer.
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4.1 Introduction

The work described in chapter 3 demonstrated that NiIII–O–X complexes are competent
oxidants, and three such species based on the [Ni(pyN2

Me2)] core were compared. I set out
to synthesise further [Ni(L)(pyN2

Me2)] derivatives with a wider range of neutral or anionic
L ligands, with the goal of elucidating the relationships between structure and spectral
properties, and between structure and reactivity. One particular perspective was to better
understand the relationship between the structures and EPR spectra, especially with regard
to the relationship between molecular geometry and both g tensor symmetry and entity of
hyperfine coupling.

Secondly, multiple factors affecting the oxidative reactivity of NiIII species could be in-
vestigated: total charge, ligand basicity, coordination number and type of donor atom (i.e.
O vs N vs Cl) can all be taken in consideration. A important issue was that, in the reac-
tions of 44-45b with phenols and hydrocarbons, the fate of the transferred H atom (sec-
tion 3.4.1) could not be ascertained. Each complex had two potential O acceptors in the
terminal O ligand (e.g. in CH3C(O)O-), as well as the highly basic carboxamidate nitro-
gens: examining complexes without an O ligand is particularly interesting in this regard,
as it would allow to discriminate between reactivity centred on the pyN2

Me2 ligand. For
these purposes [Ni(L)(pyN2

Me2)] complexes with L = –Cl, –OCHO, –OPh, acetylacetonate,
bipyridine, terpyridine and 2,6-pyridinedicarboxylate (sch. 4.1) were studied.

4.2 Synthesis and characterisation of nickel(II) complexes

4.2.1 Synthesis

The general method used to synthesise a series of [Ni(L)(pyN2
Me2)] complexes was the

substitution of the acetonitrile ligand in [Ni(CH3CN)(pyN2
Me2)], compound 47 (sch. 4.1).

This improved the previously reported syntheses of [Ni(Cl)(pyN2
Me2)]Et4N (48a) and

[Ni(OCHO)(pyN2
Me2)]Et4N (49a), whose preparation from [Ni(OH)(pyN2

Me2)]Et4N, re-
quired longer time and only had modest yields.1 48a was obtained by the addition of
Et4NCl ·H2O (1.05 eq.) to a solution of 47 in CH3CN, followed by crystallisation of the
product by the addition of Et2O; dark red crystals were obtained in 85% yield. From this
complex, [Ni(OCHO)(pyN2

Me2)]Et4N (49a), [Ni(OPh)(pyN2
Me2)]Et4N (50a), and [Ni-

(acac)(pyN2
Me2)]Et4N (51a, acac = acetylacetonate) could be obtained. 48a was formed

in situ, without isolating it, and subsequently the chloride ligand was exchanged by the
addition of KOCHO, NaOPh or Na(acac) respectively. After separation of the resulting
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Scheme 4.1. Synthetic routes to the NiII complexes 48-54a. (a) Et4NCl ·H2O, CH3CN; (b)
KOCHO, CH3OH; (c) NaOPh, CH3OH; (d) Na(acac), DMF; (e) bpy, CH3CN; (f) terpy, CH3OH.
All compounds were crystallised from CH3CN and Et2O, except for 50a (DMF and Et2O), 53a
(CH3OH and Et2O), and 54a (CH3OH and MTBE).

KCl or NaCl precipitates by filtration, crystals of each compound were obtained by lay-
ering of Et2O over acetonitrile solutions of the crude materials, in yields of 76% (49a),
68% (50a), and 55% (51a).

The synthesis of 51a was conducted under anhydrous conditions and in an inert atmo-
sphere. In fact, early synthesis attempts under the laboratory atmosphere yielded an im-
pure product, which after repeated crystallisations was identified, by 1H NMR, to contain
the NiII–OAc complex 45a. Furthermore, red single crystals were recovered from the
crude product, which were shown by XRD experiment to be 1:1 cocrystals of 51a and 45a
(fig. 4.1). The acetate group could originate either from the oxidation of acetylacetonate
by atmospheric O2, or by its hydrolysis, through a retro-Claisen mechanism (sch. 4.2).

There are reports of NiIIcomplexes which contain β-diketonate ligands that are spontan-
eously oxidised, on exposure to O2, to two carboxylates and CO.2–4 The nickel-dependent
enzyme acireductone dioxygenase,5 as well, promotes the oxidation of its β-diketonate
substrate in the same manner. These molecules however all have a CHOH group between
the two carbonyl moieties of the diketonate, which is fundamental to the reaction, form-
ing the CO molecule after cleaving of two C–C bonds. A [D6]DMSO solution of 51a did
not appreciably decay over the course of two days, when exposed to air; conversely, after
12 hours for the addition of 0.1 mL of D2O, the formation of 45a was evident in the 1H
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NMR spectrum by the appearance of the characteristic peak of bound –OAc at 0.78 ppm
(fig. A.62). For this reason, one can proposed that binding to the Lewis acidic Ni centre
favours the nucleophilic attack of H2O on one of the carbonyl groups, initiating hydrolysis
via the retro-Claisen mechanism to give acetate and acetone.

Figure 4.1. ORTEP plots (at 50% probability level) of the X-ray structure of the 51a.45a cocrystal.
Hydrogen atoms, the counterions (Et4N

+) and H2O of crystallisation have been omitted for clarity.

Scheme 4.2. Hypothetical retro-Claisen mechanism for the formation of acetate from 51a.

[Ni(bpy)(pyN2
Me2)] (52a, bpy = 2,2’-bipyridine) and [Ni(terpy)(pyN2

Me2)] (53a, terpy =
2,2’;6’,2"-terpyridine), were prepared by the simple addition of the neutral ligands bpy
and terpy (1 eq.) to solutions of 47 in CH3CN (for 52a) or CH3OH (for 53a); crystals of
both were obtained by the slow diffusion of Et2O in the solution, in 78% and 75% yields
respectively.

Finally, the dianionic complex [Ni(2,6-dipic)(pyN2
Me2)]Li2(54a, 2,6-dipic = 2,6-pyridine-

dicarboxylate) was generated by the reaction of 47with Li2(2,6-dipic) (1.2 eq.) in CH3OH.
After evaporation of the solvent, the light brown impure product was washed with ethyl
acetate, and crystallised from CH3OH and methyl-tert-butylether, to give the product in
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64% yield. All the complexes were characterised via single crystal X-Ray diffraction, ESI
MS, NMR, UV-Vis, FTIR spectroscopies, and cyclic voltammetry.

4.2.2 Crystal structures

The four coordinate compounds 48a, 49a (both structures were previously reported1), and
50a had square planar geometries (fig. 4.2), with the geometry index6 τ4= 0.11, 0.07 and
0.14 respectively, in line with other reported [Ni(X)(pyN2

Me2)] complexes (chapter 3 and
reference1). The terminal –OPh and –OCHO ligands were perpendicular to the NiN3O
coordination plane.

Compounds 51a and 52a displayed a square pyramidal geometry (fig. 4.2), with the three
N donors from pyN2

Me2 and one N/O donor from the second ligand in the basal plane,
and τ5 values7 of 0.22 and 0.35 respectively. Of the two independent molecules of 52a in
the asymmetric unit, one was refined with a CH3CN ligand bound in the sixth coordina-
tion position, with 10% occupancy. Nevertheless, the 1H NMR spectra of 52a in either
CDCl3 or CH3CN did not show differences (fig. A.64), i.e. the same number of signals
were present, with only minor solvent-induced shifts. An octahedral 52a(CH3CN) would
be expected to have more significant shifts, and possibly two inequivalent pyridine groups
giving rise to a higher number of signals. From this it can be concluded that that the free
coordination position was not extensively occupied in solution.

53a and 54a both had distorted octahedral geometries, (fig. 4.2), with double axial
bending,8 i.e. two of the L–Ni–L axes had angles smaller than 180°. This distortion
was caused by the tridentate, meridional ligands pyN2

Me2 , terpy and 2,6-dipic having bite
angles smaller than 90° for each cis pair of donor atoms. In 54a there was an interaction
between one of the carboxylate C=O groups and one of the lithium counterions, whose
coordination is completed by H2O and CH3OH molecules.

The bond distances in the [Ni(pyN2
Me2)] core were essentially invariant in the square planar

complexes, whereas for the higher coordinate 51-54a there is a lengthening of 0.1-0.2 Å
of both the Ni-Namide and the Ni-Npyridine coordination bonds (table 4.1). In the square
pyramidal structures, the apical ligands were significantly more distant than the equatorial,
even if the acac and bpy of 51a and 52a are symmetrical. Even in the pseudo-octahedral
compounds, there was a marked elongation for the bond distances of the ligands above and
below the [Ni(pyN2

Me2)] plane. For example in 53a, the Ni–N(“pseudo-apical”) distance
was 2.10 Å, vs. 2.01 for Ni–N(“pseudo-equatorial”), in spite of both N donors being
pyridine groups.
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Figure 4.2. ORTEP plots (at 50% probability level) of the X-ray structures of 48-54a. 48-49a
previously reported.1 Hydrogen atoms, the counterions (Et4N

+) for 48-51 and Li+ for 54, solvents
of crystallisation have been omitted for clarity; disorder is not shown.
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In summary, the XRD structures gave confirmation of the structure assignments and
geometry of the new NiII compounds. Furthermore, ions corresponding to the nickel-
containing portion of the compounds were identified for all in ESI MS (in negative mode
for the anionic 48-51a and 54a, and in positive mode for the neutral 52-53a), confirming
the stability of the structures after dissolution.

Table 4.1. Average bond distances (Å) and angles (°) for 48-54a.

48a1 49a1 50a 51a 52a 53a 54a
Ni–Npyridine 1.796(7) 1.801(7) 1.826(2) 1.953(1) 1.885(2) 1.987(2) 1.977(4)
Ni–Namide 1.912(5) 1.888(5) 1.91(1) 2.038(2) 1.976(3) 2.172(5) 2.13(3)

Ni–O/N/Clplane 2.174(2) 1.856(5) 1.848(2) 1.946(1) 1.967(3) 2.005(2) 1.983(4)
Ni–O/Napical 2.005(1) 2.161(3) 2.120(2),

2.090(2)
2.094(3),
2.170(3)

Npyridine–Ni–O/Napical 99.59(5) 80.0(1) 102(7) 102(3)
Namide–Ni–O/Napical 99.0(7) 97.3(4) 93(5) 92.6(14)
O/Nplane–Ni–O/Napical 93.95(5) 99.7(1) 77.66(7) 77.6(7)
Npyridine–Ni–Namide 82.24(12) 82.92(14) 82.8(2) 79.0(2) 80.95(5) 77.39(13) 77.8(5)
Namide–Ni–O/N/Clplane97.76(12) 97.17(14) 97.2(5) 99.0(4) 99.1(1) 103(4) 102(6)
Namide–Ni–Namide’ 164.5(2) 165.4(3) 165.56(8) 153.56(5) 158.4(1) 153.81(6) 155.2(1)
Npyridine–Ni–O/N/Clplane180 177.0(3) 174.8(1) 166.46(5) 179.6(1) 171.80(7) 172.9(2)
Napical–Ni–Napical 155.20(6) 155.5(2)

τ4/ τ5 0.11 0.07 0.14 0.22 0.35

4.2.3 Spectroscopy and magnetic properties

The 1H NMR spectra of 48a, 49a and 50a were analogous to those of previously reported
[Ni(X)(pyN2

Me2)] complexes, and indicative of a diamagnetic, low-spin electronic struc-
ture (figs. A.55 to A.60). All different aromatic protons in the phenoxo group of 50a
generated distinct signals, indicating that they are neither exchanged by symmetry (con-
sistently with the solid state structure, fig. 4.2), nor by fast rotation about the Ni–OPh bond
on the NMR timescale.

By contrast, all five and six coordinate complexes 51-54a displayed peak broadening and
shifts typical of paramagnetic species (fig. 4.3). With the exception of 53a, the peaks were
sufficiently sharp and well-resolved, so that integration and cross-comparison allowed for
the partial assignments of the peaks. Typically among high-spin NiII complexes, tetrahed-
ral and 5-coordinate complexes have relaxation times that are long enough for reasonably
good spectra, while this is more difficult for the octahedral geometry.9
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Figure 4.3. 1H NMR spectra of 51a ([D6]DMSO), 52a (CD3CN), 53-54a and 55 (CD3OD), with
partial assignment of the paramagnetically shifted peaks.

102



Scheme 4.3. Labels for the protons used in the assignment of the 1H NMR spectra of 51-54a.

Assignment of the signals was facilitated by comparison with the spectrum of [Ni(2,6-
dipic)2]Li2 (55), a few crystals of which were fortuitously obtained from an unsuccessful
attempt of obtaining single crystals of 54a. 55 had a simple two-signal spectrum, (similar
to previously reported compounds containing the same anion10) with a peak at 63 ppm
assigned to themeta protons of the pyridine ring (Ha, sch. 4.3), and one at 22 ppm, assigned
to the para protons (Hb), on the basis of integration (fig. 4.3). These two signals were
present also in 54a (which contains the 2,6-dipic ligand). A similar signal at ∼60–80
corresponding to the meta-pyridine protons of the pyN2

Me2 ligand (Hd) was present in all
complexes 51a, 52a and 54a. The para-proton signal (He) was more mobile, at 10 ppm in
52a, 20 ppm in 54a, and could not be identified with certainty in 51a.

Integration helped to identify the para- and meta- aromatic and 12 methyl protons from
the aniline moieties (He/f/g), at ∼ -6 – -10, ∼10–14, and ∼6–10 ppm respectively for all
complexes. Four additional signals of two protons each were present in the spectrum of
52a, corresponding to the bpy ligand (Hh), while only one additional, one proton signal
was at -20 ppm in 51a and was of uncertain assignment (either para-pyridine, Hb or the
central proton of acac, Hj). The spectrum of 53a presented more line broadening and
overlap, and could not be assigned.

The number of signals in the spectra of 51a and 52a suggested a high symmetry, that is,
the two halves of the acac and bpy ligands were equivalent. In the solid state structure
they were in different environments (i.e. apical and equatorial coordination), hence the
solution spectra were indicative of either a change to trigonal bipyramidal coordination,
or fast dynamic exchange between the two alternative square pyramidal conformations. In
fact, the methyl signals from the acac ligand were not observed, which could be in theory
explained by excessive broadening caused by interconversion of the two position on the
NMR timescale. If this were the case, a sufficiently high experiment temperature would
result in a fast exchange regime, and a single sharp signal for the two groups. Variable
temperature experiments between -20 and 80 ◦C did not evidence the emergence of new
peaks, and unfortunately instrumental factors limited the possibility of exploring a larger
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temperature range; hence, the coordination geometry in solution of 51a and 52a could not
be conclusively determined.

The magnetic moments of 51-54a in solution were measured via the Evans method
(table 4.2). The µeff. values (51a: 2.99, 52a: 2.50 53a: 3.07 54a: 3.04 µB) were within
the typical values for penta- and hexacoordinate NiII,11 with the exception of 52a, which
was slightly lower but nevertheless indicative of a high spin d8 ion, possessing two un-
paired electrons (S = 1).

The different magnetic properties of the square planar nickel(II) complexes and their
4- and 5- coordinate counterparts are a consequence of their different ligand fields. A
second effect was evident in their colours or, more generally, electronic absorption spec-
tra (table 4.2 and figs. 4.5 and A.82). The square planar 48a, 49a and 50a, as well as
[NiII(OH)(pyN2

Me2)]-, 47 and 44-46a (chapter 3), all had orange or red colours arising
from moderately intense (ε ≈ 103 m−1 cm−1) bands at 450-550 nm, as is common for
nickel(II) compounds of this geometry.12,13 51-54a, conversely, had some weak, d-d bands
(ε ≤ 100) at lower energy, in the 800-1000 nm region, which is again typical for 5- and
6-coordinate NiII.12

4.2.4 Electrochemical properties

Cyclic voltammetry was performed on the new nickel(II) complexes, as well as the
Ni-NCCH3 complex 47 (chapter 3) in order to ascertain their potential for generating
nickel(III) species and the effect of the different coordination numbers and basicity of
ligands on the redox potentials. The experiments were done in acetone (with 20% CH3CN
for 52a and 20% CH3OH for 53-54a, in order to improve solubility), with 0.1 m Bu4NPF6

and scan rates of 0.05 V s-1.

Almost all compounds displayed in the steady state one (quasi)reversible redox wave at
relatively low potentials (table 4.2 and fig. 4.4), with peak separations of 0.08-0.010 V,
which can be attributed to the NiII/III conversion. The exceptions were 47, with no redox
events at E < 1 V, and 50a, which only had an irreversible oxidation wave at 0.26 V vs.
Fc+/Fc; most likely its redox behaviour was complicated by the redox-active nature of the
phenoxide ligand. The variation in E0

NiII/III
can be explained on the basis of the charge

of the complex, and the electron-donation from the ligands, estimated from their basicity
(pKa of their conjugate acids). The lowest values belonged to 51a (E0

NiII/III
= -0.14 V),

which is anionic and has the most basic ligand (acqueous scale pKa of Hacac = 9), and
54a (E0

NiII/III
= -0.07 V), which has three donors, two of which are anionic; the highest

corresponded to 48a (0.43 V) and 49a (0.48 V). It is interesting to compare the three
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Table 4.2. Spectral, magnetic, electrochemical and reactivity properties of 48-54a/b.

λmax (nm) (ε /
m−1 cm−1)

µeff.
(µB )

E1/2 vs
Fc+/Fc
(V)

gx, gy, gz
(gav.)

Azz
(MHz)

t½ k2
2,6-DTBP
at -40 ◦C
(m−1 s−1)

48a 455 (2300),
500 (1800)

0.43

49a 455 (1200) 0.48
50a 390 (4400),

460sh (850),
530sh (380)

0.26

51a 380sh (1800),
770 (110), 980

(130)

2.99 -0.14

52a 380sh (2400),
470sh (450),
850 (40)

2.50 0.26

53a 440sh (70),
860 (100)

3.07 0.33

54a 400sh (40),
900 (20)

3.04 -0.07

48b 600 (7000) 2.32, 2.23,
2.00 (2.18)

110 7 h at -80 ◦C

49b 530 (7500),
830 (4400)

2.25, 2.02
(2.17)

∞ at -80 ◦C

51b 530 (4500),
720sh (2500)

2.32, 2.23,
2.01 (2.19)

∞ at -40 ◦C; 3
h at 25 ◦C

no reaction

52b 580 (5200),
790sh (2900)

2.19, 2.16,
2.02 (2.12)

65 1700 s at -40
◦C

0.087

53b 420 (3900),
500 (4100),
680 (6600)

2.17, 2.14,
2.02 (2.11)

55 ∞ at -40 ◦C;
30 s at 25 ◦C

1.29

54b 560 (6000),
700sh (5200)

2.22, 2.19,
2.01 (2.14)

∞ at -40 ◦C;
260 s at 25 ◦C

no reaction

neutral compounds 47 and 52-53a. Clearly, the lack of a negative charge makes oxidation
more arduous, as demonstrated by 47, which was only oxidised (irreversible wave) at 1.03
V. The bpy and terpy complexes 52-53a, however, had relatively low E0

NiII/III
of 0.26 and

0.33 V respectively, having multiple pyridine donors which are more electron-rich than
CH3CN; nevertheless, the 6-coordinate, dianionic 54a had a potential that’s lower by 0.4
V than 53a.

All the complexes 48-54a displayed further oxidation waves beginning at E = 0.8 V
(figs. A.83 to A.89), however these are all irreversible; they may involve ligand oxidation
processes, but the assignment can not be easily made. In any case, such strong oxid-
ising conditions were not reached in the chemical oxidation methods described in the
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Figure 4.4. Steady state cyclic voltammograms of 48-54a vs. Fc+/Fc; conditions: 0.1 mm 0.1
Bu4NPF6, scan rate 0.05 V s-1, room temperature.

next section. In conclusion, 48-54a constitute a range of compounds, based on the same
[NiII(pyN2

Me2)] core, with varied structural and electrochemical properties, suitable as
starting materials for the study of NiIII species; the presence of reversible redox behaviour
was encouraging in suggesting that a simple one-electron oxidation without successive
reaction is plausible.

4.3 Formation and characterisation of nickel(III) com-
plexes

The generation of nickel(III) species, by the chemical oxidation of the 48-54a precursors,
was then attempted. Most of them reacted with one-electron oxidants, either tris(4-bromo-
phenyl)ammoniumyl hexachloroantimonate (magic blue) or cerium ammonium nitrate,
((NH4)2[CeIV(NO3)6], CAN). The reactions were performed in thermostated cuvettes and
monitored by UV-Vis spectroscopy. For the acetonitrile complex 47 and the phenoxide
50a, suitable conditions to generate a stable oxidised species could not be found. 48a,
49a, and 51a, in 0.4 mm acetone solutions, each reacted with one equivalent of magic
blue at -80 ◦C, giving new species with intense visible absorption bands (48b: 600 nm,
49b: 530 and 830 nm, 51b: 530 and 720 nm, fig. 4.6).

For the remaining three compounds, 52-54a, optimal oxidation conditions corresponded to
the addition of 2 equivalents of CAN (as an acetonitrile solution). The products had bands
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(a) 48a-b (b) 49a-b

(c) 51a-b (d) 52a-b

(e) 53a-b (f) 54a-b

Figure 4.5. UV-Vis spectra of 48-54a-b. Conditions: see experimental section.
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at λmax = 580 and 790 nm (52b), 680 nm (53b), and 560 and 700 nm (54b). High yields
for 52b could be obtained only at -80 ◦C, resulting in long reaction times (50 minutes),
while 53-54b were viable at higher temperature (-40 ◦C).

Because of solubility limits, the latter three compounds could not be prepared in pure
acetone solutions; 52a was dissolved in a 9/1 acetone/acetonitrile mixture, 53a in pure
CH3OH and 54a in 1/1 acetone/CH3OH.

As previously observed, in the oxidations with CAN, the NO3
– anion can compete with

the complex’s ligand for binding to the metal centre (chapter 3). Indeed, reacting more
than 2 equivalents of CAN caused the formation of NiIII–ONO2 (46b), as evident from
its absorption bands at λmax = 560 and 890 nm. This problem was not encountered with
53-54a, as the binding constants of the tridentate terpy and 2,6-dipic are likely larger.

4.3.1 EPR spectroscopy

The solutions of 48-54b generated through the aforementioned methods were analysed
by EPR spectroscopy (fig. 4.6). All showed the presence of S = ½ species, with average
g-values of 2.11-2.22, which are consistent with electron spin localised mainly on a low-
spin, d7, NiIII ion.14 The spectrum of the –Cl complex 48b was rhombic, with g = 2.32,
2.23, 2.00, and hyperfine coupling to the 35/37Cl nucleus (I = 3/2), evident from the four-line
splitting of the z component of the signal (Azz = 110MHz). The formate, 49b, was axial (g⊥
= 2.25, g‖ = 2.02), and very similar to the compounds 44-46b described in chapters 2 and 3,
although its shape could point to either a slight rhombic distortion or a small impurity.

The spectrum of the acac complex, 51b, on the other hand, was a mixture of a major,
markedly rhombic (g = 2.32, 2.23, 2.01) species, plus a relatively small contamination of
a second species (∼ 15% of total NiIII, evaluated on the basis of the height of the signals
at g ' 2). The remaining three compounds, 52-54b, were slightly rhombic, with gx '
gy � gz. Interestingly, 52b showed a three-line signal shape corresponding to hyperfine
coupling to one I = 1, 14N nucleus in the z direction (Azz = 65 MHz); 53b had coupling to
two 14N nuclei (five-line splitting, Azz = 55 MHz), whereas 54b had no visible hyperfine
coupling.

One of our goals was to infer the relationships between the shapes of the EPR signal shapes
and the structure of the nickel(III) compounds. It is useful to this purpose, to analyse the
symmetry of the nickel(II) starting materials, although there is no guarantee that their
structure is maintained after oxidation.

In principle, a compound will give rise to an axial signal if it has a fourfold symmetry
axis, at least locally around the central metal and the neighbouring atoms on which the
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(a) 48b (b) 49b

(c) 51b (d) 52b

(e) 53b (f) 54b

Figure 4.6. Measured (top, black) an simulated (bottom, gray) EPR spectra of 48-54b.
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Figure 4.7. Highest order symmetry elements and point groups for the idealised coordination
geometries (top) and models of complexes 51-54b (bottom).

unpaired electron is delocalised (fig. 4.7). Hence, in the square planar case, by virtue of
having a pseudo-D4h symmetry, one would expect an axial signal, as indeed observed for
44-46b and 49b. In reality, the Namide–Ni–Namide and the Npyridine–Ni–X directions are not
equivalent, lowering the symmetry of the immediate coordination sphere of the metal ion
to pseudo-D2h. This is especially true for X = Cl in 48b, as chlorine is considerably larger
and has different donor properties than N/O. Similar arguments are valid for the square
pyramidal structures, that is, there would be a plane with four similar N/O ligands, plus one
apical ligand, to give a pseudo-C4v symmetry. On the other hand, a trigonal bipyramidal
would be at best pseudo-D3h, and onewouldwould expect a higher rhombicity in the signal.
Finally, the pseudo-octahedral complexes would have an analogous situation to the square
planar ones, with approximate fourfold rotational symmetry in at least one direction, even
if they are compressed/elongated along it (pseudo-D4h). Of course, the actual symmetries
are lowered by at least three factors: (1) distortions from the ideal coordination geometry,
(2) the different nature of the donor atoms and (3) the remaining peripheral parts of the
ligands, which do not interact directly with the metal.

On the basis of these arguments, the EPR spectra were consistent with complexes 49b
and 52-54b having similar structures to those of 49a and 52-54a in the solid state. In
particular, for 52b a square pyramidal geometry is more likely than trigonal bipyramidal,
by virtue of the fact that gx ' gy, suggesting a near-axial symmetry of the compound.
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In contrast, 51b’s greater separation between gx and gy signal was suggestive of either a
trigonal bipyramidal geometry, or a bigger distortion in the coordination plane. The other
unusual signal was that of 48b, whose rhombicity can be attributed to either the different
nature of the large Cl atom, lowering the symmetry in the plane, or distortion away from
square planar geometry.

Resolved hyperfine coupling was observed in the three complexes 48b and 52-53b, in
all cases only in the z component. Coupling in the other directions cannot anyway be
excluded, as the gx/y parts of the signal display considerably larger line broadening that
could mask a fine structure with small constants: for example, in the signal of 52b the
gx/y components had full width at half maximum (FWHM) = 70 MHz, while for the gz
FWHM was only 35 MHz. The bpy and terpy compounds 52-53b coupled to one and
two (equivalent) 14N nuclei respectively, while in the 2,6-dipic complex 54b, which still
contains a pyridine donor, no coupling was visible; the three complexes have respectively
5, 6 and 4 N donor ligands.

It can be inferred that, as a result of the particular electronic structure of the complexes,
only donor atoms above and below the molecular plane formed by the [Ni(pyN2

Me2)] core
have large hyperfine coupling. On the basis of this hypothesis, one can further deduce that
the two N donors of bpy in 52b are inequivalent, and support the conclusion that a (C2v,
with the two pyridine groups exchanged by reflection) symmetrical trigonal bipyramidal
structure is not achieved in solution. This argument also suggests that the observation
of large hyperfine constant Azz in 48b is not consistent with a square planar geometry.
However it is plausible that the presence of the large, third row, Cl atom can significantly
alter the electronic structure of the compound, and a full clarification of this issue will
require a theoretical model of it.

The EPR spectra thus contributed to the understanding of the structures of nickel(III) com-
plexes, which are otherwise too unstable for XRD determination; however, their interpret-
ation is not conclusive on its own, and definitive elucidation of the structures will have to
avail of synergies with other techniques such as EXAFS and DFT.

4.3.2 Preliminary reactivity studies

In the study of the oxidation of phenols by the four-coordinate NiIII complexes 44-46b
it was found that the electron-poor –ONO2 complex 46b reacted with the highest rates
(chapter 3). Unfortunately, a consistent comparison with the extended series presented
here is hampered by the different conditions necessary to form and stabilise the nickel(III)
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complexes. Nevertheless, both their self-decay and their reactionwith an external substrate
demonstrated reactivity trends.

The thermal stability of the oxidised compounds was quite varied (table 4.2), and showed
that the more electron-rich compounds are more stable in the nickel(III) oxidation state,
while the more electron-poor ones are more easily reduced. So, 47 only has a weak, neutral
donor (CH3CN) and could not even be oxidised; 52b, cationic but with two donors, could
be formed at -80 ◦C, and had a t½ of 1700 s after warming to -40 ◦C; 53b and the anionic
54b were indefinitely stable at that temperature, and were even moderately stable (t½ =
30 s and 260 s respectively) after warming to room temperature. Similarly, 51a, with
the particularly basic, bidentate acac ligand was the most stable (t½ = 3 h at 25 ◦C). The
electron poor complexes 48a, 49a, conversely, could only be formed cleanly and stabilised
at low temperatures (-80 ◦C).

The reactivity of 51-54b towards 2,6-DTBP was then explored. At -40 ◦C, neither the
neutral, 5-coordinate 51b nor the anionic 54b reacted with excess 2,6-DTBP (100 eq.),
while both cationic 52b and 53b reacted, as evidenced by the disappearance of their char-
acteristic visible absorption bands (figs. A.92 and A.93). The reactions were pseudo-first
order in the presence of excess 2,6-DTPB, and their rate constants (kobs) were measured
by exponential fitting of the decay plot. Second order rate constants (k2) were determined
by plotting kobs (determined at varying substrate concentrations) against substrate concen-
tration and calculating the slope of the resulting linear plots (figs. A.90 and A.91). 52b
(which could only be generated in low yields at -40 ◦C, in 9/1 acetone/acetonitrile) re-
acted with k2 = 0.087 m−1 s−1. This value is comparable with that of the –OAc complex
45b (k2 = 0.125 m−1 s−1, measured in acetone, chapter 3). It should be noted that the
two compounds have reasonably close E0

NiII/III
(52b: 0.26 V, 45b: 0.35 V vs. Fc+/Fc).

53b (E0
NiII/III

= 0.33 V) reacted one order of magnitude faster, with k2 = 1.29 m−1 s−1, in
CH3OH.

Finally, 54b, while not reactive at -40 ◦C, in 1/1 acetone/CH3OH, oxidised 2,6-DTBP after
warming to 25 ◦C. Conversely, addition of xanthene (having a weak C–H bond, BDEC–H =
75.5 kcal/mol15) did not bring about the decay of 54b; this is in contrast, with 45b, which
was a proficient hydrogen atom abstractor from hydrocarbons at 25 ◦C.

These observations in summary suggest that electron-rich compounds with anionic ligands
(acac and 2,6-dipic) make for more stable, but worse oxidants, in line with what observed
for 44-46b. 53b constituted a signifiant exception, being more reactive than 52b in spite
of a similar reduction potential and having one more donor. If the reaction proceeded
through HAT, a reduction in reactivity should also be expected for the hexacoordinate
complexes, by virtue of the fact that the lack of a free coordination position would hinder
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the close approach of the substrate to the metal. It cannot however be assumed that the
same mechanism is at play in all cases, particularly by virtue of the fact that 53b could
only be analysed in CH3OH; the use of a protic solvent can potentially have large effects
on mechanisms that involve proton migration, either in a concerted or stepwise fashion.

4.4 Conclusions

An extended series of NiII complexes based on the [NiII(pyN2
Me2)] core, with different

coordination numbers (4-6) and geometries, and ligands with a variety of donor groups,
was synthesised and extensively characterised. The binding mode of the supporting ligand
pyN2

Me2 was essentially unvaried, as a meridional N3 ligand, with the exception of minor
bond lengthening caused by increased coordination numbers. The other ligand determined
the coordination geometry, with the monodentate –Cl, –OCHO and –OPh forming square
planar complexes 48-50a, the bidentate acac and bpy forming square pyramidal complexes
51-52a and the tridentate terpy and 2,6-dipic forming (pseudo)octahedral complexes 53-
54a. While the square planar complexeswere low spin (S=0), 5- and 6-coordination caused
a switch to high (S = 1) spin, evident in both spectral and magnetic properties. Interest-
ingly, the 1HNMR spectra of the paramagnetic compounds could in large part be analysed
and assigned, thanks to their reasonably small line-broadening.

Most of the complexes could be oxidised at low temperature to generate putative NiIII spe-
cies 48-53b. Analogies in the UV-Vis spectra with the previously reported compounds
(chapter 3), and EPR gav. values typical of metal-centred spin density confirmed the form-
ation of NiIII. The EPR spectra showed a complex diversity of shapes, which can be cor-
related to the variations in structures. Importantly, hyperfine coupling to Cl (in 48b) and
N (in 52-53b) atoms was evident in the gz components of the signals. Further character-
isation is currently in progress, and will avail of DFT calculations and X-ray absorption
spectroscopy.

Initial assessment of the oxidising power of complexes 48-53b, was carried out by ex-
amining their thermal self-decay and their reactivity towards 2,6-DTBP. A wide range of
behaviours was evident, with higher coordination numbers and basicity of the ligands con-
tributing to higher stability and lower reactivity levels, most evidently for the acac (51b)
and 2,6-dipic 54b complexes. The phenol oxidation reactions are however complicated by
possible variations in mechanism, in particular with regard to 53b, whose reaction with
2,6-DTBP was anomalously fast in CH3OH.

Future work will be focused on gaining further insight on this reactivity. Expanding
the scope of analysed substrates (i.e. using phenols with different electron-donating or
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-withdrawing substituents, oxidation potentials, and steric properties) will allow to study
the mechanism of oxidation in more depth, and distinguish for example between concerted
PCET, or sequential ET-PT or PT-ET.
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4.5 Experimental section

Physical Methods

Electronic absorption spectra were recorded on a Hewlett Packard (Agilent) 8453 diode ar-
ray spectrophotometer (190-1100 nm range) in quartz cuvettes cooled using a liquid nitro-
gen cooled cryostat from Unisoku Scientific Instruments (Osaka, Japan). 1H and 13C{1H}
NMR analyses were performed on an Agilent MR400 instrument (400.13 MHz for 1H
NMR and 100.61 MHz for 13C{1H} NMR). 1H NMR spectra for paramagnetic species
were acquired with 64 ms acquisition time and 30 ms relaxation time. Electrospray ion-
ization (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. ATR-FTIR spectra were recorded on a Perkin-Elmer Spectrum 100 Fourier
transform infrared spectrometer. Electron paramagnetic resonance spectra were recorded
on a Bruker EMX spectrometer, equipped with an Oxford Instruments CE 5396, ESR9
continuous flow cryostat and an Oxford Instruments CE 5396 precision temperature con-
troller, using liquid nitrogen cooling. Cyclic voltammetry experiments were conducted
with a CH Instruments 600E electrochemical analyser, using a glassy carbon working elec-
trode, a platinum wire counter electrode and an Ag/AgNO3 0.01 m reference electrode.

Materials and synthesis

Reactions with air-sensitive materials were conducted under an inert atmosphere using
standard Schlenk techniques. All solvents and reagents were purchased from commercial
sources and used as received, unless otherwise stated. Anhydrous solvents were obtained
by sparging with argon, followed by distillation over a drying agent. CaH2 was used for
CH3CN and CH2Cl2; sodium an benzophenone were used for THF and diethylether; B2O3

was used for acetone. Anhydrous DMF was purchased from Aldrich.

Compounds 48a and 49a were previously reported;1 hereby propose alternative syntheses,
starting from 47 (chapter 3), are proposed.

Spin State Measurements

The effective magnetic moments (µeff.) of the NiIII complexes were measured using the
modified Evansmethod at room temperature.16 Acapillary tube containing the chosen deu-
terated solvent (spiked with∼1% protic solvent) was inserted in the NMR tube containing
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the solution of the desired compound in the same deuterated solvent. The 1H NMR spec-
trum was recorded under standard conditions, and the difference between the paramagnet-
ically shifted and the non-shifted solvent signals was measured. χmol was calculated using
the equation:

χmol =
3∆νM

4πcf

in which f is the oscillator frequency (4× 108 Hz) of the NMR spectrometer, M is the
molar mass of the compound (g/mol), c is the concentration (g/mL), and ∆ν is the differ-
ence in frequency (Hz) between the two signals. Corrections for the diamagnetic contri-
butions of the organic ligands were subtracted using Pascal’s constants,17 and µeff. was
obtained as:

µeff. =

√
3kB
NAµ2

B

χmolT

in which kB is the Boltzmann constant, NA is the Avogadro constant, µB is the Bohr
magneton and T is the absolute temperature (K).

Synthesis of [NiII(Cl)(pyN2
Me2)]Et4N, tetraethylammonium chloro(N,N’-bis(2,6-di-

methylphenyl)-2,6-pyridinedicarboxamido)nickelate(II), 48a

47 (0.300 g, 0.64 mmol) was dissolved in CH3CN (5 mL). Et4NCl.H2O (0.123 g, 0.67
mmol, 1.05 eq.) was subsequently added and the solution stirred for 10 minutes. Stirring
was ceased and Et2O (20mL) was layered on top of the solution. Over the course of 4 days,
dark red crystals of the product formed, and were recovered by decanting of the solution
(0.324 g, 0.55 mmol, 85%).

δH (400 MHz, CDCl3): 7.92 (1H, t, J = 7.7 Hz, 4-py), 7.59 (2H, d, J = 7.7 Hz, 3,5-py),
6.82–6.71 (6H, m, ArH), 2.88 (8H, q, J = 7.3 Hz, NCH2CH3), 2.42 (12H, s, ArCH3), 0.99
(12H, m, NCH2CH3).

ESI-MS (m/Z): Found: -464.0680 ([Ni(Cl)(pyN2
Me2)]–, C23H21ClN3NiO2 requires 464.0676).

νmax (ATR-FTIR) /cm-1: 2989 (CH), 2949 (CH), 2915 (CH), 2851 (CH), 1611, 1604s,
1583s, 1468, 1378, 1174, 1000, 833, 760, 680.

λmax /nm: (acetone) 455 (ε /m−1 cm−1 2300) 500 (1800).

Synthesis of [NiII(OCHO)(pyN2
Me2)]Et4N, tetraethylammonium formato(N,N’-bis-

(2,6-dimethylphenyl)-2,6-pyridinedicarboxamido)nickelate(II), 49a

47 (0.200 g, 0.42 mmol) was dissolved in CH3OH (3 mL). Et4NCl ·H2O (0.078 g, 0.42
mmol, 1 eq.) and KOCHO (43 mg, 0.51 mmol, 1.2 eq.) were subsequently added and the
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solution stirred for 10 minutes. The methanol was removed in vacuo and the residue taken
up in CH3CN (3 mL). The bright red solution was filtered, and Et2O (20 mL) was layered
on top of it. Over the course of 5 days, bright red crystals of the product formed, and were
recovered by decanting of the solution (0.194 g, 0.32 mmol, 76%).

δH (400 MHz, CDCl3): 7.90 (1H, t, J = 7.7 Hz, 4-py), 7.56 (2H, d, J = 7.7 Hz, 3,5-py),
7.06 (1H, s, OCHO), 6.86–6.64 (6H, m, ArH), 2.80 (8H, q, 7.0 Hz, NCH2CH3), 2.54
(12H, s, ArCH3), 1.09 (12H, t, J = 7.0 Hz, NCH2CH3).

ESI-MS (m/Z): Found: -474.0982 ([Ni(OCHO)(pyN2
Me2)]–, C24H22N3NiO4 requires

474.0964).

νmax (ATR-FTIR) /cm-1: 3066 (CH), 3019 (CH), 2978 (CH), 2910 (CH), 2801s (CH),
2704, 1613s, 1585, 1467, 1299, 1179, 1154, 1033, 780, 769.

λmax /nm: (acetone) 455 (ε /m−1 cm−1 1200).

Synthesis of [NiII(OPh)(pyN2
Me2)]Et4N, tetraethylammonium phenoxo(N,N’-bis(2,6-

dimethylphenyl)-2,6-pyridinedicarboxamido)nickelate(II), 50a

47 (0.200 g, 0.42 mmol) was dissolved in CH3OH (3 mL). Et4NCl.H2O (0.078 g, 0.42
mmol, 1 eq.) and NaOPh (59 mg, 0.51 mmol, 1.2 eq.) were subsequently added and the
solution stirred for 10 minutes. The methanol was removed in vacuo and the residue taken
up in CH3CN (3 mL). The dark red solution was filtered, and Et2O (20 mL) was layered
on top of it. Over the course of 5 days, red-brown crystals of the product formed, and were
recovered by decanting of the solution (0.186 g, 0.28 mmol, 68%). A crystals suitable
for X-ray diffraction was obtained from slow diffusion of Et2O in DMF solution of the
product.

δH (400 MHz, CDCl3): 7.86 (1H, t, J = 7.7 Hz, 4-py), 7.56 (1H, d, J = 7.7 Hz, 3,5-py),
7.10 (1H t, J = 7.8 Hz, PhO), 6.87 (1H, t, J = 5.5 Hz, PhO), 6.74–6.67 (7H, s, ArH), 6.52
(1H, t, J = 7.7 Hz, PhO), 6.13 (1H, t, J = 7.0 Hz, PhO), 2.57 (8H, q, J = 7.2 Hz, NCH2CH3),
2.50 (12H, s, ArCH3), 0.88 (12H, t, J = 7.2 Hz, NCH2CH3).

δC (101 MHz, CDCl3): 167.6 (NC=O), 152.2 (pyridine CH), 144.4 (aniline Cq), 138.4
(pyridine Cq), 134.8 (aniline Cq), 127.3 (CH), 127.1 (CH), 126.8 (aniline CH), 123.3
(aniline CH), 121.8 (pyridine CH), 121.2 (CH), 52.0 (NCH2CH3), 19.3 (ArCH3), 7.3
(NCH2CH3).

ESI-MS (m/Z): Found: -521.9192 ([Ni(OPh)(pyN2
Me2)]–, C29H26N3NiO3 requires 522.1328).

νmax (ATR-FTIR) /cm-1: 3060 (CH), 2980 (CH), 2914 (CH), 2850 (CH), 1605s, 1579s,
1478s, 1370, 1295, 1620s, 1608, 1585, 1474, 1430, 1370s, 1295, 833, 755, 681.

λmax /nm: (acetone) 390 (ε /m−1 cm−1 4400), 460sh (850), 530sh (380).
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Synthesis of [NiII(acac)(pyN2
Me2)]Et4N, tetraethylammonium acetylacetonato(N,N’-

bis(2,6-dimethylphenyl)-2,6-pyridinedicarboxamido)nickelate(II), 51a

Sodium acetylacetonate (Na(acac)) was obtained by the reaction of equimolar acet-
ylacetone and NaOH in water. After evaporation of the water, the solid residue was
washed with acetone and dried in vacuo at 120 ◦C for 6 hours.

In a Schlenk tube, under Ar atmosphere, 48 (0.380 g, 0.64 mmol) was dissolved in anhyd-
rous DMF (4 mL). Na(acac) (0.082 g, 0.67 mmol, 1.05 eq.) was subsequently added and
the solution heated to 60 ◦C and stirred for 1 hour. The solution was filtered by cannula
transfer, concentrated in vacuo and finally anhydrous Et2O (20mL) was added, causing the
formation of dark brown precipitate. The material was redissolved in anhydrous CH3CN
and Et2O (20 mL) was layered on top of the solution. Over the course of 7 days, blocky
brown crystals of the product formed, and were recovered by decanting of the solution
(0.210 g, 0.35 mmol, 55%). Crystals suitable for X-ray diffraction were identified in the
product. Cocrystals of 51a and 45awere obtained from crystallisation of the crude product
from wet CH3CN and Et2O.

δH (400 MHz, [D6]DMSO): 78.8 (2H, 3,4-py), 13.8 (4H, ArH), 9.3 (12H, ArCH3), 2.6
(NCH2CH3), 1.1, 0.6 (NCH2CH3), -10.9 (2H, ArH), -20.3 (1H, COCHCO).

ESI-MS (m/Z): Found: -528.1426 ([Ni(acac)(pyN2
Me2)]–, C28H28N3NiO4 requires 528.1439).

νmax (ATR-FTIR) /cm-1: 3066 (CH), 2982 (CH), 2952 (CH), 2919 (CH), 2855 (CH), 1598,
1561s, 1513, 1465, 1430, 1398, 1368s, 1300, 1261, 1184, 1074, 1015, 924, 907, 759s.

λmax /nm: (acetone) 380sh (ε /m−1 cm−1 1800), 500sh (300), 770 (110), 980 (130).

µeff. /µB (CD3CN): 2.99.

Synthesis of [NiII(bpy)(pyN2
Me2)], (2,2’-bipyridine)(N,N’-bis(2,6-dimethylphenyl)-

2,6-pyridinedicarboxamido)nickel(II), 52a

47 (0.250 g, 0.53 mmol) was dissolved in CH3CN (5 mL).2,2’-bipyridine (0.083 g, 0.53
mmol, 1. eq.) was subsequently added and the solution stirred for 10 minutes, causing
complete dissolution and formation of a brown colour. Stirring was ceased and Et2O (20
mL) was layered on top of the solution. Over the course of 4 days, dark brown of the
product formed, and were recovered by decanting of the solution (0.240 g, 0.41 mmol,
78%).

δH (400 MHz, CD3CN): 131.5 (bpy), 64.5 (2H, 3,4-py), 41.5 (2H, bpy). 36.0 (2H, bpy),
14.7 (2H, bpy), 12.2 (4H, 3,5-ArH), 6.3 (12H, ArCH3), -6.2 (2H, 4-ArH).
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ESI-MS (m/Z): Found: 586.1761 ([M + H]+,C33H30N5NiO2 requires 586.1747).

νmax (ATR-FTIR) /cm-1: 3056 (CH), 2988 (CH), 2972 (CH), 2901 (CH), 1618, 1599s,
1573s, 1472, 1436, 1366, 1348, 1066s, 760s, 727, 690, 676.

λmax /nm: (acetone) 380sh (ε /m−1 cm−1 2400), 470sh (450) 850 (40).

µeff. /µB (CDCl3): 2.50.

Synthesis of [NiII(terpy)(pyN2
Me2)], (2,2’;6’,2"-terpyridine)(N,N’-bis(2,6-dimethyl-

phenyl)-2,6-pyridinedicarboxamido)nickel(II), 53a

47 (0.110 g, 0.23 mmol) was dissolved in CH3OH (3 mL). 2,2’;6’,2"-terpyridine (0.054
g, 0.23 mmol, 1 eq.) was subsequently added and the solution stirred for 10 minutes.
Stirring was ceased and Et2O (20 mL) was layered on top of the solution. Over the course
of 3 days, dark brown, microcrystalline product formed, and was recovered by filtration
and washed with acetone and diethylether (0.115 g, 0.17 mmol, 75%). Crystals suitable
for X-ray diffraction were obtained by repeating the same crystallisation procedure with
CH3OH and Et2O.

δH (400 MHz, CD3OD): 28.3, 76.5, 73.7, 72.6, 70.4, 69.6, 44.6, 44.2, 23.1, 22.8, 21.5,
19.0, 17.0, 16.0, 4.5, -7.9, -8.9.

ESI-MS (m/Z): Found: 663.2024 ([M + H]+, C38H33N6NiO2 requires 663.2013).

νmax (ATR-FTIR) /cm-1: 3059 (CH), 2998 (CH), 2970 (CH), 2911 (CH), 1611, 1595,
1559s, 1349, 1290, 1062, 769s, 761s, 727, 692, 670, 638.

λmax /nm: (CH3OH) 440sh (ε /m−1 cm−1 70), 860 (100).

µeff. /µB (CD3OD): 3.07.

Synthesis of [NiII(2,6-dipic)(pyN2
Me2)]Li2, lithium (pyridine-2,6-dicarboxylate)(N,N’-

bis(2,6-dimethylphenyl)-2,6-pyridinedicarboxamido)nickelate(II), 54a

Lithium pyridine-2,6-dicarboxylate (Li2(2,6-dipic)) was prepared by the reaction of LiOH
and pyridine-2,6-dicarboxylic acid in water, followed by precipitation with acetone and
drying under vacuum.

47 (0.207 g, 0.44 mmol) was dissolved in CH3OH (3 mL). Li2(2,6-dipic) (0.087 g, 0.53
mmol, 1.2 eq.) was dissolved in 0.5 mL of water, and added to the solution of 47. The
mixture turned light brown and the solvent was immediately evaporated. The residue was
washed with ethyl acetate, leaving behind a pistachio-coloured powder. This powder was
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redissolved in CH3OH (2 mL), and methyl-tert-butylether (18 mL) was layered on top of
the solution. Over the course of 4 days, crystals of the product formed (0.171 g, 0.28
mmol, 64%). Crystals suitable for X-ray diffraction were identified in the product. The
crystals presented green and light orange dichroism.

δH (400 MHz, [D6]DMSO): 71.3 (2H, 3,5-py), 58.8 (2H, 3,5-py’), 21.6 (1H, 4-py), 19.0
(1H, 4-py’), 14.3 (4H, 3,5-ArH) , 10.3 (12H, ArCH3), -10.1 (2H, 4-ArH).

ESI-MS (m/Z): Found: -595.1193 ([Ni(2,6-dipic)(HpyN2
Me2)]–, C30H25N4NiO6 requires

595.1128).

νmax (ATR-FTIR) /cm-1: 3076 (CH), 2927 (CH), 2819 (CH), 2901 (CH), 1606s, 1570,
1560s, 1553, 1465, 1430, 1370s, 1287, 1076, 761.

λmax /nm: (CH3OH/acetone) 400sh (ε /m−1 cm−1 40), 900 (20).

µeff. /µB ([D6]DMSO): 3.04.

Synthesis of [NiII(2,6-dipic)]Li2, lithium bis(pyridine-2,6-dicarboxylate)nickelate(II),
55

54a was dissolved in methanol and toluene , and the resulting solution left to evaporate
for 7 days. A few colourless crystals were recovered by decanting the supernatant solution
and washed with diethylether. The 1H NMR and XRD structure parameters correspond to
those of previously reported compounds of the [NiII(2,6-dipic)]2- anion.10,18

δH (400 MHz, [D6]DMSO): 62.6 (4H, 3,5-py), 22.0 (2H, 4-py).

Preparation of [NiIII(Cl)(pyN2
Me2)], chloro(N,N’-bis(2,6-dimethylphenyl)-2,6-pyridine-

dicarboxamido)nickel(III), 48b; [NiIII(OCHO)(pyN2
Me2)], formato(N,N’-bis(2,6-di-

methylphenyl)-2,6-pyridinedicarboxamido)nickel(III), 49b; and [NiIII(acac)(pyN2
Me2)],

acetylacetonato(N,N’-bis(2,6-dimethylphenyl)-2,6-pyridinedicarboxamido)nickel(III),
51b

2 mL of a 0.4 mm acetone solution of NiII precursor (48a, 49a, or 51a) were cooled to
-80 ◦C in a cuvette. 53 µL of a freshly prepared 15 mm solution of tris(4-bromophenyl)-
ammoniumyl hexachloroantimonate (magic blue, 1 eq.) in acetonitrile were added under
continuous stirring. The formation of the NiIII intermediate was immediate as evidenced
by the formation of new electronic absorption bands (at 600 nm for 48b, 530 and 830 nm
for 49b, 530 nm with a shoulder at 720 nm for 51b).
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Preparation of [NiIII(bpy)(pyN2
Me2)]+, (2,2’-bipyridine)(N,N’-bis(2,6-dimethylphenyl)-

2,6-pyridinedicarboxamido)nickel(III), 52b

2 mL of a 0.4 mm solution of 52a (in 9/1 acetone/acetonitrile) were cooled to -80 ◦C in
a cuvette. 40 µL of a freshly prepared 0.05 m solution of cerium ammonium nitrate in
acetonitrile (2 eq.) were added under continuous stirring. A new band at 580 nm, with a
shoulder at 790 nanometres, slowly appeared over the course of 50 minutes.

Preparation of [NiIII(terpy)(pyN2
Me2)]+, (2,2’;6’,2"-terpyridine)(N,N’-bis(2,6-dimethyl-

phenyl)-2,6-pyridinedicarboxamido)nickel(III), 53b

2 mL of a 0.4 mm methanolic solution of 53a were cooled to the desired temperature (-80
◦C < T < -40 ◦C) in a cuvette. 40 µL of a freshly prepared 0.04 m solution of cerium
ammonium nitrate in acetonitrile (2 eq.) were added under continuous stirring. Bands at
420 nm, 500 nm and 680 nm appeared over the course of 200 s (at -80 ◦C), evidencing the
formation of 53b.

Preparation of [NiIII(2,6-dipic)(pyN2
Me2)]–, (pyridine-2,6-dicarboxylate)(N,N’-bis-

(2,6-dimethylphenyl)-2,6-pyridinedicarboxamido)nickelate(III), 54b

2 mL of a 0.4 mm solution of 54a in 1/1 CH3OH/acetone were cooled to the desired tem-
perature (-80 ◦C < T < -40 ◦C) in a cuvette. 40 µL of a freshly prepared 0.04 m solution
of cerium ammonium nitrate in acetonitrile (2 eq.) were added under continuous stirring.
A broad band at 560 nm, with a shoulder at 700 nm, appeared over the course of 20 s (at
-40 ◦C), evidencing the formation of 53b.
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X-Ray diffraction methods

Single crystal X-ray data were collected at 100(2) K on a Bruker Apex II CCD diffracto-
meter using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å), an Oxford Cryo-
systems Cobra low temperature device and a MiTeGen micromount. Bruker APEX19 soft-
ware was used to correct for Lorentz and polarization effects. The structures were solved
and refined using the Bruker SHELXTL Software Package.20,21

X-ray structure refinement notes

The structure of 50a contains one molecule of DMF in the asymmetric unit. The asym-
metric unit of the cocrystal 51a.45a contains one molecule of 51a, one of 45a and two
molecules of water. One of the two NEt4 groups is disordered and was modelled with
constraints (EADP) in two positions with occupancies of 60:40%. The structure of 51a
contains no solvents of crystallisation. The structure of 52a contains two distinct mo-
lecules of 52a. Two dimethylphenyl rings are disordered in two positions with occupancy
75:25%. A rigid model was used to refine the lower occupancy part. Restraints (SADI)
and constraints (EADP) were used to model this. There is also approx. 10% MeCN co-
ordinating to one of the two Ni centres. This was modelled with restraints (ISOR). The
structure was modelled as an inversion twin with a Flack parameter of 0.385(9). In 54a,
one dimethylphenyl pendant group is disordered in two positions with 55:45% occupancy
and modelled with restraints (SADI) and constraints (EADP). The Li2 cation are coordin-
ated by solvents (CH3OH and H2O); one CH3OH and one water are disordered in two
positions (80:20% occupancy) and were modelled with restraints and constraints (SADI,
ISOR and EADP).
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Table 4.3. Crystal data and structure refinement parameters for 50a, 51a, and 51a.45a.

50a 51a 51a.45a
Empirical formula C40H53N5NiO4 C36H48N4NiO4 C69H96N8Ni2O10
Formula weight 726.58 659.49 1314.95
Temperature 100(2) K 100(2) K 100(2) K
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å

Crystal system Monoclinic Triclinic Orthorhombic
Space group Cc P1 Pca21

Unit cell dimensions a = 10.7254(3) Å a = 11.0309(4) Å a = 27.2970(16) Å
α = 90° α = 96.3180(10)° α = 90°

b = 25.8288(7) Å b = 11.2311(4) Å b = 14.8930(9) Å
β = 98.2736(9)° β = 108.0980(10)° β = 90°
c = 14.2807(4) Å c = 14.6563(5) Å c = 16.7320(10) Å

γ = 90° γ = 95.890(2)° γ = 90°
Volume 3914.92(19) Å3 1697.36(10) Å3 6802.1(7) Å3

Z 4 2 4
Density (calculated) 1.233 Mg/m3 1.290 Mg/m3 1.284 Mg/m3

Absorption coefficient 0.541 mm-1 0.615 mm-1 0.616 mm-1

F(000) 1552 704 2808
Crystal size 0.170 x 0.170 x 0.100

mm3
0.22 x 0.22 x 0.19

mm3
0.27 x 0.15 x 0.13

mm3

Theta range for data collection 1.577 to 27.936° 2.817 to 28.499° 2.362 to 28.348°
Index ranges −14 ≤ h ≤ 14,

−34 ≤ k ≤ 34,
−18 ≤ l ≤ 18

−14 ≤ h ≤ 14,
−15 ≤ k ≤ 15,
−19 ≤ l ≤ 19

−36 ≤ h ≤ 28,
−19 ≤ k ≤ 14,
−22 ≤ l ≤ 22

Reflections collected 75208 72445 49754
Independent reflections 8876 [R(int) =

0.0350]
8549 [R(int) =

0.0539]
16869 [R(int) =

0.0856]
Completeness to theta= 25.242° 26.000° 26.000°

100.0 % 99.9 % 99.8 %
Absorption correction Semi-empirical from

equivalents
Semi-empirical from

equivalents
Semi-empirical from

equivalents
Max. and min. transmission 0.7456 and 0.7016 0.7457 and 0.6901 0.7457 and 0.6914

Refinement method Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Data / restraints / parameters 8876 / 20 / 461 8549 / 0 / 416 16869 / 5 / 816
Goodness-of-fit on F2 1.015 1.038 1.018

Final R indices [I > 2σ(I)] R1 = 0.0290, wR2 =
0.0676

R1 = 0.0348, wR2 =
0.0726

R1 = 0.0585, wR2 =
0.1095

R indices (all data) R1 = 0.0352, wR2 =
0.0704

R1 = 0.0486, wR2 =
0.0774

R1 = 0.1061, wR2 =
0.1257

Largest diff. peak and hole 0.482 and -0.229 e
Å-3

0.391 and -0.449 e
Å-3

0.629 and -0.436 e
Å-3
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Table 4.4. Crystal data and structure refinement parameters for 52a, 53a, 54a and 55.

52a 53a 54a 55
Empirical formula C33.10H29.15N5.05NiO2 C38H32N6NiO2 C36H50Li2N4NiO13 C16H18Li2N2NiO12
Formula weight 588.37 663.40 819.39 502.91
Temperature 100(2) K 100(2) K 100(2) K 100(2) K
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å

Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic
Space group P21 Pbca P21/c P21/n

Unit cell dimensions a = 12.9031(11)
Å

a = 15.6038(6) Å a = 13.0215(9) Å a = 9.9189(6) Å

α = 90° α = 90° α = 90° α = 90°
b = 14.7169(14)

Å
b = 15.6097(7) Å b = 31.5481(19)

Å
b = 20.9731(10)

Å
β = 92.539(3)° β = 90° β = 113.689(2)° β = 106.185(2)°
c = 15.5333(13)

Å
c = 25.1195(10)

Å
c = 11.2308(7) Å c = 10.0860(5) Å

γ = 90° γ = 90° γ = 90° γ = 90°
Volume 2946.8(5) Å3 6118.4(4) Å3 4224.9(5) Å3 2015.03(19) Å3

Z 4 8 4 4
Density (calculated) 1.326 Mg/m3 1.440 Mg/m3 1.288 Mg/m3 1.658 Mg/m3

Absorption coefficient 0.697 mm-1 0.681 mm-1 0.523 mm-1 1.032 mm-1

F(000) 1228 2768 1728 1032
Crystal size 0.41 x 0.22 x

0.12 mm3
0.16 x 0.15 x 0.1

mm3
0.27 x 0.14 x
0.07 mm3

0.18 x 0.11 x
0.03 mm3

Theta range for data collection 2.625 to 28.778° 2.611 to 26.808° 2.582 to 26.193° 1.942 to 26.056°
Index ranges −17 ≤ h ≤ 17,

−19 ≤ k ≤ 19,
−21 ≤ l ≤ 21

−14 ≤ h ≤ 19,
−19 ≤ k ≤ 19,
−31 ≤ l ≤ 28

−16 ≤ h ≤ 15,
−39 ≤ k ≤ 36,
−13 ≤ l ≤ 13

−12 ≤ h ≤ 12,
−25 ≤ k ≤ 25,
−12 ≤ l ≤ 12

Reflections collected 61082 95924 54805 51839
Independent reflections 15266 [R(int) =

0.0492]
6527 [R(int) =

0.0829]
8438 [R(int) =

0.0696]
3982 [R(int) =

0.0963]
Completeness to theta= 26.000° 25.242° 25.242° 25.242°

99.9 % 99.9 % 99.9 % 100.0 %
Absorption correction Semi-empirical

from equivalents
Semi-empirical
from equivalents

Semi-empirical
from equivalents

Semi-empirical
from equivalents

Max. and min. transmission 0.7458 and
0.6592

0.7454 and
0.7061

0.7453 and
0.6264

0.7453 and
0.6605

Refinement method Full-matrix
least-squares on

F2

Full-matrix
least-squares on

F2

Full-matrix
least-squares on

F2

Full-matrix
least-squares on

F2

Data / restraints / parameters 15266 / 21 / 721 6527 / 0 / 428 8438 / 33 / 546 3982 / 6 / 324
Goodness-of-fit on F2 1.032 1.027 1.144 1.068

Final R indices [I > 2σ(I)] R1 = 0.0346,
wR2 = 0.0715

R1 = 0.0381,
wR2 = 0.0738

R1 = 0.0811,
wR2 = 0.1882

R1 = 0.0398,
wR2 = 0.0713

R indices (all data) R1 = 0.0469,
wR2 = 0.0770

R1 = 0.0640,
wR2 = 0.0825

R1 = 0.1011,
wR2 = 0.1981

R1 = 0.0654,
wR2 = 0.0780

Largest diff. peak and hole 0.434 and -0.381
e Å-3

0.341 and -0.384
e Å-3

1.104 and -0.647
e Å-3

0.375 and -0.483
e Å-3
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Cyclic voltammetry

CV experiments were conducted on 1 mm solutions of compounds 47 and 48-54a, at room
temperature, with a 0.05 V s-1 scan rate. The solvents were acetone, or acetone/actonitrile
(for compound 52a) or acetone/methanol (for compounds 53a and 54a) mixtures. The sup-
porting electrolyte was 0.1mBu4NPF6. Potentials were referenced to the Fc+/Fc couple by
addition of an internal ferrocene standard to the solutions. Performing themeasurements in
air or in an inert Ar atmosphere did not sort appreciable differences. All solutions, except
for 50a, showed one (quasi)reversible redox wave between -2 and 0.5 V, in the steady state.
Scanning to more extreme potentials (up to 1.4 V) caused rapid fouling of the electrode
surface with progressively diminishing currents over successive scans, only remedied by
interrupting the experiment and polishing the electrode.

EPR

EPR samples were prepared by freezing solutions of 48-54b, prepared according to the
above procedures, in EPR tubes in liquid nitrogen. The EPR spectra were recorded at 77
K, 9.2 GHz, 2 mW microwave power, with a 100 mT field sweep in 84 s, and 0.5 mT,
100 kHz field modulation. Integration, simulation, and fitting were executed with Matlab
and the easySpin computational package.22 Quantification of the concentration of spins
in the samples was obtained by comparison of the double integral of the signals to that
of a frozen 0.5 mm acetone solution of TEMPO, measured under the same conditions.
The concentrations thus determined, together with the electronic absorption spectroscopy
absorbance values for the same samples, were used to calculate the absorptivities of 48-
54b via the Beer-Lambert law. The systems were modelled as the powder patterns of S
= ½ electron spin systems with anisotropic g tensor with inhomogeneous line broadening
(fig. 4.6). Hyperfine coupling to one 35/37Cl (I = 3/2) nucleus for 48b, one 14N (I = 1) for
52b, and two 14N for 53b was included in the simulations, with Azz as the only non-zero
component of the coupling constant.

Reactivity studies

General procedure for reactivity experiments

Solutions of the nickel(III) compounds were prepared according to the methods described
above for the reactivity studies with 2,6-DTBP. 51-54b were tested at -40 ◦C; 54b was
also reacted after warming to 25 ◦C. 2,6-DTBP was added as a 1 m acetone solution.
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The consumption of the nickel(III) compounds was monitored using electronic absorption
spectroscopy, by observing the disappearance of their characteristic visible/NIR features
over time.

Rate constants determination

Rate constants were determined for the reactions of 52b and 53b with 2,6-DTBP, at -40
◦C. A minimum of 10 equivalents of substrate were used to ensure pseudo-first order con-
ditions. The second-order rate constants (k2) were determined from the linear dependence
of the pseudo-first order constants (kobs) on substrate concentration. Values for the ob-
served kobs were obtained by fitting the decay of the absorbance at 580 nm (52b) or 680
nm (53b) as an exponential. Each experiment was repeated three times, and the average
kobs value was utilized for the determination of k2.

126



References
(1) Huang, D.; Holm, R. H. J. Am. Chem. Soc. 2010, 132, 4693–4701.
(2) Allpress, C. J.; Berreau, L. M. Eur. J. Inorg. Chem. 2014, 4642–4649.
(3) Allpress, C. J.; Arif, A. M.; Houghton, D. T.; Berreau, L. M. Chem. Eur. J. 2011, 17, 14962–14973.
(4) Berreau, L. M.; Borowski, T.; Grubel, K.; Allpress, C. J.; Wikstrom, J. P.; Germain, M. E.; Rybak-

Akimova, E. V.; Tierney, D. L. Inorg. Chem. 2011, 50, 1047–1057.
(5) Dai, Y.; Wensink, P. C.; Abeles, R. H.; Robert, H. J. Biol. Chem. 1999, 274, 1193–1195.
(6) Yang, L.; Powell, D. R.; Houser, R. P. Dalton Trans. 2007, 955–964.
(7) Addison, C. C.; Gatehouse, B. M. J. Chem. Soc. 1960, 613–616.
(8) Alvarez, S.; Avnir, D.; Llunell, M.; Pinsky, M. New J. Chem. 2002, 26, 996–1009.
(9) Belle, C.; Bougault, C.; Averbuch, M.-T.; Durif, A.; Pierre, J.-L.; Latour, J.-M.; Le Pape, L. J. Am.

Chem. Soc. 2001, 123, 8053–8066.
(10) Evilia, R. F.; Young, D. C.; Reilley, C. N. J. Coord. Chem. 1973, 3, 17–25.
(11) Barefield, E. K.; Busch, D.; Nelson, S. Q. Rev. Chem. Soc. 1968, 22, 457–498.
(12) Cotton, A. F.;Wilkinson, G.; Bochmann,M.;Murillo, C. A.,Advanced Inorganic Chemistry;Wiley:

1999.
(13) Schultz, M.; Plessow, P.-N.; Rominger, F.; Weigel, L. Acta Crystallogr., Sect. C: Cryst. Struct. Com-

mun. 2013, 69, 1437–1447.
(14) Haines, R.; McAuley, A. Coord. Chem. Rev. 1981, 39, 77–119.
(15) Bryant, J. R.; Mayer, J. M. J. Am. Chem. Soc. 2003, 125, 10351–10361.
(16) Evans, D. F.; Jakubovic, D. A. J. Chem. Soc., Dalton Trans. 1988, 2927–2933.
(17) Bain, G. A.; Berry, J. F. J. Chem. Educ. 2008, 85, 532–536.
(18) Xiang, J.; Yin, Y.-G.; Huang, X.-C. Acta Crystallogr. Sect. E 2006, 62, m213–m215.
(19) Bruker APEX v2014.11-0, Bruker AXS Inc., Madison, Wisconsin, USA.
(20) SHELXL-2014, Bruker AXS Inc., Madison, Wisconsin, USA.
(21) Sheldrick, G. Acta Crystallogr. Sect. A 2008, 64, 112–122.
(22) Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42–55.

127



128



Chapter 5

Evidence for a Transient High Valent
Oxidant in the Reaction of a Nickel(II)
Complex with m–CPBA

A manuscript detailing the work described in this chapter has been submitted for publication. The
DFT calculations were performed by Prof. Marcel Swart (University of Girona, Spain); the XRD
data collection and structure solutions and refinements were done by Dr Brendan Twamley (Trinity
College Dublin); Prof. Robert Barkley (Trinity College Dublin) provided access and training to
the EPR instrument.
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5.1 Introduction

The NiIII–O–X species presented in the previous chapter represented a remarkable group
of oxidants, that were proficient in hydrogen atom transfer and proton-coupled electron
transfer reactions. Nevertheless, Ni=O complexes are more often invoked as the inter-
mediates in catalytic oxidations (section 1.5). For example, early mechanistic studies on
Ni-catalysed epoxidation reactions proposed NiIV=O as an oxidising reagent, on the basis
of analysis of product distribution and side reactions.1 More recently, Itoh and Palani-
andavar have demonstrated Ni-catalysed alkane oxidations, and suggested a NiII–O• or
NiIII=O oxidant.2–7 I set out to attempt the preparation of such species by reacting NiII pre-
cursors with oxygen atom transfer reagents. In this chapter, the reaction of a NiII complex
(56, sch. 5.1) towards meta-chloroperoxybenzoic acid (m-CPBA) is explored, and evid-
ence for the formation of a transient high valent NiIII–O• oxidant, and thermodynamically
more stable NiIII–carboxylate species, is provided.

5.2 Synthesis of a nickel(II) acetonitrile complex and re-
action with m-CPBA

[NiII(CH3CN)(pyN2
iPr2)] (56, sch. 5.1) was synthesised by deprotonating H2pyN2

iPr2 with
NaH (2 eq.) in THF, and reacting the resulting mixture with Ni(OTf)2. Work-up and
re-crystallisation from CH2Cl2/Et2O afforded brown/red crystals of 56. This replicates
the procedure employed for the preparation of [NiII(CH3CN)(pyN2

Me2)] (47, chapter 3).
Structural assignment and characterisation were achieved by NMR, FTIR, and electronic
absorption spectroscopies and X-ray diffraction of single crystals (fig. 5.1).

Scheme 5.1. Preparation of 57a by ligand exchange with 56. Et4N(OCOC6H4Cl) was generated
in situ by metathesis of Et4NCl and Na(OCOC6H4Cl).

130



Figure 5.1. ORTEP plots (at 50% probability level) of the X-ray structures of 56 and 57a. Hydro-
gen atoms, one molecule of Et2O in 56, the Et4N+ counterion and one molecule of CH3CN in 57a
have been omitted for clarity.

Upon addition of m-CPBA (2 equiv.) to a solution of 56 at 25 ◦C (0.5 mm, 2 mL, acetone
or CH3CN), a colour change from orange to dark purple occurred. The maximum yield
of the purple species, on the basis of the intensity of the newly formed electronic absorp-
tion bands (λmax = 560 nm, shoulder at 760 nm, fig. 5.2), was obtained after 350 s. The
purple species subsequently decayed with a half-life of 2100 s at 25 ◦C. The previously
reported [NiIII(OX)(pyN2

Me2)] (OX = OCO2H, OAc, and ONO2) complexes displayed ab-
sorption features in the range λmax = 500-900 nm (chapters 2 and 3). The spectrum of
the product of the 56 + m-CPBA reaction is reminiscent of these compounds, suggesting
a [NiIII(OX)(pyN2

iPr2)] species had formed.

ESI-MS analysis of the 56 + m-CPBA mixture revealed one peak, with an isotopic pattern
typical of a Ni containing species, at m/Z = 696. A [Ni(OCOC6H4Cl)(pyN2

iPr2)]+ ion
(m/Z = 696.2139, fig. 5.4) is consistent with it: presumably this species results from the
ionisation of a neutral [NiIII(OCOC6H4Cl)(pyN2

iPr2)] species present in solution.

EPR analysis of the reaction mixture (fig. 5.3) displayed a signal suggestive of a mixture
of two low-spin S = ½ d7 NiIII species, similar to previously reported NiIII complexes
(chapters 2 and 3). The spectrum was simulated as an approximately 1:1 mixture of an
axial signal (g⊥ = 2.23, g‖ = 2.01) g⊥, g‖ and a markedly more rhombic one (gx = 2.42, gy
= 2.26, gz = 1.99). Double integration of the signal and comparison with a radical standard
(0.5mm TEMPO) demonstrated a total yield of S =½ species of∼50%±20%, on the basis
of the starting concentration of 56. On the basis of the electronic absorption, mass, and
EPR spectra, and in analogy with previously studied [NiIII(OX)(pyN2

Me2)] complexes, it
was suggested that one of the products was [NiIII(OCOC6H4Cl)(pyN2

iPr2)] (57b).
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Figure 5.2. Electronic absorption spectra of 56 (0.5 mm, acetone, 25 ◦C, blue trace) and the same
solution after addition of m-CPBA (2 equiv., 25 ◦C, purple trace); 57a (0.5 mm, acetone, -80 ◦C,
orange trace) and of the oxidation product 57b resulting from the addition of 1 equiv. magic blue
(red trace) to 57a.

5.3 Synthesis and oxidation of a nickel(II) 3-chlorobenzo-
ate complex

As previously shown, [NiIII(OX)(pyN2
Me2)] could be prepared by the one electron oxida-

tion of the corresponding [NiII(OX)(pyN2
Me2)]– (chapters 2 and 3). In order to prepare

the putative [NiIII(OCOC6H4Cl)(pyN2
iPr2)] (57b), the corresponding NiII complex was

synthesised. Et4N[NiII(OCOC6H4Cl)(pyN2
iPr2)], 57a (sch. 5.1) was obtained by the re-

action of 56 with crude Et4N(OCOC6H4Cl) (obtained by the metathesis of Et4NCl and
Na(OCOC6H4Cl) in CH3OH). Single crystal X-ray diffraction measurements confirmed
the structure of 57a (fig. 5.1), and was supported by NMR, FTIR, and ESI-MS.

The oxidation of 57awith tris(3-bromophenyl)ammoniumyl hexachloroantimonate (magic
blue, 1 equiv., -80 ◦C, acetone) resulted in a purple solution, whose electronic absorption
spectrum displayed bands at λmax = 580 and 780 (shoulder) nm (fig. 5.2). Such features
have been identified as typical for [NiIII(OX)(pyN2

Me2)] complexes (chapter 3), allowing
to identify this compound as [NiIII(OCOC6H4Cl)(pyN2

iPr2)] (57b). Critically, the obtained
spectrum possessed a similar profile to that obtained from the 56 +m-CPBAmixture, with
intense bands in the visible region (fig. 5.2, fig. A.100). However, there was a shift in the

132



Figure 5.3. X-Band EPR spectra of the reaction mixture of 56 and m-CPBA (top, black line;
dashed line = simulated spectrum) and of 57a and magic blue (purple, bottom); measured at 77
K in frozen acetone solution, 2 mW microwave power. Simulated spectra (middle) of the two
individual components of the 56 + m-CPBA mixture are in red (g⊥ = 2.23, g‖ = 2.01) and blue (gx
= 2.42, gy = 2.26, gz = 1.99).

Figure 5.4. Positive mode ESI-MS of the mixture of 56 + m-CPBA (blue, left); simulation of the
ion 57+ (C38H41ClN3NiO4, m/Z = 696.2139, red, right).
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Figure 5.5. Positive mode ESI-MS of the mixture of 57a + magic blue (blue, left); simulation of
the ion 57+ (C38H41ClN3NiO4, m/Z = 696.2139, red, right).

λmax values (20 nm), which can be ascribed to the presence of at least two NiIII species in
the 56 + m-CPBA reaction mixture.

The EPR spectrum of 57b (figs. 5.3 and A.101) corresponded to a single species (gx = 2.42,
gy = 2.26, gz = 1.99). Such signals are typical of [NiIII(OX)(pyN2

R2)] species (chapters 2
and 3). Importantly, 57b displayed EPR features identical to the rhombic component in
the mixture obtained from the mixture of 56 and m-CPBA (fig. 5.3).

ESI-MS analysis of pure 57b showed a peak at m/Z = 696, corresponding to a 57+ ion,
which was also observed in the 56 + m-CPBA mixture (fig. 5.5). The same product (57b,
[NiIII(OCOC6H4Cl)(pyN2

iPr2)]) was thus obtained from the one-electron oxidation of 57a,
as from the reaction of 56 with excess m-CPBA.

5.4 Analysis of decay products

The formation of 57b corresponds to a net one-electron oxidation of 56. m-CPBA can react
either as a two- or one-electron oxidant. Two-electron oxidation by m-CPBA results from
heterolytic O–O bond scission, while a one-electron oxidation derives from homolytic
O–O bond scission.

It has been previously reported that these two occurrences can be distinguished on the
basis of the m-CPBA-derived products.7–10 In the former a NiIV=O/NiIII–O• moiety and
meta-chlorobenzoic acid (m-CBA) would form and in the latter a NiIII=O/NiII–O• entity
and ameta-chlorobenzene carboxyl radical would form. Themeta-chlorobenzene carboxyl
radical would decay further by decarboxylation and further radical-type reactions to yield
chlorobenzene, 1,3-dichlorobenzene, or 3-chlorophenol.10
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The 56 + m-CPBA reaction mixture was analysed by GC-MS, after acidic work-up, but
didn’t identify any of chlorobenzene, 1,3-dichlorobenzene, or 3-chlorophenol. Moreover,
separation by column chromatography of the post-reaction mixture showed recovery
of m-CBA in high yield (>90%). These observations suggest that the reaction of 56
with m-CPBA resulted in heterolytic cleavage of the O–O bond, and the formation of a
NiIV=O/NiIII–O• species. 57b is not a NiIV=O/NiIII–O• complex, and therefore, one can
assume it derives from the transient NiIV=O/NiIII–O• species (sch. 5.3), as a result of HAA
of solvent by the NiIV=O/NiIII–O• and subsequent ligand exchange by m-CBA.

Heterolytic O–O bond scission is further corroborated by DFT calculations (S12g / TZ2P
// BP86-D3 / TDZP including COSMO solvation and ZORA relativistic effects11–15 which
showed that after binding of m-CPBA, the O–O bond breaks spontaneously resulting in a
hydroxo-NiIV-carboxylate adduct (fig. 5.9). Subsequent loss ofm-CBA, after proton trans-
fer from this adduct leads to the formation of a NiIII–O• species (fig. 5.10). The NiIII–O•

entity (S = 1) was found to be more stable than the NiIV=O (S = 0) by ca. 9 kcal/mol and
carries unpaired spin density on both the metal/nitrogens and the oxygen atoms (fig. 5.11).

5.4.1 Formation of a benzoxazine-containing modified ligand

In order to understand the 56 + m-CPBA reaction further, an acidic work-up of the reac-
tion mixture was performed, which caused demetallation, and isolated all organic products
by column chromatography. Alongside non-derivatised ligand (H2pyN2

iPr2) one major
ligand-oxidised product (58) was obtained (fig. 5.6), as well as traces of other degrada-
tion products. Importantly, none of these ligand-derived organic molecules were formed
in the reaction of H2pyN2

iPr2 with m-CPBA (room temperature, acetone) in the absence of
a metal, or from the natural decay of 57b (prepared with magic blue in acetone, -45 ◦C to
room temperature). Crystals of 58 that were suitable for X-ray diffraction, obtained from
ethanol/H2O, demonstrated 58 to be a benzoxazine derivative of H2pyN2

iPr2 (fig. 5.6). The
yield of 58, after column chromatography, was 35% relative to the quantity of 56.

There are two plausible mechanisms for the formation of 58 in the reaction of 56 with m-
CPBA (sch. 5.2). In both cases, the putative NiIII–O• presumably abstracts a hydrogen atom
from a benzylic C–H, yielding a benzylic radical and a NiIII–OH. These products could
undergo radical rebound to yield a hydroxylated species (mechanism A, sch. 5.2). The
hydroxylated ligand could then undergo cyclisation-condensation, to yield the benzoxazine
product.

Alternatively, the benzylic radical would react directly with the carboxamide oxygen, in
a radical coupling fashion, ultimately yielding the benzoxazine (mechanism B, sch. 5.2).
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Figure 5.6. Structure of 58 (left), and ORTEP plot (at 50% probability level) of its X-ray structures.
Hydrogen atoms and one molecule of EtOH have been omitted for clarity.

Analogous benzo-1,3-oxazines are typically prepared by the cyclisation-condensation of
2-acylamido-benzylalcohols, promoted by acids, thus supportingmechanismA.16–18 Metal
based oxidants such as MnO2 or PbO2 have been observed to effect the transformation of
o-alkyl-acetanilides to benzoxazines, but the mechanism is unknown.19,20 To the extent
of my knowledge, radical-type mechanisms (as in mechanism B, sch. 5.2) have not been
investigated.

Scheme 5.2. Possible mechanisms for the formation of benzo-1,3-oxazine 58.

The two mechanisms can be differentiated by the source of the oxygen atom in the product:
the putative NiIII–O• oxidant in case A, or the carboxamide O-atom originally present in the
ligand in case B. In order to resolve this question, the reaction between 56 andm-CPBAwas
performed in the presence of H2

18O (435 equiv.). By ESI-MS, ∼30% 18O incorporation
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Figure 5.7. Energy profile for the foramtion of benzo-1,3-oxazine 58 (kcal/mol,
S12g/TZ2P//BP86-D3/TDZP, including COSMO solvation and ZORA relativistic effects
self-consistently).

was observed in the benzoxazine product 58 (fig. 5.8). This is a strong indication that
the benzoxazine is formed through mechansim A, via the intermediate benzylic alcohol
product, derived from hydroxylation by a putative NiIII–O• species, because such a species
is likely to exchange with H2

18O,21,22 whereas the carboxamidate oxygen is unlikely to
undergo exchange with H2

18O.

This was supported by DFT analysis, which showed that although in the NiIII–O• species
the benzyl hydrogen was further away from the oxygen atom (2.95 Å) than the methyl
hydrogens (2.51 Å), the barrier for HAT was found to be significantly lower for the ben-
zylic (7.1 kcal/mol) than the methyl (11.8 kcal/mol) hydrogen atoms (fig. 5.7). For the
subsequent step (sch. 5.2), where either hydroxide radical rebound (mechanism A) or car-
boxamide O-atom radical coupling (mechanism B), DFT also supports the experimental
observations. The barrier for the rebound pathway was found to be substantially lower
(7.4 vs. 12.5 kcal/mol, fig. 5.7), corroborating the results from the isotopic labelling ex-
periments. This allowed to conclude that a metal-based oxidant, distinct from the NiIII-
containing 57b, is transiently formed when 56 was reacted with m-CPBA, and causes the
oxidation of the supporting ligand.

The formation of degradation product 58 demonstrates that the putative NiIII–O• interme-
diate can be reduced by the transfer of one of the ligand’s hydrogen atoms. In the reaction
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Figure 5.8. ESI-MS of the post-decay mixtures of (56 + m-CPBA) in the presence of excess H2O
(natural abundance, left) and H2

18O (right).

between 56 and m-CPBA, one can postulate that the observed species 57b is formed by a
similar process, in which an exogenous reductant, most likely the solvent, causes the con-
version of NiIII–O• to NiIII–OH (sch. 5.3). The latter subsequently reacts with m-CBA via
ligand exchange, to form 57b. While the structure of the second EPR-active product (axial
signal, fig. 5.3) in the reaction of 56 and m-CPBA cannot be confirmed, one possibility is
that it is a NiIII species supported by the oxidised ligand (thus a NiIII ion supported by 58).

Scheme 5.3. Hypothetical mechanism for the formation of 57b from the oxidation of with m-
CPBA.
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Figure 5.9. DFT-optimised structure obtained after binding of m-CPBA to 56, in which the
HO–OCOAr is broken spontaneously. The proton of the hydroxyl is involved in an intramolecular
H-bond towards the m-CBA, which after proton transfer leads to the m-CBA and the NiIII–oxyl
species (obtained at BP86-D3/TDZP, including COSMO solvation and ZORA relativistic effects
self-consistently).

Figure 5.10. DFT-optimised Structure of the NiIII–oxyl species (obtained at BP86-D3/TDZP, in-
cluding COSMO solvation and ZORA relativistic effects self-consistently).
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Figure 5.11. Spin-density of the NiIII–oxyl species (obtained at S12g/TZ2P//BP86-D3/TDZP, in-
cluding COSMO solvation and ZORA relativistic effects self-consistently). The MDC-m spin-
density charges indicate a total spin of 1.04 on the oxygen, 0.86 on the nickel, 0.04 on the nitrogens,
with the remaining spin density scattered over the ligand.

5.4.2 Secondary ligand degradation products

Other minor products were identified from the decay of the (56 + m-CPBA) reaction
mixture (sch. 5.4), which were characterised by NMR and mass spectrometry. The
benzoxazine 59 was obtained in trace amounts (∼1% based on starting H2pyN2

iPr2

amount), and results from the condensation of hydroxylated 2,6-diisopropylaniline and
3-chlorobenzoic acid. 2,6-Diisopropylquinone (60) was isolated in 6% yield, and is likely
derived from the 2,6-diisopropylphenylaniline moiety of the ligand. The complement-
ary fragment of the ligand, 6-((2,6-diisopropylphenyl)carbamoyl)picolinic acid (61) was
observed by GC-MS (m/Z = -325.1558, [M – H]–) but could not be isolated.

5.5 Oxidation of exogenous substrates

It was demonstrated in chapter 3 that [NiIII(OX)(pyN2
Me2)] complexes were not capable

of oxidising cyclohexane (BDEC–H = 99 kcal/mol).23,24 The putative NiIII–O• is likely
to be a more potent oxidant than the [NiIII(OX)(pyN2

Me2)] complexes. Previous exper-
imental and computational studies have predicted NiIV=O/NiIII–O• entities to be power-
ful oxidants.7,25,26 56 and m-CPBA were reacted in the presence of excess cyclohexane
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Scheme 5.4. Ligand degradation products identified from the post-decay mixture of 56 +m-CPBA.

(80% by volume). Cyclohexanol, the hydroxylated product of cyclohexane, was found in
trace amounts by GC-MS. The putative transient NiIII–O• is thus capable of oxidising non-
activated, alkylic C-H bonds, and is a superior oxidant compared to well-characterised
[NiIII(OX)(pyN2

Me2)] complexes.

5.6 Conclusions

In conclusion, the reaction of 56withm-CPBA led to the formation of a stable NiIII species,
[NiIII(pyN2

iPr2)(OCOC6H4Cl)]. The analysis of organic decay products led to surmise the
existence of a more powerful, transient NiIII–O• precursor to this stable NiIII species. The
slow reaction of m-CPBA and instability of the NiIII–O• prevented its spectroscopic obser-
vation. When compared to the previously investigated [NiIII(OX)(pyN2

Me2)] this formally
NiIV moiety demonstrated a greater oxidative power, reacting with strong C–H bonds in
cyclohexane and effecting the degradation of the supporting ligand. The NiIII–O• mediated
ligand oxidation resulted in the unexpected formation of benzoxazine 58. Future efforts
will focus on the stabilisation of the NiIII–O• to facilitate its isolation.
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5.7 Experimental section

Physical Methods

Electronic absorption spectra were recorded on a Hewlett Packard (Agilent) 8453 diode ar-
ray spectrophotometer (190-1100 nm range) in quartz cuvettes cooled using a liquid nitro-
gen cooled cryostat from Unisoku Scientific Instruments (Osaka, Japan). 1H and 13C{1H}
NMR analyses were performed on an Agilent MR400 instrument (400.13 MHz for 1H
NMR and 100.61 MHz for 13C{1H} NMR). GC-MS was performed using a GCT Premier
Micromass time of flight mass spectrometer. Electrospray ionization (ESI) mass spectra
were acquired using aMicromass time of flight spectrometer (TOF), interfaced to aWaters
2690HPLC, or by direct injection in themass spectrometry instrument. ATR-FTIR spectra
were recorded on a Perkin-Elmer Spectrum 100 Fourier transform infrared spectrometer.
Electron paramagnetic resonance spectra were recorded on a Bruker EMX spectrometer,
equipped with an Oxford Instruments CE 5396, ESR9 continuous flow cryostat and an Ox-
ford Instruments CE 5396 precision temperature controller, using liquid nitrogen cooling.

Materials and synthesis

Reactions with air-sensitive materials were conducted under an inert atmosphere using
standard Schlenk techniques or in a nitrogen atmosphere glove-box. All solvents and re-
agents were purchased from commercial sources and used as received, unless otherwise
stated. Anhydrous CH3CN and CH2Cl2 were obtained by distillation over CaH2, and an-
hydrous acetone was obtained by distillation over B2O3. m-CPBA was purified by dis-
solving in CH2Cl2 and washing with a pH 7.4 KH2PO4 buffer. Purity of the m-CPBA
product (>95%) was confirmed by 1H NMR. N,N’-(2,6-diisopropylphenyl)pyridine-2,6-
dicarboxamide was prepared according to a reported procedure.27

Synthesis of [NiII(CH3CN)(pyN2
iPr2)], acetonitrile(N,N’-bis(2,6-diisopropylphenyl)-

2,6-pyridinedicarboxamido)nickel(II), 56

The reaction was conducted under an inert nitrogen atmosphere. N,N’-(2,6-diisopropyl-
phenyl)pyridine-2,6-dicarboxamide (H2pyN2

iPr2 , 0.350 g, 0.72mmol) was dissolved in an-
hydrous THF (6 ml). Addition of NaH (60% dispersion in mineral oil, 0.058 g, 1.4mmol,
2 eq.) resulted in immediate gas evolution and caused the solution to turn pale yellow.
When bubbling ceased, Ni(OTf)2 (0.258 mg, 0.72mmol, 1 eq.) was added, followed by
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1 mL of anhydrous CH3CN. A red solution, with a small amount of precipitate, formed;
after stirring for 1 h at room temperature, the solvent was removed in vacuo. The resulting
solids were taken up in anhydrous CH2Cl2 (20 ml), filtered, and evaporated to yield the
product as a red-brown powder (0.268 mg, 0.46mmol, 64%). Crystals suitable for X-ray
diffraction were obtained by diffusion of Et2O into a concentrated CH2Cl2 solution.

δH (400 MHz, CDCl3): 8.08 (1H, t, J = 7.7 Hz, 4-py), 7.79 (2H, d, J = 7.7 Hz, 3,5-py),
7.10-7.06 (2H, m, ArH), 7.05-7.00 (4H, m, ArH), 3.80 (4H, hept., CH(CH3)2, J = 6.9 Hz),
1.40 (12H, d, CH(CH3)2, J = 6.9 Hz), 1.40 (12H, d, CH(CH3)2, J = 6.9 Hz), 1.25 (3H, s,
CH3CN).

δC (101 MHz, CDCl3): 166.9 (NC=O), 151.1 (pyridine CH), 144.3 (aniline Cq), 141.5
(pyridine Cq), 141.2 (aniline Cq), 125.8 (aniline CH), 123.6 (pyridine CH), 122.7 (anil-
ine CH), 122.6 (CH3CN), 28.9 (CH(CH3)2), 24.3 (CH(CH3)2), 23.6 (CH(CH3)2), 0.7
(CH3CN).

ESI-MS (m/Z): Found: 583.2583 ([M + H]+, C33H41N4NiO2 requires 583.2578).

νmax (ATR-FTIR) /cm-1: 2961 (CH), 2926 (CH), 2866 (CH), 2323w (C≡N), 2296w, 1633s
(C=O), 1605 (C=O), 1462, 1441, 1370, 1360, 800m, 770s, 747, 737, 680m.

λmax (THF) /nm: 430 (ε /m−1 cm−1 1000), 550 sh (130).

Synthesis of [NiII(OCOC6H4Cl)(pyN2
iPr2)]Et4N, tetraethylammonium (3-chloroben-

zoato)(N,N’-bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamido)nickelate(II), 57a

A crude tetraethylammonium 3-chlorobenzoate material was prepared by metathesis of
Et4NCl.H2O (101 mg, 0.55mmol) and sodium 3-chlorobenzoate (100 mg, 0.55mmol; ob-
tained from equimolar amounts of NaOH and 3-chlorobenzoic acid), by dissolving both
in CH3OH (5 mL), removing the solvent in vacuo, and taking up the residue in CH3CN
(10 mL). A white solid (presumably NaCl) was filtered off, and the oily product obtained
after evaporation of CH3CN. The crude Et4N(OCOC6H4Cl) was added to 56 (0.314 g,
0.54 mmol), dissolved in CH3CN (3 ml), causing the solution to immediately turn from
brown-red to bright red. After 5 minutes stirring, Et2O (20 ml) was layered on top of the
solution. Over the course of 5 days, crystals of the product formed, and were recovered by
decanting the solution (0.330 g, 0.40mmol, 74%). Crystals suitable for X-ray diffraction
were identified in the product.

δH (400 MHz, CDCl3): 7.85 (1H, t, J = 7.7 Hz, 4-py), 7.51 (2H, d, J = 7.7 Hz, 3,5-py),
6.90 (1H, d, J = 7.2 Hz, C6H4ClCO2), 6.87–6.70 (7H, m, ArH), 6.59 (1H, d, J = 7.4 Hz),
6.53 (1H, s, C6H4ClCO2), 4.28 (4H, hept., J = 6.5 Hz, CH(CH3)2), 2.83–2.72 (8H, m,
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NCH2CH3), 1.33 (12H, d, J = 6.5 Hz, CH(CH3)2), 1.13 (12H, d, J = 6.5 Hz, , CH(CH3)2),
0.95 (12H, br, NCH2CH3).

δC (101 MHz, CDCl3): 169.6 (C6H4ClC=O), 166.9 (NC=O), 152.3 (2,6-py), 145.0 (Cq
Ar.), 141.9 (Cq Ar.), 139.6 (Cq Ar.), 138.4 (4-py), 131.8 (Cq Ar.), 128.0 (CH Ar.),
127.7 (CH Ar.), 127.4 (CH Ar.), 125.9 (CH Ar.), 124.0 (CH Ar.), 121.9 (CH Ar.), 121.8
(3,5-py), 52.1 (NCH2CH3), 28.9 (CH(CH3)2), 25.3 (CH(CH3)2), 23.5 (CH(CH3)2), 7.3
(NCH2CH3).

ESI-MS (m/Z): Found: 696.2130 ([Ni(ArCO2)(pyN2
iPr2)]–, C38H41ClN3NiO4 requires

696.2139).

νmax (ATR-FTIR) /cm-1: 3058 (CH) 2956 (CH), 2865 (CH), 1605s (C=O), 1584, 1566,
1440, 1372, 1348s, 1002, 836, 757, 744s, 682m.

λmax (acetone) /nm 380 (ε /m−1 cm−1 4000), 470 sh (700).

Reaction of 56 with m-CPBA

The reaction was monitored by electronic absorption spectroscopy. 2 ml of a 0.5 mm
acetone (or CH3CN) solution of 56 were placed in a cuvette at 25 ◦C. 8 µL of a 0.25
M solution of m-CPBA in acetone were added under stirring. New absorption features
with λmax = 560 nm and a shoulder at 760 nm, slowly appeared, reaching the maximum
intensity after 350 s.

Reaction of 57a with magic blue

2 ml of a 0.5 mm acetone solution of 57a were cooled to -80 ◦C in a cuvette. 66 µL
of a freshly prepared 15 mm solution of tris(4-bromophenyl)ammoniumyl hexachloroanti-
monate (magic blue) in CH3CNwere added under continuous stirring. Immediately, bands
attributed to the oxidised product (580 nm, shoulder at 760 nm) appeared.

The reaction was repeated on a larger scale for the analysis of decay products. 57a (24
mg, 0.03mmol) was dissolved in 20 mL of acetone in a Schlenk flask immersed in a
CH3CN/liquid nitrogen bath (-45 ◦C). Magic blue (23 mg, 1 eq.) was added under stirring,
causing a change in colour from red to purple; after 10 minutes the mixture was allowed
to warm up to room temperature. The acetone was evaporated, the residues taken up in
CH2Cl2 and washed with 1 MHCl. 1HNMR, ESI-MS, GC-MS and TLC analyses showed
no formation of ligand decay (oxidised) products.
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EPR of the NiIII intermediates

The EPR spectra of the NiIII intermediates were recorded on a frozen solution in an EPR
tube, prepared according to the above procedure. The EPR spectrum was recorded at 77
K, 9.2 GHz, 2 mW microwave power, with a 100 mT field sweep in 83 s, and 0.5 mT, 100
kHz field modulation. Integration, simulation, and fitting were executed with Matlab and
the easySpin computational package.28 Spin quantification was effected by double integra-
tion of the signals and comparison with a standard radical sample (TEMPO, 0.5 mm). The
signals were fitted as S = ½ electron spin systems, with anisotropic g tensors and inhomo-
geneous line broadening. The spectrum of the product of the reaction of 57a + magic blue
was simulated as a single species with gx = 2.42, gy = 2.26, gz = 1.99. The spectrum of
the reaction mixture from 56 + m-CPBA was simulated as a mixture of the same species,
plus a second species (g⊥ = 2.23, g‖ = 2.01) in nearly equal amounts (55:45%).

Mass spectrometry of the NiIII species

ESI-MS analysis of the NiIII species was conducted on solutions prepared according to the
above procedures (56 + m-CPBA and 57a + magic blue), transferred to a glass vial and
diluted by 50% by the addition of cold (∼ -40 ◦C) CH3CN. These solutions were frozen in
liquid nitrogen, and directly injected in the mass spectrometer immediately after thawing.

Analysis of the decay products of the reaction of 56 + m-CPBA

The above reaction was scaled up for the structural characterization of the decay products.
227 mg of 56 (0.39 mmol) was dissolved in 100 ml of acetone in a round bottom flask
and cooled in an ice-water bath. Solid m-CPBA (135 mg, 2 eq.) was added under stirring,
causing the purple-black colour to develop over the course of a few minutes. After 1 hour,
the solution was allowed to warm to room temperature and left to decay for a further 12
hours. The solvent was evaporated, the solids redissolved in CH2Cl2 and washed with 1 M
HCl. The mixture was analysed by ESI-MS, GC-MS, and 1H NMR. The compounds were
isolated by column chromatographic separation on silica (eluent: hexanes/ethyl acetate
10/1). m-chlorobenzoic acid was not quantitatively recovered because of long elution time
and strong interaction with the silica. Its amount was estimated by 1HNMR integration of
the crude acidified product, using dimethylformamide as an internal standard, as >90%,
based on the originalm-CPBA amount added to the reaction mixture. The benzoxazine 59
(sch. 5.4), 2,6-diisopropylbenzoquinone (60) were also obtained from the separation and
identified through NMR and mass spectrometry.
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N-(2,6-diisopropylphenyl)-6-(8-isopropyl-4,4-dimethyl-4H-benzo[d][1,3]oxazin-2-
yl)picolinamide, 58

58 was isolated in 35% yield. Crystals suitable for diffraction were obtained by addition
of H2O to an ethanolic solution of 58 in an NMR tube.

δH (400 MHz, CDCl3): 9.74 (1H, s, NH), 8.49 (1H, d, J = 7.8 Hz, 6-py), 8.38 (1H, d, J
= 7.8 Hz, 2-py), 8.01 (1H, t, J = 7.8 Hz, 4-py), 7.46–7.30 (1H, m, CH10), 7.28–7.23 (3H,
m, overlaps with residual CHCl3, CH5,9), 7.21 (1H, t, J = 7.5 Hz, CH4), 7.01 (1H, d, J=
7.5 Hz, CH3), 3.95 (1H, hept., J = 7.0 Hz, , CHb), 3.19 (2H, hept, J = 6.9 Hz, CHc), 1.72
(6H, s, CH3

a), 1.30 (6H, d, J = 7.0 Hz, CH3
b), 1.26 (12H, d, J = 6.9 Hz, CH3

c).

δC (101 MHz, CDCl3): 163.1 (C=O), 153.7 (C=N), 150.2 (6-py), 149.4 (2-py), 146.1
(C8), 144.1 (C6), 138.0 (4-py), 135.0 (C1), 131.4 (C2), 131.4 (C7), 128.1 (C10), 127.3 (C4),
126.2 (6-py), 125.3 (C5), 123.7 (2-py), 123.6 (C9), 119.8 (C3), 78.9 (Ca), 29.1 (CHc), 28.6
(CHa), 27.4 (CHb), 23.6 (CH3

c), 23.39 (CH3
b).

ESI-MS (m/Z): Found: 484.2968 ([M + H]+, C31H38N3O2 requires 484.2964).

2-(3-chlorophenyl)-8-isopropyl-4,4-dimethyl-4H-benzo[d][1,3]oxazine, 59

59 was obtained in trace amounts (∼1%).

δH (400 MHz, CDCl3): 8.12 (1H, br, CH3), 8.07 (1H, d, J = 7.8 Hz, CH1), 7.45 (1H, br.
d, J = 7.8 Hz, CH5), 7.38 (1H, t, J = 7.8 Hz, CH6), 7.25 (1H, d, J = 7.6 Hz, overlaps with
residual CHCl3, CH10), 7.17 (1H, t, J = 7.6 Hz, CH9), 7.00 (1H, d, J = 7.6 Hz, CH8),
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3.94 (1H, hept., J = 7.0 Hz, CH(CH3)2), 1.69 (6H, s, OC(CH3)2), 1.30 (6H, d, J = 7.0 Hz,
CH(CH3)2).

δC (101 MHz, CDCl3): 154.0 (C=N), 143.8 (C11), 135.5 (C2/4), 135.2 (C12), 134.2 (C4/2),
131.2 (C7), 130.9 (C1), 129.4 (C6), 127.8 (C3), 126.6 (C9), 126.0 (C5), 125.13 (C10),
119.6 (C8), 78.5 (OC(CH3)2), 28.3 (OC(CH3)2), 27.2 (CH(CH3)2), 23.4 (CH(CH3)2).

ESI-MS (m/Z): Found: 314.1304 ([M + H]+, C19H21ClNO requires 314.1306).

2,6-Diisopropylbenzoquinone, 60

was isolated in 6% yield. Spectra correspond to previous literature reports.29

δH (400 MHz, CDCl3): 6.47 (1H, s), 3.07 (2H, hept., J = 6.9 Hz), 1.13 (12H, d, J = 6.9
Hz).

Reaction of 56 with m-CPBA – isotopic labelling with H2
18O

The reactions were conducted in Schlenk flasks under inert atmosphere; a blank reaction
was conducted in parallel using the same nickel complex andm-CPBA stock solutions, and
natural abundance (non-enriched) H2O. To a stirred solution of 56 in anhydrous CH3CN
(3 mL, 1.7 mm ), 40 µL of H2

18O (97 atom% enrichment) were added, followed by 2 equi-
valents of m-CPBA. The oxidised intermediate was allowed to form and decay, and after
12 hours the solvent was removed, followed by addition of CH2Cl2 and washing with 1 M
HCl. The isotopic content of the products was analysed by ESI-MS. A complicating factor
was that [18O]58 has the same nominal mass as unmodified H2pyN2

iPr2 . Nevertheless, the
corresponding peak was 50% more intense in the experiment with H2

18O, as opposed to
a blank with natural abundance water, after normalising the peak corresponding to 58
(fig. 5.8). The extent of 18O incorporation in the product was evaluated as ∼30%, after
subtracting the peak intensity due to H2pyN2

iPr2 .

Reaction of N,N’-(2,6-diisopropylphenyl)pyridine-2,6-dicarboxamide with m-CPBA

N,N’-(2,6-diisopropylphenyl)pyridine-2,6-dicarboxamide (200 mg, 0.41 mmol) was dis-
solved in 40 mL of acetone and solid m-CPBA (156 mg, 0.91 mmol, 2.2 eq.) added to
it under stirring. After 24 h an NaI test indicated the presence of unreacted oxidant; this
was carefully quenched with aqueous Na2S2O3. The crude mixture was analysed by 1H
NMR, ESI-MS, GC-MS and TLC, where no products other than the unmodified ligand
H2pyN2

iPr2 were identified.
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Oxidation of cyclohexane

56 (5 mg, 8.6 µmol) was dissolved in 1 mL of [D6]acetone; 4 mL of cyclohexane were
added to the solution, followed by m-CPBA (3 mg, 17 µmol, 2 eq.). The mixture was
allowed to react and decay under stirring for 12 hours; afterwards it was filtered on a
cotton plug and analysed by GC-MS.

X-Ray diffraction methods

Single crystal X-ray data were collected at 100(2) K on a Bruker Apex II CCD diffracto-
meter using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å), an Oxford Cryo-
systems Cobra low temperature device and a MiTeGen micromount. Bruker APEX30 soft-
ware was used to correct for Lorentz and polarization effects. The structures were solved
and refined using the Bruker SHELXTL Software Package.31,32

X-ray structure refinement notes

The crystal cell of 56 contains two independent, but isostructural, molecules in the asym-
metric unit, and one disordered molecule of diethyl ether. The disorder was modelled with
restraints applied to maintain geometry and displacement. The structure of 57a contains
one molecule of CH3CN in the asymmetric unit. The structure of 58 contains a molecule
of ethanol hydrogen-bonded to the N and N–H groups of 58. The isopropyl groups are
disordered and modelled with restraints and constraints (DFIX, SADI and EADP). The
EtOH molecule is also disordered and was modelled and was modelled with restraints and
constraints (SADI and EADP).
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Table 5.1. Crystal data and structure refinement parameters for 56, 57a, and 58.

56 57a 58
Empirical formula C70H90N8Ni2O5 C31H64ClN5NiO4 C33H43N3O3
Formula weight 1240.92 869.40 529.70
Temperature 100(2) K 100(2) K 100(2) K
Wavelength 0.71073 Å 0.71073 Å 1.54178 Å

Crystal system Monoclinic Triclinic Hexagonal
Space group P 1 21/c 1 P1 P65

Unit cell dimensions a = 20.7514(7) Å a = 11.2143(4) Å a = 8.7435(4) Å
α = 90° α = 110.6620(10)° α = 90°

b = 21.5643(8) Å b = 13.9431(5) Å b = 8.7435(4) Å
β = 110.8990(10)° β = 91.4110(10) ° β = 90°
c = 16.1479(6) Å c = 16.1500(6) Å c = 69.045(3) Å

γ = 90° γ = 106.7540(10)° γ = 120°
Volume 3258.95(19) Å3 2239.91(14) Å3 2276.8(3) Å3

Z 4 2 6
Density (calculated) 1.221 Mg/m3 1.289 Mg/m3 1.155 Mg/m3

Absorption coefficient 0.612 mm-1 0.542 mm-1 0.581 mm-1

F(000) 2648 928 1716
Crystal size 0.050 x 0.150 x 0.180

mm3
0.260 x 0.230 x 0.110

mm3
0.21 x 0.19 x 0.04

mm3

Theta range for data collection 1.41 to 27.51° 2.298 to 30.633° 3.841 to 68.386°
Index ranges −26 ≤ h ≤ 26,

−14 ≤ k ≤ 14,
−20 ≤ l ≤ 20

−16 ≤ h ≤ 16,
−19 ≤ k ≤ 19,
−23 ≤ l ≤ 23

−10 ≤ h ≤ 10,
−10 ≤ k ≤ 10,
−82 ≤ l ≤ 82

Reflections collected 72448 49339 26441
Independent reflections 15480 [R(int) =

0.0443]
13768 [R(int) =

0.0318]
5575 [R(int) =

0.0588]
Absorption correction Semi-empirical from

equivalents
Semi-empirical from

equivalents
Semi-empirical from

equivalents
Max. and min. transmission 0.9701 and 0.8979 0.7461 and 0.6825 0.7531 and 0.5659

Refinement method Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Data / restraints / parameters 15480 / 16 / 795 13768 / 0 / 545 5575 / 8 / 384
Goodness-of-fit on F2 1.020 1.025 1.031

Final R indices [I > 2σ(I)] R1 = 0.0402, wR2 =
0.0917

R1 = 0.0370, wR2 =
0.0881

R1 = 0.0577, wR2 =
0.1461

R indices (all data) R1 = 0.0658, wR2 =
0.1019

R1 = 0.0505, wR2 =
0.0954

R1 = 0.0653, wR2 =
0.1516

Largest diff. peak and hole 0.750 and -0.720 e
Å-3

0.551 and -0.518 e
Å-3

0.256 and -0.227 e
Å-3
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DFT methods

All calculations have been performed using the Amsterdam Density Functional (ADF)33,34

andQUILD35 programs. Molecular orbitals were expanded in an uncontracted set of Slater
type orbitals (STOs) of triple-ζ quality with double polarization functions (TZ2P), or the
TDZP basis set which consists of triple-ζ quality on the metal and double-ζ quality on
all other atoms, in both cases including one polarization function.36,37 Core electrons were
not treated explicitly during the geometry optimizations (frozen core approximation34). An
auxiliary set of s, p, d, f, and g STOs was used to fit the molecular density and to represent
the Coulomb and exchange potentials accurately for each SCF cycle. Geometries of all
possible spin states were optimized with the QUILD35 program using adapted delocalized
coordinates until the maximum gradient component was less than 10-4 a.u.. Energies,
gradients and Hessians (for vibrational frequencies) were calculated using BP86-D3,38–40

in all cases by including solvation effects through the COSMO12 dielectric continuum
model with appropriate parameters for the solvents.14 For computing Gibbs free energies,
all small frequencies were raised to 100 cm-1 in order to compensate for the breakdown of
the harmonic oscillator model.41,42 Scalar relativistic corrections have been included self-
consistently in all calculations by using the zeroth-order regular approximation (ZORA).15

The geometry optimizations at the BP86-D3 level were performed with the TDZP basis
set. Subsequent single-point calculations (with the TZ2P basis set) have been performed
with S12g,11 and all Time-Dependent DFT calculations were carried out with the SAOP
potential43 and the all-electron TZ2P basis set. For all calculations carried out with BP86-
D3 the Becke44 grid of Normal quality was used; calculations performed with SAOP with
a Becke grid of Good quality, and S12g calculations were performed with a Becke grid of
VeryGood quality.
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Chapter 6

Synthesis of Cobalt(II) and Zinc(II)
Pyridinedicarboxamidate Complexes

The XRD data collection and structure solutions and refinements described in this chapter were
done by Dr Brendan Twamley (Trinity College Dublin).
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6.1 Introduction

In the previous chapters it was have demonstrated that NiIII–O–X species, and in particu-
lar the NiIII–OAc complex 45b (chapter 3), are viable oxidants, capable of activating C–H
bonds. Their reactivity was suggestive of high-valent late-transition metal complexes pos-
sessing a high oxidising power, greater than analogous Fe or Mn species. In order to
further explore the effect of the central metal, its d electron count and electronegativity, it
was decided to expand the scope of investigation to other first transition metals.

The availability of a series of compounds with structures that are as close as possible is
important to this end. Luckily, pyridinedicarboxamidate ligands have proven quite versat-
ile in forming complexes with several mid- and late-transition metals. Ions with d8 and
d9 electronic structure have given rise to the largest group of such compounds, and they
possess similar tetracoordinate, square planar geometries, as a result of both the central
metal’s and the pincer ligand’s preferences. Nickel(II) complexes have been extensively
studied by Erker Holm,1–3 and there are also examples with heavier d8 metals, such as
palladium(II),2,4 and gold(III).5 Tolman has demonstrated the synthesis of several cop-
per(II) complexes.6–8 Amongst the metal ions with lower d electron count, Ruthenium(II),
ruthenium(IV),1 Fe(III), Co(III)9 complexes of pyN2

R2 ligands have been reported, but
they were 5- or 6- coordinate.

Nevertheless, with the appropriate choice of synthetic conditions and of the steric prop-
erties of the ligand, 4-coordinate species could be expected to be prepared even for mid-
transition metals such as Fe and Co. I have preferred to focus on the pyN2iPr2 ligand variant,
with isopropyl substituents, as its increased bulk is likely to contribute to better stability
of the complexes in comparison to the methylated analogue used in chapters 2 to 4.

A second intriguing question is whether pyN2
R2 acts as an innocent supporting ligand, or

can contribute to the redox behaviour of the systems:10,11 the presence of three aromatic
rings, and in particular of the Ar–N groups, can in principle suggest it is capable of stabil-
ising a radical cation, through delocalisation over an extended π system. The carboxamide
groups, though, interrupt the complete conjugation of the three aromatic rings (i.e. the sys-
tem is cross-conjugated), and presumably reduce the extent of this effect. To this goal, I
have also explored the synthesis of zinc complexes, as the zinc(II) ion has similar proper-
ties in terms of size and Lewis acidity to its neighbours in the first transition series of the
periodic table, but is commonly not redox active. This chapter will describe the synthesis
of cobalt(II) and zinc(II) complexes, and initial studies on their chemical transformations,
with the future goal of generating reactive M–OAc species from them.
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6.2 Synthesis and characterisation of a cobalt(II) acetoni-
trile complex

Scheme 6.1. Synthesis of 62, and putative products formed in the NMR scale reactions. a)BuLi
(2.2 eq.), CoCl2, THF, CH3CN, recrystallised fromCH2Cl2/Et2O. b) KH (2.1 eq.), CoCl2, CH3CN.
c) [D6]DMSO. d) Bu4NOAc (1.5 eq.).

A cobalt(II) complex [CoII(CH3CN)(pyN2
iPr2)] (62) was obtained by metallation of the lig-

and pyN2
iPr2 with CoCl2, in the presence of a strong base (sch. 6.1). H2pyN2

iPr2 , dissolved
in THF, was deprotonated with BuLi (2.2 eq.), and reacted with anhydrous CoCl2(1 eq.),
forming a dark green solution. After removal of the THF, introduction of the CH3CN lig-
and together with CH2Cl2 caused the solution to turn red. Filtration to remove insoluble
byproducts, followed by addition of Et2O, resulted in the formation of 62 as red-orange
crystals (21% yield), together with a purple amorphous material. The crystalline product
was manually separated and characterised by X-ray diffraction, 1H NMR, ESI-MS, AT-
FTIR and UV-Vis spectroscopies.

An alternative procedure, employing KH (2.1 eq.) in CH3CN instead of BuLi, provided
a greatly improved yield (86%). The product was confirmed as identical to the previous
by NMR spectroscopy. Probably, the modest yield obtained in the first synthesis is to be
attributed to a reduced driving force for the formation of solid LiCl, as opposed to KCl,
leaving byproducts of the type Lix[CoII(Cl)x(pyN2

iPr2)].

The crystal structure of 62 revealed a four-coordinate, square planar complex, with geo-
metry index12 τ4 = 0.11. 62was isostrucutural to theNiII analogue [NiII(CH3CN)(pyN2

iPr2)]
(56, chapter 5), with almost identical structural parameters (table 6.1). This result was
encouraging, as it proved that the pyN2

iPr2 is capable of stabilising a square planar co-
ordination geometry even for d7 ions, whose preference for this geometry is less marked
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Figure 6.1. ORTEP plots (at 50% probability level) of the X-ray structure 62. Hydrogen atoms
and solvents of crystallisation have been omitted for clarity.

than in those, previously reported, with a d8 (NiII, PdII, AuIII) or d9 (CuII) electronic
structure. It also contributed a further confirmation of the structures of the metastable, d7 ,
[NiIII(X)(pyN2

Me2)] complexes described in chapters 2 to 4, which could not be crystal-
lographically characterised but were identified as square planar on the basis of EPR and
EXAFS spectroscopies and DFT calculations.

The stability of the structure in solution was confirmed by the identification in the ESI-
MS spectrum of a peak corresponding to [62 + Na]+ . The 1H NMR spectrum of 62 in
CD3CN (fig. 6.2, top) displayed paramagnetically shifted and broadened signals, as ex-
pected for a cobalt(II) complex. Six different signals could be identified, which compares
with seven distinct proton environments in the molecule. Interestingly, dissolving 62 in
[D6]DMSO yielded a completely different spectrum (fig. 6.2, middle), most likely as an
effect of the DMSO acting as a ligand and replacing the CH3CN (sch. 6.1). This spectrum
had sharper signals, whose position and integration were similar to those of the paramag-
netic NiIIcomplexes reported in chapter 4, facilitating their assignment (fig. 6.2).

An important feature was the presence of two distinct signals, with integration equal to
12 protons each, at 9.7 and -10.7. These correspond to the two distinct CH3 groups of
each isopropyl group, which are diastereotopic in the complex. Their environments could
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Table 6.1. Average bond distances (Å) and angles (°) for 62, 56 and 64.

62 56 64
M–Npyridine 1.829(2) 1.818(2) 2.112(4)
M–Namide 1.899(2) 1.89(5) 2.103(4)

M–NCH3CN/ Br 1.891(2) 1.862(2) 2.366(1)
M–Oamide 2.603(4)

Npyridine–M–Namide 83.1(1) 83.2(2) 78.44(17)
Namide–M–O/N/Clplane 96.9(11) 96.8(10)
Namide–M–Namide’ 165.9(1) 166.73(7)

Npyridine–M–O/N/Clplane 178.5(1) 177.44(7)
Namide–Zn–Br 108.7(7)
Npyridine–Zn–Br 119(5)
Br–Zn–Br 114.54(4)

τ4 0.11 0.12 0.86

only be exchanged by rotation around the N–Ar bond, which is free in H2pyN2
iPr2 but is

blocked by coordination to the metal. This effect was also observed in the spectra of the
diamagnetic NiII complexes of pyN2

iPr2 , 56 and 57a (chapter 5), and can be considered
diagnostic of complexation. The magnetic moment of 56 in [D6]DMSO was determined
via the Evans method, giving a value of 1.76 µB, which is consistent with a single unpaired
electron (S = 1/2, low spin CoII).
The crystallographic and spectroscopic characterisation of 62 confirmed the formation of
a square planar CoII complex. In order to probe its usefulness as a precursor for higher
valent (either CoIII or CoIV) oxidants, its oxidation and the introduction of oxygen ligands
were then investigated. Cyclic voltammetry of 62, in either acetone or acetonitrile, dis-
played a reversible redox wave at 0.28 V vs Fc+/Fc (fig. 6.3), which can be most likely
attributed to a CoII/III transition, accompanied by multiple irreversible oxidation waves
starting at 0.9 V (fig. 6.5). From these experiments, one can expect one-electron oxidation
of 62 to be feasible, even in the absence of an anionic or multidentate ligand aside from
pyN2

iPr2 . In contrast, [NiII(CH3CN)(pyN2
Me2)] (47) did not display reversible oxidation

events (chapter 4): this observation is consistent with the CoIII oxidation state being more
easily accessible than NiIII.

6.3 Formation of cobalt(II) acetate complexes

The introduction of an –OAc ligand proved to be a greater challenge, and attempts at isol-
ating such a product have been so far unsuccessful. In part, this is due to 62 being fairly
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Figure 6.2. 1HNMR spectra of 62 in CD3CN (top) and [D6]DMSO (middle), and after the addition
of 1 equivalent of Bu4NOAc in [D6]DMSO (400 MHz).
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Figure 6.3. Steady state cyclic voltammogram of 62 vs. Fc+/Fc; conditions: 0.1 mm (CH3CN),
0.1 Bu4NPF6, scan rate 0.05 V s-1, room temperature.

sensitive to water, which precludes the use of hydrated Et4NOAc as a source of acetate.
The anhydrous Bu4NOAc, conversely, made crystallisation of complexes containing the
tetrabutylammonium cation more difficult.

However, the formation of a (62 + Bu4NOAc) product could be evidenced through spec-
troscopic techniques. Addition of 1 equivalent of Bu4NOAc to [D6]DMSO solution of
62 caused substantial shifts in its 1H NMR spectrum (fig. 6.2, bottom), consistent with
the formation of a distinct cobalt complex. A similar reaction was monitored by UV-Vis
spectroscopy: 62, in acetone, on the addition of Bu4NOAc converted to a new species,
with isosbestic points at 450 and 570 nm (fig. 6.4). The voltammogram of 62 in the pres-
ence of Bu4NOAc did not show a simple reversible oxidation wave (fig. 6.5), suggesting
the possibility of a more complex behaviour of the CoIII–OAc species; nevertheless, its
first oxidation event was shifted to a significantly lower potential (∼-0.1 V vs Fc+/Fc),
an expected effect of the coordination of an anionic ligand to the metal centre. In conclu-
sion, these initial experiments showed promise for the preparation of a CoII–OAc complex,
to be successively converted into a high valent species. Further synthetic efforts will be
expended to this end.
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Figure 6.4. Changes in the UV-Vis spectrum of 62 (0.5 mm, acetone, blue trace) on the addition
of 1 equivalent of Bu4NOAc. Red trace: final spectrum.

Figure 6.5. Steady state cyclic voltammograms of 62 vs. Fc+/Fc, before (blue trace) and after (red
trace) the addition of 1.5 equiv. Bu4NOAc; conditions: 0.1 mm (CH3CN), 0.1 Bu4NPF6, scan rate
0.2 V s-1, room temperature.
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6.4 Synthesis and characterisation of zinc(II) complexes

The synthesis of ZnII complexes was successively examined, with interest to their poten-
tial redox properties. An issue that transpired in planning their synthesis, is the conflict
between the geometry preferences of ligand and metal ion. The pyN2

R2 pincer ligands
have a planar structure, and small bite angles (N–M–N < 90°), resulting in a strong prefer-
ence for either square planar coordination, or meridional binding in 5/6 coordinate species.
On the other hand, the ZnII ion, because of its d10, closed subshell structure, disfavours
square planar coordination: aside from complexes of porphyrinoid and salen-type ligands,
a search on the Cambridge Structural Database13 reveals less than 20 structurally charac-
terised xamples. For this reason it should be expected that expected the [ZnII(pyN2

R2)]
complexes either reach coordination numbers higher than four, or are significantly strained.

Our initial attempts, using methods analogous to those for Ni and Co complexes, that is,
the reaction of H2pyN2

iPr2 with a strong base (BuLi, NaH, KH) and a zinc(II) salt, were
unsuccessful, leading to the formation of highly insoluble products. Possibly, these were
made of polymeric materials: Erker observed a similar phenomenon,1 with the formation
of –K–(Ni(L))–K– chains, in which the carbonyl O atoms of pyN2

iPr2 functioned as donors
to the alkali metal ions.

Scheme 6.2. Synthesis of zinc(II) complexes of pyN2
iPr2 a) Et2Zn (1 eq.), [D6]DMSO. b) Bu4NOAc

(1 eq.), Et2Zn (1 eq.), THF. c)PPh4Br (1 eq.), Et2Zn (1 eq.), THF. Recrystallised from CH2Cl2 and
Et2O.

Eventually, it was found that H2pyN2
iPr2 could be reacted with 1 equivalent of diethylzinc

(Et2Zn) in anhydrous DMSO to give a yellow solution (sch. 6.2). The product could not
be isolated in the solid state because of the difficulty of removing the solvent and its high
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sensitivity tomoisture, however, it could be analysed byNMR spectroscopy in [D6]DMSO.
Small shifts of peaks compared to H2pyN2

iPr2 , the disappearance of the NH peak at 10.65
ppm, and the splitting of the CH3 signal from the isopropyl group into two distinct signals
unambiguously demonstrated the formation of a complex (appendix A.5).

It was also observed that the addition of another ligand could promote the solubilisation of
the zinc(II) complex. Reacting H2pyN2

iPr2 with Et2Zn (1 eq.) in THF caused the formation
of a precipitate, concomitant with the evolution of gas, but in the presence of Bu4NOAc
(1 eq.) complete dissolution was achieved (sch. 6.2). After removal of the solvent, a
light yellow solid was obtained (63, 85%). On the basis of ESI-MS, FTIR and NMR
spectroscopies, the formula of 63 was assigned as Bu4N[Zn(OAc)(pyN2

iPr2)]. In the first
place, a peak atm/Z = -606 was detected, corresponding to [Zn(OAc)(pyN2

iPr2)]– and with
isotopic pattern consistent with the proposed formula. The FTIR spectrum did not have
peaks at ν̃ > 3000 cm-1, confirming the absence of N–H bonds and hence that the amide
groups were deprotonated. Finally, the 1H NMR spectrum in CD3CN (fig. 6.6) showed
diagnostic features of complexation as in the DMSO reaction described above, including
the disappearance of the NH peak and splitting of the CH3 doublet. Moreover, a singlet
at 0.86 ppm, integrating to 3 protons, was consistent with the coordinated –OAc group
(comparable with 0.78 ppm in the NiII analogue 45a, chapter 3).

Unfortunately, crystals of 63 could not be obtained, so the synthesis of a structural ana-
logue, containing the more rigid tetraphenylphosphonium cation, was attempted. Reaction
of H2pyN2

iPr2 with Et2Zn (1 eq.) in THF, in the presence of PPh4Br (1 eq.), yielded a yel-
low solution in a manner similar to that of 63. After removal of the THF, the product was
redissolved in CH2Cl2 and Et2O was made to slowly diffuse, bringing about the formation
of colourless crystals. The analysis by X-Ray diffraction of those revealed a compound
of structure PPh4[Zn(Br)2(HpyN2

iPr2)] (64, fig. 6.7, in which one of the two amide groups
was protonated, presumably by adventitious water during the crystallisation process.

64 was a tetrahedral complex (τ4 = 0.86),12 with the zinc centre bound to the pyridine
group and the deprotonated amide nitrogen of HpyN2

iPr2 , and two bromo ligands. The
other amide group was rotated so that the diisopropylphenylgroup was directed outwards,
minimising steric interactions with the zinc centre. Its oxygen atom was oriented towards
the Zn atom, at a relatively short distance, which is however not indicative of a bonding
interaction: the Zn–O distance = 2.60 Å (table 6.1) was smaller than the sum of the van der
Waals radii of Zn and O (1.39 + 1.52 = 2.91 Å),14 but significantly larger than the sum of
their covalent radii (1.22 + 0.66 = 1.88 Å)15 and at the far end of typical Zn–O bond lengths
(1.8–2.5 Å).16 The rotation of the N-aryl-carboxamide arm of the ligand upon protonation,
relieving steric encumbrance around the metal, has been previously observed by Tolman in
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Figure 6.6. 1H NMR spectrum of 63 (400 MHz, CD3CN).

copper(II) complexes.8 Although 64 did not constitute an effective [Zn(X)(pyN2
iPr2)]– type

complex as 63, it demonstrated the formation of a zinc(II) complex of the pyridinedicar-
boxamide ligand, and work is currently being done towards the structural characterisation
of 63.

6.5 Electrochemical investigation of the zinc(II) acetate
complex

The synthesis of 63 constituted an important step in the investigation of the redox proper-
ties of the supporting pyridinedicarboxamidate ligand. Cyclic voltammetry was performed
on 63, H2pyN2

iPr2 , and Bu4NOAc (as a control experiment) solutions of equal concentra-
tion (1 mm), in anhydrous CH3CN and under an inert argon atmosphere. The protonated
ligand alone, H2pyN2

iPr2 , did not show any redox events in the -0.5 – 1.1 V vs. Fc+/Fc
range (fig. 6.8). In contrast, in the CV of the anionic zinc complex 63, an intense, irre-
versible oxidation wave was present at ∼0.85 V. Bu4NOAc itself had a similar wave at
∼0.9 V, which corresponds probably to the oxidation of the –OAc anion. One should note
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Figure 6.7. ORTEP plots (at 50% probability level) of the X-ray structure 64. Hydrogen atoms
and the counterion Ph4P

+ have been omitted for clarity.

as well that the [NiII(CH3CN)(py2Me2)] compound 47, also did not show oxidation waves
until similarly high potentials (chapter 4).

When compared to the reduction potentials chemical oxidants used for the preparation of
NiIII species, these values are rather high (e.g. E0 of magic blue = 0.67 V vs. Fc+/Fc in
CH3CN17). It is unlikely then that a purely ligand-borne oxidation could be affected to
yield a stable species. These observations are consistent with the EPR measurements and
DFT calculations relative to theNiIII compounds (chapters 2 to 4), which point to electronic
structures in which spin density is largely localised on the metal ion. Nevertheless, it will
be useful to attempt chemical oxidation, in combination with the use of low temperature
techniques, in order to further elucidate the redox behaviour of H2pyN2

iPr2 and its zinc
complexes.

6.6 Conclusions

The work described in this chapter was focussed on expanding the study of pyridinedicar-
boxamidate complexes to other first transition metals, aside from the extensively investig-
ated nickel. A new cobalt(II) complex, 62, was obtained. It was characterised structurally
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Figure 6.8. Cyclic voltammograms of pyN2
iPr2 (red trace), 63 (blue trace) and Bu4NOAc (black

and grey traces). The grey traces are successive, decreasing scans. Conditions: 0.1 mm (CH3CN),
0.1 Bu4NPF6, scan rate 0.2 V s-1, room temperature, referenced to Fc+/Fc.

via XRD, as well as ESI-MS, FTIR and NMR spectroscopies. 62 was shown to be a
low spin (S = 1/2), square planar complex, interestingly isostructural to the corresponding
nickel(II) complex 56: for this reason it constitutes an excellent starting point towards com-
parative reactivity studies. Conversion of 62 into a CoII–OAc species, and subsequently in
a high-valent compound, potentially acting as an oxidant, will be the next step. Although
its product yet not structurally characterised, the reaction between 62 and Bu4NOAc was
observed by spectroscopic and voltammetric techniques. Both UV-Vis and 1HNMR spec-
troscopies demonstrated the formation of a new species, presumably the target CoII–OAc.
The CV of 62 showed an oxidation wave at relatively low potential (0.28 V vs Fc+/Fc ),
which was further reduced to -0.1 V on binding of –OAc. In light of these results, the
feasibility of a CoIII–OAc species, comparable to the NiIII–OAc 45b should be anticipated.

The synthesis of zinc(II) complexes was also pursued. It was found that metallation of
H2pyN2

iPr yielded highly insoluble products unless a further anionic ligand was intro-
duced. In particular, 63 could be obtained, with an –OAc ligand, which was characterised
by ESI-MS, FTIR and NMR spectroscopies. Electrochemical investigation revealed that,
while H2pyN2

iPr itself displayed no redox behaviour at E ≤ 1.2 V vs Fc+/Fc, 63 afforded
irreversible oxidation. This behaviour might have been associated with oxidation of either
the pyN2

iPr or –OAc ligands, and will require to be further probed.

An intriguing feature of the zinc complexes is the contrast between the coordination pref-
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erences of the pyN2
iPr2 ligand and the metal centre. Unfortunately, a crystal structure for

63 could not be obtained. Attempts to prepare a bromo- analogue yielded the interesting
structure of tetrahedral 64, in which however one of the carboxamidate groups of pyN2

iPr2

is protonated and does not act as a donor. In conclusion, this synthetic work revealed the
versatility of the pyN2

iPr2 ligand, which was capable of binding to d7 cobalt(II) as well as
d10 zinc(II). These result open the way to the preparation of new reactive species, which
will go on to expand on the work related to the nickel(III) oxidants, and allow to identify
trends in the properties and reactivity of M–O–X oxidants.
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6.7 Experimental section

Physical Methods

Electronic absorption spectra were recorded on a Hewlett Packard (Agilent) 8453 diode ar-
ray spectrophotometer (190-1100 nm range) in quartz cuvettes cooled using a liquid nitro-
gen cooled cryostat from Unisoku Scientific Instruments (Osaka, Japan). 1H and 13C{1H}
NMR analyses were performed on an Agilent MR400 instrument (400.13 MHz for 1H
NMR and 100.61 MHz for 13C{1H} NMR). 1H NMR spectra for paramagnetic species
were acquired with 64 ms acquisition time and 30 ms relaxation time. Electrospray ion-
ization (ESI) mass spectra were acquired using a Micromass time of flight spectrometer
(tof), by direct injection in the mass spectrometry instrument. ATR-FTIR spectra were re-
corded on a Perkin-Elmer Spectrum 100 Fourier transform infrared spectrometer. Cyclic
voltammetry experiments were conducted with a CH Instruments 600E electrochemical
analyser, using a glassy carbon working electrode, a platinum wire counter electrode and
an Ag/AgNO3 0.01 m reference electrode.

Materials and synthesis

All reactions were conducted under an inert Ar atmosphere using standard Schlenk tech-
niques. All solvents and reagents were purchased from commercial sources and used
as received, unless otherwise stated. Anhydrous solvents were obtained by sparging
with argon, followed by distillation over a drying agent. CaH2 was used for CH3CN
and CH2Cl2; sodium an benzophenone were used for THF and diethylether; B2O3 was
used for acetone. Anhydrous DMF and DMSO were purchased from Aldrich. N,N’-
(2,6-diisopropylphenyl)pyridine-2,6-dicarboxamide was prepared according to a reported
procedure.1

Spin State Measurements

The effective magnetic moments (µeff.) of the CoII complex 62 was measured using the
modified Evans method at room temperature.18 A capillary tube containing [D6]DMSO
(spiked with ∼1% protic DMSO) was inserted in the NMR tube containing the solution
of the desired compound in the same deuterated solvent. The 1H NMR spectrum was re-
corded under standard conditions, and the difference between the paramagnetically shifted
and the non-shifted solvent signals was measured. χmol was calculated using the equation:

χmol =
3∆νM

4πcf
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in which f is the oscillator frequency (4× 108 Hz) of the NMR spectrometer, M is the
molar mass of the compound (g/mol), c is the concentration (g/mL), and ∆ν is the differ-
ence in frequency (Hz) between the two signals. Corrections for the diamagnetic contri-
butions of the organic ligands were subtracted using Pascal’s constants,19 and µeff. was
obtained as:

µeff. =

√
3kB
NAµ2

B

χmolT

in which kB is the Boltzmann constant, NA is the Avogadro constant, µB is the Bohr
magneton and T is the absolute temperature (K).

Synthesis of [CoII(CH3CN)(pyN2
iPr2)], acetonitrile(N,N’-bis(2,6-diisopropylphenyl)-

2,6-pyridinedicarboxamido)cobalt(II), 62 – method A

In a Schlenk flask, H2pyN2
iPr2 (0.330 g, 0.68 mmol) was dissolved in 5 mL of THF. BuLi

(0.6 mL of 2.5 m hexanes solution, 1.5 mmol, 2.2 eq.) was added, resulting in immediate
formation of a dark red solution. Subsequently, anhydrous CoCl2 (0.088 g, 0.68 mmol, 1
eq.) was added, and the solution stirred for 1 h at room temperature, resulting in a dark
green solution with some precipitate. The solvent was removed in vacuo, and CH2Cl2 (10
mL) and CH3CN (1 mL) were added. The mixture turned orange-red over the course of 24
h. After filtration, the solution was concentrated under vacuum and Et2O was layered on
top of the solution. Diffusion of the Et2O over the course of 7 days caused the formation
of block orange-red crystals (0.085 g, 0.15 mmol, 21%), which were separated from some
amorphous dark purple material. One of the crystals was analysed by X-ray diffraction.
δH (400 MHz, CD3CN): 34.2 (1H), 9.6 (2H), 7.1 (4H), -3.0 (12H), -4.9 (12H), -29.1 (4H).

δH (400MHz, [D6]DMSO): 79.5 (2H, 3,5-py), 29.0 (4H, CH(CH3)2), 17.5 (1H, 4-py), 9.7
(12H, CH(CH3)2), -7.1 (2H, ArH), -10.7 (12H, CH(CH3)2).
ESI-MS (m/Z): Found: 606.2736 ([M + Na]+, C33H40CoN4NaO2 requires 606.2381).
νmax (ATR-FTIR) /cm-1: 2959 (CH), 2929 (CH), 2867 (CH), 1638s, 1618, 1605, 1461,
1437, 1346s, 986, 837, 801, 773, 767, 745, 685.
λmax /nm: (acetone) 280 (ε /m−1 cm−1 400), 500 (280), 530 (280).
µeff. /µB ([D6]DMSO): 1.76.

Synthesis of [CoII(CH3CN)(pyN2
iPr2)], acetonitrile(N,N’-bis(2,6-diisopropylphenyl)-

2,6-pyridinedicarboxamido)cobalt(II), 62 – method B

In a Schlenk flask, H2pyN2
iPr2 (1.00 g, 2.06 mmol) was dissolved in 80 mL of CH3CN.

KH was added (0.175 g, 4.36 mmol, 2.1 equiv.), resulting in immediate gas evolution
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and causing the solution to turn pale yellow. When bubbling ceased, anhydrous CoCl2
was added (0.275 g, 2.12 mmol, 1 eq.). The solution turned immediately red, with the
formation of some precipitate. After stirring for 6 h, the mixture was filtered, and the
solvent was removed in vacuo. The product was obtained as an orange powder (1.041g,
2.06 mmol, 86%), and identified by 1HNMR spectroscopy to be identical to that produced
via method A.

Reaction ofH2pyN2
iPr2 withEt2Zn, NMRscale The reactionwas conducted in a screw-

lid closed NMR tube, under an inert Ar atmosphere. H2pyN2
iPr2 (28.3 mg, 0.058 mmol)

was dissolved in 0.75 mL of [D6]DMSO. Et2Zn (60 µL of 1 m hexanes solution, 0.060
mmol, 1 eq.) was added, causing gas evolution and the formation of a yellow solution. A
vacuum was gently applied in order to remove the hexanes, the tube was sealed and the
NMR spectrum of the product measured.

δH (400 MHz, [D6]DMSO): 8.27 (t, J = 7.9 Hz, 1H, 4-py), 8.14 (d, J = 7.9 Hz, 2H, 3,5-
py), 7.06 – 6.91 (m, 6H, ArH), 3.20 (hept., J = 6.8 Hz, 4H, CH(CH3)2), 1.09 (d, J = 6.8
Hz, 15H, CH(CH3)2), 1.02 (d, J = 6.8 Hz, 9H, CH(CH3)2).

Synthesis of [ZnII(OAc)(pyN2
iPr2)], acetato(N,N’-bis(2,6-diisopropylphenyl)-2,6--

pyridinedicarboxamido)cobalt(II), 63

H2pyN2
iPr2 (0.212 g, 0.44 mmol) and Bu4NOAc (0.132 g, 0.44 mmol, 1eq.) were dissolved

in 4 mL of THF. Et2Zn (0.5 mL of 1 m hexanes solution, 0.5 mmol, 1.15 eq.) was added,
causing gas evolution and the formation of a yellow solution. The solvent was removed in
vacuo, and the product obtained as a pale yellow solid (0.317 g, 0.37 mmol, 85%).

δH (400 MHz, CD3CN): 8.41 – 8.00 (m, 3H, pyH), 7.25 – 6.71 (m, 6H, ArH), 3.29 – 3.14
(m, 4H, CH(CH3)2), 3.09 (m, 8H, Bu4N), 1.69 – 1.53 (m, 8H, Bu4N), 1.45 – 1.29 (m, 8H,
Bu4N), 1.14 – 1.02 (m, 24H, CH(CH3)2), 0.97 (t, J = 7.3 Hz, 12H, Bu4N), 0.86 (s, 3H,
OAc).

ESI-MS (m/Z): Found: -606 ([Zn(OAc)(pyN2
iPr2)]–, C33H40N3O4Zn requires 606.2310).

νmax (ATR-FTIR) /cm-1: 2958 (CH), 2935 (CH), 2863 (CH), 1669, 1565, 1437, 1377,
1359, 1105, 830, 720s, 689s.

Synthesis of [ZnIIBr2(HpyN2
iPr2)]PPh4, dibromo(N,N’-bis(2,6-diisopropylphenyl)-

pyridine-κN”-2-carboxamide-κN-6-carboxamido-κO)cobalt(II), 64

H2pyN2
iPr2 (300 mg, 0.62 mmol) and PPh4Br (260 mg, 0.62 mmol, 1eq.) were dissolved

in 8 mL of THF. Et2Zn (0.65 mL of 1m hexanes solution, 0.65 mmol, 1.05 eq.) was added,
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causing gas evolution and the formation of a yellow solution. The solvent was removed
in vacuo, leaving a pale yellow solid. This was taken up in CH2Cl2(8 mL), and Et2O was
layered on top of the solution. Diffusion of the Et2O over the course of 7 days caused the
formation of a few colourless crystals, which were analysed by X-ray diffraction, ESI-MS
1H NMR

δH (400 MHz, [D6]DMSO): 8.29 (d, J = 7.7 Hz, 2H, 3,5-py), 8.06 (dd, J = 8.0, 7.7 Hz,
1H, 4-py), 7.89 – 7.79 (m, 4H, PPh4), 7.74 – 7.66 (m, 8H, PPh4), 7.61 – 7.51 (m, 8H,
PPh4), 7.25 – 7.17 (m, 2H, ArH), 7.11 (d, J = 7.6 Hz, 4H, ArH), 3.08 (hept., J = 6.8 Hz,
4H, CH(CH3)2), 1.09 (d, J = 6.8 Hz, 24H, CH(CH3)2).

ESI-MS (m/Z): Found: -706 ([Zn(Br)2(HpyN2
iPr2)]–, C31H38Br2N3O2Zn requires 471.1331).

X-Ray diffraction methods

Single crystal X-ray data were collected at 100(2) K on a Bruker Apex II CCD diffracto-
meter using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å), an Oxford Cryo-
systems Cobra low temperature device and a MiTeGen micromount. Bruker APEX20 soft-
ware was used to correct for Lorentz and polarization effects. The structures were solved
and refined using the Bruker SHELXTL Software Package.21,22

X-ray structure refinement notes

The structure of 62 was refined as a two component twin. A half occupied MeCN mo-
lecule in the unit cell was refined with restraints (ISOR), and a 1/5 occupied diethyl ether
molecule was refined with restraints (DFIX) and constraints (EADP). One of the phenyl
groups in the PPh4+ cation in the structure of 64 is disordered over two positions (60;40%);
restraints (DFIX) and constraints (EADP, AFIX) were used to model the disorder.
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Table 6.2. Crystal data and structure refinement parameters for 62 and 64.

62 64
Empirical formula C34.80H43.50CoN4.50O2.20 C55H58Br2N3O2PZn
Formula weight 618.97 1049.20
Temperature 100(2) K 100.01 K
Wavelength 0.71073 Å 1.54178 Å

Crystal system Tetragonal Orthorhombic
Space group P4 Pna21

Unit cell dimensions a = 19.4751(8) Å a = 16.0140(4) Å
α = 90° α = 90°

b = 19.4751(8) Å b = 21.1999(5) Å
β = 90° β = 90°

c = 8.6325(4) Å c = 14.8733(4) Å
γ = 90° γ = 90°

Volume 3274.1(3) Å3 5049.4(2) Å3

Z 4 4
Density (calculated) 1.256 Mg/m3 1.380 Mg/m3

Absorption coefficient 0.562 mm-1 3.159 mm-1

F(000) 1314 2160
Crystal size 0.15 x 0.13 x 0.12

mm3
0.11 x 0.11 x 0.09

mm3

Theta range for data collection 2.581 to 26.821° 3.459 to 68.322°
Index ranges −24 ≤ h ≤ 24,

0 ≤ k ≤ 24,
−10 ≤ l ≤ 10

−19 ≤ h ≤ 19,
−25 ≤ k ≤ 25,
−17 ≤ l ≤ 17

Reflections collected 6977 60526
Independent reflections 6977 [R(int) =

0.0496]
9257 [R(int) =

0.0595]
Completeness to theta= 26.000° 67.679°

99.8 % 100.0 %
Absorption correction Semi-empirical from

equivalents
Semi-empirical from

equivalents
Max. and min. transmission 0.7454 and 0.7056 0.7531 and 0.6406

Refinement method Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Data / restraints / parameters 6977 / 40 / 406 9257 / 3 / 563
Goodness-of-fit on F2 1.021 1.017

Final R indices [I > 2σ(I)] R1 = 0.0289, wR2 =
0.0640

R1 = 0.0484, wR2 =
0.1260

R indices (all data) R1 = 0.0319, wR2 =
0.0653

R1 = 0.0524, wR2 =
0.1307

Largest diff. peak and hole 0.276 and -0.338 e
Å-3

1.103 and -0.670 e
Å-3
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Cyclic voltammetry

CV experiments relative to compound 62 were conducted on 1 mm solutions of in either
acetone or CH3CN, at room temperature, with 0.1 m Bu4NPF6as the support electrolyte.
Scan rates of 0.05–0.2 V s-1 were used. Coordination of –OAc was investigated by the
addition of 1.5 equivalents of Bu4NOAc in the same solutions. No substantial differences
were observed for any experiment between acetone and CH3CN solutions. Potentials were
referenced to the Fc+/Fc couple by addition of an internal ferrocene standard to the solu-
tions.

CV experiments relative to the zinc(II) compounds were conducted on 1 mm solutions
of H2pyN2

iPr2 , Bu4NOAc or 63 in anhydrous CH3CN, under an Ar atmosphere, at room
temperature, with 0.1 m Bu4NPF6as the support electrolyte. Scan rates of 0.1 V s-1 were
used. Potentials were referenced to the Fc+/Fc couple by addition of an internal ferrocene
standard to the solutions. Addition of one drop of water caused the destruction of 63, as
evidenced by the formation of white precipitate (presumably Zn(OH)2).
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Chapter 7

Conclusions and Future Work
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7.1 Summary and conclusions

The main subjects of this thesis were the preparation, characterisation and study of the
oxidative reactivity of high-valent nickel complexes, supported by pyridinedicarboxam-
idate ligands (pyN2

Me2 and pyN2
iPr2 ). I initially discovered that the previously reported

complex [NiII(OCO2H)(pyN2
Me2)]– (44a) could be reacted with a one electron chemical

oxidant (magic blue), to form the metastable [NiIII(OCO2H)(pyN2
Me2)] (44b, chapter 2).

44b was prepared at low temperature (<-40 ◦C) and characterised by EPR and XAS spec-
troscopies, and DFT calculations, confirming its identity as a NiIII species. It was shown
that 44b was competent in the oxidation of several substrates, including those with weak
O–H bonds (2,6-DTBP), C–H bonds (BNAH) and PPh3. A kinetic isotope effect of 2.1
hinted towards an HAT/PCET type mechanism in the oxidation of 2,6-DTBP. Conversely,
BNAH and PPh3 acted as net two electron reductants, but it could not be ascertained if the
reactions proceeded through a single concerted step (hydride transfer from BNAH, oxygen
atom transfer to PPh3) or sequential electron transfer.
In subsequent work, the scope of the investigation was extended by substituting the
–OCO2H ligand with other monodentate O donors (–OAc and –ONO2, 45-46a, chapter 3),
Cl- (48b) and multidentate N/O ligands (51-54a, chapter 4). This involved the devel-
opment of a widely applicable synthetic method, consisting in the displacement of the
actetonitrile in [NiII(CH3CN)(pyN2

Me2)] (47) by the desired ligand. In the crystal struc-
tures of the resulting NiII compounds, the [Ni(pyN2

Me2)] constituted a mostly unvaried
structural unit, with the second ligand affecting the coordination around the metal to form
either square planar, square pyramidal or pseudo-octahedral complexes. The spin state
of the complexes changed from S = 0, for the 4-coordinate species, to S = 1 for the 5-
and 6-coordinate ones. Intriguingly, the 1H NMR spectra of the high-spin complexes had
paramagnetically shifted and broadened signals, but the peaks were sufficiently sharp and
their integration accurate enough to allow for their partial assignment.
From these NiII species, several more NiIII oxidants were prepared and characterised, by
oxidation with either magic blue, CAN or hypochlorous acid. Examination of their EPR
spectra showed that they all were S = 1/2, d7 NiIII species, but the signal shape was sig-
nificantly affected by the coordination environment; in particular hyperfine coupling was
only observed with 35/37Cl in NiIII–Cl, 48b, and with 14N nuclei in NiIII(bpy), 52b and
NiIII(terpy) 53b.
Analysis of their reactivity in the oxidation of phenols demonstrated that electron poor
species were the best oxidants, with the highest reaction rates: those with weakly basic
ligands, and in particular –ONO2 complex 46b, had the highest reaction rate, while 51b and
54bwith the strongly electron donating acac and 2,6-dipic ligands were nearly unreactive.
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Figure 7.1. Hydrogen atom abstraction reactivity of NiIII complexes (left), and Polanyi relationship
between reaction rates and substrate BDEC–H for 45b (right).

Figure 7.2. Reaction of 56 with m-CPBA, forming a transient NiIII–O• species, and the ben-
zoxazine 58 derived from ligand oxidation.

The –OAc complex 45b, when prepared with NaOCl/AcOH, was stable at 25 ◦C for more
than 10 minutes, allowing to study its reactivity with hydrocarbons, which, compared to
phenols, are more sluggish in HAT and PCET reactions. 45b oxidised a range of hydrocar-
bons, with BDEC-H values going from 75.5 (xanthene) to 89 kcal/mol(toluene). Kinetic
analysis revealed a linear relation between reaction rates and the BDEC-H of the substrates
(Bell-Evans-Polanyi relationship, fig. 7.1); together with observed KIEs of 3.0-3.3, this
constituted strong evidence of an HAT mechanism. Importantly, the reaction rates were
particularly high, surpassing those of most known MnIII–O–X and FeIII–O–X oxidants,
and rivalling FeIV=O and CuIII–OH species which are amongst the fastest known hydro-
gen atom abstractors. The conclusion can be drawn that M–O–X complexes can engage in
reactivity similar to the well knownM=O.While several such examples of hydroxo and al-
koxo complexes were previously known, the presence of O- ligands such as carboxylates or
nitrate is unprecedented. Furthermore, the high reactivity 45b showed that oxygen adducts
of the late transition metals, and in particular nickel, can constitute powerful oxidants.

Unlike the NiIII–O–X compounds, neither species with the NiIV oxidation state, nor having
an oxo ligand, had sufficient stability to be spectroscopically observed, even at low temper-
atures (≤-80 ◦C). Nevertheless, in chapter 5 evidence that a highly reactive intermediate
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Figure 7.3. Crystal structures of 62 and 64.

is transiently formed in the reaction of [NiII(CH3CN)(pyN2
iPr2)] (56) with m-CPBA was

shown. Through the analysis of decay products, isotopic labelling experiments and DFT
calculations it was determined that in this reaction, m-CPBA acted as a two-electron oxid-
ant, forming a NiIII–O• species, [NiIII(O• )(pyN2

iPr2)] (fig. 7.2). Interestingly, the principal
decay pathway of this intermediate involved hydrogen atom abstraction from a benzylic
C–H group of the supporting ligand, which after radical rebound and cyclisation of the res-
ulting benzyl alcohol, led to the formation of an unusual benzoxazine product. A second,
longer lived nickel species, [NiIII(O2CC6H4Cl)(pyN2

iPr2)] (57b), resulted from the decay
of the NiIII–O• , showing that NiIII–O–X compounds can also form with an exogenous –OX
ligand source, and not simply by oxidation of the corresponding NiII–O–X.

In the last chapter of the thesis (chapter 6) the coordination of pyN2
iPr2 ligand to other

metals, specifically cobalt and zinc, was begun to be explored. [CoII(CH3CN)(pyN2
iPr2)]

(62, fig. 7.3) was obtained, which is interestingly isostructural to 56. In view of employing
it as a precursor to high–valent oxidants, the introduction of an O-donor ligand (-OAc) was
tested: while not structurally characterised, 1H NMR and UV-Vis spectroscopies demon-
strated the formation of a new species, presumably CoII–OAc. The oxidation of 62, and
its –OAc adduct were also assessed in a cyclic voltammetry experiment.

In spite of the pincer ligand pyN2
iPr2 and the closed-subshell ZnII ion having conflicting

preferences with regards to coordination geometry, complexes [ZnII(OAc)(pyN2
iPr2)]– (63)

and [ZnII(Br)2(HpyN2
iPr2)]– (64) could be formed. Of the two, a crystal structure of 64

(fig. 7.3) was obtained, which revealed a tetrahedral zinc centre, with one of the amide
groups of pyN2

iPr2 protonated and not involved in binding to the metal. Following their
successful synthesis, the reactivity and redox properties of cobalt and zinc compounds will
be studied, especially in relation to those of nickel.
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7.2 Future work

The results presented in this thesis leave several avenues to be explored, in order to further
the understanding of the high-valent oxidants examined.

1) Species of the type NiIII–O–X, as well as a few other analogous NiIII compounds, have
been prepared and extensively studied. The reaction of 45bwith hydrocarbons was shown
unambiguously to proceed through an HATmechanism. The oxidation of other substrates,
however, might involve more complex modes of reactivity: for example, anomalous beha-
viour in the oxidation of phenols by 53b (which was conducted in methanol), or in general
for the oxidation of those substrates which can act as either H• or H– donors (i.e. BNAH and
N-methyldihydroacridine), was observed. Other intriguing questions are whether the rel-
atively low KIE values observed in both C–H and O–H bonds oxidations can be explained,
and what is the effective locus of protonation when a hydrogen atom is transferred to the
NiIIIcomplex (i.e. competition between different atoms in the O- ligand, and the N/O atoms
in the supporting pyN2

R2 ligand).

An important tool will be the in-depth investigation, and comparison, of the reactivity of
compounds 51-54bwhich, thanks to their different O/N ligands (e.g. acac, bpy, terpy) will
allow to elucidate which characteristics are important for the oxidative reactivity. Further-
more, the structural characterisation of these compounds can be completedwith techniques
such as XAS and DFT, to complement our EPR and UV-vis spectroscopic analyses. The-
oretical tools, i.e. DFT calculations, will be fundamental for a full comprehension of the
reaction mechanisms of NiIII compounds.

2) An interesting question is whether even more powerful oxidants could be accessed by
further oxidation to NiIV. The work conducted using 2-electron oxidants, and in particular
m-CPBA, showed that such a species can be formed. However, it could not be intercepted
and observed spectroscopically, but only got indirect evidence, due to its high instabil-
ity. It will be necessary to explore new conditions that allow the observation of NiIV

species, including for example using different solvents and oxidants, and lower temper-
atures. However, it seems likely that sufficient stabilisation of a NiIV cannot be achieved
with the pyN2

Me2 or pyN2
iPr2 ligands. The formation of the benzoxazine 58, in the reac-

tion of 56 with m-CPBA, showed that the benzylic C–H groups represent a vulnerability,
as their BDEC–H is relatively weak. Eliminating this will be necessary in order to isolate
highly reactive species: for example, by substituting the methyl or isopropyl substituents
with phenyl or tert-butyl groups. A second useful modification of the ligand would be to
make it more electron-donating, so as to stabilise the higher oxidation state: this could
be achieved either by the introduction of electron-donating substituents on the aromatic
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ring, or even by a more radical change to introduce a further anionic donor (e.g. pyrrolide
instead of pyridine).

3) Finally, the central motivation behind my research in nickel compounds was the hypo-
thesis that oxidants based on the late first-row transition metals (Co, Ni and Cu) would
possess a greater oxidising power, and possibly new reactivity in comparison to those
based on iron and manganese. In this view, it will be highly interesting to obtain a series
of compounds with different central metals, going from iron to copper, but similar co-
ordination environment. Analysis of the literature, together with the initial results in the
synthesis of cobalt complexes, is promising in suggesting that this may be achievable with
the pyN2

iPr2 ligand. Tolman has demonstrated that CuII/III complexes of pyN2
iPr2 can be

relatively easily accessed, and parallel work is being conducted in my group on Cu–OAc
species. The CoII complex 62 was prepared, which is an excellent starting material. Fol-
lowing this result, it will be converted it to potential oxidising species by the introduction
of O ligands, particularly –OAc, and oxidising it to CoIII. Moreover, the CoIV state will
also be explored, either by sequential, one-electron oxidation of CoII–O–X species, or by
reacting 62 with reagents capable of transferring oxygen atoms (e.g. peroxyacids such as
m-CPBA, iodosoarenes, peroxides and amine N-oxides). Ideally, one would be able to
isolate an oxo (CoIV=O) or oxyl (CoIII–O•) complex, similar to the transient NiIII–O•.

Once the high valent cobalt, copper and iron complexes will have been prepared and char-
acterised, a comparative study of their oxidative reactivity will be done, using methods
analogous to those employed for the NiIII species. These will include reacting them with
hydrocarbons and other substrates, performing kinetic analysis and examination of the re-
action products, so as to garner an understanding of the effect that the different central
metal has on oxidising power and other properties of the compounds.

The synthesis of zinc complexes was also pursued, although it is not expected to be able
to form higher valent complexes from them. The rationale was to be able to observe the
potential redox behaviour of the pyN2

iPr2 ligand, independently of a redox active metal
centre. The results so far have been inconclusive, in part due to difficulties in obtaining
crystal structure for the compounds. Further synthetic efforts will be expended to obtain
and characterise [Zn(OX)(pyN2

iPr2)] complexes, and subject them to either electrochemical
and chemical means of oxidation.
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Appendix A

A.1 Chapter 2
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Figure A.1. UV-Vis spectral changes in the reaction of 44b (solid black trace) with 100 equivalents
of 2,6-DTBP at -40 ◦C in acetone.
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Figure A.2. X-band EPR spectrum of the frozen post-reaction mixture from the reaction between
44b and 2,6-DTBP. The signal at g = 2.00 is indicative of a phenoxyl radical. Measured at 113 K;
microwave power = 31.6 mW; modulation amplitude = 0.5 mT.
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Figure A.3. Plots of absorbance at 520 nm versus time during the reaction between 44b and 100
equivalents of 2,6-DTBP at -40 ◦C in acetone.
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Figure A.4. Plots of kobs versus [2,6-DTBP] determined for the reaction between 44b and 2,6-
DTBP (black), and for the reaction between 44b and 2,6-DTBP-d (grey), at -40 ◦C in acetone.
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Figure A.5. UV-Vis spectral changes in the reaction of 44b (solid black trace) with 1 equivalent
of BNAH at -80 ◦C in acetone.
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Figure A.6. UV-Vis spectral changes in the reaction of 44b with 50 equivalent of triphenylphos-
phine at -80 ◦C in acetone.
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Figure A.7. Plot of absorbance at 520 nm versus time during the reaction between 44b and 50
equivalents of PPh3 at -80 ◦C in acetone.
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Figure A.8. Plot of kobs versus [PPh3] determined for the reaction between 44b and triphenylphos-
phine.
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Figure A.9. UV-Vis spectral changes in the reaction of 44bwith one equivalent of ferrocene at -80
◦C in acetone.
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A.2 Chapter 3

Figure A.10. 1H NMR spectrum of 47 (400 MHz, CDCl3).
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Figure A.11. 13C{1H} NMR spectrum of 47 (101 MHz, CDCl3).

Figure A.12. 1H NMR spectrum of 45a (400 MHz, CDCl3).
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Figure A.13. 13C{1H} NMR spectrum of 45a (101 MHz, CDCl3).

Figure A.14. 1H NMR spectrum of 46a (400 MHz, CD3OD).
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Figure A.15. 13C{1H} NMR spectrum of 46a (101 MHz, CD3OD).

Figure A.16. Positive mode ESI MS spectrum of 47.

Figure A.17. Negative mode ESI MS spectrum of 45a.
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Figure A.18. Negative mode ESI MS spectrum of 46a.

Figure A.19. ATR-FTIR spectrum of 47.

Figure A.20. ATR-FTIR spectrum of 45a.
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Figure A.21. ATR-FTIR spectrum of 46a.

Figure A.22. Electronic absorption spectra of 45a (black trace) and 47 (grey trace) in acetonitrile.
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Figure A.23. Electronic absorption spectrum of 46a (black trace) in acetone; inset: changes upon
titration with acetonitrile (325 equivalents increments, up to 1300 eq., grey trace).

Figure A.24. Experimental (solid trace) and simulated (dashed trace) EPR spectra of 44b.
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Figure A.25. Experimental (solid trace) and simulated (dashed trace) EPR spectra of 45b.

Figure A.26. Experimental (solid trace) and simulated (dashed trace) EPR spectra of 46b.
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Figure A.27. Electronic absorption spectrum of 46a (grey trace, 0.3 mm acetone solution, -40 ◦C)
and of the oxidation product 46b (black trace) obtained after the addition of methanolic CAN (5
equiv.).

Figure A.28. EPR spectra of frozen solutions of 46b, obtained by the oxidation of 46a with CAN
(5 equiv., top) or magic blue (1 equiv., bottom).
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Figure A.29. Electronic absorption spectrum of 44a (grey trace, 0.3 mm acetone solution, -40 ◦C)
and of the oxidation product (46b, black trace) obtained after the addition of methanolic CAN (5
equiv.).

Figure A.30. Electronic absorption spectrum of 45a (grey trace, 0.3 mm acetone solution, -40 ◦C)
and of the oxidation product (46b, black trace) obtained after the addition of methanolic CAN (5
equiv.).
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Figure A.31. Electronic absorption spectrum of 45a (grey trace, 0.3 mm acetone solution, -40 ◦C)
and of the oxidation product (45b, black trace) obtained after the addition of NaOCl/AcOH (15
equiv.).

Figure A.32. EPR spectra of frozen solutions of 45b, obtained by the oxidation of 45a with magic
blue (1 equiv., top), or NaOCl/AcOH (15 equiv., bottom).
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Figure A.33. Electronic absorption spectrum of 44a (grey trace, 0.3 mm acetone solution, -40 ◦C)
and of the oxidation product (45b, black trace) obtained after the addition of NaOCl/AcOH (15
equiv.).

Figure A.34. Electronic absorption spectrum of 46a (grey trace, 0.3 mm acetone solution, -40 ◦C)
and of the oxidation product (45b, black trace) obtained after the addition of NaOCl/AcOH (15
equiv.).
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Figure A.35. Changes in the electronic absorption spectrum during the decay of 46b in the pres-
ence of 10 equivalents of 2,4-DTPB, at -40 ◦C. Inset: time trace of the absorbance at 560 nm.

Figure A.36. 1H NMR spectrum of a solution of 47 after the addition of 1 equivalent AcOH (400
MHz, CDCl3) Line broadening is due to the precipitation of Ni salts.
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Figure A.37. 1H NMR spectrum of a solution of 47 after the addition of 1 equivalent HNO3 (400
MHz, CDCl3) Line broadening is due to the precipitation of Ni salts.

Figure A.38. Changes in the electronic absorption spectrum of 45a (0.25 mm, black trace) on
titration with Et2O.HBF4 (up to 2 equiv.).
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Figure A.39. Changes in the electronic absorption spectrum of 45a (0.25 mm, black trace) on
titration with AcOH (up to 3 equiv.).

Figure A.40. 1HNMR spectrum of a solution of 45a after the addition of 1 equivalent Et2O.HBF4
(400 MHz, CDCl3). Line broadening is due to the precipitation of Ni salts.
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Figure A.41. Plots of kobs versus [xanthene] determined for the reaction between 45b and xanthene
(black), and for the reaction between 45b and [D2]xanthene (grey), at 25 ◦C in acetone.

Figure A.42. Plots of kobs versus [DHA] determined for the reaction between 45b and DHA
(black), and for the reaction between 45b and [D4]DHA (grey), at 25 ◦C in acetone.
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Figure A.43. Plot of kobs versus [fluorene] determined for the reaction between 45b and fluorene,
at 25 ◦C in acetone.

Figure A.44. Plot of kobs versus [BnOH] determined for the reaction between 45b and benzyl
alcohol, at 25 ◦C in acetone.
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Figure A.45. Plot of kobs versus [PhEt] determined for the reaction between 45b and ethylbenzene,
at 25 ◦C in acetone.

Figure A.46. Plot of kobs versus [PhMe] determined for the reaction between 45b and toluene, at
25 ◦C in acetone.
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Figure A.47. Changes in the electronic absorption spectrum during the decay of 46b in the pres-
ence of 5 equivalents of 10-methyl-9,10-dihydroacridine. The spectra were recorded at 0.5 s inter-
vals.

Figure A.48. Changes in the electronic absorption spectrum during the decay of 45b in the pres-
ence of 50 equivalents of DHA. Inset: time trace of the absorbance at 510 nm.
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Figure A.49. Changes in the electronic absorption spectrum during the decay of 45b in the pres-
ence of 210 equivalents of benzyl alcohol. Inset: time trace of the absorbance at 510 nm.

Figure A.50. Changes in the electronic absorption spectrum during the decay of 45b in a 25/75
toluene/acetone mixture. Inset: time trace of the absorbance at 510 nm.
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Figure A.51. Plot of ∆‡G, for the reactions of 45b with hydrocarbon substrates, measured at 25
◦C, against the BDEC-H of the substrates. ∆‡G was determined from k2 via the Eyring equation.
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Scheme A.1. Products identified in the oxidation of phenols by 45b and 46b.

Scheme A.2. Products identified in the oxidation of hydrocarbons by 45b.
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Figure A.52. DFT optimised structure of 44b with unpaired electron in dxz (left) and dz2 (right).

Figure A.53. DFT optimised structure of 45b with unpaired electron in dxz (left) and dz2 (right).

Figure A.54. DFT optimised structure of 46b with unpaired electron in dxz (left) and dz2 (right).
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A.3 Chapter 4

Figure A.55. 1H NMR spectrum of 48a (400 MHz, CDCl3).

209



Figure A.56. 13C{1H} NMR spectrum of 48a (101 MHz, CDCl3).

Figure A.57. 1H NMR spectrum of 49a (400 MHz, CDCl3).
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Figure A.58. 13C{1H} NMR spectrum of 49a (101 MHz, CDCl3).

Figure A.59. 1H NMR spectrum of 50a (400 MHz, CDCl3).
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Figure A.60. 13C{1H} NMR spectrum of 50a (101 MHz, CDCl3).

Figure A.61. 1H NMR spectrum of 51a (400 MHz, [D6]DMSO).
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Figure A.62. 1H NMR spectrum of 51a, after 12 h from the addition of 0.1 mL D2O (400 MHz,
[D6]DMSO). The peak at 0.78 ppm is indicative of formation of 45a.

Figure A.63. 1H NMR spectrum of 52a (400 MHz, CD3CN).
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Figure A.64. Comparison of the 1H NMR spectra of 52a in CDCl3 (top) and CD3CN (bottom).

Figure A.65. 1H NMR spectrum of 53a (400 MHz, CD3OD).
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Figure A.66. 1H NMR spectrum of 54a (400 MHz, [D6]DMSO).

Figure A.67. 1H NMR spectrum of 55 (400 MHz, [D6]DMSO).
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Figure A.68. Negative mode ESI MS spectrum of 48a.

Figure A.69. Negative mode ESI MS spectrum of 49a.

Figure A.70. Negative mode ESI MS spectrum of 50a.

Figure A.71. Negative mode ESI MS spectrum of 51a.
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Figure A.72. Positive mode ESI MS spectrum of 52a.

Figure A.73. Positive mode ESI MS spectrum of 53a.

Figure A.74. Positive mode ESI MS spectrum of 54a.
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Figure A.75. ATR-FTIR spectrum of 48a.

Figure A.76. ATR-FTIR spectrum of 49a.
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Figure A.77. ATR-FTIR spectrum of 50a.

Figure A.78. ATR-FTIR spectrum of 51a.
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Figure A.79. ATR-FTIR spectrum of 52a.

Figure A.80. ATR-FTIR spectrum of 53a.
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Figure A.81. ATR-FTIR spectrum of 54a.

Figure A.82. UV-Vis spectrum of 50a (acetone, 25 ◦C).
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Figure A.83. Cyclic voltammogram of 47, vs Fc+/Fc (acetone, 25 ◦C, 0.1 m Bu4NPF6, scan rate
0.05 V s-1).

Figure A.84. Cyclic voltammogram of 49a, vs Fc+/Fc (acetone, 25 ◦C, 0.1 m Bu4NPF6, scan rate
0.05 V s-1).
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Figure A.85. Cyclic voltammogram of 50a, vs Fc+/Fc (acetone, 25 ◦C, 0.1 m Bu4NPF6, scan rate
0.05 V s-1).

Figure A.86. Cyclic voltammogram of 51a, vs Fc+/Fc (acetone, 25 ◦C, 0.1 m Bu4NPF6, scan rate
0.05 V s-1).
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Figure A.87. Cyclic voltammogram of 52a, vs Fc+/Fc (acetone, 25 ◦C, 0.1 m Bu4NPF6, scan rate
0.05 V s-1).

Figure A.88. Cyclic voltammogram of 53a, vs Fc+/Fc (acetone, 25 ◦C, 0.1 m Bu4NPF6, scan rate
0.05 V s-1).
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Figure A.89. Cyclic voltammogram of 54a, vs Fc+/Fc (acetone, 25 ◦C, 0.1 m Bu4NPF6, scan rate
0.05 V s-1).

Figure A.90. Plot of kobs versus [2,6-DTBP] determined for the reaction between 52b and 2,6-
DTBP, at -40 ◦C in acetone/acetonitrile 9/1.
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Figure A.91. Plot of kobs versus [2,6-DTBP] determined for the reaction between 53b and 2,6-
DTBP, at -40 ◦C in methanol.

Figure A.92. Changes in the electronic absorption spectrum during the decay of 52b in the pres-
ence of 100 equivalents of 2,6-DTBP.
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Figure A.93. Changes in the electronic absorption spectrum during the decay of 53b in the pres-
ence of 50 equivalents of 2,6-DTBP.
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A.4 Chapter 5

Figure A.94. 1H NMR spectrum of 56 (400 MHz, CDCl3).
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Figure A.95. 13C{1H} NMR spectrum of 56 (101 MHz, CDCl3).

Figure A.96. Positive mode ESI MS spectrum of 56.
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Figure A.97. 1H NMR spectrum of 57a (400 MHz, CDCl3).

Figure A.98. 13C{1H} NMR spectrum of 57a (101 MHz, CDCl3).
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Figure A.99. Negative mode ESI MS spectrum of 57a.

Figure A.100. Normalised UV-Vis spectra of the products obtained from the reaction of 56 and
m-CPBA (black trace) and of 57a and magic blue (grey trace).
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Figure A.101. X-Band EPR spectrum of 57b, formed by the reaction of 57a with 1 equiv. magic
blue (top) and simulated spectrum (bottom). Measured at 77 K in frozen acetone solution, 2 mW
microwave power.

Figure A.102. 1H NMR spectrum of 58 (400 MHz, CDCl3).
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Figure A.103. 13C{1H} NMR spectrum of 58 (101 MHz, CDCl3).

Figure A.104. Positive mode ESI MS spectrum of 58.
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Figure A.105. 1H NMR spectrum of 59 (400 MHz, CDCl3).

Figure A.106. 13C{1H} NMR spectrum of 59 (101 MHz, CDCl3).
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Figure A.107. Positive mode ESI MS spectrum of 59.

Figure A.108. Positive mode ESI-MS spectrum of the post-decay (56 + m-CPBA) mixture.
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A.5 Chapter 6

Figure A.109. 1H NMR spectra of (top) H2pyN2
iPr2 and (bottom) 65 (400 MHz, [D6]DMSO).
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Figure A.110. 1H NMR spectra of (top) H2pyN2
iPr2 and (bottom) 64 (400 MHz, [D6]DMSO).
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Figure A.111. Positive mode ESI MS spectrum of 62.
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Figure A.112. Experimental (black) and simulated (grey) negative mode ESI MS spectra of 63.

Figure A.113. Experimental (black) and simulated (grey) negative mode ESI MS spectra of 64.
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Figure A.114. ATR-FTIR spectrum of 62.

Figure A.115. ATR-FTIR spectrum of 63.
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