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Abstract

High-valent oxygenated transition metal complexes are implicated in a variety of synthetic
and biological transformations, including O—O bond-formation and C-H functionalization. These
intermediates span a range of transition metals, supporting ligands, and oxygen binding modes. As
such, there has been a wide body of research dedicated to exploring the relationship between their
structure and reactivity. Insights from isolated well-defined oxygenated transition metal
complexes have allowed for the rational design of catalysts for the above-mentioned important
transformations. However, the reactivity of these compounds can make their isolation and detailed
study challenging. This thesis focuses on the synthesis and reactivity of compounds supported by
strongly-donating tris(imidazol-2-ylidene)phenylborate ligands to stabilize unusual high-valent

oxygenated transition metal species.

Previous works have demonstrated that tris(imidazol-2-ylidene)phenylborate ligand
scaffolds stabilize unusual high-valent Fe and Co complexes, such as transition metal-oxo and -
imido species. However, analogous chemistry with Ni has yet to be explored, and the chemistry
of Co systems is only nascent. Chapter 2 of this thesis focuses on the isolation and characterization
of several Ni complexes that feature these tris(imidazol-2-ylidene)phenylborate ligands. These
complexes serve as a platform to explore further oxidative reactivity. Additionally, the donor
strength of this ligand scaffold is exemplified by the terminal Ni-methyl complexes

PhB(RIm)NiMe, which are distorted from pseudo-tetrahedral to seesaw geometries.

Chapter 3 of this thesis explores the oxidative reactivity of these precursor complexes,
where dioxygen activation by a Ni'-chloride precursor yields an unprecedented binuclear Ni'"',-
(u-1,2-peroxo) complex. The isolation of this complex confirms the viability of such a species as

an intermediate in water oxidation by Ni(oxy)hydroxide materials. While this complex is thermally

XXVi



unstable, we demonstrate its reactivity with both nucleophiles and electrophiles at low
temperatures which suggest possible mechanistic paradigms in nickel-based water oxidation

materials.

Chapter 4 of this thesis explores the X—H bond activation reactivity of a terminal Co'"'-oxo
complex supported by tris(imidazol-2-ylidene)phenylborate ligands. Previous work has
demonstrated that the rate of C-H bond activation by the terminal Co'"-oxo complex
PhB(*Bulm)sCoO correlates with substrate acidity, rather than substrate bond dissociation energy.
Mechanistic studies have demonstrated that this selectivity is imparted by the bacisity of the Co"'O
complex, giving rise to a basic asynchronous concerted proton electron transfer mechanism,
wherein the transition state adopts more proton transfer character. In this chapter, the C—H bond
activation reactivity of the adamantyl congener PhB(AdIm)s;CoO is demonstrated to be even more
sensitive to substrate acidity, ultimately resulting in mechanistic crossover from a concerted
mechanism to a stepwise proton transfer-electron transfer mechanism in a series of substituted
phenol substrates. This observation underscores that a multitude of factors, other than reactant-
product bond dissociation energies, play arole in the selectivity, mechanism, and rate of X—H bond

activation.
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Preface

All compounds share a numbering scheme throughout this thesis. Characterization spectra are

provided in the corresponding appendix for each chapter.
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Chapter 1: Introduction to Oxygenated Late Transition Metal Complexes

1.1 Importance and Diversity of Oxygenated Transition Metal Complexes

Oxygenated transition metal complexes are ubiquitous intermediates in biological and
synthetic oxidative transformations, such as C—H activation/functionalization, alkene epoxidation
and O-O bond formation.*" Transition metal (di)oxygen complexes span a variety of different
metal centers, metal oxidation states, and ligand coordination sphere, dictating the binding mode,
redox state and reactivity of the (di)oxygen ligand (Figure 1.1).2 While numerous efforts have
attempted to elucidate the mechanistic details of these processes, many consist of short-lived,
highly reactive intermediates that are difficult to isolate and characterize. Understanding the

structure-reactivity relationships of these complexes is key to rational design of higher yielding

and more selective oxidative processes.
o) O .. O - -0
7 / / M|
M M © M © ~0
n'-oxo n'-superoxo n'-peroxo n°-peroxo
@)
O O LN
M:O:M M\O/ ~M M\é/M M\O/—-\IVI
-1~ 1°—0X0 u—n"m'-peroxo n—n2:n?—peroxo u—n"n?—peroxo

Figure 1.1. Sample of (di)oxygen binding modes.

Indeed, small changes in the coordination sphere of metal-oxo complexes can lead to
significant changes in reactivity. This, and the diversity of oxygenated metal complexes, is
exemplified in hemeproteins which have evolved to carry out a number of different functions,
despite containing similar Fe-porphyrin active sites (Figure 1.2).>'! For example, cytochromes

P450 are a family of cysteine-ligated hemeproteins responsible for the pharmacological clearance



Cytochrome P450

Human hemoglobin A2 . Sy

Globins
Cpd 2,5 pK, ~3

Cytochrome P450

‘sz\l)\o»:

OH HN«

Compound 1 Compound 2 cysteine

Figure 1.2. Change in pKa of Compound 2 ligated by histidine (globins, PDB 1SE6) and cysteines
(cyotochrome 450, PDB 1S5L.).

of metabolites via C-H activation/functionalization. In this system, Fe-aquo, -superoxo and -
peroxo species are proposed en route to Compound I, an Fe'V-oxo complex with a delocalized
cationic radical that mediates the rapid C—H bond activation of substrates. In this process, a

substrate C—H bond is homolytically cleaved to yield Compound I, an Fe'V-hydroxo complex.

This functionality can be contrasted with that of hemoglobin, a hemeprotein that features a
conserved histidine-ligated heme motif. In biology, hemoglobin is responsible for oxygen transport
in the blood, but not C-H functionalization. Protein mutagenesis and stopped flow studies
suggested that a cysteine-ligated heme motif is necessary for the basicity needed for C-H
functionalization and to avoid non-productive protein auto-oxidation pathways. Notably, the
corresponding Fe'V-hydroxo complex (Compound I1) is ~10 pKa units more basic in cysteine-
ligated systems than histidine-ligated systems.*? This underscores that small changes to the
structure of these complexes can drastically affect their thermodynamic properties and thus

reactivity. Studying well-defined model complexes allows for further insight into these structure-



reactivity relationships, spectroscopic signatures, and synthetic viability of these proposed

intermediates.

1.2 Electronic Structure of Transition Metal-oxo Complexes

Late (M = Fe, Co, Ni, Cu) transition metal-oxo complexes have been implicated in the
functionalization of unactivated C—H bonds. Despite their importance, few examples of isolated
late metal-oxo complexes exist in the chemical literature. Both the reactive nature of these species
and their relative scarcity can be rationalized by a d-orbital splitting diagram, first derived for the
vanadyl ion (Figure 1.3).1314 In an octahedral ligand field, the dx, and dy, interact with the lone
pair electrons on the terminal oxo ligand in a w-antibonding fashion. Thus, in a metal-oxo complex
with 4 d-electrons, both n*u-o orbitals are population, causing both n-bonding interactions to be
broken and rendering the compound unstable. This concept, combined with oxidation state
considerations, gives rise to the “oxo wall”, which predicts that terminal oxo complexes past group
8 are not isolable. Consequently, most terminal metal-oxo complexes reported in the literature are

those of high-valent, early metals.

Q 0
,,,,,,, L|/I| I
G C;, (Pseudo-
tetrahedral)
A — a‘1 (22, 6*) —— (XZ' yZ, n*)
| — b1 (x*y?% nb) % a,, (z2; o*/n.b.)
= e (XZ, YZ; n*)
% b, (xy, n.b.) i% e, (x2-y2, xy; n.b.)

Figure 1.3. Molecular orbital diagram of terminal metal-oxo complexes.



Nevertheless, descent in symmetry of the ligand field by decreasing coordination number can
allow for higher d-counts without population of the n*m.o orbitals. This strategy has enabled the
isolation of metal-oxo complexes with more than 4 d-electrons. For example, in a pseudo-
tetrahedral Csy symmetry, the d-orbital manifold can accommodate up to 6 d-electrons before
populating the n*w-o orbitals.’> Our group has employed a tris(imidazole-2-ylidene) phenylborate
scaffold to stabilize a terminal d® Co'"'-oxo complex (Figure 1.4).® This complex was
characterized by single crystal X-ray diffraction, representing the first example of an isolated first-

row metal oxo complex past group 8.

tBu\ |(a /;EJ;EU
N \
Ph

Figure 1.4. Terminal Co™"' complex supported by a tris(imidazol-2-ylidene) scaffold.

1.3 Transition State Asynchronicity in X—H Bond Activation by Transition Metal-
oxo Complexes

One longstanding challenge in organic synthesis is the selective activation and
functionalization of unactivated C—H bonds."* Transition metal-oxo complexes typically activate
C—H bonds with the lowest bond dissociation free energy (BDFE), as predicted by the Bell-Evans-

Polyani principle (Figure 1.5).1%2! To circumvent this, Nature primarily achieves chemo- and

N a.“

E,=Eo+0AH

AH

[
|

Reaction coordinate

Figure 1.5. Reaction coordinate diagram showing Bell-Evans-Polyani principle. From ref 21.
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Figure 1.6. Plots of log(kobs) versus BDE and pKa of C-H substrates in reactions with
PhB(‘Bulm)Co'"'O.

regioselective C—H bond activation by positioning substrates using active site hydrogen-bonding
networks. While synthetic chemists have harnessed artificial metalloenzymes for a variety of
reactions, engineering these complex supramolecular frameworks for different substrates and
transformations can be challenging.?? Understanding the intricacies of how the chemical properties
of an oxidant dictate its reactivity is important in developing strategies for selective and predictable

C—H bond activation.

In transition metal-oxo complexes, the initial step in this process is the transfer of a hydrogen

atom (a proton and an electron) from the substrate to the oxo moiety, termed PCET (proton coupled
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Scheme 1.1. Mechanisms for PCET.
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electron transfer). PCET can occur through multiple different mechanisms: a concerted fashion,
termed CPET (concerted proton-electron transfer), or in a stepwise fashion wherein the proton and
electron are transferred sequentially (PTET, proton transfer-electron transfer, or ETPT, electron
transfer-proton transfer) (Scheme 1.1). In general, the concerted transfer of a proton and electron
has been thought to be a lower energy process than the corresponding stepwise process as coupling
of proton and electron movement allows for a charge-neutral process.?® However, recent studies
into the mechanisms of PCET have challenged this notion, and have demonstrated that CPET is
not always favorable pathway for the kinetics or selectivity of a reaction. As such, a deep
understanding of how the chemical properties of the oxidant and substrate affect the operative

mechanism is key to controlling the chemoselectivity of this C—H functionalization.

More recently, our group has isolated terminal Co'"'-oxo complex PhB(‘Bulm)CoO. We sought
to establish a lower bound for the O—H BDFE of the corresponding Co'-hydroxo complex, by
screening a variety of different C—H substrates.?* Interestingly, a plot of the observed pseudo-first
order rate constant (Kobs) versus the BDFE of various C—H substrates showed no correlation.
Rather, plotting kops Versus substrate pK, revealed a negative correlation (Figure 1.6). Mechanistic
studies were inconsistent with concerted and stepwise PCET mechanisms. Around that time,
computational studies proposed intermediate PCET mechanisms between CPET and stepwise
PTET/ETPT mechanisms.?® In these proposed mechanisms, proton and electron transfer is
concerted, but the proton or electron lags behind the other in the transition state (Figure 1.7). These
mechanisms have been termed asynchronous basic PCET or asynchronous oxidative PCET,
respectively. Both computational and kinetic data supported an asynchronous basic mechanism in
this system. Since this study, other systems have invoked asynchronous PCET pathways in C-H

activation.26-33



The concept of asynchronous or imbalanced transition states has been proposed in several
different organic reactions including hydrogen atom transfer between organic molecules and
pericyclic reactions.3**> However, asynchronicity in PCET involving metal-oxo complexes has
only recently been considered. As such, the feasibility and implications of imbalanced transition

states in PCET has been debated. 233637

X
H+" ‘X IX
-y : *
. € H
R IO RN A _
' O
\ IN ! R "
N ] L R K R/ R K R/
R o VAR TR N
AN > {
N<guN-7 @/ iy @( N
1 N\Bx / NS g« 7
Ph 1 E';
Synchronous Ph Ph
concerted proton Asynchronous basic Asynchronous
electron transfer CPET oxidative CPET

(CPET)
Figure 1.7. Synchronous versus asynchronous PCET pathways.

A better understanding pKa-driven asynchronicity is key to designing a new class of
catalysts that activate the most acidic proton, instead of the homolytically-weakest C—H bond,
expanding the synthetic chemist’s toolkit.)” However, how the electronic structure of the oxidant
affects its PCET reactivity is poorly understood. Additionally, the tools to predict whether an
oxidant-substrate pair will react in a concerted synchronous, concerted asynchronous or stepwise
mechanism have not yet been developed. One goal of this thesis is to develop structure-reactivity
relationships for such oxidant-substrate pairs, which will allow for further exploration of this

reaction space.



1.4 Oxygenated Transition Metal Complexes in the Oxygen Evolving Reaction

The scalable and sustainable method of renewable energy storage is a barrier to the widespread
adoption of solar energy.®® In photosynthesis, the oxygen evolving complex (OEC) of photosystem
Il stores energy in the form of chemical bonds by splitting water into oxygen, protons and electrons
(Figure 1.8).%° Synthetic analogs of this process have been developed.*® However, the best
performing water oxidation catalysts employ precious metals, such as platinum and iridium.*!42
Materials with first-row transition metals have been shown to catalyze water oxidation.*344 In
particular, nickel materials have shown promise for their cost, low overpotentials and robustness

under reaction conditions.*®

n
O—Mn——\O

Figure 1.8. The oxygen evolving complex in photosystem 11.

Nickel-based oxygen evolution electrocatalysts have been known since the 1980s.46 While the
first examples of Ni materials were proposed to consist of pure Ni-oxides, later studies suggested
that Fe impurities were responsible for the high activity of these catalysts.#’ The intentional doping
of Ni materials with Fe has given rise to a new class of candidates for oxygen evolution. However,
little is known about what makes these materials effective catalysts. As such, these materials have
been studied spectroscopically to better understand the mechanisms by which they operate.*3-52

High-valent metal-oxo complexes have been proposed to be involved in the key O-O bond



Water oxidation
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Scheme 1.2. Water oxidation and O-O bond formation mechanisms.

forming step before release of O,. Two mechanisms have been proposed for this step. In the first
mechanism, two terminal-oxo complexes couple in a radical fashion to furnish a binuclear u-1,2-
peroxo complex, termed the radical coupling mechanism (Scheme 1.2). Alternatively, a metal-oxo
complex can undergo nucleophilic attack by a hydroxide ion to furnish a mononuclear

hydroperoxo complex.

To better understand the intermediates and mechanistic intricacies of the OEC, Mn-oxo
complexes have been isolated and studied as model complexes for the OEC.53%* However,
oxygenated Ni complexes are significantly less commonly encountered in the literature, relative
to their Mn, Fe, Co and Cu counterparts, due in part to the relative scarcity of proposed oxygenated
Ni-complexes in biological and synthetic systems that mediate oxidative reactivity.>® Thus, the
synthetic viability of such complexes is poorly understood. Oxygenated Ni complexes were only
first isolated and studied in the late 1990’s, when Mora-oka isolated a binuclear bridging Ni-O
complex.%® Mononuclear terminal nuclear-oxo complexes have been proposed, but poorly
characterized.>” For example, Company and co-workers have proposed the capture of a Ni''-oxo
complex, but were only able to characterize this species through CSI-MS and unlabelled

vibrational spectroscopy.®®



Low-valent mononuclear and binuclear Ni-peroxo and -superoxo complexes have been
isolated and characterized.>®%* While high-valent Ni complexes are uncommon, as well as high-
valent mononuclear Ni-peroxo and superoxo complexes have been reported.®>-¢” However, high-
valent binuclear Ni-peroxo complexes have not been observed or characterized. Such a compound
would be a key intermediate in the radical coupling of two Ni'V-oxo complexes in oxygen
evolution systems. Chapter 3 of this thesis explores the synthesis and reactivity of a Niz-(u-1,2-

peroxo) complex supported by a tris(imidazol-2-ylidene) phenylborate scaffold.
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Chapter 2: Ni"-Methyl Complexes Adopting Unusual Seesaw

Geometries

This chapter has been adapted from the following source with permission: Hill, E. A*., Zhao, N.*,

Filatov, A.S., Anderson, J. S. Chem. Commun., 2020, 56, 7861-7864. *indicates equal contribution

2.1 Introduction

Nickel-alkyl complexes have been invoked as important intermediates in a host of chemical
transformations including the production of acetic acid and cross-coupling reactions.* In all
reported examples of crystallographically characterized Ni'-methyl complexes, a diamagnetic,
square planar geometry is observed and many attempts to synthesize such species in other, four-
coordinate geometries have proven unsuccessful frequently leading to reduction or other
degradation.” ! Despite this, catalytically active Ni'-alkyl species may likely exhibit or transition
through different coordination geometries.'2*4 For example, other synthetic Ni'' complexes can be
found in tetrahedral geometries in addition to the more common square planar geometries. While
a square planar geometry is favored due to electronic stabilization of the d® Ni' ion, a tetrahedral

geometry may be favored with suitably bulky or chelating ligands.*®

An alternative geometry for four-coordinate metal centers that has rarely been observed is a
seesaw geometry. In fact, only a handful of examples of Ni'' complexes in this geometry have been
reported.*>16-18 In these cases, steric bulk is used to enforce the desired geometry. For example,
the first of these reported by Broring and co-workers utilized a tripyrranato ligand which positions
methyl substituents within the square plane, forcing halide ligands above this plane.t®?! Other
examples include those by Gossage and Baruah where homoleptic complexes of Ni'' were

synthesized with bulky propan-2-ylidene and oxazoline substituents that prevent planarization of
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the Ni" coordination environment.'4?2 Another recent example of a seesaw geometry at a Ni'"
center involves a diisopropylpyrazole-substituted carbazole ligand to enforce steric crowding of
the square plane.® Finally, an example of a ligand-constrained geometry around a Ni'' center can
be seen in a complex bound to a triphosphacyclododecane ligand.?? This ligand binds in a facial
manner with strongly donating trialkylphosphines which are proposed to enforce a low-spin state
at nickel. Due to the constrained ligand environment, the coordination geometry distorts to
accommodate the low-spin state but cannot fully isomerize to a square planar geometry. These

examples demonstrate the lengths required to enforce this geometry at a d® Ni'' center.

2.2 Results and Discussion

2.2.1 Synthesis and characterization of novel four-coordinate Ni-chloride and methyl complexes
We have been interested in exploring the chemistry of late transition metals supported by
chelating and strongly donating tris-N-heterocyclic carbene (NHC) borate scaffolds.?*2> These
ligand scaffolds typically enforce a pseudo-tetrahedral geometry, but also favor low-spin states
due to the strong donor properties of the carbene ligands. These factors suggest that Ni'' complexes
supported by this ligand would have geometric frustration between an electronically preferred
square planar geometry and a chelate-enforced pseudo-tetrahedral geometry. We therefore
rationalized that Ni"' complexes of this ligand with suitably strong ligand fields might display

unusual geometries and electronic structures.?6-28 Here we report the isolation and characterization

16



of two Ni'-methyl complexes supported by a strongly donating tris-carbene borate ligand which

display unusual seesaw geometries.

Me
R | R 1.5 equiv MeLl R\ / R
ﬁ( THF or Et,0, RT, N2 @
Q’ B‘ N \) B <N \)
Ph Ph
1a,b 2a,b
green R ='Bu (a) or Ad (b) red-orange
paramagnetic diamagnetic

Scheme 2.1. Synthesis of complexes 2a and 2b.

The Ni'-chloride complexes were first synthesized by initial deprotonation of the proligand,
[PhB(RIMH)3][OTf]. (where R = 'Bu or Ad), with in situ generated lithium diisopropylamide
(LDA) followed by metalation with tetraethylammonium tetrachloronickelate ([EtsN]2[NiCl.]) to
yield PhB(‘Bulm)sNiCl and PhB(AdIm)sNiCl (1a and 1b) in low but synthetically viable yields.
The title complexes, PhB(‘Bulm)sNiMe and PhB(AdIm)sNiMe (2a and 2b), were synthesized by
treatment of the Ni'-chloride complexes 1a and 1b with a solution of methyllithium following a
similar reported procedure for related complexes of cobalt (Scheme 2.1).2° Complexes 2a and 2b
can be isolated as red, microcrystalline solids in good yield. These complexes are thermally
unstable at room temperature, but pure solids can be stored at —35 °C for weeks to months without
noticeable decomposition. Despite their intense, red-orange color in solution, complexes 2a and
2b display no distinct absorption features by UV-vis spectroscopy with only trailing absorbances
from the UV region of the spectra into the visible region (Figure Al.12Figure A1.13). Contrary
to the parent Ni'-chloride complexes 1a and 1b, both complexes 2a and 2b are diamagnetic (see

Appendix 1. However, 'H NMR spectra of both the Cl and Me complexes in C¢Ds indicate Cs-
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symmetric geometries in solution at room temperature. We then turned to single-crystal X-ray
diffraction (SXRD) measurements to probe the structures of these Ni complexes in the solid-state.
As expected from their threefold symmetric NMR spectra, complexes la and 1b are pseudo-
tetrahedral in the solid-state and have a Cs-axis with a B-Ni—Cl angle of 177.92(6)° and 178.8(2)°,
respectively. In contrast, while the room temperature *H NMR spectra of the methyl complexes 2a
and 2b are consistent with a Cs-symmetric structure, an unusual seesaw coordination geometry at
the Ni'" centers is observed in their solid-state structures (Figure 2.1). The metrical parameters of
the Ni centers in complexes 2a and 2b are consistent with a seesaw geometry around the Ni'' center
composed of three carbon donors from the tris-carbene borate ligand and a fourth from the bound
methyl group. The Ni-methyl carbon atom distances are nearly identical between the two
complexes at 1.965(2) and 1.959(2) A, respectively. Additionally, there is no evidence of agostic
interactions between the Me hydrogen atoms and the Ni'' center. The two widest C-Ni—C angles
which describe the seesaw geometry are 177.19(8)° and 121.49(8)° for 2a and 177.80(7)° and
121.25(7)° for 2b. Using both of these angles, a geometry index parameter t4 can be calculated to
describe the coordination environment of the Ni" center between square planar (t4 = 0) or
tetrahedral (t4 = 1).3%3! For both 2a and 2b, the 14 parameter is calculated to be 0.43, indicating a
nearly perfect mono-vacant, trigonal bipyramidal or seesaw geometry around the Ni'' center. These
are the first such cases to be crystallographically characterized.® With the disparity between solid-
state and solution structural data, we sought to better understand the dynamics of complexes 2a
and 2b in solution. Variable temperature *H NMR experiments were conducted in ds-toluene to

determine an isomerization barrier, AG* (Figure 2.1).3233
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Figure 2.1. SXRD structures of 2a and 2b.

Ellipsoids are shown at 50% and H atoms are omitted for clarity. Ni is shown in green, N in blue, B intan, and C
in gray. Atom labels for 2b are the same as those depicted for 2a. Selected bond lengths (A) and angles (°) and
geometric parameters for 2a: Nil-C1 = 1.965(2), Ni1l-C2 = 1.895(2), Ni1l-C3 = 1.922(2), Ni1-C4 = 1.887(2), C1-
Ni1l-C3 = 177.19(8), C2-Nil-C4 = 121.49(8), , = 0.43. For 2b: Ni1-C1 = 1.959(2), Ni1-C2 = 1.886(2), Ni1-C3 =
1.912(2), Ni1—-C4 = 1.884(2), C1-Ni1l-C3 = 177.79(7), C2-Ni1-C4 = 121.25(7), 74 = 0.43.

In these complexes, the barrier being measured represents the energy to reorient the methyl
substituent from between one pair of NHC groups to between a different pair through either an
effective lever mechanism or via B-Ni—Me linearization to a Cs-symmetric isomer (vide infra).3*
For an NHC resonance of 2a, a coalescence temperature of 215 K was determined and from the
value of Av, the peak-to-peak splitting in Hz of the fully resolved asymmetric structure, a barrier
to isomerization was calculated to be 10.4 + 0.5 kcal mol. In the case of 2b with the larger
adamantyl groups, we anticipated a higher calculated barrier. However, the calculated value for
the analogous imidazol-2-ylidene proton resonance is the same within an estimate of the error.

From the coalescence temperature of 225 K and the measured Av values, a barrier of 10.9 £ 0.5
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Figure 2.2. Variable temperature *H NMR spectra for complex 2a in ds-toluene.

kcal mol was calculated. This suggests that while the adamantyl groups are bulkier, extending

further away from the Ni center, this does not appreciably alter the barrier to isomerization in this

complex.

A point of interest upon studying complexes 2a and 2b was to rationalize the observed seesaw
structures in the solid-state. A crude examination of the geometries a four-coordinate Ni' complex
may adopt indicates three possible isomers as discussed above: tetrahedral, square planar, and
seesaw. The parent chloride complexes 1a and 1b are characterized as high-spin S = 1 complexes

in a pseudo-tetrahedral geometry. Given the additional strong field methyl ligand in complexes 2a
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and 2b, it is likely that diamagnetic, low-spin Ni" species would be most stable.3> While low-spin
Ni'" complexes are typically found in square planar geometries, the chelate ring of the
tris(carbene)borate scaffold precludes the complex from distortion to a square planar geometry
that would be otherwise electronically favored. Additionally, this stronger ligand field disfavors

pseudo-tetrahedral geometries, as this would qualitatively result in occupation of a high energy,

A )Z\ Seesaw Pseudotetrahedral
dxz—yz\\““-.z d,

Energy

dxz dxz
d,2 dyy
d | l ¥
yz
dxy dyz

Figure 2.3. Qualitative Walsh diagram depicting the relative energies of the d-orbitals for the seesaw and
pseudo-tetrahedral geometries.

Determined from DFT calculations of the geometry optimized singlet of 2a. Basis set/functional used: def2-
TZVPP on Ni, N, and C bound to Ni, def2-SVP on all other atoms/O3LYP.
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antibonding orbital (Figure 2.3). As a result, the intermediate seesaw geometry is most stable,

distorted away from pseudo-tetrahedral but restricted from planarization.

This qualitative description of the preference for seesaw geometries observed in complexes 2a
and 2b is also supported by density functional theory (DFT) calculations. The geometry
optimization of 2a in a singlet electronic configuration yields a structure that is in agreement with
its solid-state structure. Geometry optimization of 2a in a triplet state shows instead a pseudo-
tetrahedral geometry, similar to the geometry seen in 1a and 1b. The DFT calculations predict the
S = 0 seesaw geometry to be 31 kcal mol lower in energy than the corresponding S = 0 pseudo-
tetrahedral isomer but only 11 kcal mol™ lower than the S = 1 threefold symmetric species.
Qualitative comparison of the frontier molecular orbitals of singlet 2a reveals that deviation from
a pseudotetrahedral to seesaw geometry stabilizes the d,2 orbital (Figure 2.3). This results in a
single, high-lying dx2_y2 orbital that remains unoccupied with a clustering of occupied orbitals at
overall lower energy than those in the pseudo-tetrahedral geometry. This qualitative orbital
depiction for the seesaw geometry is similar to the classical depiction of square planar d-orbital
splitting, further suggesting such a geometry would be preferred in this system if not for the chelate

ring constraint imposed by the tris-carbene borate ligand.

The DFT calculations above suggest that an isomerization mechanism involving a linear S =1
transition state is energetically reasonable, but we also wanted to probe the feasibility of a lever
type mechanism for this isomerization computationally. In this mechanism the Me group migrates
between NHC groups without linearizing to a pseudo-tetrahedral symmetry (Figure A1.18).3* The
Cme—Ni—Cearbene—Ncarbene dihedral angle was held fixed at 0° and the Ni—-Me group allowed to move
between a pseudo-tetrahedral orientation and close proximity to the R-group of the NHC in order

to find a low energy intermediate which would model the transition state for this isomerization. In
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doing so, a conformer higher in energy by 20 kcal mol relative to the seesaw geometry was found.
This energy is high enough to rule out this pathway as operative given the ~10 kcal mol energy
barrier calculated from the variable temperature *H NMR experiments (Figure A1.19). Given the
computed relative energies of the S = 0 (+31 kcal mol) and S = 1 (+11 kcal mol?) pseudo-
tetrahedral isomers, it is likely that the isomerization proceeds through the S = 1 Cs-symmetric
isomer. This conclusion is also supported by the relatively broad Ni—CHs proton resonance at room
temperature that shifts with temperature displaying Curie behavior. This effect is likely the result
of perturbation from a minor amount of the paramagnetic, pseudo-tetrahedral isomer at room
temperature as has been previously observed.® Interestingly, this observation suggests that
paramagnetic Ni-methyl intermediates are accessible at room temperature in the current system,

and that similarly high-spin Ni"-alkyl complexes may be reasonable intermediates in catalysis.

2.3 Conclusion

The Ni'-methyl complexes 2a and 2b are the first examples of such species to be found in a
seesaw coordination geometry as revealed by their solid-state structures. Variable temperature *H
NMR spectroscopy demonstrates that this distortion also occurs in the solution state and has an
electronic origin as opposed to arising from any solid-state crystal packing. Using DFT
calculations, the observed structures are rationalized by an overall lowering of filled orbitals by
distortion from pseudotetrahedral to a seesaw geometry. This geometry is proposed to be favored
over square planar geometry due to the chelate constraint of the tris(carbene)borate ligand. This
work shows that Ni-alkyl species with chelating ligands can adopt this geometry and draws
attention to the potential effects of this distortion and electronic structure on the reactivity of Ni

intermediates in catalytic transformations.
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2.4 Experimental

2.4.1 Materials and Instrumentation

All manipulations were performed under a dry nitrogen atmosphere using either standard Schlenk
techniques or in an mBraun Unilab Pro glove box unless otherwise stated. All chemicals were
obtained from commercial sources and used as received unless otherwise stated. Solvents were
dried on a solvent purification system from Pure Process Technologies and passed through a
column of activated alumina before storing over 4 A molecular sieves under N,. Diethyl ether and
tetrahydrofuran (THF) were stirred over NaK alloy and passed through a column of activated
alumina prior to storing over 4 A sieves under N,. Tetraethylammonium tetrachloronickelate
([EtsN]2[NiCls]), [PhB(‘Bulm)s][OTf],, 1-adamantylimidazole, and [PhB(AdIm)s][OTf]. were

prepared according to literature procedures.37-49

UV-vis spectra were recorded on a Thermo Scientific Evolution 300 spectrometer with the
VISIONpro software suite. IR spectra were recorded on a Bruker Tensor Il spectrometer with the
OPUS software suite. NMR spectra for 'H, 13C{*H}, and 'B{*H} were recorded on either Bruker
DRX-400 or AVANCE-500 spectrometers. *H and 3C{*H} spectra were referenced to residual
solvent peaks. Combustion analysis was performed by Midwest Microlab. Magnetic moments

were determined using the Evans method.*!

2.4.2 Complex Synthesis and Characterization

PhB(‘Bulm)sNi''CI (1a): To a Schlenk flask was added proligand [PhB(‘Bulm);][OTf], (5.00 g,
6.59 mmol) and THF (100 mL). In a separate Schlenk flask, 'ProNH (2.6 mL, 20.1 mmol) was
added to THF (30 mL). Both Schlenk flasks were sealed with rubber septa, brought out of the
glovebox, attached to a Schlenk line, and cooled to —78 °C using a dry ice/isopropanol bath. A

solution of "BuLi (8.1 mL, 20.1 mmol, 2.5 M in hexanes) was then added to the solution of iPr.NH
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to generate lithium diisopropylamide (LDA) in situ. The solution of LDA in THF was then
transferred via cannula to a cold suspension of the proligand. The reaction mixture was stirred at
—78 °C for approximately 45 minutes, and then solid [EtsN]2[NiCl4] (2.87 g, 6.92 mmol) was added
under positive nitrogen pressure. After stirring at room temperature overnight, the brown reaction
mixture was concentrated under vacuum to yield a green/brown residue. The flask was returned to
a glovebox and triturated with hexanes (30 mL) and dried once more under vacuum. The residue
was extracted into toluene (100 mL) and filtered through a pad of Celite. The resulting green
solution was concentrated and redissolved in a minimal amount of toluene before layering under
pentane at —35 °C. Green crystals form after several days which are separated from a flocculent
yellow/brown powder by washing with cold pentane. Crystals were dried under vacuum and
lyophilized from benzene to yield pure 1la (1.05 g, 1.90 mmol 29% vyield). After separating and
drying the mother liquor under vacuum, several successive crystallizations are required to achieve
yields varying from 10-29%. Single crystals suitable for X-ray diffraction were grown from liquid
diffusion of pentane into a concentrated solution of toluene solution of the complex at —35 °C over
several days. *H NMR (400 MHz, CsDs) 6 106.31, 15.27, 7.43, 7.26, 6.34. 1B NMR (128 MHz,
CsD6) 6 —9.7. peers (CsDs): 2.9 uup (for S =1, uso = 2.83 up) UV-vis, nm in dichloromethane (g, M
cmt): 446 (166), 718 (228). IR (KBr): 3142 (w), 3076 (w), 3051 (w), 3018 (w), 2978 (s), 2934
(m), 2876 (w), 1478 (w), 1432 (w), 1369 (m), 1333 (m), 1278 (s), 1232 (w), 1207 (s), 1193 (s),
1151 (s), 1123 (m), 1027 (m), 1021 (s), 931 (w), 898 (w), 880 (s), 824 (W), 806 (W), 792 (m), 722
(s), 710 (s), 700 (m), 669 (w). Anal.; Calc. for C27H3sNeBNiCl: C 58.79, H 6.94, N 15.24.; C 59.02,

H 6.80, N 14.92.

PhB(AdIm)sNi''CI (1b): The proligand, [PhB(AdIm)s][OTf],, was synthesized in an analogous

manner to [PhB(‘Bulm);][OTf], and its spectroscopic data matched previous literature.®® To a 250
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mL Schlenk flask was added [PhB(AdIm)3][OTf]. (4.52 g, 4.55 mmol) and THF (60 mL). In a
separate 50 mL Schlenk flask was added 'PrNH (1.43 g, 14.0 mmol) and THF (20 mL). Both flasks
were sealed with rubber septa, removed from the glovebox, and attached to a Schlenk line before
cooling to —78 °C using a dry ice/isopropanol bath. After cooling, a solution of nBuLi (5.6 mL,
2.5 M in hexanes) was added via syringe to the cold 'PrNH solution to generate LDA in situ. After
briefly stirring (~5 min) the solution of LDA was transferred via cannula to a the cooled solution
of [PhB(AdIm);][OTf]. and the mixture stirred for 1 h at =78 °C whereupon a turbid, peach-
colored solution results. Under a positive flow of Ny, the septum was quickly removed and solid
[EtaN]2[NiCl4] (2.10 g, 4.55 mmol) was added in one portion before replacing the septum. The
mixture was stirred overnight and allowed to slowly warm to room temperature. The resulting
brown solution was dried under vacuum at 50 °C for 1 h before returning to a glovebox. The brown
residue was triturated once with hexanes (50 mL) before drying once more under vacuum. A
brown, chalky residue results which is washed with several portions of room temperature toluene
(typically ~50 mL in total) until a green solid remains. The green solid is transferred to a 125 mL
Erlenmeyer flask and treated with hot toluene (100 °C, ~50-100 mL in total) until a green solution
separates from a gray, oily solid (sometimes pale blue due to unreacted [EtsN]2[NiCls]). The
mixture is filtered hot through a pad of Celite before drying to a green residue under vacuum. The
resulting residue is dissolved in a minimum of dichloromethane (DCM) before layering under
pentanes and storing at —35 °C for several days to yield dark green crystalline blocks (833 mg,
1.06 mmol, 23% yield). After separating and drying the mother liquor under vacuum, several
successive crystallizations are required to achieve yields varying from 15-23%. *H NMR (400

MHz, CD,Cl) 6 103.84, 13.85, 7.55-7.52, 3.79, 1.54. 1B NMR (128 MHz, C¢Ds) & —11.3. piefs

(CD2Clp): 3.0 up (for S=1, uso=2.83 up) UV-vis, nm in THF (g, Mt cm™): 360 (532) 450 (171),
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720 (312) 835 (sh, 80). IR (KBr): 3153 (w), 3041 (w), 2903 (s), 2847 (s), 2667 (w), 1654 (w),
1544 (w), 1454 (m), 1404 (m), 1390 (m), 1326 (m), 1277 (m), 1239 (m), 1183 (s), 1163 (s), 1125
(m), 1103 (m), 1073 (w), 1019 (s), 880 (s), 835 (m), 790 (M), 735 (M), 713 (s), 695 (M), 645 (W),

625 (w). Anal.; Calc. for C4sHssNeBNICI: C 68.77, H 7.18, N 10.69; C 68.92, H 7.40, N 10.20.

PhB(‘Bulm)sNi''Me (2a): A solution of methyllithium (1.6 M in diethyl ether, 250 pL, 0.40 mmol)
was added to a suspension of 1 (200 mg, 0.36 mmol) in diethyl ether (10 mL) at room temperature.
After stirring for 30 minutes, the dark red mixture was filtered through a pad of Celite and
concentrated under reduced pressure. The residue was washed with hexanes (3 x 5 mL) and dried
once more under vacuum to yield a red-orange powder (71 mg, 0.13 mmol, 37% yield). Crystals
suitable for X-ray diffraction were grown in a concentrated solution of diethyl ether at —35 °C. *H
NMR (400 MHz, C¢Ds) & 8.30 (d, Ph, 2H), 7.48 (t, Ph, 2H), 7.39 (t, Ph, 1H), 7.28 (s, Im, 3H), 6.52
(s, Im, 3H), 1.60 (s, 'Bu, 27H), 1.25 (br s, Me, 3H). Note that the Ni-CH3 resonance displays
solvent dependence, shifting from 1.25 ppm in C¢Ds, to 0.89 ppm in ds-toluene, and 0.29 ppm in
dg-THF. 2B NMR (128 MHz, CeDs) & 1.4. 13C NMR (126 MHz, CeDs) & 144.2, 135.4, 127.4,
124.9, 116.6, 55.9, 31.5. UV-vis in THF: trailing UV absorbances (see below). IR (KBr): 3139
(W), 3049 (W), 2975 (s), 2925 (m), 2873 (W), 1650 (m), 1636 (m), 1475 (w), 1433 (m), 1398 (m),
1370 (m), 1337 (m), 1267 (m), 1194 (s), 1150 (m), 1110 (m), 1109 (m), 1030 (m), 931 (w), 876
(m), 826 (s), 792 (s), 737 (s), 707 (s), 638 (w). Several attempts at obtaining suitable elemental
analysis data were unsuccessful. This is attributed to either incomplete drying or decay during

shipping and handling, both as a result of the thermal instability of the complex.

PhB(AdIm)sNi''Me (2b): In a 20 mL scintillation vial, 1b (200 mg, 0.25 mmol) was dissolved in
THF (10 mL). To this solution was added MeLi (225 uL, 0.36 mmol, 1.6 M solution in diethyl

ether) via microsyringe. The solution was stirred for 2 h, during which time a color change from
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green to red occurs. The solution was dried to a red-brown residue under vacuum and extracted
into toluene (15 mL) before filtering through a pad of Celite. The resulting dark red solution was
layered under hexamethyldisiloxane and stored at —35 °C to yield a dark red, microcrystalline solid
(99 mg, 0.13 mmol, 51% yield). Single crystals suitable for XRD were grown from toluene layered
under pentane at —35 °C. *H NMR (400 MHz, C¢D¢) & 8.34 (d, Ph, 2H), 7.50 (t, Ph, 2H), 7.41 (m,
Ph, 1H), 7.30 (d, Im, 3H), 6.58 (s, Im, 3H), 2.42 (s, Ad, 18H), 2.09 (s, Ad, 9H), 1.65 (m, Ad, 18H),
1.05 (br s, Me, 3H). 2B NMR (128 MHz, C¢Ds) 5 1.2. 13C NMR (126 MHz, C¢Ds) & 135.4, 128.2,
127.4, 124.4, 115.2, 56.2, 44.4, 36.7, 30.5. UV-vis in THF: broad shoulders and trailing UV
absorbances (see below). IR (KBr): 3136 (w), 3060 (w), 2908 (s), 2852 (s), 2680 (w), 1644 (s),
1478 (w), 1451 (m), 1431 (w), 1398 (m), 1376 (w), 1357 (w), 1331 (m), 1307 (m), 1283 (m), 1240
(m), 1186 (m), 1169 (m), 1129 (w), 1104 (w), 1052 (w), 1026 (w), 876 (m), 835 (s), 792 (s), 736
(m), 703 (m), 680 (m). Several attempts at obtaining suitable elemental analysis data were
unsuccessful. This is attributed to either incomplete drying or decay during shipping and handling,

both as a result of the thermal instability of the complex.

2.4.3 Other Experimental Procedures

Crystallographic Details: The diffraction data for 2b were measured at 110 K on a Bruker D8
fixed-chi with PILATUS1M (CdTe) pixel array detector (synchrotron radiation, 4 = 0.41328 A (30
KeV)) at the Chem-MatCARS 15-1D-B beamline at the Advanced Photon Source (Argonne
National Laboratory). The diffraction data for 1a, 1b, and 2a were measured at 100 K on a Bruker
D8 VENTURE diffractometer equipped with a microfocus Mo-target X-ray tube (1 = 0.71073 A)
and PHOTON 100 CMOS detector. Data reduction and integration were performed with the
Bruker APEXS3 software package (Bruker AXS, version 2017.3-0, 2018). Data were scaled and

corrected for absorption effects using the multi-scan procedure as implemented in SADABS
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(Bruker AXS, version 2014/5).%> The structures were solved by SHELXT (Version 2014/5) and
refined by a full-matrix least-squares procedure using OLEX2 (XL refinement program version

2018/1).43-45

Computational Methods: Geometry optimizations were performed using the ORCA program
suite.*® The O3LYP hybrid functional was used for all calculations, unless otherwise specified.
The basis sets for each atom were as follows: def2-TZVPP for Ni, N, and carbene C; def2-SVP
for B, H, and remaining C.#"-%° A full frequency calculation was performed on the optimized
seesaw geometry of 2a to ensure that there were no imaginary frequencies and ensure true minima
in the energies. This geometry was then optimized as a triplet to obtain the linearized geometry,
which was used to generate the molecular orbitals and geometry scan for the lever mechanism.
The initial geometries were generated using crystallographic data. The geometry plots were created
from the optimized xyz cartesian coordinates in Diamond 3.2.%° The free energies of the respective
species are shown in Table Al.2. The Kohn-Sham molecular orbitals were plotted in Avogadro

with 1SO values for the surface set at 0.09.51

Calculation of AG” from variable temperature *H NMR spectroscopy: A method for determining
activation barriers to exchange processes between two inequivalent species has previously been
described.>? Using this method, two different activation barriers are calculated for the two
inequivalent species in solution. In this case these two species are in fact topomers, distinguished
only by arbitrarily assigning the three NHC groups and changing the orientation of the methyl
ligand from between one pair to a neighboring pair. For simplicity, only one set of the coalescence
temperatures and AG* values were reported in the text where the AG* value was calculated as the
average of the A and B components with the standard deviation used as an estimate of the error.

AG=4.575%1073 « Tc (10. 62 + log (ﬁ) +log (Z—i)) (Equation 2.1)
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Below are the data for a total of three different resonances of each species reported here for

completeness. The equation shown was used to calculate the AG* values where T, = coalescence
temperature, X and AP (0.67) are related to the difference in population of the doublet,> and Av =

difference in Hz of the fully resolved doublet of the exchanging species.
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Chapter 3: Synthesis and Reactivity of a Ni'"',-(u-1,2-peroxo) Complex

This chapter has been adapted from the following source with permission: Zhao, N., Filatov, A.
S., Xie, J,, Hill, E. A., Rogachev, A.Yu., Anderson, J. S. J. Am. Chem. Soc., 2020, 142, 21634-

21639.

3.1 Introduction

High-valent oxygenated transition metal species, such as o0xo, peroxo, and Superoxo
complexes, are ubiquitous intermediates in oxidative reactivity. In particular, oxygenated first-row
transition metal complexes are prominent in both biological and synthetic systems for the oxidation
of organic substrates,'? water oxidation,®* and oxygen reduction.>® Despite the generality of these
proposed intermediates, the high reactivity of oxygenated transition metal complexes can make
isolation and characterization challenging. Nevertheless, understanding their structure, properties,

and viability is essential to elucidating or improving many processes.’

While numerous examples of high-valent oxygenated complexes of Mn,3 14 Fe,!112.14-18
Co,'3192% ‘and Cu* 33 have been isolated and studied, significantly fewer oxygenated Ni
complexes have been reported,'334 4% despite the fact that high-valent Ni-oxo, -peroxo, and -
superoxo complexes have been invoked in water oxidation,%%%! biological superoxide
dismutation,®? oxygen reduction,® and organic oxidation catalysis.®>4%%* No well-defined terminal
Ni-oxo complexes are known, and Ni-superoxo species are still rare.#04155% |n the case of Ni-
peroxo complexes, several examples of mononuclear Ni'"' species have been reported,”%° and
some dinuclear complexes have been transiently observed.6%2 One Ni'';-(u-1,2-peroxo) complex

has recently been structurally characterized,® but no high-valent bridging Ni—peroxo complexes
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are known, despite the potential importance of these species in, for example, oxo coupling

mechanisms for water oxidation by Ni-based layered double hydroxides.55164

Previously, tris(NHC)phenylborate (NHC = N-heterocyclic carbene) ligands have been used
to stabilize unusual Co'"'-oxo and Fe''-oxo complexes.®%> We rationalized that this system might
also aid in the stabilization of high-valent Ni complexes with oxygen-based ligands. Herein we
report the use of PhB(‘Bulm)s™ to isolate the first example of a Ni'"',-(u-1,2-peroxo) complex,
{[PhB('‘Bulm)3]Ni—-O—O—-Ni-[(‘Bulm)sBPh]}{BAr~}. (3) (BArS, = tetrakis(3,5-bis-
(trifluoromethyl)phenyl)borate). Complex 3 has been structurally characterized, and its properties
have been examined using a variety of spectroscopic techniques. Reactivity studies show that 3 is
comparatively stable toward oxygen dissociation, C—H activation, and O atom transfer but reacts
rapidly with both nucleophiles and electrophiles at low temperature. These results demonstrate
that high-valent bridging Ni-peroxo intermediates are viable and provide insight into their

properties and reactivity.

3.2 Synthesis and Characterization of a Ni'''>-(u-1,2- peroxo) Complex

r
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Scheme 3.1. Synthesis of 1a-Na and 3.
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The synthesis of the Ni—chloride precursor [PhB(‘Bulm)s]NiCl (1a) was recently reported by
our group.®® As la shows no reactivity under an atmosphere of oxygen for several days, we
screened common halide abstractors such as Na*, Ag*, and TI* salts to encourage reactivity. While
addition of AgOTf or TIOTf led to intractable mixtures of diamagnetic products, treatment of 1
with NaBArF, in dichloromethane (DCM) caused the solution to change from dull chartreuse green
to dark emerald green, indicative of the formation of a new species, 1a-Na (Scheme 3.1 and Figure
3.1). A similar color change was observed in other noncoordinating solvents such as 1,3-
difluorobenzene. However, 1la-Na is extremely sensitive to even small amounts of coordinating
impurities such as ethers or variations in preparation conditions, precluding detailed
characterization of this species (Figure A2.1). While we do not have concrete characterization data
on this complex, we tentatively propose an intermediate structurally similar to 1a-Na with a weak
interaction between Na* ions and the chloride ligand. This proposed structure is also supported by
a comparison of the paramagnetic 'H NMR spectra of 1a and 1a-Na, which show shifted but
similar overall patterns of resonances. Furthermore, treatment of 1a-Na with 12-crown-4 ether to
sequester Na* ions regenerates 1a as determined by *H NMR spectroscopy (Figure A2.2). On the
basis of these data and similar species previously reported, we tentatively propose that 1a-Na is a

dimer as depicted in Scheme 1.57
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Figure 3.1. UV-vis spectra of 1a, 1a-Na (RT), and 3 (-78 °C) in DCM.

Treatment of 1a-Na in DCM with dry oxygen at room temperature results in an intractable
brown mixture of diamagnetic products as ascertained by *H NMR spectroscopy. However, at —78
°C addition of either stoichiometric or excess oxygen to la-Na in DCM results in a nearly
instantaneous color change from emerald green to dark purple (Figures S3 and S4). We assign this
new purple species as the dimeric Ni'"'>-(u-1,2-peroxo) complex {[PhB(‘Bulm)s]-Ni-O—O—Ni-
[(‘Bulm)sBPh]HBAr 4}, (3) (Scheme 3.1). The distinct color change is reflected in the UV—vis
spectrum of 3 (Figure 3.1), which displays features at 410 nm (740 M~ cm™) and 550 nm (970
M cm™) that are dramatically different from those in the spectrum of la or la-Na. Time-
dependent density functional theory (TD-DFT) calculations provide a reasonable reproduction of
the electronic absorption spectrum, assigning the main feature at 550 nm to a mixed ligand-to-

metal charge transfer transition.
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Figure 3.2. SXRD structure of 3.

Ni atoms are shown in green, O atoms in red, C atoms in gray, N atoms in blue, and B atoms in tan. Ellipsoids
are shown at 50% probability. For clarity, solvent molecules, counterions, and H atoms have been omitted, and parts
of the ligand scaffold are shown as wireframe.

Fortunately, dark-purple crystals of 3 could be grown over several days at =78 °C. Single-
crystal X-ray diffraction (SXRD) confirmed the formation of a Ni"',-(u-1,2-peroxo) complex
(Figure 3.2). While the quality and resolution of the data set is limited because the crystal
contained large numbers of solvent molecules and severe disorder of BArF,—counterions, the
structure of 3 nevertheless provides important information. The O—O bond length is 1.42(2) A,
which falls between the O—O bond lengths observed in Meyer’s B-diketiminato Ni'>-(u-1,2-
peroxo) complex (1.465(2) A) and Nam’s mononuclear n? 12-TMC and 13-TMC Ni'"'-peroxo
complexes (12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane, 13-TMC = 1,4,7,10-
tetramethyl-1,4,7,10-tetraazacyclotridecane) (1.386(4) and 1.383(4) A, respectively).5"8 For
comparison, the O—O bond lengths in two previously isolated Nio-(u-1,2-superoxo) complexes are
1.33 and 1.35 A 3463 The spin density of 3 calculated by DFT is primarily localized on Ni, which
further supports the formulation of this complex as a Ni'"'>-(u-1,2-peroxo) complex (Figure S5).
The solid-state structure of 3 shows that the Ni'!' centers adopt a seesaw geometry, with a Ni—O
bond length of 1.796(9) A and a Ni-O—O—Ni dihedral angle of 161.8(5)°. The Ni—O bond lengths

are shorter than those in Meyer’s Ni''>-(u-1,2-peroxo) complex, which has Ni—O bond lengths of
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1.834(2) A and a dihedral angle of 89.9(2)°.%3 The shorter Ni—O distances are consistent with the

higher oxidation state of Ni''" in 3.

Similar solution and solid-state structures of 3 are supported by NMR spectroscopic data. The
'H NMR spectrum of 3 collected at =78 °C has broadened and shifted resonances, consistent with
a paramagnetic species (Figure A2.4). In compound 1a, the *H NMR resonances (CDCl,) at 106
and 16 ppm have been assigned to the hydrogens of the imidazol-2-ylidene backbone. A similar
pattern is seen in 3, but with a doubling of these signals (118, 106, —13, —17 ppm), suggestive of
an asymmetric dimer at —78 °C. Additionally, two large resonances corresponding to the tert-butyl
groups are visible at 15 and 17 ppm. We propose that this pattern arises from a combination of the
seesaw geometry about the nickel centers and slow isomerization about the B—Ni—O vector at =78
°C, as observed in a Ni-methyl complex supported by this ligand scaffold.®® The same *H NMR
spectra are observed for samples of crystalline 3 dissolved in CD2Cl, and samples of 3 generated
in situ by addition of O, to 1a-Na, confirming that complex 3 is formed in situ in a relatively clean

manner.

The effective magnetic moment of 3 was measured by Evans’ method at —78 °C to be pefr =
3.2(1) us. This value is higher than would be expected for two weakly coupled S = 1/2. centers
(us.0. = 2.45 ug) and is more consistent with ferromagnetic coupling to give an S = 1 ground state
(us.0. = 2.82 ug). DFT calculations support this assignment, predicting a ferromagnetically coupled
system (J = 36 cm™?) and showing spin density consistent with ferromagnetic exchange.
Additionally, the X-band electron paramagnetic resonance spectrum of a solution of 3 in DCM at
15 K is nearly silent, with only a weak signal centered around g = 2 that accounts for <10% of the
Ni in the sample by spin integration. While metal complexes bridged by dioxygen ligands are

commonly antiferromagnetically coupled, there is a recent example of a ferromagnetically coupled

39



copper system.% While we were unable to perform solid-state magnetometry on 3 because of its
thermal instability, we did perform variable-temperature Evans’ method measurements. An
accurate determination of the J coupling constant is not possible because of the limited temperature
range from the solvent freezing point and compound stability, but a persistent moment of ~3 ug

further supports the assigned S = 1 ground state (Figure S7).
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Figure 3.3. Ni K-edge X-ray absorption spectra of 1a and 3, (top) XANES region and (bottom) EXAFS
(black) and fit (red) in R space of 3.
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To further interrogate the solution-state structure of 3 and probe the assigned oxidation states
of Ni, we turned to Ni K-edge X-ray absorption spectroscopy (XAS). The Ni K-edge of 3 (8346.1
eV, THF frozen solution, —135 °C) occurs at higher energy than that of 1a (8345.4 eV, powder,
room temperature) (Figure 3.3, Figure A2.6, Figure A2.7, Figure A2.8 and Table A2.2Table A2.3).
The difference in the Ni K-edge between 1a and 3 is outside of error (£0.4 eV), but it should be
noted that one-electron oxidation from Ni'" to Ni"" in synthetic complexes produces shifts ranging
from 0 to 1.8 eV and care must therefore be taken in interpreting this shift as an indicator of a
change in oxidation state.®>576%70 Analysis of the extended X-ray absorption fine structure
(EXAFS) region of 3 suggests a reasonable fit with a simple model containing one oxygen and
three carbon atoms in the first shell, consistent with the structure obtained by SXRD. Taken
together, the observed bond lengths, magnetic properties, and shift in the Ni K-edge of 3 support

the assignment of a Ni'''-peroxo complex.

We synthesized the 2O, isotopologue of 3 to further characterize the O—O bond through
vibrational spectroscopy. However, we were unable to assign a vibrational band to the O—O stretch
by either infrared or Raman spectroscopy of 3 at low temperatures, likely because of either Raman
laser photodegradation of 3 or weak resonance enhancement of the peroxo vibration (Figure

A2.9).%

3.3 Reactivity of Compound 3

With complex 3 in hand, we sought to examine its reactivity, particularly the possible
reversibility of dioxygen binding, as this process has relevance to oxygen evolution. Subjecting 3
to several freeze-pump-thaw cycles in DCM resulted in no change in the UV-vis spectrum of the
solution. This observation excludes an equilibrium process for O binding. Additionally, 3 does
not react with dihydroanthracene or phosphines at low temperature. However, addition of 10 equiv
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of tetrabutylammonium chloride (TBACI) to 3 in DCM at —78 °C produced a color change from
dark purple to green upon warming to —50 °C, and 87% recovery of 1a was observed by *H NMR
spectroscopy (Figure A2.10, Figure A2.11). The balanced reaction requires the formal release of
O3, but we were not able to observe dioxygen release into the headspace by GC analysis under the
reaction conditions. We hypothesize that a shortlived reactive oxygen species (ROS) or Ni
complex must be generated that reacts further in solution. However, we were unable to definitively
intercept any such species using a variety of reagents, including the singlet oxygen trap 9,10-

dimethylanthracene or the ROS trap 1,3-diphenylisobenzofuran.”

To investigate alternative reactivity, we next treated 3 with trimethylsilyl chloride (TMSCI),
hypothesizing that oxygen could be released in the form of bis(trimethylsilyl) peroxide (TMS;05).
Instead, addition of 10 equiv of TMSCI to 3 at —78 °C yielded bis(trimethylsilyl) ether (TMS;0)
in good yield as determined by 'H NMR and GC-MS analysis. Complex 1a was not observed in
this reaction mixture. Addition of TMSCI to 20-labeled 3 followed by GC-MS analysis
confirmed that the oxygen in the resultant TMS,0 arose from 3. We propose that any TMS,0;
formed in the reaction is decomposed by reactive Ni-containing products. Indeed, TMS,0; that
was added concomitantly with TMSCI to 3 under the same reaction conditions decomposed.
Despite these complicated product distributions, the observed reactivity suggests that this Ni''l,-
(u-1,2-peroxo) complex does not release oxygen dissociatively and instead reacts with other

species such as nucleophiles or electrophiles.

3.4 Conclusion

In summary, we have generated and characterized an unusual Ni'',-(u-1,2-peroxo) complex,
3. The SXRD structure and X-ray absorption, *H NMR, and UV-vis spectra of 3 confirm the
assignment of a Ni''-(u-1,2-peroxo) moiety. Furthermore, this complex is reactive toward both
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nucleophiles, such as Cl—, and electrophiles, such as TMSCI. Taken together, these data
demonstrate that Ni',-(x-1,2-peroxo) species are synthetically accessible and provide insights into

their reactivity.
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3.5 Experimental

3.5.1 Materials and Instrumentation

All manipulations were performed under a dry nitrogen atmosphere using either standard Schlenk
techniques or in an mBraun Unilab Pro glove box unless otherwise stated. All chemicals were
obtained from commercial sources and used as received unless otherwise stated. Solvents were
dried on a solvent purification system from Pure Process Technologies and passed through a
column of activated alumina before storing over 4 A molecular sieves under N,. Diethyl ether and
tetrahydrofuran (THF) were stirred over NaK alloy and passed through a column of activated
alumina prior to storing over 4 A sieves under N». Natural abundance oxygen (98%) was passed
through a column of Drierite prior to use, and 80-enriched 802 (99.9% O, 1.5 atom% 0, 0.5
atom% 70) was used as received from ICON isotopes. PhB('Bulm)sNiCl and sodium tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate) (NaBArF,) were prepared according to literature procedures.’?
Genuine samples of 9,10-dimethylanthracene endoperoxide and 1,2-dibenzoylbenzene were
synthesized using previously reported literature procedures.” UV-vis spectra were recorded on a
Thermo Scientific Evolution 300 spectrometer with the VISIONpro software suite. A standard 1
cm quartz cuvette with an air-tight screw cap was used for all measurements. A Unisoku CoolSpek
cryostat was used for low temperature measurements. EPR spectra were recorded on a Bruker
Elexsys E500 spectrometer with an Oxford ESR 900 X-band cryostat and a Bruker Cold-Edge
Stinger. *H NMR spectra were recorded using either Bruker DRX-400 or AVANCE-500
spectrometers and referenced to residual solvent peaks. Magnetic moments were determined using
the Evans’ method.’* Gas chromatograms (GC) and electron ionization-mass spectra (EI-MS) were
recorded on an Agilent 6890/5973 GC/MS (low resolution) instrument. X-ray Absorption

Measurements Samples of PhB(*Bulm)sNiCl (1) were prepared by packing finely ground powder
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into a PTFE washer (5.3 mm internal diameter) sealed on one side with Kapton tape. The powder
was compacted with a PTFE rod and one face of the washer sealed with Kapton tape. All sample
preparation was performed under an inert atmosphere. Data were acquired at the Advanced Photon
Source at Argonne National Laboratory with a bending magnet source with ring energy at 7.00
GeV. Ni K-edge (8332.8 eV) data were acquired at the MRCAT 10-BM beam line in transmission.
The incident, transmitted and reference X-ray intensities were monitored using gas ionization
chambers. A metallic nickel foil standard was used as a reference for energy calibration and was
measured simultaneously with experimental samples. X-ray absorption spectra of 1 were collected
at room temperature. Samples of 3 were prepared by precipitating 3 with cold hexanes from
dichloromethane (DCM) solution. The purple powder was then quickly weighed and dissolved in
cold tetrahydrofuran (THF) to make 2 mL of a ca. 30 mM solution. A rectangular window (0.5 cm
x 1.5 cm) was cut into a strip of PTFE (5 x 1 x 0.2 cm) and Kapton tape was used to seal one side
of the window with the other side partially covered with Kapton to leave a gap on top for sample
addition. The PTFE sample window was partially immersed in liquid nitrogen and the THF
solution of 3 was carefully pipetted into the top of the window. The frozen solution was kept at
—135 °C during data collection using a Unisoku CoolSpek cryostat fitted with Kapton windows.
Data collected was processed using the Demeter software suite by extracting the EXAFS
oscillations y(k) as a function of photoelectron wavenumber k. The theoretical paths were
generated using FEFF6 and the models were determined using the fitting program Artemis.” For
analysis of the EXAFS region, the K-edge position was chosen using the maximum of the first
derivative of the Ni XANES spectrum. Two possible models were considered, one with 3 C atoms

at~1.9 A and one O at ~1.8 A, and one fit with 2 C atoms at ~1.9 A and 1 C/1 O (2 O’s for fitting
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purposes) at ~1.8 A. Both models give similar quality fits. The model with 3 C’s at 1.9 A is

preferred due to slightly better fit statistics and is shown in main chapter.

Raman Spectroscopy Solid-state Raman spectra were recorded on a Horiba LabRAM HR
evolution confocal Raman microscope, using a 50x objective lens, using a variety of laser
wavelengths (473, 532, 633, 785 nm) with a 600 or 1800/mm grating and a Synapse CCD detector
system. Of these conditions, the sharpest spectra resulted from excitation wavelengths of 532 nm
(10 mW), with 1800/mm grating. Solid samples of 3 were cooled in a Linkam stage to 100 K under
positive nitrogen pressure. The Raman spectrum of NaBArF, was recorded on a microscope slide
at room temperature. Frozen solution Raman spectra were collected on samples contained in NMR
tubes that were submersed in liquid nitrogen and upon excitation with a Coherent 1-305 Ar* ion
laser (514 nm) with 20 mW laser power at the sample. The ~135° backscattered light was dispersed
by an Acton Research triple monochromator equipped with 1200 and 2400 groves/mm gratings
and analyzed with a Princeton Instruments Spec X:100BR deep depletion, back-thinned CCD

camera.
Density functional theory (DFT) calculations

Geometry optimizations were performed with help of BP86 density functional using relativistically
re-contracted basis sets of triple-{ quality for all atoms (ZORA-def2-TZVP). No symmetry
restrictions were applied. Scalar relativistic effects were taken into account by applying ZORA

approximation.”®

The optimized geometry for the triplet state was then used for broken-symmetry DFT calculations
(in BS(1,1) variant) using hybrid exchange-correlation functional PBEO (ultra-high integration

grid Grid6 and GridX8).”":”® The J-coupling constant was calculated using Yamaguchi formula.”
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Throughout all calculations the accelerating technique RIJCOSX was applied.® All computations
were carried out with help of ORCA program package (version 4.2.0).8: TDDFT calculations were
calculated using the def2/SVP basis set on all atoms except for Ni, O, N and carbene C’s where
def2/TZVVP was used. The RIJCOSX approximation and the PBEO functional were also used.
The UV-vis spectra were generated using the orca_plot module using a broadening of 3000. Spin

densities and electron densities were visualized using Avogadro software. 82

3.5.2 Complex Synthesis and Characterization

{[PhB(‘Bulm)s]NiCI-Na,—CINi[(‘Bulm)sBPh]}{BAr 4}, (1a-Na): In a nitrogen-filled glovebox,
a vial was charged with equimolar chartreuse green PhB('‘Bulm)sNiCl (10 mg, 0.018 mmol) and
NaBAr, (16 mg, 0.018 mmol). The solids were dissolved in DCM, such that the concentration of
Ni was greater than 1.75 mM, whereupon standing for five minutes, the solution changed from
dull chartreuse green to an intense emerald green. *H NMR (d.-DCM, 500 MHz, 298 K): § 120.71
(Im), 19.07 (‘Bu), 11.75 (Im), 8.20 (Ph), 8.02 (Ph), 7.73 (BAIrFs"), 7.57 (BAIF4). UV-vis, nm in
DCM (g, Mt cm™): 434 (270), 624 (160), 696 (80), 938 (30). The sensitivity of the complex to
conditions such as solvent, concentration, air and moisture precluded isolation or analysis by other

methods.

{[PhB('Bulm)s]NiO2Ni[(‘Bulm)sBPh]}{BAr 4}, (3): In a nitrogen-filled glovebox, a filter flask
was charged with PhB(*‘Bulm)3sNiCl (55 mg, 0.10 mmol) and NaBAr", (89 mg, 0.10 mmol). The
solids were then dissolved in DCM (5 mL) and allowed to stand for 5 minutes to form a solution
of 1-Na in DCM. The top and sidearm of the filter flask were then sealed with rubber septa, and
brought out of the glovebox. The flask was swiftly placed under positive nitrogen pressure and
cooled to —78 °C in an acetone/dry ice bath. Addition of excess dry oxygen (20 mL, 160 equiv) to
the emerald green solution resulted in an immediate color change to dark purple. Crystals suitable
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for X-ray diffraction were obtained by storing this solution at —78 °C. Alternatively, hexanes (—78
°C) can be added to the reaction mixture resulting in the bulk precipitation of 3. After decanting
the supernatant, the dark purple solid was then washed with cold pentane (3 x 10 mL) and dried
briefly at reduced temperatures under vacuum to obtain a free-flowing purple powder (84 mg, 60%
yield). IH NMR (d,-DCM, 500 MHz, 195 K): & 109.43 (Im), 100.11 (Im), 21.67 (Ph), 17.14 (‘Bu),
14.84 (‘Bu), 7.71 (BArFy), 7.50 (BArt,), —13.02 (Im), —15.04 (Im). Evans’ method (average of 3
trials): petr = 3.35(7) ps. UV-vis, nm in DCM (g, Mt cm™): 410 (740) and 550 (970). Due to

thermal instability, elemental analysis and IR spectra were unable to be collected for this complex.

180-labeled isotopologue:180-labeled 3 was prepared as described above, using 80, in the place

of natural abundance O,.

3.5.3 Other Experimental Procedures
UV-vis Spectroscopy of la. A solution of 1a (2 mM) was transferred to a quartz cuvette and

sealed in the glovebox before collecting a spectrum at room temperature.

UV-vis Spectroscopy of 1a-Na. A scintillation vial was charged with equimolar 1a and NaBArF,.
Solids were dissolved in DCM to make a 4 mM solution, allowed to stand for 5 minutes and
transferred to a quartz cuvette and sealed with a screwtop septum cap in the glovebox before

collecting a spectrum at room temperature.

UV-vis Spectroscopy of 3. A scintillation vial was charged with equimolar 1a and NaBArF,.
Solids were dissolved in DCM to make a 2 mM solution of 1a-Na and allowed to stand for 5
minutes. Next, 0.25 mL of the solution was transferred to a quartz cuvette and sealed with a
screwtop cap in the glovebox. The solution was then cooled to —78 °C in the cryostat set up in the

UV-vis spectrometer. Separately, sparged 10 mL DCM with oxygen for 30 minutes at —78 °C.
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Then, 2.25 mL of the oxygenated DCM was swiftly injected into the precooled cuvette. To monitor
the formation of 3, spectra were collected every 100 ms at 550 nm (under superstoichiometric O»

conditions).

Oxygen uptake of 1a-Na to form 3. A scintillation vial was charged with equimolar 1a and
NaBArF,. Solids were dissolved in DCM to make a 2 mM solution of 1a-Na and allowed to stand
for 5 minutes. Next, 0.25 mL of the solution was transferred to a quartz cuvette and sealed with a
screwtop cap in the glovebox. The solution was then cooled to —78 °C in the cryostat set up in the
UV-vis spectrometer. Then, 7 uL (1.25 equiv) dry Oz was injected into the reaction mixture with
a 10 pL gas-tight syringe, followed by 2.25 mL of dry, deoxygenated DCM, cold. Evans’ method
of 3. A scintillation vial was charged with 1a (15 mg) and NaBArF, (24 mg) and 400 pL of do-
DCM was added to dissolve the solids, forming 1a-Na. Then, filtered through a thin pad of celite,
and flushed pad of celite with 300 uL of d.-DCM. The solution was transferred to a J. Young tube
and sealed before being brought out the glovebox and immediately frozen in liquid nitrogen. The
tube was warmed to —78 °C while oxygen was bubbled through solution. A capillary containing
2% DCM in d>-DCM was added to the J. Young tube before being stored at —78 °C prior to data
collection. A *H NMR spectrum was collected at —78 °C and the shift of the residual solvent signal
was used to calculate the magnetic moment. This procedure was done six times, with an average
uefr of 3.2(2) ue. For variable temperature experiments, spectra were recorded at points ranging
from —91 °C and —60 °C. Solvent densities at each temperature were corrected according to

previously reported values for DCM.83

Reactivity of 3 with tetrabutylammonium chloride (TBACI). A scintillation vial was charged
with 1 (15 mg) and NaBAr, (24 mg) and 2 mL of DCM was added to dissolve the solids, forming

1la-Na. The solution of 1a-Na was transferred to a flame-dried 10 mL Schlenk flask, sealed,
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brought out of the glovebox and then cooled to —78 °C under positive nitrogen pressure. To the
solution was then bubbled excess (10 mL) dry oxygen. After five minutes, the solution of 3 was
freeze-pump-thawed three times before the flask was backfilled with nitrogen. To this was added
10 equiv. TBACI (per Ni center) dissolved in DCM, and the reaction mixture was then slowly
warmed to room temperature over an hour. The reaction mixture was observed to turn from purple
to green at ca. —50 °C. Volatiles were removed from the green reaction mixture and residue was
redissolved in CsDs before collecting a 'H NMR spectrum at room temperature. This was done in
triplicate to give an 87% vyield of 1a by 'H NMR integration. The yield of 1a was determined by
comparing the integration of the peak at 15 ppm with a calibration curve generated using pure la
in d2-DCM integrated versus a mesitylene standard (0.01 mmol) to ensure the fidelity of integrated

paramagnetically broadened peaks.

Reactivity of 3 with singlet oxygen acceptors 9,10-dimethylanthracene and 1,3-
diphenylisobenzofuran. A scintillation vial was charged with 1a (15 mg) and NaBAr", (24 mg)
and 2 mL of DCM was added to dissolve the solids, forming 1a-Na. The solution of 1a-Na was
transferred to a flame-dried 10 mL Schlenk flask, sealed, brought out of the glovebox and then
immediately frozen in liquid nitrogen under positive nitrogen pressure. After warming the reaction
mixture to —78 °C, bubbled excess (4 mL) 80,. After five minutes, the solution of 3 was freeze-
pump-thawed three times before the flask was backfilled with nitrogen. A solution of either 9,10-
dimethylanthracene or 1,3-diphenylisobenzofuran in DCM (10 equiv. per peroxo complex, in 1
mL) was added to a frozen solution of 3 (**0-enriched in the case of 9,10-dimethylanthracene).
The reaction mixture was vigorously stirred and warmed to room temperature over one hour,
concentrated and brought into the glovebox. The residue was resuspended in 2 mL DCM and

filtered through a thin pad of silica. The contents were analyzed with GC-MS, with 1 pL dodecane
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added as an internal standard. Neither O,-entriched 9,10-dimethylanthracene endoperoxide nor
1,2-dibenzoylbenzene were observed in their respective reactions, but can be observed by GC-MS

when independently synthesized and subjected to the workup conditions.

Reactivity of 3 with trimethylsilyl chloride A scintillation vial was charged with 1a (15 mg) and
NaBAr, (24 mg) and 2 mL of DCM was added to dissolve the solids, forming 1a-Na. The solution
of 1a-Na was transferred to a flame-dried 10 mL Schlenk flask, sealed, brought out of the glovebox
and then immediately frozen in liquid nitrogen under positive nitrogen pressure. After warming
the reaction mixture to —78 °C, bubbled excess (4 mL) natural abundance Oz or 80,. After five
minutes, the solution of 3 was freeze-pump-thawed three times before the flask was backfilled
with nitrogen. A solution of trimethylsilyl chloride (TMSCI) (10 equiv., 1 mL solvent) was added
to the frozen solution of 3. The reaction mixture was vigorously stirred and warmed to room
temperature over one hour, concentrated and brought into the glovebox. The residue was
resuspended in 2 mL DCM and filtered through a thin pad of silica. The contents were analyzed
with GC-MS, with 1 puL dodecane added as an internal standard. Reactions were run in triplicate
for natural abundance O; and *80,. Yield for adding TMSCI to natural abundance O-3: 127+10%.
Yield for adding TMSCI to 180,-3: 117+3%; 27+9% enrichment of 8O in TMS;0. Yields

calculated assuming a 1:1 stoichiometry of 3 and TMSCI.

Reactivity of 3 with trimethylsilyl chloride, spiked with bis(trimethylsilyl) peroxide: A
scintillation vial was charged with 1a (15 mg) and NaBAr, (24 mg) and 2 mL of DCM was added
to dissolve the solids, forming 1a-Na. The solution of 1a-Na was transferred to a flame-dried 10
mL Schlenk flask, sealed, brought out of the glovebox and then immediately frozen in liquid
nitrogen under positive nitrogen pressure. After warming the reaction mixture to —78 °C, bubbled

excess (10 equiv) 0,. After five minutes, the solution of 3 was freeze-pump-thawed three times
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before the flask was backfilled with nitrogen. A solution of TMSCI and bis(trimethylsilyl)
peroxide (TMS205) (5 equiv. and 0.5 equiv. per Ni center respectively, in 1 mL solvent) was added
to the frozen solution of 3. The reaction mixture was vigorously stirred and warmed to room
temperature over one hour, concentrated and brought into the glovebox. The residue was
resuspended in 2 mL DCM and filtered through a thin pad of silica. The contents were analyzed
with GCMS, with 1 pL dodecane added as an internal standard. No TMS,0, was observed by
GCMS, can be observed by GC-MS when independently subjected to the workup conditions and

run.

Crystallographic Details The diffraction data were measured at 100 K on a Bruker D8
VENTURE diffractometer equipped with a microfocus Mo-target X-ray tube (A = 0.71073 A) and
PHOTON 100 CMOS detector. Data were collected using ¢ and o scans to survey a hemisphere
of reciprocal space. Data reduction and integration were performed with the Bruker APEX3
software package (Bruker AXS, version 2017.3-0, 2018). Data were scaled and corrected for
absorption effects using the multi-scan procedure as implemented in SADABS.8 The structure
was solved by SHELXT and refined by a full-matrix least-squares procedure using OLEX2.8586
Crystallographic data and details of the data collection and structure refinement are listed in Table

A2.4.
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Chapter 4: Testing the Limits of Imbalanced PCET Reactivity:

Mechanistic Crossover in H-atom Abstraction by Co'"'-oxo Complexes

Manuscript in preparation: Zhao, N., Goetz, M. K., Schneider, J. E., Anderson, J. S.

4.1 Introduction

Proton-coupled electron transfer (PCET), the transfer of a proton and an electron
(equivalently a net hydrogen atom), and more specifically coupled proton-electron transfer (CPET)
are fundamental elementary steps in synthetic and biological chemical reactions such as the
activation and subsequent functionalization of kinetically inert C—H bonds by transition metal-
oxo, imido, or nitrido complexes.*1* One prominent example in biology is Compound I, a terminal
Fe'V-oxo complex formed in cytochrome P450 that is responsible for the degradation of
pharmaceuticals via hydroxylation of unactivated aliphatic C-H groups.’>*® A number of
synthetic transition-metal model oxo complexes have been isolated and studied in the context of
C-H bond activation, yet harnessing these potent oxidants for controlled, selective reactivity

remains a key challenge.”1:19-31

The selectivity of transition metal-oxo complexes in CPET reactivity has traditionally been
understood by the BDFEs (bond dissociation free energies) of the substrate C—H bond being
broken and the transition metal O—H bond being formed. The BDFE of a given bond is given by

the equation:

BDFE = 23.06 (E°) + 1.37 (pKa) + Cg, (Equation 4.1)

where EC is the substrate oxidation potential and Cg is the standard reduction potential of H*/H" in
a given solvent.3233 While this relationship compares purely thermodynamic parameters, rates for

H-atom abstraction are typically linked to the thermodynamics of net H-atom transfer, AGcper, by
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the Bell-Evans-Polyani principle which holds that as a reaction becomes more exergonic the
activation barrier should become smaller leading to faster reactivity.®*3’ Indeed, several decades
of study have demonstrated a predominant trend of for H-atom abstraction by oxo and related

complexes with BDFE’s.

While concerted reactivity dominates, particularly with C—H substrates, stepwise processes
with initial proton transfer (PT) or electron transfer (ET) must also be considered (Scheme 4.1,
corners). In fact, mechanistic crossover between concerted and stepwise reactivity has been
observed in some cases.3*8-4! Even in well-defined examples of concerted CPET, the energies of
stepwise PT or ET manifest through their net contribution to BDFE’s and AGcper, through

Equation 1.,23.33.38.42-46

While the above picture has been the dominant mechanistic paradigm, recent theoretical
and computational results have suggested that the energetics of stepwise, or off-diagonal,

intermediates can influence the rates of concerted reactions beyond their contributions to AGcper.

Limiting Stepwise PT

Scheme 4.1. Square scheme depicting CPET mechanisms.
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Srnec and coworkers introduced the concept of imbalanced, or asynchronous, CPET wherein the
difference between driving forces for stepwise PT or ET (the asynchronicity parameter, #)
correlates with accelerated reactivity.*?4” A positive value of # corresponds to a PCET process
with dominant PT character, while a negative value of # corresponds to a PCET process with
dominant ET. A greater magnitude (|5|) corresponds to a more imbalanced transition state and a
faster reaction. While such asynchronous transition states have been proposed in other reactions
such as organic hydrogen atom transfer,*® hydride transfer*® and pericyclic reactions,®*5! there is
significantly less support for such a phenomenon in CPET reactions. Nevertheless, several groups,
including our own, have recently observed reactivity which displays a distinct dependence on the
acidity and/or oxidation potential of substrates despite having apparent concerted
mechanisms. 38425253 These combined theoretical and experimental observations suggest that, in
addition to limiting concerted or stepwise mechanisms, asynchronous or imbalanced pathways are
viable (Scheme 4.1, curved arrows), and perhaps common, in CPET reactivity. Indeed, there has
been a vigorous debate in the literature around this possibility, particularly about how such trends

would manifest in nonadiabatic systems with extensive proton tunneling.424554-60

Our previous investigations of a terminal Co'"'-oxo complex PhB(*®®!Im);Co'"'O revealed
rates of C-H activation that more strongly correlated with substrate pK, rather than BDFE,
consistent with an imbalanced CPET reaction in favor of basic (PT) reactivity.3843455261-63 Based
on these results, we have been interested in synthesizing even more basic oxo complexes to explore
the frontier between imbalanced CPET reactivity and stepwise reactivity. We recently reported an
adamantyl (Ad) substituted oxo complex, PhB(*9Im)sCo'"'O, which, based on the greater electron
donor properties of the Ad groups, should be even more basic than our previous oxo complex.%4

Here we demonstrate that this enhanced basicity of leads to even more highly imbalanced CPET
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reactivity with C—H substrates. Moving to more acidic phenol substrates engenders a switch from
asynchronous CPET to stepwise reactivity featuring initial PT. Computational analysis of the
thermodynamics of phenol substrates suggests that stepwise reactivity dominates when the energy
to form stepwise intermediates becomes thermodynamically favorable. Interestingly, we observe
that net PCET through stepwise PT/ET is significantly slower than CPET in substrates with BDFESs
that differ by only ~1 kcal/mol. These results suggest that optimal rates for H-atom abstraction can
be realized with energetically accessible stepwise intermediates, but only up to the point where

stepwise reactivity becomes favorable.

4.2 Results and Discussion

4.2.1 C—H Activation

The synthesis and characterization of PhB(‘Bulm)Co''O (4a) and PhB(AdIm)Co"'O (4b)
have previously been reported by our group (Scheme 4.2). A detailed mechanistic study on C—H
activation reactivity was conducted for 4a, but a similar systematic study for 4b has not been
performed. We have previously demonstrated that 4b is more basic and more reducing than 4a, as

0 R OH g |+
R 11l R/ R

R ! /

N N AGpr 1 N NS
O —=
Ph 4R Ph 5

<7,
C’%o
N AGer, 2

R

OH R
R . N
N
Ph 6"

R ='Bu (a) or Ad (b)

Scheme 4.2. Co complexes and elementary steps.
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Figure 4.1. A) Trend between log(kebs) and AGet for 4a and 4b. (B) Hammett analyses of 4a and 4b with
substituted phenyl fluorenes. Solid lines indicate linear fits to the data.

expected based on the more electron-donating Ad substituents on the imidazol-2-ylidene ligand
scaffold.®* Additionally, the BDFE of 4b is higher than that measured for 4a. As 4a displayed C—
H activation reactivity that predominantly trended with substrate pKa, we hypothesized that the

enhanced basicity of 4b would lead to even more pronounced imbalanced CPET reactivity.

Initially we sought to repr:

with 9,10-dihydroanthracene (DH

fashion, we were surprised to see that 4b did not perform the same reaction over several days. We

initially hypothesized that the increased steric bulk of the Ad substituents renders 4b less reactive

toward C—H bonds than 4a and

(&)
P

oduce the series of substrates screened by 4a. While 4a reacts

A, pKa pvso = 30) to form 6a and anthracene in an isosbestic

thus investigated more acidic substrates that displayed faster
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reactivity with 4a. Indeed, 4b reacts cleanly with fluorene (pKapmso = 18) to generate 6b, albeit
at a rate slower than 4a. We screened a variety of substrates with secondary or tertiary C—H’s to
account for sterically different substrates (Figure 4.1A, see Appendix 3). Not all of the relative
thermodynamic parameters of interest (BDFE’s, oxidation potentials, and pKa’s) have reliable
literature values for all of the tested substrates, so we instead used DFT calculations to estimate
the free energies of PCET, PT, and ET reactivity. We used a O3LYP/def2-SVP functional and
basis set combination for these calculations, and while it is likely that there are some systematic
errors in the absolute values of these free energies, comparison between computed and
experimental values shows a good correlation (see Figure A3.1).55-%8 Furthermore, we note that
the data for 4a, which was previously shown to correlate with substrate pKa, also shows a very

good correlation with AGpr (Figure 4.1A, R? = 0.96).

Screening a series of sterically similar C—H substrates reveals a linear dependence between
log(kobs) and AGer (Figure 4.1A). Interestingly, we note that the trendlines for the 2° and 3° C-
H’s substrates are parallel to each other, with effectively identical slopes of 0.4. This suggests that
steric effects do impact the reactivity of 4b, with slower overall reactivity for the 3° substrates.
This steric influence is not observed for 4a, albeit for a more limited dataset excluding some
particularly large 3° substrates. Despite this convolution, the same slope of 0.4 is observed for all

substrate sets for 4b, providing us to compare its dependence on AGpr With 4a.

A comparison of the trendline between log(kens) and AGer in 4a and 4b is consistent with
more basic 4b exhibiting a larger rate dependence on AGpr than 4a. Indeed, comparison reveals
that the slope for 4b is roughly double that of 4a (0.4 vs. 0.2). The observed slope of 0.4 for 4b is
quite large, supporting a large degree of PT transition state character. For contextualization, a value

of 0.5 might be expected for a pure PT event.*? As a last note on this data, extrapolation of the
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trendline for 4b suggests that the expected rate of reactivity with DHA is slower than the self-
decay of 4b (10°-10° M1s™1). This suggests that in addition to steric hindrance, the large AGpr

dependency of 4b makes reactivity with weakly acidic C—H bonds sluggish.

We also performed a Hammett analysis to further understand the effects of the more
donating Ad substituent on the character of the C—H activation transition state. In analogy with our
previous study, we used a series of substituted 9-((4-X-phenyl)fluorenes. We note that the substrate
scope of 4b is limited relative to 4a due to side reactions observed with some substrates.
Nevertheless, the Hammett slope determined for 4b is positive and again roughly twice as steep
as that of 4a (Figure 4.1B). This observation is consistent with a greater buildup of negative charge
at the carbon atom of the C—H bond as would be expected for greater PT character in the transition

state.69.70

These trends indicate that for a given substrate, 4b lies further than 4a from a perfectly
synchronous or balanced CPET diagonal in a thermodynamic square scheme, and closer to a
stepwise PTET pathway. However, the enhanced steric profile of the Ad substituents generally
mutes reactivity, and also mandates a narrower substrate scope for 4b. Given this, we then turned
to phenol substrates to provide a greater series of constant steric bulk, as well as a set of more

acidic H-atom donors to test the limits of imbalanced reactivity.
4.2.2 H-atom Abstraction from Phenols: Mechanistic Crossover to Stepwise Reactivity

We then screened PCET reactivity with a series of 4-X, 2,6-di-tert-butylphenols. While O—
H bonds differ from C—H bonds due to their polarity, we reasoned that this isosteric series of

phenols would allow us to a greater number of viable substrates with a pKa range spanning 7
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units.”>"2 Furthermore, we were interested in seeing if the enhanced acidity of phenol substrates

led to even more imbalanced reactivity or other emergent trends.
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Figure 4.2. UV-vis traces of phenol substrates with 4b in THF.
A) 2,4,6-(Bu)sCsH20H at —100 °C showing a concerted mechanism. B) 4-CO:Me-2,6-('Bu).CsH20H at —100°C
showing only PT. C) Warming of B) to 0 °C showing ET. Gray traces show intermediate time point spectra.

66



Complex 4b exhibits clean reactivity with 10 equivalents of several 4-X, 2,6-di-tert-
butylphenols (pKa 17.3-18.2) at —100 °C in an isosbestic fashion to form 6b over ~5 minutes. A
representative reaction with 2,4,6-("Bu)s-CsH2OH in THF is shown in Figure 4.2A. During these
studies, however, we noted distinct reactivity with some substrates, particularly those with
enhanced acidity. For instance, 4b reacts with 10 equivalents of 4-MeCO,-2,6-(‘Bu),-CsH.OH
(pKa 11.9) at -100° to form a new green intermediate which can be assigned as
[PhB('Bulm)Co"'OH]* (5b) based on comparison to independently prepared samples (Figure
4.2B). This suggests that, unlike C—H substrates and less-acidic phenols, 4b reacts in a stepwise
PT fashion with this substrate at low-temperature. The subsequent electron transfer is observed
only upon warming to 0 °C, resulting in the formation of 6b (Figure 4.2C). We note that we are
not able to observe the final organic phenoxy radical formed upon PCET, although this is perhaps

unsurprising as similar phenoxy radicals have been reported to undergo dimerization in solution.*°

The stepwise nature of this reaction provides the ability to investigate the rates of the
fundamental PT, ET, and unified CPET steps in more detail. Specifically, we were interested in
comparing rate-limiting ker of this process to kceer of the concerted phenol substrates. This
comparison has utility in testing mechanisms wherein a rapid pre-equilibrium PT step is followed
by rate determining ET, where no PT intermediate would be expected to accumulate. We measured
the rate of reaction between independently prepared 5b and 10 equivalents of [TBA][4-MeCO.-
2,6-('Bu)s-C¢H20] (TBA = tetrabutylammonium) at varying temperatures (see Figure A3.13-
A3.14). An Eyring analysis suggests that ket at —100° is very slow, ~101° M-1s%. Importantly, this
rate is many orders of magnitude slower than any of the concerted phenol substrates (see below,
Table 4.1). We have also analyzed the reaction of 5b with 10 equivalents of [TBA][4-Br-2,6-

(*‘Bu)3-CsH20] (Figure A3.17, Figure A3.18). While this data quality is somewhat poorer, we can
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estimate a rate of ~1073 for this ET reaction at —100 °C, which is also slower than any of the

concerted substrates.

4.2.3 Trends with Thermodynamic Parameters

This unusual mechanistic switch prompted us to evaluate trends between the rates of phenol
activation and various thermodynamic parameters, akin to our analysis with C—H substrates above
(Table 4.1). As with the C—H substrates above, not all of the relative parameters of interest
(oxidation potentials and pKa’s) have reliable literature values for all of the tested substrates and
thus we again used DFT calculations to estimate the free energies of CPET, PT, and ET reactivity.
Similar to above, comparison between computed and experimental values shows a good

correlation (see Figure A3.23Figure A3.25).

Table 4.1. Thermodynamic and rate data for substituted phenols.

X AGpcer AGet n In(Kobs)RT2
H —4.27 4.58 —64.1 -1.60(5)
Bu —6.06 5.44 —60.1 -1.82(5)
Me -6.92 521 -59.2 ~1.52(4)
OMe -10.4 8.20 -52.3 -1.40(2)
—1.44(2) (PT)
Br —4.96 1.30 —65.4
-2 (ET)
-1.4(2) (PT)
MeCO, -2.03 -3.87 —74.8
-8 (ET)
-1.3(2) (PT)
NO, 0.52 -11.1 -85.1
n.d.

& CPET reaction between 4b with 10 equivalents of phenol at—100 °C unless noted. Stepwise
substrates (Br, CO,Me, and NO,) have both the initial PT rates (with the same conditions as
the concerted substrates) as well as their ET rates (reaction between 5b and 10 equivalents of
phenolate, extrapolated to —100 °C with an Eyring analysis) reported. Note that the ET rate for

the NO, substituted phenol was not determined.
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Initial comparison between the rates of reactivity (adjusted for the temperature of reaction)
and the free energies of net PCET reactivity, AGpcer, Shows no clear correlation (Figure 4.3A).
While a general trend of slower reactivity with less exergonic reactions is observed for the
concerted substrates, as is typical for phenol substrates, a linear fit is poor with an extremely
shallow slope (R? = 0.13, slope = 0.04(4), see Figure A3.27). Similarly convoluted trends are
observed with # (see Figure A3.31). The substrates that follow a stepwise pathway also do not

display any easily interpretable correlation with AGpceT Or 77, however they do form a better linear

A 13 -
] NO,
-1.4{ e OMe
: > .
154 Br MeCO,
-
9%-1.6- He
£ 17
'1'8': Bue
_1-9."'I'"I"'l"'I"'I"'I"'I"'l"'l'"I"'I"'
-11-10-9 8 7 6 5 4 -3 -2 1 0 1
AG, . (kcal/mol)
B -13
j‘ Stepwise ' Concerted
1.4 JNO: OMe o
: . ~~-
154 Meco, Br e~
o H
e Bu
'1-9- LA B BRI B BB BURLELE LR IR AL B
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1210 -8 6 4 -2 0 2 4 6 8 10
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Figure 4.3. Rates of reaction between 4b and substituted phenols plotted vs. A) the free energies of PCET,
and B) the free energies of PT.

The gray dashed line delineates a crossover between stepwise and concerted reactivity, and the red dashed line
is an extrapolation of the rates of PT reaction, illustrating the maximum expected rate for stepwise PT
mechanisms. Note that the rates for the stepwise (red) substrates are only for PT reactivity to generate 5b.
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correlation with the free energy of PT, AGer, as expected (Figure 4.3B). Still, we note an
anomalously small slope of 0.01 even with this expected trend. In contrast, the concerted CPET
substrates do not display any reasonable correlation with AGpr. The origin of the convoluted
correlations in these data is not immediately apparent. It is possible that cross-correlations between
the energetics of PCET and PT, significant tunneling effects as we have observed with C—H
substrates, hydrogen bonding effects, or some combination of these factors convolute reactivity
trends. Despite the complicated trends between rates and thermodynamic parameters, there are

several key conclusions that can be drawn from this data.

Firstly, the trend between rate and AGpt can be used to rigorously assess the possible
agency of stepwise PTET mechanisms for the apparently concerted substrates. Extrapolation of
this trend to the AGpt values for the concerted substrates provides a “ceiling” for the maximum
expected rates for such a process. While some substrates lie below this line, the OMe substituted
phenol is clearly above this line, demonstrating that for this substrate, and likely all the concerted
substrates, a stepwise mechanism is not viable. This provides a clear way to assess how truly

“concerted” these reactions are.

The second conclusion is the clear thermodynamic “crossover” point between stepwise and
concerted substrates. While plots of rate vs. AGcper and # do not have a clear delineation between
these mechanistic regimes, the plot of rate vs. AGpr shows a clear break at ~2 kcal/mol. As
mentioned above, while the relative trends in AGpr are reliable, it is likely that there is some
systematic error in the DFT-computed values of AGpr. Thus, this break point can be crudely
approximated as thermoneutral. This observation is somewhat intuitive, as reagents that adopt a

stepwise mechanism are those for which a PT intermediate is thermodynamically favorable. This
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also serves as a simple metric for determining whether a given PCET reaction should proceed

through a stepwise or concerted mechanism.

The last conclusion also relies on the measured rates of ET for the stepwise substrates.
These are significantly slower than kcper for the concerted substrates. An illustrative comparison
can be made between 4-Br-2,6-(*Bu),-CsH,OH and 2,6-("Bu),-CsH,0OH. These two substrates have
very similar (within ~1 kcal/mol) driving forces for PCET as well as asynchronicity values (Table
4.1). Despite this similarity, the rates for net H-atom transfer are very different between the two
substrates, roughly an order of magnitude slower for the Br-substituted phenol. This observation
is noteworthy as, for a similar driving force, the concerted substrate is significantly faster. Thus,
in thinking of design parameters for rapid H-atom abstraction, concerted reactivity seems to be
favored.” Furthermore, systems with imbalanced thermodynamic driving forces should realize
their fastest rates up until the point where stepwise PT or ET reactivity becomes
thermodynamically favorable. At this point, a crossover to stepwise reactivity may be expected to

slow rates.

This conclusion is somewhat different than some observations for other PCET systems
with concerted or stepwise reactivity. Stepwise reactivity is frequently faster than concerted
reactivity, particularly in multi-site electrochemical or photochemically driven systems. One key
difference to note is that in synthetic complexes, such as 4b, variations in PT energetics are
typically compensated by similar and counteracting changes in ET energetics. This leads to the
overall driving forces for net PCET being relatively constant. In contrast, multi-site PCET systems
with electrochemical, and in some cases photochemical, driving forces will frequently fix one of
the PT or ET energetics, allowing the overall PCET driving force to float. Thus, these different

approaches probe the effect of thermodynamic parameters in different contexts. Regardless, all of
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these systems provide useful information on how different thermodynamic parameters can
influence PCET reactivity, and further studies will be required for a holistic model for this evolving

area.

4.3 Conclusion

We have investigated the PCET reactivity of a new, highly basic Co-oxo complex.
Reactivity with C—H substrates is consistent with prior findings of imbalanced or asynchronous
CPET reactivity, with an even more pronounced effect from the enhanced basicity of the oxo
complex. Investigating more acidic phenol substrates reveals a mechanistic crossover from CPET
to stepwise PTET reactivity. Such mechanistic crossover is rare in PCET reactions and provides
the opportunity to investigate how the individual PT, ET, and PCET thermodynamics govern

reaction pathways.

An analysis of these thermodynamics, obtained from DFT analysis, reveals that the
determining factor governing mechanistic crossover is when PT becomes thermodynamically
favorable. Furthermore, kinetic analysis of the individual PT and ET steps verifies a concerted
mechanism for apparently concerted substrates and goes further to suggest that concerted
mechanisms have faster overall rates than stepwise mechanisms for similar driving forces. These
findings suggest an optimal thermodynamic paradigm for fast PCET reactivity, at least for
imbalanced or asynchronous systems. Imbalanced reactions will be accelerated as the
thermodynamics of stepwise intermediates become increasingly favorable. However, this gain in
rates only occurs up to the point where the formation of stepwise intermediates becomes exergonic.
At this point, stepwise mechanisms will occur, which slows down net PCET reactivity. This

emergent mechanistic picture has implications for the design of more rapid and selective PCET
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reactions, namely suggesting that the fastest rates will be realized with low-lying stepwise

intermediates, as long as those stepwise intermediates do not become free energy minima.

4.4 Experimental

4.4.1 Materials and Instrumentation

All manipulations were performed under a dry nitrogen atmosphere using either standard Schlenk
techniques or in an mBraun Unilab Pro glove box unless otherwise stated. All chemicals were
obtained from commercial sources and used as received unless otherwise stated. Solvents were
dried on a solvent purification system from Pure Process Technologies and passed through a
column of activated alumina before storing over 4 A molecular sieves under N.. Diethyl ether and
tetrahydrofuran (THF) were stirred over NaK alloy and passed through a column of activated
alumina prior to storing over 4 A sieves under N2. The substituted phenylfluorenes, and 3-
phenylindene as well as compounds 4-6 were prepared according to literature procedures.*®74
HNEt:BF4 was synthesized by adding equimolar HBF4 etherate to NEts. Tetra-butylammonium
phenolate salts were generated by adding tetrabutylammonium hydroxide (in methanol) to a
solution of the substituted phenol in benzene. UV-vis spectra were recorded on a Thermo Scientific
Evolution 300 spectrometer with the VISIONpro software suite. A standard 1 cm quartz cuvette
with an air-tight screw cap was used for all measurements. A Unisoku CoolSpek cryostat was used
for low temperature measurements. All kinetic traces were fit to the following form: A: = Ains +
(Ao - Ainf)*exp(-kt), where A: is absorbance at time t, Aixs is the absorbance of the products at
infinite time, Ao is the initial absorbance of the reactants, k is the rate constant and t is time in
seconds. 'H NMR spectra were recorded using either Bruker DRX-400 or AVANCE-500

spectrometers and referenced to residual solvent peaks.
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4.4.2 Other Experimental Procedures

Density Functional Theory (DFT) Calculations

DFT calculations for C—H and O—H substrates were performed using the def2/SVP basis set on all
atoms, along with the. For calculations of compounds 1-3, the def2/SVP basis set was used except
for Co, O, N and carbene C’s where def2/TZVVP was used. All computations were carried out
with the RIJCOSX approximation and with the help of ORCA program package (version
4.2.0).7>76 Numerical frequency calculations were also performed verify optimized geometries and

to obtain the free energies of all compounds.
Kinetic Data Measurement Procedures
General Experimental Procedure for C—H Substrate Kinetics

To a screw-top cuvette equipped with a stirbar was added 2 mL of a 1.25 mM solution of 4b in
THF. The cuvette was sealed and brought out of the glovebox. The cuvette was then transferred to
a Unisoku cryostat, with positive Ar gas flow. At room temperature, 50 equiv. substrate was
injected through the septum, and the reaction was monitored by UV-vis spectroscopy (with

stirring).
General Experimental Procedure for O—H Substrate PT Kinetics

To a screw-top cuvette equipped with a stirbar was added 2 mL of a 1.25 mM solution of 4b in
THF. The cuvette was sealed and brought out of the glovebox. The cuvette was then transferred to
a Unisoku cryostat, with positive Ar gas flow. The cryostat was cooled to —100 °C, and 10 equiv.
substrate was injected through the septum, and the reaction was monitored by UV-vis spectroscopy

(with stirring).
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General Experimental Procedure for O—H Substrate ET Kinetics

To a screw-top cuvette equipped with a stirbar was added 2 mL of a 1.25 mM solution of 4b in
THF. The cuvette was sealed and brought out of the glovebox. The cuvette was then transferred to
a Unisoku cryostat, with positive Ar gas flow. The cryostat was cooled to —100 °C, then 1.5 eq.
HNEt:BF4 as a solution in MeCN was was injected through the septum, and the reaction to form
5b was monitored by UV-vis spectroscopy. After 5 minutes, the cryostat was set to the temperature
of interest and allowed to equilibrate 15 minutes before 10 equiv. of TBA 4-X-2,6-di-tert-

butylphenolate was added as a solution in THF.
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Appendix 1: Supporting Data for Chapter 2

2a Im (high ppm) Im (low ppm) ‘Bu
A B A B A B
v (ppm) 7.05 7.42 5.82 6.07 1.83 1.43
v (Hz) 3526 3711 2908 3037 916 716
Av (Hz) 186 130 201
Tc (K) 212 215 219
AG#, (kcal/mol) 9.8 10.1 10.1
AG?g (kcal/mol) 10.5 10.8 10.8
Average 10.1 10.4 10.4
Std Dev 0.5 0.5 0.5
2b Im (high ppm) Im (low ppm) Ad

A B A B A B
ppm 7.20 7.38 5.98 6.20 2.64 2.19
Hz 3598 3690 2991 3099 1318 1094
AHz 92 108 224
Tc (K) 219 225 231
AG#, (kcal/mol) 10.4 10.6 10.6
AGH*g (kcal/mol) 11.1 11.4 11.3
Average 10.7 11.0 11.0
Std Dev 0.5 0.5 0.5

Table Al.1. Values extracted from the variable temperature *H NMR spectra.used for calculating the AG%
values for complexes 2a and 2b.
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Figure Al.1. The paramagnetic *H NMR spectrum of 1a in CsDs at 298 K.

Top of the solvent residual peak has been clipped to more clearly see paramagnetic features.
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Figure A1.2. The paramagnetic *H NMR spectrum of 1b in CD2Cl. at 298 K.
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Figure A1.3. *H NMR spectrum of 2a in CsDs at 298 K.
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Figure Al.4. **C NMR spectrum of 2a in CsDs at 298 K.
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Figure AL.5. Variable temperature *H NMR spectra of 2a in ds-toluene.
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Figure A1.6. The *H NMR spectrum of 2b in CsDs at 298 K.

Resonances for residual toluene are marked with an asterisk.

87



Yo}
—| I~
<| |5
N N~
i S
TR\ 3
S
[¢olep]
K Q2
[(e]
o™
T T T T T T T T T T T T %
1286 1284 1282 1280 127.8 127.6 3
ppm
@9
[e0)
8y
q S
* &
835 [ % =
*ggg N ©
-~ - o *
o8 —1 QCr&y i * *
x\l 1 r’/J N\\;\I !
2 L
220 200 180 160 140 120 100 80 60 40 20 0
ppm

Figure A1.7. The 3C NMR spectrum of 2b in CsDs at 298 K.

Residual solvent peaks for toluene, pentane, and HMDSO marked with asterisks.
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Figure A1.8. The variable temperature *H NMR spectra of 2b in ds-toluene.
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Shift = -1063.1*(1/T) + 4.5
R’ =0.9997

Chemical Shift (ppm)

1T (1/K)

Figure A1.9. Plot of chemical shift versus 1/T for Ni-CHs resonance of 2a in the fast exchange regime (T =
224-298 K).
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Figure A1.10. UV-vis spectrum of 1ain DCM at 298 K.
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Figure A1.11. UV-vis spectrum of 1b in THF at 298 K.
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Figure A1.12. UV-vis spectrum of 2a in THF at 298 K.
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Figure A1.13. UV-vis spectrum of 2b in THF at 298 K.
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Figure Al1.14. Molecular structure of 1a determined by single crystal XRD.

Ellipsoids drawn at 50% probability, H-atoms and solvent molecules omitted for clarity. Only one
molecule in the unit cell is shown. Atom colors are dark green = Ni, light green = Cl, blue = N, tan

=B, and gray = C.
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Figure A1.15. The molecular structure of 1b determined by single crystal XRD.

Ellipsoids drawn at 50% probability, H-atoms and solvent molecules omitted for clarity. Atom

colors are dark green = Ni, light green = Cl, blue = N, tan = B, and gray = C.
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Figure A1.16. Depiction of the space-filling models of 1a (A), 1b (B), 2a (C), and 2b (D) to show the distortion
around the nickel center due to the change in geometry.

Color code: dark green = Ni, light green = Cl, gray = C, white = H, blue =N, tan =B
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Conformation Free Energy Difference
Relative to Optimized
Singlet (kcal/mol)

Optimized 0
Singlet
Triplet +11
Singlet, +31
linearized

Table Al.2. Computed free energies of different conformations of 2a.

Note that “linearized” indicates the energy of a geometry optimization with a constrained B-Ni-C(Me) angle
of 168°. Basis sets and functional listed in general procedures above.

98



3 Optimized Singlet

d,22 —0.227 ANy a o

o {
E (eV} _ t

o 84 . d,-3635 o
R —H— N
A7 o d,2—4.222 e ‘*
d,-4.718 I
d,, —4.844
Linearized Singlet
o4 s B
o, 2256 v
i ve,
% .
_ s#
Efev) d,,z -3417 .
t d,, —4.144
d,, —4.708 §
d,, 5.269
0 A Optimized Triplet ~.
d,2—4.150 . *\
[ d
. & - |
d,, —4.648 2
E (8V) i )

d,—4.915

‘o ¢

‘ Ligand based =5.459 ) %
. x
3 [l -
| : ‘&p .
d,, ~5.750 J

d,-5.790

Figure A1.17. Kohn-Sham orbitals of 2a.

Computed both seesaw (optimized singlet, top) and tetrahedral (linearized singlet, middle)

geometries in a singlet electronic configuration, and optimized linear geometry in a triplet

electronic configuration (bottom). Not to scale.
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Figure A1.18. Pictorial representation of the lever and linearization mechanisms for isomerization of the Ni-
Me complexes.

NHC groups have been abbreviated as numbered boxes for top-down view.
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Figure A1.19. Plot of free energy on singlet manifold in 2a scanning C(Me)-C('Bu) distance.

Constrained dihedral angle of blue atoms to 0°. Geometry scan run using BP86. Energies are
relative to optimized singlet (BP86). These data were used to assess the viability of a lever
mechanism in the isomerization of 2a. Note that the discontinuity is associated with a

reorganization of the 'Bu and Me groups.
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O3LYP BP86 B3LYP

10.9 13.0 1.2
Table AL1.3. Triplet-singlet energy difference (kcal/mol) calculated for 2a using different functionals.

102



Table Al.4. Crystal structure refinement details for complexes 1a, 1b, 2a, and 2b.

Identification code

Empirical formula

Formula weight

Temperature/K

Crystal system

Space group

alA

b/A

c/A

o

o/

pre

y/°

Volume/A3

pcalcg/ cm?

wmmt

la

C27H38BCINgNi  Cas57Hs57.4BCl2.4NsNi C2gHa1oNsNi

551.60

100(2)

monoclinic

P21/n

9.6383(16)

17.821(3)

16.177(3)

90

91.925(6)

90

2777.0(8)

1.319

0.822

1b

845.37

100(2)

monoclinic

P21/n

19.896(3)

11.9883(15)

21.333(3)

90

107.846(3)

90

4843.3(11)

1.159

0.568

103

2a

531.19

100(2)

triclinic

P-1

9.8692(5)

12.4359(7)

12.6239(7)

99.808(2)

97.233(2)

113.118(2)

1371.98(13)

1.286

0.735

2b

Ca6Hs9BNgNi

765.51

110(2)

tetragonal

141/a

34.481(3)

34.481(3)

13.9826(14)

90

90

90

16625(3)

16

1.223

0.127



Table Al1.5 Continuted

F(000) 1168.0 1790.0
0.48 x 0.28 x
Crystal size/mm?3 0.35x0.31x0.21
0.19
MoKa (A =
Radiation MoKoa (A=0.71073)
0.71073)
20 range for data
4,572 10 50.148 4.78 t0 50.81
collection/®

-11<h<11,-21
24<h<23,-14<k
<k<20,-19<1
< 14,-25<1<25

Index ranges

<19

Reflections collected 25048 59965

4930

[Rint =
8900 [Rint = 0.0944,
00560, Rsigma =

Rsigma = O 0736]

Independent reflections

0.0487]
Data/restraints/parameters 4930/0/334 8900/0/514
Goodness-of-fit on F2 1.014 1.032

Final R indexes [[>=2c Ri

(]

0.0385, Ry = 0.1004, wR; =

WR2 =0.0847 0.2515

104

568.0 6560.0

0.298 x 0.2950.03 x 0.03 x

x 0.153 0.03
MoKa (A =synchrotron (A
0.71073) = 0.41328)
4.504 to

1.374 10 32.464
55.016

-12<h<12,--46 <h <46, -

16 <k <16, -46<k<46,-18

16<1<16 <1<18
37813 252183
6259 [Rinx =10760 [Rint =

00424, Rsigma 00435, Rsigma =

=0.0366]  0.0120]
6250/0/335  10760/0/488
1.055 1.087

R: = 0.0345, Ry 0.0412,

WR2 =0.0691 wR, = 0.0984



Table Al1.6 Continuted

Ry = 0.0633, Ry = 0.1419, wR, =R; = 0.0484,R; = 0.0434,
Final R indexes [all data]

WR> =0.0939  0.2746 WR; =0.0737 wR; =0.0997
Largest diff. peak/hole / e

0.56/-0.23 1.31/-1.15 0.56/-0.33 0.49/-0.43

A3
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O o 22 0 2 0 0 2 0 2 B 2 0 0 2 0

<

O O O O 0O O o o o o0 0 0

-1.883838
-3.099486
-3.978341
-3.276063
-1.985106
-0.744238
0.444058
0.741458
1.776530
2.110182
1.269498
-0.397591
0.136170
0.363659
-0.112670
-0.595655

-1.561585
-3.476526
-4.078316
-4.508890
-2.250518
2.383794
3.896938
1.809399
2.065935
1.074473
1.771690
0.079348

Table A1.7. DFT optimized coordinates of 2a, singlet.

1.483102
1.859184
0.795105
-0.266658
0.147737
-0.704329
-0.217391
1.087561
1.270727
0.061983
-0.868909

-0.573295
-1.042080
-0.986952
-0.524235
-0.322303
0.137471
-0.732256
-0.688331
-1.538955
-2.128644
-1.612267

-0.292170 1.614323

0.924645
0.897403

1.915647
3.252935

-0.281065 3.793790
-1.013708 2.762382

3.090002
3.154730
2.883482
3.844065
4.033389
2.562421
2.395862
3.015660
3.584809
1.902232
2.908202
2.599675

i -0.394425 2.061303 0.464978

1.633244
-1.644169
-3.025224
-0.754653
-1.823504
-1.898200
-2.004879
-3.240041
-0.818812
4.068988
3.168636
4.993796
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Table Al1.5 Continued

C

T

G 6O r r r r r r r r r r r r r r* r r T I I I T T I I =T

2.138191
-4.318423
-3.367514
-5.399834
-4.835101
-4.091031
-1.516905
-1.757033
-2.558351

4.187469

4.318284

4.362753

1.999810

2.267790

2.514360

2.462773

0.979294

2.287962

2.515197

0.604161
-0.684283

2.815166

1.704142

2.737160
-5.007925
-0.433528

0.723882
-0.894460
-1.619896

1.183919
3.835685
2.334654
3.215693
4.788816
4.063216
3.553200
4.243045
4.984330
1.720502
2.003088
3.369388
2.268536
3.963988
3.301231
4.565838
3.677622
3.649408
2.408989
3.319934
3.137480
0.606004
0.497811
1.921630
2.300636
1.877994
3.164105

-2.297069 -0.111304
-2.805435 -1.201314

4.900611
-3.518211
-3.659014
-0.616368
-1.212488
0.235947
-2.483733
-0.869266
-2.279783
-2.820982
-1.068551
-2.211655
-4.023484
-3.555619
0.141300
-1.114817
-0.662684
3.794645
2.533393
5.638377
4.417844
4.255257
5.641075
5.454150
-2.972263
5.646189
-3.165327
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Table Al1.5 Continued

C

@)

I * r r T T T T T T T T T T I O O

-1.622374

-0.872838
-0.113941
-0.124089
-2.185673
-2.203575
-0.865438

0.501214

0.512677
-5.015927
-3.609622

2.912714

1.202963
-0.064650
-1.063586

1.065815
-2.125824
-0.971119
-2.298581

-4.159179
-5.059957
-4.585206
-3.229000
-2.122375
-4.510260
-6.122272
-5.274243
-2.888368
0.865660
-1.277236
-0.044054
-1.934435
-0.513749
-1.990847

-1.529293
-0.780425
0.284321
0.602676
-1.837569
-2.386271
-1.038275
0.868791
1.421752

-1.290056
-0.318491
-2.848709
-1.804094
4.851009
2.769897

3.427991 2.512419

3.855369

1.077751

3.625673 2.393411
2472445 2.172222
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Table A1.8. DFT optimized coordinates for triplet/optimized singlet 2a.

C -1.88569125509767 1.31575868894759 -0.43811326639217

N

@)

O o 2 0 2 0 0 2 0 2 © 2 O

-3.14878526283170
-3.94040765439654
-3.14599597204657
-1.88909802312851
-0.60903224830606
0.58099083140707
0.90777380943085
1.97312834179302
2.29995694821602
1.42032371699895
-0.36843586450341
-0.10533824350746
0.02261740134565
-0.22023097826837
-0.47793161906641

Ni -0.21634134244536

C

@)

O O O O O o0 o o o 0

-0.34394784346457
-3.64591573532743
-4.92339356174412
-3.94045382901606
-2.59307235294179
2.62977777703495
3.90073640965399
1.66161813088817
2.98739265833306
0.37277851918442
1.64510549502002

1.66052672609044
0.53817616676059

-0.80987185296364
-0.90108192697676

-0.52152364579506 -0.62029061451495
-0.03379058089814 -0.38456748910611
-0.83198993133565 0.00557003480596

-0.27149129747920
1.02938935933492
1.16251631126617
-0.06055953010583
-0.95844456947050

-0.83271162909682
-0.80707721709777
-1.63245098889613

-2.18088866318950

-1.67205745532825

-0.43236947354582 1.49244461943455

0.84820227285494
0.84291570040751

1.82843366705584
3.18321152202865

-0.41772507595790 3.67889590463566
-1.21136645578209 2.61185751330369

2.22182346247562
4.21078585103639
3.02874174745787
2.95173733071580
3.72405757207476
3.77512114962372
2.44826959973971
2.19241724973042
3.28486156941171
3.16605494334824
2.01030408111675
2.63707289344975

0.32048308862942
0.79704147734641
-1.08787655384876
-1.91932830642893
0.23584824375981
-1.89407119550272
-1.95403282701069
-2.75375811856548
-2.78499761553622
-0.65881066072034
4.02513000073215
3.46735633764218

-0.80009949187798 2.98239307544404 4.00780168947619
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Table Al1.6 Continued
C 0.64266889101337 1.56696546395433 5.45921957389298
H -5.21600297179344 3.96966258314931

H

-4.77483538139672
-4.70192302408444
-4.31989971031230
-3.03009909980279
-2.39043153345005
-1.65812106645400
-2.94852498820488
3.69399680593918
4.60789604917539
4.39734267406814
1.37208364888784
2.12549371185625
3.65586715875062
3.49651519664244
2.08613294515885
1.92373382864089
2.47543650299482

2.37195058839875
3.16848926704650
4.74136685954890
3.79110938650242
3.25570153156292
3.85424467407422
4.78893968169072
1.72896672075373
1.55695288865215
3.15177645780343
2.75054014002131
4.23873036015142
2.55080448900828
4.11397553924886
3.39678713747206
3.52210600736703
1.91723804804511

-2.20905498004265
-2.84158518608729
0.80170413322900
0.05973376999149
0.84167894429443
-2.84135666891313
-1.33011623309714
-2.12469646380177
-3.72866535039449
-2.20166369695313
-2.94973295493965
-3.70124456961360
-3.07341042036880
-0.04059036220796
-0.88305329914110
-0.07657822616097
4.05647836656728
3.50657943155703

-0.57145944934482 3.87307972585939 4.60968611547596
-1.01744314229579 3.30097893440695 2.98203306983669
1.44835055936570 0.82085714842141 5.51828563746324
-0.25224679482502 1.16171583159217 5.95138627702716
0.96219464561195 2.44370658387497 6.03892175630851
-5.76737807001261 2.52157277057606 -1.36262943550942
-1.69705648114461 2.50471205252176 4.42856482067915
0.75106168820002 3.50533312663273 -2.21252783332477

-0.67848552588422 -2.42277801842856 -0.29411299961316
-1.37397106180094 -2.93281761939183 -1.40312066318050

G O r r r r r r r r r r r* r r r r r T Tr I I T T I T

110



Table Al1.6 Continued

C
C
C

IrI * r r T T T T T T I I T T I O

-1.31706870733429 -4.27597537566095 -1.76725055563931
-0.53413177577185 -5.16437885729610 -1.03811679492938
0.20005203023307 -4.68574699426628 0.04171834071536

0.13006038421287 -3.34031831262337 0.39598458795563

-1.96020529396477 -2.25878358409135 -2.03025686539491
-1.87735065767084 -4.62705649924771 -2.63788073762899
-0.47928159742132 -6.21779254316468 -1.32438380876072
0.84382746208976 -5.36241272051518 0.60948660431295
0.75611429242425 -2.99582335963794 1.22126897797971
-4.98834102951826 0.56457244584578 -1.16633260680204
-3.39687016065218 -1.57356254922776 -0.56190190759963
3.11669580178656 -0.20972105062183 -2.87458595934619
1.33639413746554 -2.02451901709759 -1.84794642922798
-0.19535956937821 -0.66498041913484 4.73175078062579
-0.75011003680776 -2.25892919638108 2.58057951498498
1.49929255829484 2.94936774080259 2.42815866711068

-0.20077032183951 4.82393582181974 -0.11392781876201
0.468006444728223 4.52826774727787 1.47559528470696

-1.26779673026511 4.59857317178742 1.25620045505045
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Appendix 2: Supporting Data for Chapter 3

Ni 12.86322693205678
Ni 16.90588409802913

O O O o o o o oo oo z2 2 2 2 2 2 2 2 2 2 2 2 0 0

14.19681476911670
15.57176875260023
11.11161382565552
13.54732790388470
12.52942581291637
14.53953108983692

Table A2.1. DFT optimized coordinates of 3.

6.16688927020246
6.16603576972325
5.90161431631708
5.90066159770645
6.96384788975104
6.77862368975303
8.70591644890413
4.83806319339530

5.28198306485283
2.99324680723465
4.04029865877887
4.23435065809965
7.36996704410349
7.84798309757723
6.40803804920383
7.56824769231025

9.99574241436155 5.57333280165762 6.08856752174053

12.37294019687556
18.65843262609937
16.22298714164847
17.23975964669772
15.23104181530957
19.77370829606492
17.39483136651992
11.21779124932483
13.68961238146528
12.56796597104723
11.57811011338135
12.30947327914408
13.12001530231525
13.15130585596359
12.37895227890829
11.60208348795035
14.35839703167022
14.98328159503638

9.07047576680663
6.96285303317394
6.77724668439331
8.70489383816642
4.83652262380429
5.57244693966811
9.06998906182067
6.15574643101161
5.73391996688237
8.09920668758263
8.24720394812163
8.69799500829019
9.84750998912667

4.24538172464436
0.90596919344113
0.42679792985542
1.86693331698500
0.70635538912450
2.18802924170378
4.02958028503364
6.28292933146033
6.98628989019677
5.18744438951790
10.23218918864677
9.10359157934029
9.29562547219379

10.54294695880468 10.51718000491889
10.09540624355557 11.60173287593215

8.93426909691100
6.57261503851644
5.36588397404436

11.45861900960973
8.95212002215559
8.78132266025526
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Table A2.1 Continued
C 14.90827165749032 3.44446868877333 7.12474599459630
C 16.38197708717042 3.45384048676310 6.68142059250640
14.69804559428007 2.48766976280292 8.31704773346796
C 13.99510051020760 3.01081891780053 5.97343989197761
9.81463239615457 6.92741953667701 7.84607290692093
9.11389408215893 6.05071114121717 7.05662994791577
9.57544816447879 4.59279425297785 5.02985888756084
8.48024099640695 5.25424446722096 4.16983344099564
10.78821457990917 4.23397199229168 4.16540370197768
9.04035651274645 3.32484044739134 5.72618069790749
10.06263270727851 6.23588025158127
10.29861532083423 4.88881511033980

C

O O O O O O O O O O O O O O O O OO0 o000 0o oo o0

12.31573051291040
12.23247631777768
12.32517457395731
11.73876315706621
13.75426276738811
11.41924224009618
18.55177735551111
16.08045282203011
17.20075711765773
18.18980300366198
17.46101883013611
16.65378116626149
16.62305184215491
17.39265396067680
18.16625460807585
15.41256617831706
14.78795097153077
14.86203901292316
13.38742954975211

8.93028441523243
7.56484676056571
9.07193787971910

2.74509581540307
2.37049684798571
2.20035505072535

10.03278424531332 2.16650983061604

6.15489915588197
5.73265925553469
8.09843030814790
8.24443370758505
8.69676916843247
9.84887067846560

1.99306647333769
1.28859215205163
3.08762328114359
-1.95803898471999
-0.82839384562279
-1.01883051029783

10.54497204849333 -2.24001698301791
10.09558519362217 -3.32576460575280

8.93208246970239
6.57085657848898
5.36395313059999
3.44314281335184
3.45221258057385

-3.18415273045085
-0.67774543099266
-0.50713342211034
1.15032120061492
1.59061894806479
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Table A2.1 Continued

I T T r* I T T I I T T I IT W W O O O OO OO OO OO OO O

15.07518974146959
15.77302888669300
19.95574610890676
20.65609030752459
20.19346473662873
21.28955152375027
18.98066264378177
20.72712208025601
17.45256373555182
17.53484617347017
17.44201392841864
18.03048273366602
16.01236906865281
18.34574032550696
12.37359469723920
17.39651818210823
10.99451097583097
13.76780711366553
13.78432982394684
12.39470082893960
11.01661001717369
14.40713296710576
15.68356354315488
16.69011067864326
16.52029995142032
17.05278765969404
14.88493408100277
15.39097596760241
13.65966172482695

2.48521186058616
3.01114511325592
6.92667553240902
6.04996713984664
4.59199068833044
5.25283741199093
4.23474686470166
3.32316739116724

-0.04055752161031
2.30399124141017
0.43073182783688
1.22053033053789
3.24703453926735
4.10639537910210
4.11210151802080
2.55118774609571

10.06176591897914 2.03890236373135
10.29808894166215 3.38597183074345

8.93020498687998
7.56584980334781
9.06958790980848

5.52991495196292
5.90521720344455
6.07378981970955

10.03441823648702 6.10868749029164

7.84928846766226
7.84810447738888
7.31540762307557

7.73888567606739
0.53631679566754
10.17725229329034

10.20624767039442 8.48007755817462
11.43737841767608 10.62342058222204
10.63949838111879 12.55840159301235

8.55510432554446
7.28634977199457
4.83610399472210
2.43644018396905
4.14748200577986
3.76714697090006
1.44705006081217
2.68795535661732
2.54460584661509

12.31028766429864
9.77806656578532
9.42925585235820
6.36956630184994
5.82950183275013
7.50642779459747
7.98650006782184
9.15673365513170
8.69965486171594
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Table A2.1 Continued

r r r r r r r r r r r r r r r r r r T r r r T I I I I I T

14.26415492601993
12.93480214164182
14.10299994881195
9.47831376884292

8.07241819787875

7.58601782599382

8.85370021107916

8.15357727541068

11.58217676856251
10.48070522320258
11.20795051269437
9.80884351975347

8.13908615034777

8.75769197056204

12.20412132466479
12.06958150097497
11.63429877987367
12.40003849681226
10.74063073629457
13.74045099900408
14.20478994832549
14.39131934805397
11.28106960919262
10.42565301028670
11.85704999242446
18.77041273859090
16.00828775496622
15.99257588190876
17.37732939832798

1.98016398887420 5.67193125944324
3.00109569349365 6.29374094276914
3.66785705782853 5.09078311107363
7.52719932659041 8.69409412904997

5.72793569251825 7.10879684336726

5.51277380929151 4.76903960102363

6.18215332882605 3.69351757347161

4.56079195940281 3.36998509970301

3.74572256926055 4.76096055069571
3.52473373202064 3.37384183464430
5.12708706498486 3.65907517376256
2.87561599895439 6.38629449546271

3.53275556092109 6.33508352156664

2.57379760347918 4.96311203317317

10.75114013350068 7.07550102842142
11.23086234017078 4.34761336722639
7.50619292714230 1.27847654863588
6.74337671694580 2.67804010316498
7.42556279818457 2.81094650928535
9.05108458681275 1.10102184721293
10.02429811206091 2.51682926714724
8.24708413406315 2.54860736996567
9.84855072654769 1.09224950089913
10.03319533360121 2.63709775674811
11.03623712906173 2.26174718631525
7.31070918615832 -1.90436943848593
10.20932132465749 -0.20220211406885
11.44134435474108 -2.34505366010471
10.64016355723335 -4.28216320793729
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Table A2.1 Continued

r r r r r r r r r r r r r r r r r r T r r r T I I I I I T

18.74958359995831
15.36409754027466
14.08816973041117
13.07919952784085
13.24698956712550
12.71815302085384
14.88844954978442
14.38366987148523
16.11423802160436
15.50405247340989
16.83402697955227
15.66273501137367
20.29253024006320
21.69762624032964
22.18375086780122
20.91704805647865
21.61597745231947
18.18587831172860
19.28772048694932
18.56218235822386
19.95803841806632
21.62847992474924
21.00916372960361
17.56417165455962
17.69693505777762
18.13432051339531
17.37083273683833
19.02915321099345
16.02558808491974

8.55160901925880
7.28444641899721
4.83389879796058
2.43498741551448
4.14671453310229
3.76425997127905
1.44481384699928
2.68405812509565
2.54250332553699
1.98056469969099
3.00192144168817
3.66887001075361
7.52652227368043
5.72729541104153
5.51042979409714
6.18120265807818
4.55937498990778
3.74725601901530
3.52533658371466
5.12846465611803
2.87442483894813
3.52987737252821
2.57218291929386

-4.03670945558249
-1.50383263071998
-1.15537310001364
1.90294928765377
2.44148003057096
0.76388301776805
0.29076994106047
-0.88173264510685
-0.42131125191898
2.60582234641150
1.98601806126331
3.18585420439524
-0.41704887733676
1.16896066780903
3.50674503944745
4.58255790183989
4.90633461404816
3.51702011304238
4.90369018472705
4.61843174232388
1.89143846137689
1.94201109336918
3.31454428984619

10.75015945032786 1.19917680800839
11.23053914442421 3.92707725748237

7.50763792211013
6.74317928479015
7.42818540632153
9.04918231156734

6.99732170052504
5.59742102786355
5.46548585550331
7.17314008150641
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Table A2.1 Continued
H 15.56036168700695
H 15.37695297612553
H 18.48356695438811
H 19.33960905985244
H 17.90630911425197

10.02103168355502 5.75668418209386
8.24347654103404 5.72550592545986
9.85078338219694 7.18309632415202
10.03634117865188 5.63869399570109
11.03710209183880 6.01283041286792
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Tables and Figures
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ppm
F .
1a + NaBAr 4in d8-THF
1ain d8-THF
PR -
110 100 90 80 70 60 50 40 30 20
ppm

Figure A2.1. *H NMR spectrum of 1a and 1a + 1 equiv NaBAr"; (298 K, ds-THF).
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1a-Na + 12-crown-4 in d2-DCM
S A N
1a-Na in d,-DCM j
1ain dz-DCM
120 10 100 90 80 70 60 50 40 30 20 10 0

ppm

Figure A2.2.'H NMR spectrum of 1a, 1a-Na and 1a-Na + 1 equiv 12-crown-4 (298 K, CD:Cl.).

Solvent impurities indicated by asterisks, crown either indicated by “C”.
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1.0
0.8+
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AAbsorbance

0.4

0.2

41 1 e —

Time After Addition (s)
Figure A2.3. Addition of chilled, oxygenated DCM to 1la-Na at —78
°C
Monitoring absorption at 550 nm with 100 ms time points. Red indicates time where oxygenated

DCM is being added, precluding accurate reading of reaction mixture absorbance.
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Figure A2.4. *H NMR spectrum of 3 (195 K, CD:Cl>).

Inset of diamagnetic region. Solvent impurities labelled with asterisks.
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Figure A2.5. Magnetic susceptibility versus T plot obtained by variable temperature Evans’ method (500
MHz NMR, CD2Cly).
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Figure A2.6. XANES spectrum and derivative of XANES spectrum of 1a and 3.
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Figure A2.7. EXAFS plot and fits in k-space and R-space at the Ni K-edge absorption of 1a.

For fitting parameters, see Table A2.2.
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Figure A2.8. EXAFS plot and fits in k-space and R-space at the Ni K-edge absorption of 3.

For fitting parameters, see Table A2.3.
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Table A2.2. Tabulated fitting parameters for EXAFS of 1a.

Independent Points: 11.5; Number of variables: 7; Fitting Ranges: k: 2.74- 129 A% R: 1-2.8 A.
Abbreviations: N, coordination number; R, interatomic distance; 6%, Debye-Waller factor (the mean-square
deviations in interatomic distance). The values in parentheses are the estimated standard deviation; AEo,
change in photoelectron energy; S¢?, amplitude reduction factor. See ORTEP diagram of 1a (below) for atom

labels.
Scatterer N R (A) o2 (A2
Ni—CI 1 2.25(1) 0.005(1)
Ni—C1 3 2.003(8)  0.008(1)
Ni—N4 1 2.833(8)  0.007(2)
Ni—N5 1 2.866(8)  0.007(2)
Ni—N6 1 2.806(8)  0.007(2)
Ni-C1-N4 4 3.10(1) 0.007(1)
Ni-C3-N6 2 3.13(1) 0.007(1)
S,2 1.172
AE, -2(1)

R-factor 0.01313

Reduced 1258.2
X2
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Table A2.3. Tabulated fitting parameters for EXAFS of 3.

Independent Points: 4.51; Number of variables: 2; Fitting Ranges: k: 2.0-10.3 A*; R: 1.10-1.98 A.
Abbreviations: N, coordination number; R, interatomic distance; 6°, Debye-Waller factor (the mean-square
deviations in interatomic distance). The values in parentheses are the estimated standard deviation; AEo,

change in photoelectron energy; S¢?, amplitude reduction factor.

Scatterer N R (A) o2 (A2
Ni-O 1 1.80(2) 0.001(1)
Ni-C 3 1.90(2) 0.001(1)
Sy 0.9
(fixed)
AE, -9(4)
R-factor 0.02887
Reduced 21.4003
x2
75
i 1602
i 13()2
] NaBAr,
50 -

Intensity (Counts)

I ' 1 v
600 650 700 750
Raman shift (cm-1)

Figure A2.9. Confocal Raman spectrum of NaBArFs and 3 synthesized with natural abundance Oz, or 20 .
Spectra were collected at 100 K. Aex =532 nm.
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Figure A2.10. 'H NMR spectrum of 3 + 10 equiv. TBACI (CD:Cl>).

Inset shows diamagnetic region. Resonances corresponding to 1a indicated by green dot, BArFs anion by red
dot, tetrabutylammonium cation by “T” and mesitylene internal standard by “M”.
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Figure A2.11. *H NMR calibration curve for 1a.

For calibration, the *H NMR resonance used for 1a was at 15 ppm, versus 0.01 mmol mesitylene added.
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Figure A2.12. Addition of stoichiometric and excess oxygen to 1a-Na.
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Figure A2.13. Average of mass spectra (three trials) of TMSCI/3 experiments.
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Figure A2.14. DFT calculated spin density distribution on 3.

Isosurface 0.035 a.u. Electronic structure calculations for the target system revealed the triplet as the ground
state with closely lying open-shell singlet state (J-coupling constant was calculated to be +35.79 cm-1). Spin
density distribution indicates that unpaired electrons are primarily localized on metal centers of the dimer

with little density on the oxygen atoms of the bridge. This calculation also indicates that the electronic
structure of the of the dioxo bridge-ligand is best described as closed-shell peroxo-species. The influence of
the bulky tert-Bu groups of the organic ligands on the spin density distribution was found to be negligible.
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Table A2.4. Crystal data and structure refinement for 3.

Empirical formula

C118H100B4F48N12Ni202

Formula weight 2790.75
Temperature/K 100(2)
Crystal system monoclinic
Space group C2/c

alA 34.5565(13)
b/A 25.3760(9)
c/A 19.1210(8)
a/® 90

B/ 120.048(2)
v/° 90
Volume/A3 14513.9(10)
Z 4

Pealcg/cm?® 1.277
wmm-? 1.294
F(000) 5664.0

Crystal size/mm?

Radiation

0.385 x 0.204 x 0.155
CuKo (L = 1.54178)

20 range for data collection/° 4.566 to 101.064
Index ranges -29<h<34,-22<k<25,-18<1<19
Reflections collected 31629

Independent reflections 7419 [Rint = 0.1540, Rsigma = 0.1385]

Data/restraints/parameters ~ 7419/1449/778
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Table A2.4 Continued

Goodness-of-fit on F? 1.074
Final R indexes [[>=2c (I)] R1=0.1303, wR2 =0.2372
Final R indexes [all data] R1 =0.2144, wR, = 0.2714

Largest diff. peak/hole / e A= 0.62/-0.35

Rint =2 | Fo? - <Fo®> |/ Z | FoY
Ri=Z2||Fol- | Fell/ Z| Fol

WR; = [2 [W (F®~FA? 1 2 [w (Fo?) Z]M2
Goodness-of-fit = [2 [w (Fo?~ F¢?) 7 / (n-p)*2

n: number of independent reflections; p: number of refined parameters
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Table A2.5. Bond lengths from solid state structure of 3.

Atom Atom Length/A Atom Atom Length/A

Nil Ol 1.796(9) F13 C59 1.3496(9)

Nil C16 1.916(16) F14 C59 1.3494(9)

Nil C9 1.820(17) F15 C59 1.3494(9)

Nil C23 1.914(14) F16 C58 1.3492(9)

01 01! 1.416(15) F17 C58 1.3493(9)

C16 N2 1.349(18) F18 C58 1.3494(9)

C16 N1 1.327(17) F19 C50 1.3492(9)

N2 C14 1.404(19) F20 C50 1.3492(9)

N2 Bl 154(2) F21 C50 1.3492(9)

CO N4 1392) F22 C51 1.3494(9)

C9 N3 1.385(19) F23 C51 1.3494(9)

N4 C7 1315(18) F24 C51 1.3495(9)

N4 Bl 1.61(2) C33 (C32 1.3900

C23 N6 1.394(15) C33 (C28 1.3900

Table A2.1 Continued
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Table A2.5 Continued

1.353(15) C32

C21 1.361(16) C32

C23 N5

N6

N6 Bl

Cé6 C1

C6 C5

Cl C2

Cl Bl

c2 C3

C3 C4

C4 C5

Cr C8

C8 N3

N3 C10
Cl10 C11
C10 C12
C10 Ci13

1.58(2)

1.3900

1.3900

1.3900

1.64(2)

1.3900

1.3900

1.3900

1.34(2)

1.35(2)

1.50(2)

1.57(3)

1.56(2)

1.50(2)

C31

C30

C30

C29

C28

C36

C36

C36

C41

C40

C40

C39

C38

C38

C3l

C35

C30

C29

C34

C28

B2

C41

C37

B2

C40

C39

C43

C38

C37

C42

1.3900

1.429(5)

1.3900

1.3900

1.430(5)

1.3900

1.695(15)

1.3900

1.3900

1.673(16)

1.3900

1.3900

1.427(5)

1.3900

1.3900

1.423(5)
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Table A2.5 Continued

Cl4 C15 1.30(2)

C15

N1

C17

N1

C17

C18

1.40(2)

1.50(2)

1.474(19)

C43

C43

C43

C47

F7A

FOA

F8A

C46

1.348(4)

1.354(4)

1.355(4)

1.3900

C17

C17

C21

C22

N5

C24

C24

C24

F1

F2

F3

F4

C19

C20

C22

N5

C24

C25

C26

C27

C35

C35

C35

C34

1.49(2)

1.510(19)

1.358(17)

1.363(15)

1.500(15)

1.548(16)

1.489(15)

1.495(15)

1.3497(7)

1.3497(7)

1.3497(7)

1.3498(7)

C47

C46

C46

C45

C44

C44

C49

C48

C53

C53

C54

C54

C48

C45

C50

C44

C49

B2

C48

Cs1

C54

C52

C55

C58

1.3900

1.3900

1.418(5)

1.3900

1.3900

1.654(16)

1.3900

1.426(5)

1.3900

1.3900

1.3900

1.423(5)
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Table A2.5 Continued

F5 C34
F6 C34
F7  C43
F8 C43
F9 C43
F10 C42
F11 C42
F12 C42

1.3497(7)

1.3496(7)

1.3493(9)

1.3496(9)

1.3497(9)

1.3492(9)

1.3494(9)

1.3493(9)

C55

C56

C56

C57

C52

C59

C59

C59

C56

C57

C59

C52

B2

1.3900

1.3900

1.428(5)

1.3900

1.655(16)

F13A 1.27(3)

F14A 1.50(3)

F15A 1.36(3)
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Table A2.6. Bond angles from solid state structure of 3.

Atom Atom Atom Angle/ Atom Atom Atom Angle/°

Ol Nil C16 165.6(6) F3 C35 F1  102.7(6)

Ol Nil C9 103.9(6) F3 C35 F2 104.0(5)

Ol Nil C23 102.6(5) F3 C35 C32 114.0(6)

C9 Nil Cl6 84.7(7) C41 C36 C37 120.0

C9 Nil C23 109.38) C4l C36 B2 119.9(7)

C23 Nil CI16 85.0(6) C37 C36 B2 119.6(7)

01! 01 Nil 122.2(10) C40 C41 C36 120.0

N2 C16 Nil 117.5(12) C41 C40 C43 120.9(7)

N1 C16 Nil 133.5(15) C39 C40 C4l 120.0

NI C16 N2 108.9(15) C39 C40 C43 119.1(7)

Cl6 N2 Cl14 109.4(15) C40 C39 (€38 120.0

Cl6 N2 Bl 117.2(14) C39 (€38 C37 120.0

Cl4 N2 Bl 132.8(17) C39 C38 C42 120.2(7)

N4 C9 Nil 115.0(13) C37 C38 C42 119.7(7)

N3 C9 Nil 145.9(17) C38 C37 C36 120.0
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Table A2.6 Continued

N3

C9

C7

C7

N6

N5

N5

C23

C21

C21

Cl

C6

C2

C2

Cl

C4

C9

N4

N4

N4

C23

C23

C23

N6

N6

N6

C6

C1

C1

C1

C2

C3

N4

Bl

C9

Bl

Nil

Nil

N6

Bl

C23

Bl

C5

Bl

C6

Bl

C3

C2

96.8(15)

116.1(14)

116.5(18)

126.2(18)

114.9(10)

139.5(11)

105.5(12)

116.7(13)

108.3(12)

133.5(14)

120.0

118.6(11)

120.0

121.3(11)

120.0

120.0

F10

F10

F10

F11

F11

F12

F7

F7

F7

F8

F9

F9

FTA

FTA

F7TA

FOA

C42

C42

C42

C42

C42

C42

C43

C43

C43

C43

C43

C43

C43

C43

C43

C43

F11

F12

C38

F12

C38

C38

F8

F9

C40

C40

F8

C40

C40

FOA

F8A

C40
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102.6(8)

101.9(7)

117.6(8)

101.7(7)

116.3(8)

114.5(8)

110.1(9)

108.9(9)

117.1(12)

109.0(9)

104.8(9)

106.2(10)

131.0(10)

97.1(12)

103.5(11)

113.8(10)



Table A2.6 Continued

C3 C4 C5 1200  F9A C43 F8A 89.1(13)
C4 C5 C6 1200  FBA C43 C40 113.5(10)
N4 C7 C8 106(2) C46 C47 C48 120.0
C7 C8 N3 105.9(17) C47 C46 C50 123.8(7)
CO N3 C10 1245(17) C45 C46 C47 120.0
C8 N3 C9 114.7(19) C45 C46 C50 116.1(7)
C8 N3 C10 120.3(17) C46 C45 C44 120.0
N3 C10 C11 106.4(15) C45 C44 B2 118.1(7)
N3 C10 C12 110(2) C49 C44 C45 120.0
N3 C10 C13 1115(16) C49 C44 B2 121.8(7)
Cl2 C10 C11 108.9(17) C44 C49 C48 120.0
C13 C10 C11 110(2) C47 C48 C51 118.6(6)
C13 C10 Cl12 109.2(16) C49 C48 C47 120.0
C15 Cl4 N2 104.0(19) C49 C48 C51 121.2(6)
Cl4 C15 N1 112.3(17) F19 C50 C46 117.6(8)
C16 N1 C15 105.1(16) F20 C50 F19 98.3(7)
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Table A2.6 Continued

C16

C15

N1

C18

C18

C18

C19

C19

C22

C21

C23

C23

C22

N5

C26

C26

N1

N1

C17

C17

C17

C17

C17

C17

C21

C22

N5

N5

N5

C24

C24

C24

C17

C17

C20

N1

C19

C20

N1

C20

N6

N5

C22

C24

C24

C25

N5

C25

129.5(16)

125.3(14)

108.4(15)

107.4(14)

109.9(15)

111.9(14)

108.0(12)

111.0(15)

108.8(14)

106.6(13)

110.8(12)

127.4(11)

121.8(11)

107.9(10)

109.8(11)

110.4(11)

F20

F21

F21

F21

F22

F22

F22

F23

F24

F24

C54

C53

C55

C55

C56

C55

C50

C50

C50

C50

Cs1

Cs1

Csl

Csl

Cs1

Cs1

C53

C54

C54

C54

C55

C56

C46

F19

F20

C46

F23

F24

C48

C48

F23

C48

C52

C58

C53

C58

C54

C57
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119.2(8)

100.5(7)

97.7(8)

119.4(9)

105.8(6)

104.7(7)

118.1(7)

110.9(7)

104.0(8)

112.2(7)

120.0

120.8(8)

120.0

119.1(8)

120.0

120.0



Table A2.6 Continued

C26 C24 C27 112.0(11)

C27

c27

N2

N2

N2

N4

N6

N6

C24

C24

Bl

Bl

Bl

Bl

Bl

Bl

N5

C25

N4

N6

C1l

C1l

N4

C1

108.2(10)

108.5(11)

104.7(15)

104.3(13)

118.7(14)

106.4(13)

110.4(13)

112.0(15)

C55

C57

C52

C53

C57

C57

F16

F16

F16

C56

C56

C57

C52

C52

C52

C58

C58

C58

C59

C59

C56

B2

C53

B2

F17

F18

C54

122.8(9)

117.1(9)

120.0

118.3(9)

120.0

121.6(8)

101.5(7)

102.7(8)

113.8(8)

C32

C33

C31

C31

C32

C31

C31

C33

C32

C32

C32

C31

C30

C30

C28

C35

C33

C35

C30

C29

C34

120.0

118.3(5)

120.0

121.7(5)

120.0

120.0

117.1(5)

F17

F17

F18

F13

F14

F14

F15

C58

C58

C58

C59

C59

C59

C59

F18

C54

C54

C56

F13

C56

F13

143

100.7(8)

117.3(9)

118.4(9)

121.0(14)

100.1(10)

118.4(12)

99.1(10)



Table A2.6 Continued

C29 C30 C34 122.9(5)

C30

C33

C29

C29

F4

FS

FS

F6

F6

F6

F1

F1

F2

C29

C28

C28

C28

C34

C34

C34

C34

C34

C34

C35

C35

C35

C28

B2

C33

B2

C30

C30

F2

C32

C32

120.0

119.3(7)

120.0

120.6(7)

113.5(6)

105.0(5)

114.9(6)

104.2(5)

103.5(5)

114.5(6)

103.4(6)

114.9(6)

116.2(6)

F15 C59

F15 C59

C5 C59

F13A C59

F13A C59

F13A C59

F15A C59

F15A C59

C36 B2

C44 B2

C44 B2

C44 B2

C52 B2

C52 B2

F14 99.1(10)

C56

115.3(13)

F14A 102.3(12)

C56

123.7(16)

F14A 108.2(18)

F15A 114.6(18)

C56

105.6(13)

F14A 99.1(16)

C28

C28

C36

C52

C28

C36

111.6(9)

112.9(10)

101.1(9)

114.2(9)

103.6(9)

113.8(10)
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Appendix 3: Supporting Data for Chapter 4
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Figure A3.1. Plot of experimental bond dissociation energies versus calculated AGecer for C-H substrates.
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Figure A3.2. Absorbance at 470 nm, monitoring reaction between 4b and 3-phenylindene.

Sample fitting (blue points): Abs = 0.112 + 0.454*exp(—0.02598*t). R? = 0.9988.
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Figure A3.3. Absorbance at 470 nm, monitoring reaction between 4b and fluorene.
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Figure A3.4. Absorbance at 470 nm, monitoring reaction between 4b and indene.
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Figure A3.5. Plot of log(Kobs) versus substrate BDE. log(Kobs) = -0.30(BDE) + 21.1. R? = 0.95.
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Figure A3.6. Absorbance at 714 nm, monitoring reaction between 4b and 4-OMe-2,6-di-tert-butylphenol.

Sample fitting (blue points): Abs = 0.515 — 0.232*exp(~0.0178*t). R? = 0.9895.
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Figure A3.7. Absorbance at 714 nm, monitoring reaction between 4b and (4-H-)2,6-di-tert-butylphenol.
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Figure A3.8. Absorbance at 714 nm, monitoring reaction between 4b and 4-Me-2,6-di-tert-butylphenol.
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Figure A3.9. Absorbance at 714 nm, monitoring reaction between 4b and 2,4,6-tri-tert-butylphenol.
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Figure A3.10. Absorbance at 714 nm, monitoring reaction between 4b and 4-bromo-2,6-tri-tert-butylphenol.
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Figure A3.11. Absorbance at 714 nm, monitoring reaction between 4b and 4-COOMe-2,6-tri-tert-butylphenol.
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Figure A3.12. Absorbance at 714 nm, monitoring reaction between 4b and 4-NO.-2,6-tri-tert-butylphenol.
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Figure A3.13. Absorbance at 714 nm, monitoring reaction between 5b and tetrabutylammonim 4-COOMe-
2,6-tri-tert-butylphenolate, triplicate at 5°.
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Figure A3.14. Absorbance at 714 nm, monitoring reaction between 5b and tetrabutylammonim 4-COOMe-
2,6-tri-tert-butylphenolate, single run at 0°.
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Figure A3.15. Absorbance at 714 nm, monitoring reaction between 5b and tetrabutylammonium 4-COOMe-
2,6-tri-tert-butylphenolate, single run at 10°.

Sample fitting (red line): Abs = 0.314 + 0.371*exp(—6.41e-4*t). R? = 0.9959.
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Figure A3.16. Arrhenius plot generated from monitoring reaction between 5b and tetrabutylammonium 4-
COOMe-2,6-tri-tert-butylphenolate at VT.

Regression: In(Kew/T) = -6497.6(1/T) + 10.641; R? = 0.9997.

Extrapolation to T = 173 K: 5,57 x 10%s!
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Figure A3.17. Absorbance at 720 nm, monitoring reaction between 4b and tetrabutylammonium 4-Br-2,6-tri-
tert-butylphenolate, at —-80° to —90°.

Observed rate constants, Kobs: —90°: 1.8(1) x 10, —85°: 3.9(5) x 102, —80°: 11(4) x 102 s*
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Figure A3.18. Arrhenius plot generated from monitoring reaction between 4b and tetrabutylammonium 4-
Br-2,6-tri-tert-butylphenolate at VT.

Regression: In(kops)RT =-2179.46*(1/T) + 10.41; R? = 0.95651.

Extrapolation to T =173 K: In(k)RT = - 2.18 kcal/mol
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Figure A3.19. Plot of experimental reduction potentials versus calculated AGet for 4-X-2,6-di-tert-
butylphenolates.
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Figure A3.20. Plot of experimental BDE versus AGecet for 4-X-2,6-di-tert-butylphenols.
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Figure A3.21. Plot of experimental pKa versus AGer for 4-X-2,6-di-tert-butylphenols.

Arrhenius plot generated from monitoring reaction between 4b and tetrabutylammonium 4-COOMe-2,6-tri-
tert-butylphenolate at VT.

Regression: IN(K)RT =-2921.13*(1/T) + 6.69; R? = 0.95362.

Extrapolation to T =173 K: In(K)RT = -10.2 kcal/mol (see Figure A3.22)
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Figure A3.22. Arrhenius plot generated from monitoring reaction between 4b and tetrabutylammonium 4-
COOMe-2,6-tri-tert-butylphenolate at VT, extrapolated to 173 K.

166



o
N
]

o
o
]

-0.2 -

-0.4-

-0.6 4

E° (V, experimental)

-0.8 4 ™

T T T
-20 -15 -10 -5 0 5 10 15

AG_, (kcal/mol, calculated)

Figure A3.23. Plot of experimental reduction potentials versus calculated AGet for 4-X-2,6-di-tert-
butylphenolates.
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Figure A3.24. Plot of experimental BDE versus AGecer for 4-X-2,6-di-tert-butylphenols.
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Figure A3.25. Plot of experimental pKa versus AGer for 4-X-2,6-di-tert-butylphenols.

169



JRT (kcal/mol)

obs

In(k

i
N

1
-
©

X LS X EN O L
fo ~ o) o I w
I DU SR S SR

=  Concerted
*NO2 e Stepwise (PT)
OMe
|
OOZCMe.Br
Me
HI
tBu
-15 10 5 0 5 10

AG_ (kcal/mol)

Figure A3.26. Plot of In(kobs)RT v. AGet for 4-X, 2,6-di-tert-butylphenols.
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Figure A3.27. Plot of In(kebs)RT v. AGpceT for 4-X, 2,6-di-tert-butylphenols.
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Figure A3.28. Plot of In(kobs)RT v. AGeT for 4-X, 2,6-di-tert-butylphenols.
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Figure A3.29. Plot of In(kobs)RT v. Hammett parameter ep" for 4-X, 2,6-di-tert-butylphenols.
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Figure A3.30. Plot of In(kobs)RT v. Hammett parameter 6~ for 4-X, 2,6-di-tert-butylphenols.
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Figure A3.31. Plot of In(kess)RT v. asynchronicity parameter » for 4-X, 2,6-di-tert-butylphenols.
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Table A3.1. Tabulated experimental values and calculated values for 4-X-2,6-di-tert-butylphenols.

Experimental values (literature) DFT calculated values
X BDFE, g pKa E,, AGpepr AGpr AGpy 1 (keal/mol)
(kcal/mol)  (DMSO) (PhO-, V vs Fc/Fe') (kcal/mol) (kcal/mol) (kcal/mol)
Concerted
OMe 79.7 18.2 -0.806 -10.4 8.2 -18.6 -523
Me 80.1 17.7 -0.755 -6.9 5.2 -12.1 -59.2
‘Bu 82.6 17.8 -0.665 -6.1 5.4 -11.5 -60.1
H 82.7 17.3 -0.619 -4.3 4.6 -8.9 -64.1
Stepwise
Br - 15.1 - -5.0 1.3 -6.2 -65.4
COOMe 84.3 11.9 -0.229 -2.0 -3.9 1.8 -74.8
NO, 86.2 7.3 +0.127 0.5 -11.1 11.7 -85.1

Table A3.2. Tabulated rates for 4-X-2,6-di-tert-butylphenols. ET rate for X = COOMe extrapolated from
Eyring analysis.

X k,y, (PCET or ET) Koy
(x 1025 (x 1025
OMe 1.8(2) ;
Me 12(3) _
Bu 0.6(1) ]
H 1.0(2) -
Br 1.76 x 10! 1.5(2)
COOMe 5.57x 108 1.6(9)
NO, ; 2(1)
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Table A3.3. Tabulated rates for C—H substrates.

Substrate kops 5D
Fluorene 3.1(6) x 102
3-phenylindenc 24(1)x 10+
Indene 4.9(3)x 103
Substituted 9-(4-X-phenyl)fluorenes (o)
X =H (0) 6(2) x 10
X =Br (0.25) 5.3(9)x 1073
X =CF; (0.65) 2.4(3)x 1072

Table A3.4. Tabulated experimental and calculated values for C—H substrates. Calculated BDFE calibrated
to reported values for DHA.

BDFE_ 4 AGypcpr Calculated pKa AGpy n
Substrate (kcal/mol) (kcal/mol) BDFE (DMSO) (kcal/mol) (kcal/mol)
(kcal/mol)
Fluorene 82 -4.21 81.5 22.6 14.48 -58.63
3=
phenylinden 75.3 -9.25 76.4 17.3 6.29 -60.94
e
Indene 77 -5.75 79.9 20.1 11.92 -60.84
Xanthene 75 -11.8 73.9 30.1 22.9 -48.8
9,10-DHA 76.3 -12.4 76.3 30.0 24.0 -54.3
Substituted 9-(4-X-phenyl)fluorenes (c,,)
X=H(0) 74 -11.68 - 5.61 -64.39
X =Br
(0.25) - -11.55 - 3.94 -66.46
X =CF,
(0.65) - -11.67 - 1.76 -68.74
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A3.2 DFT-optimized coordinates of Co-complexes and substrates

@)

O o o o o o O
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H

Table A3.5. DFT optimized coordinates for 3-phenylindene cation

-3.69834313839348

-3.53677522557995

-2.64148697245046

-1.42653511950326

-1.25821958071709

-2.32280705985044

-0.13440072607120

0.77381621277745

0.10380841504776

-4.66511272456602

-4.37480562333695

-2.78064703213414

-2.19211115617658

0.72249273107487

-0.00988598272234

0.60543984876238

-1.05136870539487

1.95418776207075

2.69487120970057

2.09475535540432

2.43502383491027

0.03611843394043

0.42721329393522

-0.80534157537792

1.33787272026971

1.00708032257287

-0.22651247890904

-1.14760402786593

1.75177402278910

0.83323068367117

-0.32004247723994

0.67417541780885

-1.50369550675494

2.28218921872918

-2.12126514047493

-1.35254203187683

-2.07821098375127

-3.06672063306873

-1.82228100909045

-3.36640230771768

-2.65299149296102

-1.64306997433777

-4.15190607453333

-3.60676482404933

178

1.07565111222102

0.42324261527811

1.18860570015834

0.62439141718865

-0.06173693499457

-0.14235264315785

0.62411212524160

-0.07606430498262

-0.51635146738240

1.52066137988609

0.37693594476434

1.71801425291317

-0.61483988855850

-1.31482044322709

-2.27958115564637

-3.02852779987196

-2.47651098593205

-2.82000243047641

-1.87471599079736

-1.14335514474145

-3.40774806367468

-3.78766022939454



Table A3.5 Continued

H 2.67658903439217

H 3.74683900108654

H -0.18351552372705

H 0.23312696689548

H 1.82556576456083

-1.09736676748286

-2.89352147473160

2.72579897951393

1.99964471112173

1.05228940981180

179

-0.39833676879052

-1.70830783186878

0.10140481753596

1.63760439735446

-0.27128167904458



Table A3.6. DFT optimized coordinates for 3-phenylindene deprotonated anion

-3.74436361509288

-3.60874630558914

-2.66026519481457

-1.42549739520503

-1.28608102171442

-2.40111591783409

-0.16620342604555

0.72037103804617

0.07310563220729

-4.70404826193335

-4.46466398097479

-2.76374418026543

-2.32812974279148

0.71732680733180

0.01223604761701

0.65472306364549

-1.06348851053890

2.03673149392419

2.76023709935563

2.11980574894850

2.54194675478670

0.06270260617084

2.71240442998009

0.52010883333994

-0.70902649725841

1.37901570355716

1.03278796653191

-0.21572499071883

-1.07467654196560

1.68962060092857

0.87396074473749

-0.30681362706411

0.79254210598974

-1.38775184523040

2.32629769826736

-2.04606207972099

-1.36120320100771

-2.24895015975537

-3.25457205158041

-2.11958861589055

-3.42316078346024

-2.55145366616239

-1.55156707624092

-4.21471278694209

-3.91304818407525

-0.90418501564883

180

1.05264299372492

0.37706940469361

1.16156847073040

0.58615257442862

-0.13820446823227

-0.20438253188365

0.56559419183665

-0.13120817406038

-0.59086851609076

1.50163569057018

0.31123603284423

1.70141484502610

-0.69900218395204

-1.34758668586867

-2.19489084532565

-2.90919825476698

-2.32159424779620

-2.82589805787878

-2.00902339899816

-1.28982665396043

-3.38473062010466

-3.55218818162892

-0.63909052902597



Table A3.6 Continued
H 3.84525458371517 -2.66467534579160 -1.91725357234672

H 0.05633474590128  2.66439725527122  1.00292788676944

H 1.76322750116946  1.12441155989034 -0.34118516870391

181



Table A3.7. DFT optimized coordinates for 3-phenylindene

-3.67704297877664

-3.48495397131582

-2.64917414613570

-1.43725407975681

-1.24309181085253

-2.26917963169324

-0.17572496082051

0.74441906599756

0.13293712681654

-4.63606564095988

-4.29605200015580

-2.79945799793958

-2.12699463965896

0.74246133390034

0.06215869535171

0.66000100035842

-0.93823551953062

1.94570229313896

2.63199581948069

2.03753056988492

2.41224965296402

0.11536076448764

2.57520295904994

0.36456853317432

-0.85268320233897

1.30758916540374

1.01898457693066

-0.20430999655790

-1.14904556458192

1.81553192163234

0.92403365681977

-0.23442237771724

0.57973088954147

-1.58508420226727

2.25603925994733

-2.10965181087605

-1.33347462776899

-1.95114103678188

-2.97180617520705

-1.60793454476555

-3.40395158792722

-2.80193614728886

-1.77750247351111

-4.20933080795411

-3.43249907687884

-1.31928654236754

182

1.17032132278523

0.51443403098503

1.22796598142353

0.61715482026433

-0.05531613163792

-0.10041565458787

0.54217781407629

-0.21676735658566

-0.57038994173718

1.64761334082950

0.48472862209807

1.75010015665266

-0.59919505943690

-1.33285800216736

-2.39340874344811

-3.12688473692295

-2.66399535387264

-2.81065382947575

-1.75803240000229

-1.02863139093521

-3.38298565991993

-3.95465697360869

-0.19570728260064



Table A3.7 Continued
H 3.63673505394134 -3.14058456156511 -1.49404890753416

H -0.32102067083734  2.78615885729008  0.03384383940347

H 0.21657109848387  2.07060126157711  1.54356674878214

H 1.76754261457748  1.19643661403878 -0.47952925282700

183



Table A3.8. DFT optimized coordinates for 3-phenylindene radical

-3.72566934009241

-3.57736478041085

-2.65205101161195

-1.44264724716352

-1.29216913691998

-2.36002405630998

-0.16993971848545

0.73075644514571

0.08761764182904

-4.68161739150675

-4.41775612367009

-2.76498453707033

-2.26488035821836

0.72173148699459

0.00187248165396

0.63505963333805

-1.05991756155069

2.00170708384860

2.73379793230809

2.10775580445190

2.49751026166889

0.05499777424910

2.69065495671052

0.47672587838892

-0.75124853566407

1.37253547208901

1.02492659624480

-0.21885012100637

-1.11091135848047

1.70606147694982

0.90150797699491

-0.29035608462770

0.74050304893097

-1.44873212057922

2.32721624474234

-2.09110846920317

-1.35109358800831

-2.17408245921851

-3.18312522190046

-1.98864219748689

-3.40805511108909

-2.59942034991640

-1.58251989414298

-4.20710938092959

-3.79908216620759

-0.96939585921426

184

1.06416308060882

0.42380801078554

1.13804282503481

0.54986769586339

-0.13084162666688

-0.16977202456238

0.49901692635690

-0.17429799334017

-0.60147751973782

1.52265310018819

0.38561169557852

1.65779854635785

-0.63949738635062

-1.35587055044879

-2.24624686144808

-2.96076973268430

-2.41136991631611

-2.80370455653210

-1.93356075523786

-1.22763569749239

-3.35989947821935

-3.65229318073443

-0.53741258000984



Table A3.8 Continued
H 3.80431044844504 -2.77221509998320 -1.79639568946568

H 0.03542413484811 2.69147556159045  0.91874749819790

H 1.76588517751874  1.16096576172707 -0.39455382972512

185



Table A3.9. DFT optimized coordinates for Indene cation

-3.67704 0.36457 1.17032
-3.48495  -0.85268 0.51443
-2.64917 1.30759 1.22797
-1.43725 1.01898 0.61715
-1.24309  -0.20431  -0.05532
-2.26918  -1.14905  -0.10042
-0.17572 1.81553 0.54218
0.74442 0.92403  -0.21677
0.13294  -0.23442  -0.57039
-4.63607 0.57973 1.64761
-4.29605  -1.58508 0.48473
-2.79946 2.25604 1.75010
-2.12699  -2.10965  -0.59920
-0.32102 2.78616 0.03384
0.21657 2.07060 1.54357
1.76754 1.19644  -0.47953

0.56057  -1.00424  -1.10848

186



Table A3.10. DFT optimized coordinates for Indene anion

-3.74436 0.52011 1.05264
-3.60875  -0.70903 0.37707
-2.66027 1.37902 1.16157
-1.42550 1.03279 0.58615
-1.28608  -0.21572  -0.13820
-2.40112  -1.07468  -0.20438
-0.16620 1.68962 0.56559
0.72037 0.87396  -0.13121
0.07311  -0.30681  -0.59087
-4.70405 0.79254 1.50164
-4.46466  -1.38775 0.31124
-2.76374 2.32630 1.70141
-2.32813  -2.04606  -0.69900
0.05633 2.66440 1.00293
0.10645  -0.35704  -1.65917

1.71512 1.09605  -0.29302

187



Table A3.11. DFT optimized coordinates for Indene

-3.67704 0.36457 1.17032
-3.48495  -0.85268 0.51443
-2.64917 1.30759 1.22797
-1.43725 1.01898 0.61715
-1.24309  -0.20431  -0.05532
-2.26918  -1.14905  -0.10042
-0.17572 1.81553 0.54218
0.74442 0.92403  -0.21677
0.13294  -0.23442  -0.57039
-4.63607 0.57973 1.64761
-4.29605  -1.58508 0.48473
-2.79946 2.25604 1.75010
-2.12699  -2.10965  -0.59920
-0.32102 2.78616 0.03384

0.21657 2.07060 1.54357

188



Table A3.12. DFT optimized coordinates for Indene radical

C -3.74782250515811

-3.63106052450794

-2.66065352218269

-1.46138150410336

-1.34188194331322

-2.42272987864990

-0.18681268628125

0.67917971480078

0.00449042535057

-4.69665181901735

-4.48978809217653

-2.76416331854584

-2.33979890067986

0.05107139946656

0.41501051191906

1.71151264307908

0.49027772103435

-0.67624508381590

1.36642607586976

1.05237603711746

-0.14214632083567

-1.00371722697359

1.72890610943844

0.96467580652331

-0.17890314908172

0.73094520439698

-1.34460934089833

2.28185703101919

-1.92214646790480

2.67601975250296

-0.96904014410708

1.22302399571464

189

1.10086492990947

0.34917646408194

1.24054249875480

0.61490680562029

-0.15585656242716

-0.28571459664758

0.55178271054682

-0.23750661384011

-0.67908321266828

1.58600036730726

0.24850496052769

1.82893308238512

-0.87266493138685

1.03805026402470

-1.30995370083148

-0.47359246535665



Table A3.13. DFT optimized coordinates for Fluorene cation

-3.65529073235119

-3.28900435170326

-2.70099729448858

-1.36793382379814

-0.98991340174211

-1.96263807345855

-0.14936839345366

0.96083635858620

0.42584462690379

2.32519475177354

3.15427553676058

2.63279577470534

1.27338993867530

-4.71649006681089

-4.07009380011695

-3.01645186915129

-1.66623314721520

-0.09421307262846

-0.12748426871370

2.75983794950108

4.23872871431334

3.32027635226884

0.85792729214396

0.53252502465854

-0.83057516892427

1.55575377545833

1.20717678006787

-0.17288111049247

-1.19642789657228

2.06706633590665

1.06984438833114

-0.25631588865698

1.25937391454799

0.13085062439331

-1.17984924917679

-1.38746809998734

0.79461143663964

-1.59090731190460

2.59951309327589

-2.24572054970480

2.77862131063143

2.67884241038520

2.25882286643317

0.266684 75792850

-2.02678266721860

-2.39474477601953

190

0.07252781990749

0.13687928378974

0.00128597070488

0.00734902985016

0.05936818330348

0.13176302768235

-0.07848835903146

-0.04320173075741

0.03831730750296

-0.07637650393365

-0.03078701728656

0.04809654285799

0.08367726263749

0.07952553064572

0.19315756964235

-0.04743090096869

0.18410339530113

0.76363565959315

-0.99674749928026

-0.13890767936674

-0.05746316942917

0.08213111560350

0.14728022073187



Table A3.14. DFT optimized coordinates for Fluorene anion

-3.68484207859336

-3.34361278096712

-2.71130451769480

-1.34265958579892

-0.99997875543670

-2.00714817953841

-0.15440089943329

0.93520441271234

0.42986751893880

2.33583339923574

3.18752214547473

2.68806436124215

1.31634347972143

-4.74094346341759

-4.13202579579913

-3.00232755845561

-1.74453298227773

-0.08941041279612

2.74847981376521

4.27019854688460

3.38166006460116

0.93101026763263

0.55280370955419

-0.81708669228529

1.53735468003262

1.17986585735721

-0.22817334197827

-1.19939716554564

1.94329193695322

1.04512526721601

0.31251859415407

1.23984795452415

0.14792990928375

1.17234511935401

1.39532650893967

0.84156682094431

-1.57442221061702

2.59299062682200

-2.26323073067765

3.03340896636139

2.25415411687914

0.31118946136265

-2.01730581067802

-2.42072413306100

191

0.12147011581062

0.12037643148110

0.10439935476168

0.08463143720960

0.08466712197813

0.10240021574369

0.06355702164648

0.04977991610497

0.06311694638152

0.02573291264368

0.01657567127095

0.03070399117535

0.05361555526846

0.13685085207326

0.13438346185956

0.10610558648680

0.10195775435560

0.05720291563646

0.01341684987101

-0.00298789665677

0.02279140581855

0.06425237907932



Table A3.15. DFT optimized coordinates for Fluorene

-3.69161962788095

-3.32842873256755

-2.71756653455756

-1.37816310585173

-1.01135464161037

-1.98699006009763

-0.15120563317025

0.96732909795201

0.44592179876961

2.33990180985401

3.19200754038501

2.67531439887213

1.29993879908622

-4.74903387585012

-4.10465844753989

-3.00901765473610

-1.70869875704625

-0.09619074892713

-0.12879620824163

2.75131759841001

4.27437898628946

3.35705870086266

0.90157629759605

0.54539385712426

-0.80188701128736

1.54172461157261

1.17524624744009

-0.18302839071980

-1.17664542891962

2.03411594872440

1.03673809480856

-0.26904613544184

1.24351636083744

0.13946045213834

-1.15596964425696

-1.37073476804763

0.82210525831148

-1.56888678584891

2.59405430670709

-2.23231792955351

2.74705331884325

2.64801733686812

2.25443727198421

0.29024021738548

-2.00914798837181

-2.38644720029790

192

0.07181406727847

0.13644463467633

0.00126670541536

0.00570118082667

0.06062249449115

0.13189585565638

-0.07612212846252

-0.04102550927267

0.03885614330801

-0.07540805033428

-0.03203340373350

0.04549236809191

0.08195935326060

0.07780533341560

0.19355928040088

-0.04901697027753

0.18592312290393

0.76545142659482

-0.99350995807613

-0.13794378852413

-0.05977668661542

0.07917590983958

0.14527898078983



Table A3.16. DFT optimized coordinates for Fluorene radical

-3.68914509603750

-3.34572083253541

-2.70434452549900

-1.35853946938468

-1.01330919320041

-2.00498740560350

-0.15587373057333

0.94783438226212

0.44233620449990

2.32949602688200

3.19240862154666

2.69237569265859

1.31387018218431

-4.74271967502467

-4.13478341457361

-2.97612660643114

-1.75344448145760

-0.09069968163446

2.72296766691137

4.27278494837846

3.38688942503339

0.93973496159849

0.55832923747790

-0.79770946594037

1.54176189969929

1.15315846667058

-0.23418048392273

-1.20163985180650

1.91796087730228

1.01660901602200

-0.32016274355910

1.24511559382130

0.15298886756672

-1.15329199584642

-1.39743161529416

0.84802693255894

-1.55331411693961

2.60027997451758

-2.26568364230117

3.00735319612263

2.26462674436385

0.31719172022188

-1.99656115415777

-2.42442345657711

193

0.12184793540815

0.12084578809636

0.10415896808730

0.08462598703896

0.08425887880215

0.10224399403423

0.06284251907340

0.04900864307615

0.06235710882791

0.02589572729063

0.01695063101796

0.03057947950597

0.05323910823830

0.13741946716079

0.13527136486845

0.10556511809681

0.10206620388666

0.05701456653343

0.01421161236146

-0.00186350228734

0.02291109900883

0.06355030187343



9-(4-X-phenyhfluorenes

Table A3.17. DFT optimized coordinates for 9-phenylfluorene cation

-3.62576274982458

-3.41987907352318

-2.56952399886924

-1.29406883264323

-1.08060704637539

-2.15554849358480

0.01486051551389

0.98769334098377

0.30777848645442

2.35407689897678

3.04019037027364

2.37475160539162

1.01151417427105

-4.63880202295233

-4.27734851960022

-2.75353017892130

-1.98707751344814

2.89160997192142

4.12331075072070

2.95413898072681

0.48777718231746

0.57278890915057

-0.70310787715122

1.45797034441403

1.05223615129141

-0.23269980018657

-1.11676410486128

1.77760450217008

0.79908822964873

-0.38489834933430

0.91081140636487

0.16087415546260

1.33512812278333

1.45998924930754

0.86947216569776

-1.35888828829059

2.43692822495588

-2.09596308846722

1.80682115752291

-0.09356508930746

-2.14449798646447

-2.35947052277708

194

0.83611478389640

0.26405686188317

1.06171578830276

0.72354313347346

0.13333976069790

-0.09201030702626

0.89065183847783

0.29096857118713

-0.13508223584546

0.12724647942512

-0.44890934900537

-0.86798210322954

-0.71693190631227

1.11878752809289

0.10234386328788

1.50698863345311

-0.54275786481488

0.44314340618863

-0.57819582579969

-1.31653256916024

-1.04543106943589



Table A3.17 Continued

C

C

0.02850882824017

0.16733366063041

-0.12238906153767

-0.12921410088020

0.00579600241145

0.15347951241647

0.28834256195732

0.26214394605075

-0.00398652480604

-0.23751370353184

-0.24668997615005

0.23083500739007

3.14449012430001

4.29273124265180

3.27859975478831

4.53724285894430

5.67727362885781

5.55226854394957

4.19679322654044

6.44370684914646

6.66687042901460

2.39044492124499

4.63073137127028

1.88794259246884

195

0.25427997628288

1.03787440819800

-1.13396520893511

-1.72266656399915

0.93340128337088

0.44804225061738

2.12002915177426

1.06964831935183

-1.39624566111714

-1.76016054520489

-2.80481860439137

1.96745634305751



Table A3.18. DFT optimized coordinates for 9-phenylfluorene anion

-3.72847352685461

-3.38259370739212

-2.76371313292543

-1.39734432901230

-1.05593675626445

-2.04590211882684

-0.19731359982567

0.89198780100026

0.37263072606037

2.29077501166628

3.11778801083437

2.59796045436904

1.22578824004460

-4.78067065425628

-4.16221457068164

-3.07469695241113

-1.76716021907449

2.73512064379250

4.19781674015678

3.27069644187119

0.81179573199396

-0.10369520285061

0.97988772882366

0.30753836436468

-1.05701018410241

1.29752439898025

0.95242647775261

-0.44625350701496

-1.42704931686114

1.73131336179241

0.79966421602327

-0.54192657387475

0.95409448521155

-0.15852082258141

-1.46336850831943

-1.64884016866208

0.59570731321883

-1.81869964256223

2.34439233732731

-2.48564799484002

1.94651666153285

-0.01648574501135

-2.32435088020911

-2.66091303827964

3.17603507155773

3.89634860135913

196

0.28748381828695

0.29595049371234

0.18047891542798

0.06857187396751

0.10989680868449

0.21568481137320

-0.01803924556959

-0.02971847102115

0.03905705242033

-0.16087226236579

-0.19254841222131

-0.10143788089978

0.00691438154865

0.37514811146977

0.37832173580051

0.19839259090745

0.24256851643180

-0.25798015311964

-0.29971255972707

-0.12753440316777

0.05968061295210

-0.10579003189637

0.45201202207586



Table A3.18 Continued

C -1.08625776215938

C -0.99092140820482

C 0.09477338387161

C 1.07747214545711

H 1.74851776998678

H 1.93250602713798

H 0.17539384729831

H -1.92676690098537

H -1.77232986263963

3.95300580211962

5.33601896636489

6.01768999722028

5.27887867007083

3.35325908995219

5.79081891582599

7.10439451690190

3.44782682438281

5.89058231035939

197

-0.76554488216998

-0.86188767332209

-0.31049681502501

0.34881909261852

1.00354512586087

0.80075202551092

-0.39629105633112

-1.24349283877069

-1.39047130344188



Table A3.19. DFT optimized coordinates for 9-phenylfluorene

-3.72010261250300

-3.44811771287718

-2.68661235977837

-1.38197045633289

-1.10822428908535

-2.14136219448210

-0.10220510310758

0.93685455169015

0.33106873063126

2.30897108158422

3.07908631451496

2.48093138332326

1.10330008465005

-4.75102494025776

-4.26912151629996

-2.90484753460008

-1.93329827745486

2.78182983355075

4.16015379152146

3.09925014749449

0.63982665215397

-0.04962871728787

0.54894024749605

0.47002896611289

-0.80606111556687

1.37995009686257

0.99889493105211

-0.28205837088957

-1.19227586665078

1.77353284628455

0.81141999116773

-0.39688348103861

0.98143806104864

-0.06875881745227

-1.27333665143619

-1.44724145644762

0.75867715510928

-1.50633708378145

2.37552543544129

-2.18902094336273

1.92181983892296

0.05500874960033

-2.08565722067866

-2.38941740607952

3.15632608868611

4.20548615806859

198

0.68582174644489

0.18790152706421

0.91170041417098

0.63014508667925

0.11795934181142

-0.10030461904472

0.82337812849065

0.29031310964382

-0.09730514895126

0.17436217525175

-0.32723080708039

-0.70392601430749

-0.59282270685317

0.90587104591140

0.01651761736258

1.30511364768762

-0.49645706830147

0.46835581738463

-0.42966122131116

-1.09343321278468

-0.89556165544418

0.22062982088628

0.92295172595163



Table A3.19 Continued

C

C

-0.55821961570241

-0.46990432871195

0.13262051441708

0.64298750187971

0.94643226469951

1.11413365879290

0.20157504581990

-1.03362035733868

-0.87712706036039

0.06962527196071

3.41272365701752 -1.05704368681346

4.68433580438980 -1.61419451768239

5.72241403582831 -0.90574385533500

5.47872113391822  0.36563063633208

4.02124655146002  1.92450790258644

6.28536274576834  0.93228507001864

6.72057876052195 -1.34523174177916

2.60690978678044 -1.62147983453953

4.86805245981028 -2.61131736527648

1.88556515953234  1.90940864182625

199



Table A3.20. DFT optimized coordinates for 9-phenylfluorene radical

-3.72970173110792

-3.38366985948134

-2.75470257502009

-1.41082333398693

-1.06620213878986

-2.04582710452771

-0.19982083893820

0.90123044150035

0.38193656728964

2.28146768292249

3.12023745666194

2.60269850425530

1.22677638724937

-4.77829473987006

-4.16446106713663

-3.04563045554544

-1.77978564508195

2.70537178583694

4.19691093654415

3.27782109160452

0.82622572714896

-0.10613784223092

0.92842049343018

0.33187624259774

-1.02253830711240

1.31877998596005

0.94262291548358

-0.43988463491680

-1.41435446605930

1.72155605489775

0.78767472521353

-0.53716989699654

0.97621207423800

-0.13426453291458

-1.42913575939427

-1.63639248350796

0.62226769104189

-1.78093959664567

2.37033240212734

-2.47439497358805

1.97596480168240

0.01037747665993

-2.28709446610161

-2.65173382016939

3.16648242317478

3.87224820545187

200

0.33343536416580

0.33504958320181

0.21883335334331

0.08832228102973

0.11925188275789

0.23628140609442

-0.01807196627735

-0.04867069884905

0.02661910020927

-0.20051155555404

-0.23890493109715

-0.14317844594712

-0.01720952874025

0.43366111075288

0.42835483680548

0.24425648075818

0.25915233633096

-0.30472180813034

-0.35754526189972

-0.18060185378920

0.03766784019320

-0.10440210896152

0.54327475652606



Table A3.20 Continued

C -1.04067250823656

C -0.93648869606242

C 0.09662368046881

C 1.02392040107250

H 1.64622397892681

H 1.82959626747552

H 0.18081884519445

H -1.83410882732272

H -1.66503288424321

3.91255675735365

5.29360078580489

5.97217609347082

5.25426996818772

3.32756945266720

5.77871667144105

7.05839754988186

3.39288399170339

5.84630666836716

201

-0.85152228181717

-0.95462826409437

-0.30944413656650

0.44442364238282

1.15816518948445

0.96408281964215

-0.39654970556204

-1.39036833783391

-1.55304109855868



Table A3.21. DFT optimized coordinates for 9-(4-trifluoromethylphenyl)fluorene cation

-3.64553201038063

-3.51905524354172

-2.52972642408936

-1.27836668910208

-1.14262114326413

-2.27667238760722

0.07414577299804

0.99376269216080

0.23935528714006

2.37086546562775

2.99514545163523

2.25718548440787

0.88146522685807

-4.64370783584964

-4.41880102607256

-2.65567328177916

-2.16718600238749

2.96650645622986

4.08658578349104

2.79180263404992

0.30161516381106

0.26915112879512

0.69078128164238

0.42663398906357

-0.78040746623993

1.17515629691858

0.69932199434832

-0.52324303499318

-1.26560358890636

1.28237803060524

0.28093658880290

-0.77848053126623

0.27466270846004

-0.79435041024054

-1.84614754011931

-1.85070578460560

0.78258716974151

-1.32649929445123

2.10772094937973

-2.19580078953729

1.07514780721020

-0.82101233557708

-2.65626720212982

-2.65605679014298

2.69389811416393

3.70535384501496

202

0.69367968526194

-0.03020393867879

1.08308963099773

0.75415673046184

0.02380110644793

-0.37087914220950

1.05945152211384

0.41269268235136

-0.18365534243314

0.34438017725183

-0.30775148108687

-0.89656372579798

-0.84218583521118

0.96051066456678

-0.31864894649027

1.63535869970259

-0.93037778356816

0.78747443636954

-0.36302694526407

-1.39638730602302

-1.29662274634447

0.56343703826432

1.42206568031970



Table A3.21 Continued

C 0.05113443659063

C

0.25668027101891

0.68796161037613

0.89868329392027

0.87205203522196

1.23762918111506

-0.28099928444461

0.08105575593444

0.97531698789971

-0.26819679298429

1.30842495430212

1.48730877482993

2.20609212991272

0.23643807389382

-0.56967371360394

-0.06992475999383

-1.32885915388421

2.42404967806337

0.31912930611260

3.23328097822200

2.58178902915399

1.93845142356997

3.01810723203429

4.30869177423540

5.33119638454360

4.99968587843449

3.48681743805607

5.73544823132212

2.25572235603702

4.50058770338497

6.73225271690602

7.27721323012006

7.76019699685945

8.98688326160111

6.63127101421148

1.27048205149995

6.52264792885609

8.50675407539623

7.29387835444220

7.42663662707747

7.80513926154140

6.08377201656501

7.81877526746278

5.86814747391333

-0.77779399163820

-1.24260861914741

-0.38461547603925

0.95956797973751

2.47683965755739

1.68319001760365

-1.48586750226404

-2.29738346997768

-0.94689964708709

-1.72319698512169

0.18135827345233

-0.28133843091278

-1.89842904949967

2.15115039579790

-2.77392609787382

-2.17600653153507

-0.92723227298003

0.82299105684652

1.06646984319635

-1.26179550842032

-2.35091509049828

-2.95072341219829

203



Table A3.22. DFT optimized coordinates for 9-(4-trifluoromethylphenyl)fluorene anion

-3.69123863505679

-3.52313957246137

-2.60847837877557

-1.30061637426076

-1.14127826497298

-2.24545314282877

-0.00579369981890

0.95683999669569

0.26501663478263

2.36378727488611

3.03525920004235

2.34556758222686

0.95998826793657

-4.69563983282785

-4.39250162255201

-2.78539741087784

-2.10175714288628

2.94037336867556

4.12546670900415

2.89801624938640

0.41309225505820

0.25669863741987

1.45286630762624

0.31806713917523

-1.07358885523838

1.16633493137605

0.64146901333138

-0.77872075268800

-1.61648009493893

1.25305200133801

0.18602536634998

-1.06433037974858

0.14420148729174

-1.06888395319713

-2.28204032808366

-2.27512023169923

0.74621166419404

-1.72072857211614

2.24222147091898

-2.69635197631310

1.05711004687119

-1.07986184856513

-3.22417024285812

-3.21539593307722

2.65400366539098

3.28943384704966

204

0.29950030568457

0.40254383162305

0.11858670027011

0.02408845238037

0.17013461182320

0.34777033232115

-0.11660415185935

-0.04006701439831

0.11699637576684

-0.15284547098772

-0.09304229968011

0.07340339738493

0.17246528304235

0.37137668244971

0.54247927742871

0.06759360491747

0.45588535876995

-0.30768458795455

-0.18650873367550

0.11850141212524

0.29034634568467

-0.31799692114903

0.09533224722086



Table A3.22 Continued

C

C

-0.66852260489495

-0.45167302354906

0.71534401838629

1.67185525180259

2.22248328886128

2.61457583667993

-1.58128835718806

-1.22434024434082

0.98039344811040

-0.19555781237226

1.17216868314476

1.52265779979580

2.25557757629442

-0.31104273338231

-0.02037671071339

-1.35623765064262

2.11080646071268

0.04116967022277

3.36016193542426

2.39917618044657

2.20797058078021

3.51253917086582

4.86962693740716

5.49376687412535

4.64671488147200

2.70824770265627

5.04824969077033

3.09283470626879

5.42969481067938

6.99582105070858

7.74768485691529

7.62653172595056

8.91070754961703

7.23302482808075

7.36574942557013

9.06576010705072

7.52087023230715

7.01128857846712

7.54547442130056

6.90001274716129

8.50416174729934

6.50055049056274

-0.96065994973490

-1.12257481808588

-0.65234479920821

-0.06389674604645

0.60166245417180

0.30179348851954

-1.38235273180467

-1.64359121501692

-0.77533693048493

-1.46735399182582

0.63941023243894

0.57511260993491

-1.64309704384672

-2.73667336551905

-1.46891203584709

-0.86315448249402

1.34543440397859

1.33167839127650

-0.97896319572160

-2.01318518280883

-2.74678013106380

205



Table A3.23. DFT optimized coordinates for 9-(4-trifluoromethylphenyl)fluorene

-3.69417546563598

-3.56787583241774

-2.56787597853246

-1.31825916927873

-1.19007889229239

-2.31633973607801

0.03679432800100

0.96192982675288

0.22459760862194

2.34328859476006

2.98920505757285

2.26010788113158

0.87285538415286

-4.68245078413355

-4.45919900467204

-2.67293022480426

-2.22172780821517

2.92068065831733

4.07652650339539

2.78357235632784

0.30681091547842

0.22022317951504

1.05590709408553

0.34333824438884

-0.86797188632677

1.11185720789816

0.65406142398685

-0.56636955512682

-1.33302191500049

1.27519353139528

0.28127736763377

-0.79720612146224

0.31727579250964

-0.73653708501034

-1.81124696090011

-1.85035375500278

0.69288427775668

-1.45741140298557

2.05934484066452

-2.28280089577818

1.15486267630532

-0.71911897421149

-2.62818416066012

-2.69313927483449

2.69446435630796

3.57237396488240

206

0.85286056017557

0.16945721463876

1.15040424304699

0.75582207236221

0.06890269363993

-0.22666507180732

0.98354087996063

0.31150394476124

-0.20821294102697

0.18643234168180

-0.46219984205601

-0.97572461166535

-0.85352172170683

1.16122012822227

-0.05808791293274

1.68391154063707

-0.75773107875326

0.58579281591108

-0.57132238783451

-1.47870621839615

-1.25778924278288

0.50362168024345

1.19461978205791



Table A3.23 Continued

C

C

-0.38784230476905

-0.15744363110577

0.70022778626544

1.29680424255764

1.53645931622054

1.96332084205837

-1.06186949105694

-0.66631006532285

1.02865390545155

0.09318846331990

0.84554401189462

0.81320655770037

2.49996044163720

0.25181157531611

0.16342455582973

0.39578707961235

-1.16712337576898

1.84116071613577

-0.28876864976097

3.35253178133390

2.87566104639374

2.62887870400497

3.16846011921984

4.45737243408876

5.33180450242434

4.85879845825612

3.24946025054619

5.49275104311708

2.52103258754641

4.75164576434632

6.74775270232881

7.20021723993086

7.77798638916623

9.03349772337829

6.77359251007133

1.26343082817488

6.38631957447226

8.41028297170621

7.22387656538365

7.70278529869381

7.54146604701510

6.34748356454997

7.99756935451519

5.97837237463833

-0.65896132901925

-1.12533506134917

-0.44657376253410

0.72976909300255

2.12087936429728

1.31010057874125

-1.22396602458738

-2.03897894862582

-0.94691449337858

-2.11198887302190

0.21869008997237

-0.20621337566477

-1.45974992129978

2.06751014152508

-3.15992280711770

-2.56184575330755

-1.69234153445506

1.09858390736815

0.86293726740410

-0.53689640034159

-1.81661861393510

-2.51366241204995

207



Table A3.24. DFT optimized coordinates for 9-(4-trifluoromethylphenyl)fluorene radical

-3.70082764887656

-3.52442539502726

-2.61464046702611

-1.33220914954675

-1.15945947862802

-2.24849986903602

-0.03611529445230

0.94197835121394

0.26384860961272

2.33313442787604

3.02832313877666

2.35576549396928

0.96615145644434

-4.7022364 7546936

-4.38954156138977

-2.77158853014551

-2.11514669479859

2.87514847006938

4.11301536158090

2.92007516562427

0.44585398896166

0.22981019923373

1.35061963012069

0.35414779248438

-1.02721371092332

1.19777179990896

0.64510110275119

-0.76153725881928

-1.59169730414586

1.25410918381170

0.19225941119319

-1.04666363531660

0.19728325389180

-1.00813184786559

-2.21686160123319

-2.24176084435497

0.78135892637095

-1.67070323199463

2.27592573227758

-2.67038600965101

1.12607272765725

-1.00845306014207

-3.15183448003933

-3.19191124437397

2.66370124088608

3.29052358865979

208

0.38789933533877

0.50276011676158

0.17154346041823

0.05364641813371

0.19897625760765

0.41685943849788

-0.13118847798427

-0.08875854368704

0.09802061860910

-0.25551265358072

-0.20713587360086

-0.01016511643115

0.13790126032547

0.47929250739685

0.67751494322775

0.10777826969175

0.53284226712469

-0.43772943476477

-0.33792835114971

0.01990224895247

0.27937139707048

-0.32903371698246

0.24379304849545



Table A3.24 Continued

C

C

-0.62203416511088

-0.37610087987917

0.73251549980172

1.58992562483254

2.03047742451557

2.45947926582076

-1.48541582288358

-1.08106482235315

1.01089748613481

-0.12251642470926

1.08205306861716

1.05643699935198

2.35584499971673

-0.29434249892741

0.13257634093721

-1.27327901245818

2.19935250685767

0.05482597698255

3.36151972687767

2.68561687699352

2.26117809979442

3.47594735833145

4.82879701643312

5.45156441238624

4.64372013492459

2.71703076543357

5.06815723076441

3.03598557762784

5.38089431108742

6.95626955770093

7.70631762786208

7.56711664434736

8.89296401919899

7.20719695529384

7.23227366162715

9.00054153395077

7.57876933163656

7.20794098128207

7.14399189987635

6.54228798075555

8.49462658697080

6.80827588147592

-1.09793174895840

-1.27676735228913

-0.68733283375187

0.07501636071790

0.87411444864778

0.57003528710263

-1.59796525313358

-1.89243783294145

-0.79978870294043

-1.56389007751127

0.63867666623771

0.63211479426092

-1.54701758050049

-2.79288060017447

-1.68812455460530

-0.90966416511705

1.26438337161025

1.36115806883271

-0.99262333606575

-1.54298715458228

-2.80826722430926

209



Table A3.25. DFT optimized coordinates for 9-(4-bromo)fluorene cation

-3.64660337044 764

-3.45927505461091

-2.57508987987890

-1.30515146081170

-1.11114656529863

-2.19962508445169

0.01865733700779

0.96851641041821

0.27450057886481

2.32774912473375

2.99814817824300

2.32212415952295

0.96279998159890

-4.65516896342479

-4.32694844421345

-2.74316452199027

-2.04909115408106

2.87264320821311

4.07613686400851

2.88789341269832

0.43156015551547

0.05511986203696

0.25737642501330

0.59513698231110

-0.75703107500074

1.48539155466056

1.00814907341392

-0.35281106453129

-1.24266265639176

1.72379387037292

0.66960578355088

-0.55973023586028

0.75301036741575

-0.39896640563543

-1.62261820843067

-1.71629397891496

0.94971541202107

-1.41647154051703

2.52466980709810

-2.28240720222418

1.68686320391184

-0.35702310994218

-2.49671402401029

-2.65483274861978

3.03188807633223

4.22822163360192

0.80628751625585

0.44609437599994

0.89786681788219

0.63853233045245

0.25202281228493

0.16735528795913

0.71532771222902

0.21230333022733

-0.00711743845085

-0.01901772385238

-0.43509684386626

-0.63189246438413

-0.42355876929041

1.03214572929127

0.38392167004033

1.18566607872766

-0.12811013754626

0.13171891079188

-0.60860844089264

-0.95987370728280

-0.59085014862549

-0.02303262573627

0.67181653269200

210



Table A3.25 Continued
C -0.13752407698948

C -0.13060207161901

C 0.06606994203324

C 0.26274297304469

H 0.41526716105193

H 0.42053278909374

H -0.30036345762307

H -0.28516359676752

H 0.24763569971551

Br 0.06494343939395

3.07919364859043 -1.41222306994381

4.28834320752851 -2.09051188589103

5.46993738964372  -1.37353341691353

5.44644706905677  0.00856508778088

4.20703033637630  1.75269929890577

6.37501760283064  0.55853144494953

2.15795261934152 -1.97675098984864

4.31835835400106 -3.17017493886128

1.91640062938799  1.77816740679544

7.11263562863137 -2.26853974187980

211



Table A3.26. DFT optimized coordinates for 9-(4-bromo)fluorene deprot

-3.72778099368403

-3.38299995752135

-2.76190202766062

-1.39635594979108

-1.05649081591712

-2.04637968626355

-0.19296180234270

0.89631193790494

0.37310623832180

2.29556307109142

3.11923456485542

2.59497499384487

1.22167018826187

-4.77955093926474

-4.16329868563299

-3.07400179407816

-1.76716834669385

2.74551146007458

4.20007945396019

3.26497334767745

0.80289964945094

-0.10003844979595

0.99419167246643

0.28785823216786

-1.07602745242179

1.27711483220979

0.93041002985991

-0.46689799456199

-1.44734189501135

1.70800892853560

0.77332388184879

-0.56526848082978

0.92310794851353

-0.19276696323256

-1.49477312031006

-1.67555432450644

0.57773466377195

-1.83684435509285

2.32343191442019

-2.50549615899250

1.91246028752929

-0.05412459180826

-2.35800496331845

-2.68541892415027

3.14835966295710

3.87221529038515

212

0.27679243269124

0.28939273316810

0.16843516129760

0.05901200378578

0.10643926974304

0.21318511913803

-0.02571404503136

-0.02809144357394

0.04258273582114

-0.15308777032953

-0.17675829921634

-0.08380192292323

0.01831872736038

0.36256311197755

0.37270381858244

0.18562552911035

0.24496747640110

-0.25336721608379

-0.27898770298720

-0.10348864069011

0.07235829438331

-0.11374412080973

0.42025754633536



Table A3.26 Continued

C

C

-1.09749296908927

-1.01868114687230

0.07973730769266

1.08950081294909

1.78020427729142

1.94669037390096

0.19956741136129

-1.94656054012500

-1.80763265637261

3.92940181889553

5.31224591934519

5.97808490841587

5.25457413426827

3.33581555402193

5.77141340324748

7.86476289213919

3.43119347111277

5.87197145059092

213

-0.74769502484643

-0.83857937081578

-0.29842476856138

0.33243521768469

0.95231490682345

0.76911435404161

-0.42153005598151

-1.21630752731107

-1.34546052918377



Table A3.27. DFT optimized coordinates for 9-(4-bromo)fluorene

-3.71313039718761

-3.48637209218427

-2.64940251925237

-1.36111591009693

-1.13220996321635

-2.19549052267668

-0.05476422725371

0.94378208287674

0.29849613048465

2.31574167902223

3.04706027828670

2.41126619224741

1.03304661531908

-4.73187762110294

-4.33095508398620

-2.83213507007922

-2.02331785787329

2.82025998034499

4.12739000434809

2.99998557316903

0.53914357144491

0.00492132980085

0.53292198842262

0.51915373251246

-0.81632406757008

1.41626947227821

0.96159843505611

-0.37973786794685

-1.27660111786169

1.71308093452562

0.66934577930056

-0.56216644493370

0.78556615171308

-0.34302814162782

-1.57105117176230

-1.69052564632328

0.86601702368528

-1.50525500554016

2.45900882482859

-2.32033876115907

1.74250328087909

-0.26366710067429

-2.44492618339725

-2.65173783517644

3.03412554539591

4.16040911495484

214

0.72478744559582

0.38612427055473

0.82868183711891

0.58406484332072

0.22924841440235

0.13657043212227

0.66822265702176

0.21849667882293

0.00552266125226

0.04768502948957

-0.32530619746467

-0.51939866855699

-0.35746242898716

0.91481780885493

0.30956613093750

1.09935120317025

-0.13757740466099

0.20403726531074

-0.46956232338094

-0.80828016325163

-0.51924702660379

-0.05472688332967

0.57879278574604



Table A3.27 Continued
C -0.45329236569698

C -0.40128463797677

C 0.12111617265263

C 0.59794963724449

H 0.89957186523649

H 1.00964788708717

H -0.87132820918093

H -0.77348956659474

H 0.14604355379765

Br 0.16732150257324

3.16782886456716 -1.36953889590296

4.39027973226000 -2.02837431322877

5.50001107549109 -1.36692365156947

5.39253063074376 -0.06573723013468

4.08019860371044  1.60496403399318

6.26272382785613  0.44756257171887

2.30315583738407 -1.89047480228609

4.48186300327162 -3.04974372849232

1.91937609090935  1.73523975617230

7.17051338264957 -2.24125210775501

215



Table A3.28.

-3.72926201597618

-3.38478060272653

-2.715298257388575

-1.40944998137081

-1.06642937595192

-2.04720838247052

-0.19618922699436

0.90432396466851

0.38174790081249

2.28552085014315

3.12170995516835

2.60076126861577

1.22387794267316

-4.77743924573509

-4.16644017647498

-3.04419293812871

-1.78207880396160

2.71372358960101

4.19910959224445

3.27375799011716

0.82031123358656

-0.10294733675186

0.93940291562527

0.31270617042199

-1.04184823427332

1.29830435035226

0.92028309662710

-0.46211575812646

-1.43536877550372

1.69684450694851

0.76139029433006

-0.56183760318095

0.94611221990777

-0.16663172505154

-1.45978049968380

-1.66334778695763

0.60503130969670

-1.79927099157843

2.34973549124016

-2.49548606170868

1.94370525867361

-0.02452131807220

-2.31960380237735

-2.67736849029143

3.13946270612530

3.84881670037682

216

DFT optimized coordinates for 9-(4-bromo)fluorene radical

0.32551563197579

0.33011832629779

0.21039083259984

0.08168447326481

0.11704958654367

0.23469792240503

-0.02377217144493

-0.04713800299547

0.02950296865111

-0.19438950978613

-0.22628292014269

-0.12900263206280

-0.00806876793310

0.42404508607580

0.42382620288350

0.23536811649936

0.26129208405783

-0.30124607397605

-0.34102592738329

-0.16103819028074

0.04804204201827

-0.11089091607653

0.51982138572428



Table A3.28 Continued

C -1.04928289458517

C -0.96139790636595

C 0.08262350714286

C 1.03343405877612

H 1.67248964992007

H 1.84218829991993

0.20914032050939

H -1.85024394172433

H -1.69887763642050

3.88942008807650

5.27010056265286

5.93814272575320

5.23016847324151

3.31029318144891

5.75738081378314

7.81203682279512

3.37605367154520

5.82616260280880

217

-0.83871454646089

-0.93754608045299

-0.29946298189148

0.43399076479752

1.12143912728797

0.94254825587051

-0.42891238290549

-1.37175108399824

-1.51863061916226



4-X, 2,6-di-tert-butylphenols

Table A3.29. DFT optimized coordinates for 4-H-2,6-di-tert-butylphenol cation

-0.08435038519905

-0.09297153687108

0.59320695484184

-0.77157026692757

-0.72304290565694

0.00438706575736

0.63881113480191

1.19732508796797

-1.53441742132953

0.08066337700741

-1.32278330206045

0.88290046294349

0.40514955485798

0.94525622844001

1.91103257847081

0.79743344035474

0.28464370102501

1.81444016430990

0.87426476994529

-1.89723339953768

-1.94973502414605

-1.21205442680712

2.24394657474436

3.30963410746594

4.17151292523634

3.78848784542097

5.22930100214466

6.13693809810139

5.56069241560514

6.17366277730440

2.87617990885660

7.63241911096079

8.26978846232720

8.35618386596552

8.27909559314706

9.42284122672263

7.97597162935384

7.85869131050279

7.41552097198328

7.44318311804092

8.93866683293546

8.01062689331427

8.02212890179771

9.36290043552790

218

0.41032839910256

0.18946727905410

1.05412646930976

-0.91215960210141

-1.10326414521343

-0.23847871251263

0.83769794131705

1.54196572752366

-1.86201934288771

-0.53491512360747

-0.55562787282651

0.54472730817639

1.53241808541627

0.28967088257779

0.62134502484001

-1.87906864014837

-2.74534846144391

-1.85330644512471

-2.06824764017951

0.34511742000752

-1.42901074034174

-0.58778711775965



Table A3.29 Continued

@)

H

-1.38965912085735

-1.37773960115055

-1.42153666088524

-0.38093368317527

-1.98102920951356

-1.85137605695035

-3.02953865406000

-3.46119581308750

-3.56087443097755

-3.22155604453358

-0.95300910524461

0.10931262871315

-1.05236121107628

-1.49487056533721

1.11320167594766

5.68494768914658

6.66144538877755

1.41809229127410

1.06348220047928

0.79159537593565

1.24849264710601

3.24155733240960

3.15982309454341

2.53194342293473

4.25054699568672

2.98381341465388

2.69939379840747

3.98846644637511

2.28809766643610

3.75316822837465

219

-2.12510836731424

-2.16224170420594

-1.42499345172159

-1.42256893668080

-2.13219802509706

-0.42708322321454

-1.86911242939186

-0.86093483454978

-2.51867855972908

-2.25127459903298

-3.28282410245762

3.29617961214165

-3.71058960883275

-3.93910680618082

1.91936356737267



Table A3.30. DFT optimized coordinates for 4-H-2,6-di-tert-butylphenol anion

-0.09913410888146

-0.08038086941777

0.63055795485928

-0.76079442414337

-0.74003394827269

0.00438149505858

0.65818377168782

1.21276591083835

-1.53683334248927

0.06236012601259

-1.35567477761187

0.87679810587124

0.44885255881121

0.88821252845452

1.92274370698121

0.71018801736915

0.15577942515054

1.75570687497271

0.70947465358476

-1.81531939224730

-1.97802582310910

-1.33878529819633

-1.35120592112149

2.26544740112140

3.33884866962213

4.15717354234039

3.84174185434321

5.26835184932147

6.10758258059524

5.52889404518886

6.16358110236354

2.91047606430929

7.61976067591265

8.20364808989372

8.35779356280955

8.23798695619994

9.43592758138269

8.01696725073399

7.89444051802206

7.36533414005973

7.54718012148415

8.97411672184548

8.09825152046923

7.67479674090250

9.27747837565260

5.76612703326922

220

0.40430386360228

0.20117519609844

1.07705658208190

-0.90636954008520

-1.17499401151140

0.25249861794894

0.83371213895215

1.52787692568440

-1.84651304817915

0.49474463922532

-0.48198321880388

0.56580190441295

1.57355213921435

0.34005210357859

0.60091887825521

1.85817799706739

2.64323688369319

1.86945715884683

2.08273445800807

0.51405491643661

-1.21429615324130

-0.73521735307799

-2.18512128245826



Table A3.30 Continued

C

H

-1.45843150884295

-0.42455821171010

-2.03161850817736

-1.88340786311710

-3.01833550701742

-3.46928540206980

-3.58290109122784

-3.12145531629400

-0.97009378939471

0.07456797257331

-1.00346901380379

-1.55201383758931

1.15028485250979

1.44626543729211

1.06918297129113

0.82510201227310

1.28141936331385

3.30588410707029

3.17889196049529

2.67523816446138

4.35637521704342

3.01042531696703

2.66205047723890

4.05244700452667

2.38610632249923

3.73114524768453

221

-1.42157207303404

-1.41520614582759

-2.12699077716924

-0.41957118291565

-1.86444845348951

-0.86725032829449

-2.57054059702564

-2.16484639810938

-3.26836851664869

-3.29718375092086

-3.61111883216039

-3.96629266432069

1.93959943374626



Table A3.31. DFT optimized coordinates for 4-H-2,6-di-tert-butylphenol

-0.10998030954653

-0.08693153823992

0.61534611242130

-0.75952325706838

-0.69348233139626

0.00816155819760

0.65514177787710

1.20531638495916

-1.53529821674592

0.07027239470001

-1.33675847740222

0.87916504084341

0.43784864811961

0.89695101901747

1.92131765193021

0.77058492883395

0.28368366410858

1.80014817856958

0.81682780416493

-1.79525073744853

-2.04480781821644

-1.27400303246565

-1.34553190979799

2.26218770473163

3.33053852666858

4.16136820130524

3.82657981949961

5.22243482503603

6.09891465411604

5.52665493513537

6.16267384219104

2.89257925064623

7.61485697669546

8.23594688161690

8.33360302406285

8.20406996062499

9.41228977290720

7.98593487378345

7.91118858877722

1.47124277802483

7.52498430019433

8.99756553089854

8.10568141351245

7.81299218175007

9.31538583002890

5.68849002432857

222

0.41012930157079

0.19780994009582

1.06094463489901

-0.92121043654919

-1.14135507795901

0.28007038088788

0.81943160997630

1.51076323909021

-1.86248017395408

0.53244679283959

-0.50390775220236

0.54800209552463

1.54706424803655

0.33354368383405

0.58389560660212

1.87001140048231

2.75243897070616

1.85476670296202

2.03855924393771

0.48789783015503

-1.23149752347040

-0.71097919741047

-2.24027125341025



Table A3.31 Continued

H

C

-1.23453443139732

-1.46061509163286

-0.42857935495713

-2.03020609818372

-1.89635406925147

-3.02027724820209

-3.46794364849185

-3.56938474830556

-3.17501929099991

-0.94590628159760

0.10560318054683

-0.99366608916109

-1.50331859106364

1.12919422728234

6.64382800997037

1.43857645602468

1.05919948659580

0.80741118161788

1.29828798195562

3.27785446775936

3.19650498738357

2.59603709862159

4.30072968357684

2.94568390487507

2.62041940258315

3.95235525525187

2.26668121369992

3.74150697354874

223

-2.30292562127489

-1.39933005442679

-1.38022819370286

-2.09641516351805

-0.39914768273337

-1.89538412287281

-0.89319274076178

-2.56228079824948

-2.25810223439500

-3.27882087753758

3.27540945208573

-3.71076577097695

-3.94214726282671

1.92876269234892



Table A3.32 DFT optimized coordinates for.4-H-2,6-di-tert-butylphenol radical

-0.08991311100983

-0.08915904398485

0.61345987071789

-0.76809485553836

-0.72995825066605

0.01556288647656

0.65757966619547

1.21554460977783

-1.54654108156816

0.06629403320271

-1.35368161404866

0.87574296617139

0.43851594800555

0.88822808678189

1.92109889905605

0.73173205764040

0.16796650863184

1.75976502670839

0.78217867222728

-1.83580403207544

-1.98086483607929

-1.30577145085420

-1.32385436610770

2.25430429446614

3.32136515322090

4.17103244134184

3.80869820386580

5.26055544262550

6.13705802571822

5.55346305066894

6.16537001755652

2.89461207486471

7.63863496655348

8.22452389911014

8.36585531523859

8.24282565028127

9.44306217256652

8.02549901395957

7.90807632408651

7.44779156338274

7.51546598164990

8.99311556285208

8.08451797709890

7.75809634174070

9.30636403224627

5.74615354901966

224

0.40753031329837

0.18533498845360

1.04815185096097

-0.91406234914484

-1.16128229610635

0.24057273297229

0.83390664938219

1.54150366674985

-1.85436127598569

0.49467944575238

-0.48862698679418

0.57752978492911

1.58011892958971

0.35563299103728

0.61407160374270

1.85378608843652

2.67321780380053

1.87268282518575

2.03146676313162

0.49141155870123

-1.25647751346291

-0.68876593853814

-2.14657861540624



Table A3.32 Continued

C

H

-1.45816040087318

-0.42344700150172

-2.03246082744581

-1.88142982543340

-3.03066923135127

-3.46580283677528

-3.58954057410979

-3.17364506344044

-0.97987667244897

0.07575295360445

-1.05419845759009

-1.54254580805488

1.13509715575965

1.43281813423278

1.05994086484590

0.81263293970850

1.26895163359237

3.28984250956220

3.19300113409836

2.62106353952177

4.32086628280196

2.99503856100144

2.68435039415638

4.01613280020631

2.32650456129918

3.74485559085797

225

-1.42277924980362

-1.42469552790232

-2.12549128982239

-0.42064107069980

-1.85602450094 746

-0.84959678467207

-2.52750202333155

-2.20010035546154

-3.27869449418737

-3.30465220293848

-3.67052947856094

-3.94752421214571

1.90896948834572



O o o O

Table A3.33. DFT optimized coordinates for 4-tert-butyl, 2,6-di-tert-butylphenol cation (2,4,6-tri-tert-

-0.71143561718889

-0.54930621364223

0.05660735141480

-0.93675278165117

-0.68651262857378

-0.10316862193755

0.25485637573283

0.70846399226653

-1.58857920113653

0.09531297176699

-1.26185465117493

0.70602169925155

0.06176570890271

0.82823294374447

1.69899637622232

1.06502550992647

0.69886457911320

2.02172536651649

1.26613577272066

-1.92876577979015

-1.80737337417833

-1.10255958812854

butylphenol)

2.26492452218489

3.31395022676411

4.12869029992320

3.78418889530955

5.18693159279766

6.07131646137439

5.49866665908235

6.12476336437388

2.88180445116308

7.56180124293036

8.23451225914782

8.26439683488336

8.18934315338646

9.33168855778663

7.86690974610379

7.77237336620219

7.42740639454111

7.26351657398386

8.84718530483842

8.13887073992676

7.83504580643277

9.30539932086019

226

0.45354752574800

0.22082874194928

1.20972372223865

-1.00931584881347

-1.25831233897132

-0.27483006365438

0.92343697536399

1.68480025749252

-2.05325636286259

0.54853039389325

-0.82737385285320

0.66416901330690

1.55168241646542

0.43515661077267

0.91665305281014

1.72615876617015

-2.70540353952982

-1.54225270661603

1.83738810527438

0.04136484779250

-1.69544767890887

-1.02029904319838



Table A3.33 Continued

@)

H

O O

H

H

C

-1.01717615860384

-0.80293324343487

-1.76264799572776

-0.80209676081447

-2.23696033291050

-2.41051653996229

-2.98810002004643

-3.62182002825089

-3.46652536670961

-2.96309155761098

-0.70044537615781

0.28676404655861

-0.55444592172707

-1.17334264766004

0.46930006019144

1.06286396347212

0.34401051354689

1.97146950856620

1.34431187921151

1.52444598764740

2.41012054698774

1.13349577883599

1.84281881586244

5.62548763740460

6.56950089053322

1.46069757652346

0.98756312037623

0.84400203416958

1.42531085951594

3.41200902657340

3.47415784286004

2.71424152312741

4.39795128064606

2.79616552602113

2.37978675661868

3.76647019259982

2.12163555816384

3.51272056510081

4.52740445483579

5.31686520200998

4.99939716861062

4.01872367134751

2.42976978467338

2.86243073615813

1.62957544940480

1.97195815100217

227

-2.44402184111263

-2.55718464693364

-1.51743508501066

-1.26806735643920

-2.29325275253372

-0.62922517416005

-2.41117239582862

-1.51461544032932

-3.11344866674446

-2.88979278407684

-3.30580455502558

-3.05597421267435

-3.79355712325923

-4.03456707450351

2.52426157667443

3.49462606996028

3.75620434589908

3.09398279852848

4.42665370965171

2.22667508408060

1.73990684172685

1.58304703251866

3.17503470830972



-0.76135522148404

-1.20549726215797

-1.53564105157218

-0.45457580622652

2.85929292622134

2.07377101726691

3.60772074749759

2.39215452674072

228

3.17822436063642

2.55168894969317

3.39824891696560

4.12507025079255



O o o O

Table A3.34. DFT optimized coordinates for 4-tert-butyl, 2,6-di-tert-butylphenol anion (2,4,6-tri-tert-

-0.70714442975472

-0.54712042168269

0.05293921947526

-0.94944215867813

-0.75238753654418

-0.15331564070471

0.22776548546291

0.68914739278144

-1.58653492421084

0.06145771315982

-1.28663461342375

0.68062665390267

0.04562056182517

0.80823571408727

1.67257898309667

1.00226617473051

0.58519532958626

1.99363248063260

1.14025940081683

-1.94531788866734

-1.77947386590341

-1.15012874951424

butylphenol)

2.28492398400846

3.34387932538267

4.12398159648865

3.83828468265170

5.24081324314248

6.05549870781510

5.47693242294777

6.11934270392680

2.91190800695369

7.55354230989192

8.22439609674641

8.27441479025711

8.20960270625713

9.34220725681276

7.87578170362312

7.74674779844586

7.24614366938896

7.31621982271295

8.81740902943861

8.17983281790232

7.71011270544087

9.28669274694216

229

0.43972532124418

0.22956041477492

1.22611686689286

-1.00730495396858

-1.32194175486895

-0.28703102929806

0.92405287440038

1.67192117172409

-2.05082249825386

0.53712108667098

-0.83360901303214

0.66071346640476

1.55765623407404

0.42319955779280

0.92159983257533

1.73227963622915

-2.61511383185847

-1.51934002609288

-1.95854284248574

0.04840086775147

-1.66848395073766

-1.09925746581120



Table A3.34 Continued

@)

C

-1.09261986304993

-1.74021613055286

-0.77331516547722

-2.20100532564101

-2.38675448189080

-2.98791888921592

-3.65056819689350

-3.44052500214668

-2.92908018409924

-0.70537500324140

0.27542330390145

-0.54837261774896

-1.17395877623334

0.47727729024269

1.11318422747521

0.41529288423885

2.01246576805227

1.41427269906919

1.50298837735679

2.39442097769497

1.08894712591191

1.82879779433242

-0.74214137108035

5.73081154628908

1.47337926248625

1.01248749681619

0.85963961379540

1.40542553223950

3.41980373484055

3.39171466120785

2.78977748424603

4.45366745954624

2.87698803656539

2.43047545590996

3.89628040327343

2.27071416336803

3.49106028624077

4.50706508903546

5.31685174077555

4.96558243038326

4.01660127635869

2.37953300068291

2.78101555997572

1.58668205488003

1.91051590999449

2.88482823062566

230

-2.45716566533905

-1.55668539083725

-1.30513996336473

-2.34671466944295

-0.66825166172473

-2.41703877052755

-1.53753543618375

-3.20069023335671

-2.78079044333991

-3.30601309153457

-3.07696234128191

-3.68023999905802

-4.09939986163174

2.55322750292808

3.49808966542587

3.75636156280337

3.06018100886542

4.43645002135040

2.29494788035002

1.78937019309310

1.65452201568136

3.23841611295287

3.26101321539066



Table A3.34 Continued

H -1.23926591838690  2.13034419500443  2.63388225483481
H -1.48366329728302  3.66288610552353  3.49811080597869

H -0.44902510580803  2.39383114275813  4.20352676964107

231



Table A3.35 DFT optimized coordinates for.4-tert-butyl, 2,6-di-tert-butylphenol (2,4,6-tri-tert-butylphenol)

H

C

-0.70692121965858

-0.54199220185405

0.05575853078614

-0.93583636267237

-0.70983185432329

-0.13081088338868

0.24244820582600

0.70090248260385

-1.58173648768049

0.08537000939544

-1.25703292382000

0.69693427624139

0.05271688772785

0.82451845940399

1.68688794306392

1.06510106933404

0.72185044535870

2.02799847375488

1.25239698264043

-1.91209275360223

-1.82077331513250

-1.09312422372304

-1.08356303308022

2.27881927168771

3.33285194440281

4.12239717046329

3.82092248448991

5.19368295819200

6.04394434349777

5.46869863318358

6.11096255744533

2.89496784952298

7.54774942522140

8.24756480010542

8.24460427701347

8.16411323159149

9.31437075726624

7.84159680086577

7.77444234061355

7.39548649438719

7.28527829655539

8.85091055841128

8.17593567914341

7.83019581376055

9.31484980489569

5.65274149439961

232

0.43878865386756

0.22405238321156

1.20922026603893

-1.02003610643007

-1.27429310637496

-0.30918525494039

0.91101887386234

1.65663618682685

-2.06258922084827

0.56019864601188

-0.83354562380017

0.65765705003335

1.54487947239574

0.43726657111281

0.91366884907523

1.72349022573751

2.69764187350646

1.51597829837483

1.85524153359662

0.04731520279016

-1.68017813990790

-1.04904794660656

-2.50094788597167



Table A3.35 Continued

H

C

-0.84140267295303

-1.73716035017740

-0.77055731734688

-2.20339675479253

-2.38190854075384

-2.99001706211535

-3.63204663421935

-3.45337547009938

-2.97759247268550

-0.70238319026024

0.28436634260146

-0.55006336422033

-1.17062649008299

0.47266393150243

1.08929684878536

0.38286844160953

1.99432206026955

1.37928204712663

1.50900269861246

2.39977652934889

1.10573893747667

1.83206406586535

-0.75434057469837

6.58144689376755

1.46686349646991

1.00673839656686

0.84472581084304

1.41702227291110

3.39202401699504

3.41050882923476

2.71326031939705

4.39833639825317

2.81864180528363

2.39643038571779

3.80248241088323

2.16152135243122

3.49686586119797

4.52110933788741

5.32603628970814

4.98082963920776

4.03279158442073

2.39671992414081

2.80610766301856

1.59728789909985

1.93552401145035

2.88385003157200

233

-2.58991584041560

-1.53659502455330

-1.28576584208177

-2.31478940288086

-0.64671569822515

-2.42218100277033

-1.52860895373176

-3.15474619363558

-2.85690197294057

-3.31838520955284

-3.07343079441881

-3.77666308739194

-4.06793149259773

2.54182770894501

3.48968687210107

3.73928046453741

3.06551864136803

4.43153972804384

2.28156036491222

1.78175909649389

1.64292127236751

3.22818695720602

3.22863012787878



Table A3.35 Continued

H -1.23215640633592  2.11537928314595  2.60390915414770
H -1.50775472612555  3.65453642308678  3.45026545365183

H -0.46563838353284  2.40632267619343  4.17771502643571

234



Table A3.36. DFT optimized coordinates for 4-tert-butyl, 2,6-di-tert-butylphenol radical

-0.70816682838930

-0.55594822070986

0.04863079853498

-0.95519495702694

-0.74062189709065

-0.13675447236196

0.23544582319634

0.69601146404872

-1.59633843758705

0.07139408060840

-1.27836538969265

0.68547931832215

0.04421015058238

0.81349673101470

1.67706559967367

1.02471655644694

0.60924986825922

1.99895864399422

1.19991048371698

-1.95779074305757

-1.76416441833112

-1.12498308713397

-1.06378820673975

2.27415294373987

3.32706594713058

4.13562355555941

3.80294754495807

5.22753909935089

6.08010234761296

5.50016982955568

6.12510895884679

2.89221035015768

7.56808005121173

8.23837607909621

8.28059364333123

8.21582334653649

9.34684749532329

7.88260552601124

7.75555194624655

7.32154297210132

7.28400110871180

8.82881177386504

8.15700949024362

7.78349828208812

9.30901357321641

5.70398074952561

235

0.45587868878711

0.22539335779614

1.21310109414585

-1.00176072746494

-1.29757392615600

-0.26450320845848

0.93194551101719

1.69164776009113

-2.04537023122905

-0.52876995580473

-0.82922144410311

0.67691082634205

1.56856161862746

0.44052630736356

0.93745977416286

-1.71843549179041

-2.63498309512392

-1.51857478428074

-1.88973539761730

0.03316116266803

-1.70019518378951

-1.03688006551153

-2.40620915389805



Table A3.36 Continued

C

H

-1.75039608053026

-0.78325447745682

-2.21395020110117

-2.39732075520044

-3.00013088661125

-3.64530769884861

-3.46536831101786

-2.96508078123254

-0.71324837005367

0.27674033317111

-0.57507664679477

-1.17964260468003

0.47486070503299

1.09281908849011

0.38565439073221

1.99567787828082

1.38715475296464

1.51406961250264

2.39881403423660

1.10942943574907

1.84451469047836

-0.75099985422442

-1.22406071567897

1.45920508160531

0.99821930975208

0.84402894684558

1.39959482024644

3.40698899999169

3.42494701142576

2.73679977903714

4.41667341279895

2.84533824096899

2.42569202824601

3.84258936149963

2.19795956077486

3.50624381163636

4.51899751522548

5.31718613012320

4.98590481646295

4.01433403191001

2.41267953812654

2.83138570682932

1.61475076652331

1.94985679216672

2.87811031896806

2.10986521723529

236

-1.53538101550016

-1.28764874160066

-2.32038432710119

-0.64739942910142

-2.40154347503646

-1.51022563719965

-3.14040256017345

-2.82727344314486

-3.30150885483076

-3.06543563928176

-3.73437678381555

-4.06016384619010

2.53229501439026

3.49103114807682

3.75859827400926

3.07099544233488

4.42227943673538

2.24375464064710

1.74174148989137

1.60489094492516

3.18631534192659

3.21182499515894

2.58416725803014



Table A3.36 Continued
H -1.50761606300028 3.64165231571860  3.44478650269434

H -0.44924433548531  2.39696987146112  4.15425982838216

237



Table A3.37. DFT optimized coordinates for 4-methyl, 2,6-di-tert-butylphenol cation

-0.00188236847922

-0.00362285585882

0.71829540254031

-0.70392988848395

-0.65714575732624

0.08404299585083

0.74840865234454

1.31725859020728

-1.50262655004908

0.09804300836586

-1.32441429064278

0.98566070938630

0.61976488615331

0.98318444835484

2.02812432694819

0.66972934298979

0.08614309544033

1.68593998514686

0.72171852673251

-1.69753348948319

-2.07297219646205

-1.30270503643231

-1.34071432847353

2.24874543361563

3.31564404955010

4.15886876168312

3.79472409651800

5.22835180904405

6.12944036454501

5.55414722677586

6.17608198981186

2.87777387392241

7.63735328482555

8.20521839484760

8.35048929541963

8.22045029146372

9.42841373220967

8.00517461643296

7.95872442862517

7.58489505502398

7.55402261421950

9.04971754523471

8.03446468048864

7.78480522378730

9.29002560142947

5.68094226156126

238

0.32266012684586

0.10654645475906

0.97751435993367

-0.97666088318833

-1.17890425332244

0.32557059584388

0.72878481390197

1.41776526988195

-1.89715079780042

0.57410925512472

-0.41700611840915

0.44367465338407

1.47248510038322

0.22961217537395

0.39589185922450

1.96753800498470

2.82244039880303

2.07707071491533

2.08797822856683

0.60309097618496

-1.10512842605439

-0.59682615962436

-2.19617045585529



Table A3.37 Continued

H

C

-1.26144439414134

-1.35724550880725

-0.31347937578169

-1.93972072881284

-1.74238178231578

-2.99600590046513

-3.37194086481232

-3.56322108338030

-3.20816532459482

-0.99934248824176

0.06515868643435

-1.13533622372746

-1.56425500756884

1.45319329635763

2.52795895168448

1.11049699822111

1.39712354118221

6.64826231984694

1.41800108132768

1.07535487137035

0.78971746269017

1.23588076755756

3.23725980611207

3.13604755165938

2.54046170599282

4.25380694627497

2.99001508835289

2.72104365721494

3.99155758480675

2.28528627796847

3.60303441055036

3.53130841931757

2.59649458813869

4.26952282978317

239

-2.28581151521174

-1.47492360927719

-1.52012444144678

-2.16175225987488

-0.46108030500841

-1.82042061726734

-0.79176586735892

-2.45356861488354

-2.17176152772707

-3.34594362827755

3.41622632093632

-3.76992638674660

-3.97219574827821

2.12984449087181

1.87208413177419

2.39899985433964

3.00350086792860



Table A3.38. DFT optimized coordinates for 4-methyl, 2,6-di-tert-butylphenol anion

0.04521299685753

0.03947960650199

0.77977402631365

-0.69405371940184

-0.70963916063885

0.05422762863174

0.76025584663490

1.33052074625871

-1.49757599944199

0.06791600723382

-1.36293877068704

0.91885141421677

0.54383532218780

0.89813073944643

1.97151333338807

0.63298842113057

0.05333445304125

1.68715258835918

0.58562538361893

-1.75906501581121

-2.01032586122490

-1.39482118983682

-1.37073380143301

2.27382261672595

3.35179210711490

4.15542921592059

3.85635919987550

5.28472754505681

6.11655702619682

5.53032319095890

6.16679174488462

2.92187496217454

7.63517120829071

8.17659044153960

8.36781143625174

8.21788387374539

9.45063850625482

8.04718924195621

7.96092407062983

7.43011597824919

7.64846527444140

9.04481576169391

8.03527331245909

7.64337601059236

9.25574632962994

5.78526287786792

240

0.28023181224945

0.09743049371645

0.97022030603572

-0.97337017089415

-1.22656568820047

-0.31968728051899

0.73064780672204

1.41167028476290

-1.88686081791019

-0.52558911735892

-0.42057033113049

0.50917863884576

1.53386816268669

0.30677733781914

0.48597363326820

-1.91388505956082

-2.67925773956036

-1.98968034315414

-2.11255854662767

0.59798011179873

-1.12769240353851

-0.64970151214796

-2.20593254859812



Table A3.38 Continued

C

H

C

H

H

-1.37654974011478

-0.33725592450392

-1.97117565419154

-1.75242969176654

-2.98381689587383

-3.38188257868695

-3.57399779960403

-3.11651949103879

-1.00136091997006

0.04664620754067

-1.06807742192494

-1.60561887016482

1.55822365798531

2.34953212025941

0.92098915583776

2.05054885087138

1.45392645747240

1.09496669032866

0.83251129695408

1.26849937066772

3.29481664191377

3.14890291408785

2.66360987809718

4.34718789678687

3.04857868482910

2.71868771525367

4.09456610889279

2.42308238410700

3.55881205761686

2.87048658160396

2.97193181551444

4.33688157336293

241

-1.48583616023030

-1.53239450234270

-2.17291856529938

-0.46788029100196

-1.82796814531495

-0.81101896094076

-2.51229743659057

-2.11024364128676

-3.33249590811834

-3.41622962480053

-3.65758159978940

-4.00982132769384

2.10562941747894

1.75891330842429

2.79111798132776

2.70935842747425



Table A3.39. DFT optimized coordinates for 4-methyl, 2,6-di-tert-butylphenol

-0.00024623500579

0.01070239252375

0.73730287899747

-0.70322098961948

-0.67054303886949

0.06313580031053

0.74951875567331

1.31437701054419

-1.50634799114175

0.09465801041482

-1.31499514617668

0.98476796538788

0.62154845399208

0.98824190196131

2.02553925612755

0.67640359296169

0.12876110870381

1.71026291970220

0.69110538588854

-1.67341387935023

-2.07649306631469

-1.29717818152915

-1.39287487745529

2.26828294756809

3.34004084359932

4.15368209396332

3.83675377910589

5.23369438503911

6.10123364199611

5.52302618802373

6.16305253997013

2.89860245801785

7.62213832925637

8.21538079341710

8.33165332176779

8.19728962266690

9.41206340057507

7.98083047498203

7.95906255472855

7.53443667682529

7.59180869576938

9.04999436775772

8.06274352074755

7.77907711463329

9.29848313119318

5.70815278685388

242

0.30780521224241

0.10950914490372

0.97683118467205

-0.98252026500107

-1.18939312417203

-0.34859191391683

0.72228123880017

1.39932238304321

-1.89732142770333

-0.57698419576748

-0.41449517566164

0.44363897235634

1.47297168910899

0.23597584137242

0.39713945880673

-1.96081518534205

-2.81411051916611

-2.04072201375427

-2.10402676253001

0.61446700008008

-1.07723777113502

-0.61204644055395

-2.24217334959342



Table A3.39 Continued

H

C

-1.31794069386397

-1.35703854714891

-0.31206773722031

-1.94021161516663

-1.73361252047570

-3.00035529300205

-3.37520863079341

-3.57594036067010

-3.20550446087756

-1.01529268347254

0.04504341245066

-1.12718514175697

-1.59278013898474

1.49102000706986

2.54916101437135

1.06476774740610

1.48229361440833

6.66803662210937

1.43644947774762

1.09684057873882

0.80359481754551

1.25169284482254

3.24028396236529

3.12305035860688

2.55857120303059

4.26665124094320

3.00312708149737

2.71652618486070

4.01666930050498

2.31949201375443

3.57453800691925

3.39058377845460

2.61259349938797

4.25134536025322

243

-2.28264153883863

-1.47997653062470

-1.52666749612401

-2.16406207596660

-0.46314117731163

-1.82301963069535

-0.79480144488354

-2.46743191449261

-2.14985934639809

-3.34762917574794

-3.42387689957728

-3.75010911202571

-3.98819317758075

2.13611700299817

1.88288692691817

2.45373774467234

3.00356386458925



Table A3.40. DFT optimized coordinates for 4-methyl, 2,6-di-tert-butylphenol radical

H 0.00384250126455

-0.00160504955613

0.72187266288339

-0.70775158702784

-0.70417498357260

0.07664682448768

0.74726264649441

1.31914444208106

-1.50507173529192

0.10090712532389

-1.32029454349962

1.00124152408307

0.64880449028373

1.00371082794523

2.04293666946383

0.63131096140567

-0.00250837223099

1.65764317328255

0.65291761456178

-1.69512408858178

-2.01464014664852

-1.31480883888428

-1.36208255370579

2.26305777750526

3.33309962048742

4.16546947482819

3.82065081285075

5.27247588699630

6.13918236257517

5.55378993931248

6.17110226683435

2.90247305962618

7.64600135752506

8.20757028211203

8.36283904124014

8.24088202417440

9.44104219297297

8.01298895330880

7.95561160064790

7.50832017981626

7.57780901317606

9.04535111830403

8.04445554707894

7.73771239476658

9.29288880430204

5.76404890614458

244

0.31716548311496

0.10757296235227

0.98173392947956

-0.97129656310801

-1.20535210570267

0.30790256609688

0.74312374795282

1.43617133781094

-1.89317878240414

0.54147700388709

-0.38595076992578

0.46281407484345

1.49836928874823

0.24417573364621

0.41095519859879

1.94966809821206

-2.72308959733940

2.07660768384662

2.10279894166889

0.63638362509935

-1.09181848060705

-0.57423219390501

-2.14647902867011



Table A3.40 Continued

C

H

C

H

-1.34830987412383

-0.30117538754862

-1.92792087797963

-1.72461110479210

-2.99756836398388

-3.36821381735940

-3.57743317156033

-3.18760196522202

-1.02375548174396

0.03754720725669

-1.15006168092093

-1.60422594849538

1.46850732150454

2.53692379518685

1.08655287363478

1.42808691158586

1.43363464060468

1.10137777793722

0.81187510865734

1.22531213967512

3.25279582167755

3.11895082891229

2.58427482669192

4.28747870418012

3.05462270498722

2.77722775723596

4.08287980391222

2.38676183308003

3.58955669053593

3.46844109946832

2.59937082953960

4.25100681631858

245

-1.50729646979987

-1.56154190416800

-2.20418222773220

-0.49471550477576

-1.80099752386039

-0.77321082348576

-2.45488903742912

-2.11004653922519

-3.34361681905713

-3.43857269439336

-3.70134669581257

-3.99738868914026

2.13360910823180

1.87909284051066

2.41562738097636

3.01182203288793



Table A3.41. DFT optimized coordinates for 4-methoxy, 2,6-di-tert-butylphenol cation

0.01484383360705

-0.01290218904893

0.73987408837125

-0.73767057029580

-0.68439626384973

0.05408927493782

0.75302980923290

1.32325863725986

-1.56029392640211

0.06141438197024

-1.36663198774536

0.90296660928401

0.50770551306234

0.88433536429354

1.95452472543383

0.68523238523758

0.14633222272638

1.71312948223421

0.72062353694502

-1.77783327063014

-2.09169904259997

-1.33876437518880

-1.35701326828611

2.26891912280552

3.33135891260332

4.18680062760866

3.81733669633566

5.24343682874398

6.14254301658528

5.58240974942110

6.21568250254307

2.89766615903768

7.65278008316972

8.21723474104527

8.37474803724530

8.22705412813733

9.45439469207987

8.05507722999433

7.96897129619872

7.56465808639778

7.58353371827164

9.05910573876956

8.04928502419726

7.79708146261100

9.30154490735327

5.69616463003542

246

0.31627542392194

0.08138321331512

0.92224872913909

-0.97537151202012

-1.18447190943567

0.33039872507358

0.71260611625017

1.38513135643599

-1.87827715700174

0.57341402620972

-0.46991348415886

0.47694726094223

1.49267715184724

0.27313768590694

0.45789599593507

1.94520826123910

2.81493841169887

2.00234862139041

2.08028986749571

0.53615297202160

-1.18233994639010

-0.65134692788508

-2.21717500701388



Table A3.41 Continued

C

H

O O

I

-1.44917484194141

-0.41599245092156

-2.05508870461719

-1.82814174820956

-3.04411206992254

-3.42878831688746

-3.62471861958837

-3.23252148794712

-1.04643314746057

0.01061735362571

-1.14957183572163

-1.62564839351238

1.40013984633396

2.21235432923056

2.98940199281637

2.67587031892087

1.59249443277541

-1.27438162752217

1.44577768095890

1.07224455046866

0.81497039255771

1.30179882610564

3.28975313896355

3.21452953818296

2.59658333573697

4.30481590578316

2.96668690112091

2.66686193734260

3.96394162605879

2.26672368367959

3.58283755225713

4.31631422548504

4.87705740580108

3.56625230871478

4.99831368423687

6.66097991535490

247

-1.42037874508969

-1.46659137205377

-2.08445173199182

-0.39788672635930

-1.81628066507251

-0.78850552987423

-2.44133413427729

-2.18488101733724

-3.32443518223220

-3.38149638978188

-3.76819922502849

-3.94331188637898

1.88370573937637

2.79866808637695

2.26085856924897

3.44815787628988

3.39774082195942

-2.30757053647674



Table A3.42. DFT optimized coordinates for 4-methoxy, 2,6-di-tert-butylphenol anion

0.01935288717710

0.00666124145374

0.74930524071798

-0.72431410932191

-0.72488506806089

0.04577052919807

0.75690110406205

1.32771716566424

-1.53630333963335

0.08089662698713

-1.34337827454856

0.93132476204471

0.54514136523908

0.92402897323339

1.98121538490337

0.66433374083779

0.08382430469891

1.71441781054256

0.63466920993701

-1.75261233748564

-1.98898490819388

-1.35714074656877

-1.38005377363645

2.27707424951557

3.34799425904607

4.16644322506217

3.85822548982636

5.28429437313819

6.11222369264761

5.53811410467161

6.18163273217394

2.92190800147687

7.62866154479967

8.19019118913850

8.36215537977220

8.22841404546348

9.44276574916657

8.03187856943872

7.92789579712024

7.39427901052091

7.59920930043692

9.00940876580689

8.06837262746685

7.65504193048413

9.26624616581566

5.78347060406974

248

0.30616677132184

0.09550770219130

0.94257610125567

-0.97402773969784

-1.23902966893888

-0.33967181034566

0.72055589348670

1.38659236372120

-1.87708705023037

-0.55910472776461

-0.47540789827295

0.47565480798527

1.49855133549727

0.26203570629273

0.46437279287258

-1.94578443563799

-2.70870578974981

-2.00648503876213

-2.15944563147649

0.54053119625229

-1.18283298098835

-0.71963587759879

-2.22687568762717



Table A3.42 Continued

C

H

O O

H

-1.43257311136813

-0.39804311208526

-2.03522837504805

-1.81032028926852

-3.01739074511816

-3.42120098075703

-3.61279193313415

-3.13361082242693

-1.03367162807716

0.01021999761134

-1.08659590568718

-1.64375385018834

1.43433383862281

2.20639734513084

2.99023895295135

2.69129449754841

1.59296833204649

1.45819612842160

1.08531177421824

0.83517199832193

1.29129960381879

3.31463177647349

3.18148922514482

2.68608409384598

4.36672107463921

3.02852225508607

2.68458084444031

4.07244544588621

2.40404491797026

3.52895857720913

4.32097586028908

4.88154590690952

3.64109459223521

5.04759511803123

249

-1.45712034646451

-1.49970794447015

-2.13560874225662

-0.43667421910573

-1.82527519862531

-0.80887170410332

-2.50738102669296

-2.11590979365429

-3.32190127875261

-3.39878244907394

-3.65641623283240

-3.99485171376939

1.96323557075663

2.81974892760924

2.27812086076366

3.53445021255844

3.38341474432748



Table A3.43. DFT optimized coordinates for 4-methoxy, 2,6-di-tert-butylphenol

0.00674716687880

-0.00685258903972

0.73721830642554

-0.74097490316821

-0.70493383755950

0.03112925786544

0.74739618151976

1.31947838905748

-1.55786959598788

0.06449275968127

-1.34774203032276

0.92521634819814

0.53862100385636

0.92266651634089

1.97114348936602

0.68173670419799

0.15477388658250

1.71784087522132

0.69773285079842

-1.73926185980526

-2.09033189379874

-1.31711439443682

-1.42289874054279

2.27499678575383

3.34243985855950

4.16957526423287

3.84693387071189

5.24623894431417

6.10935377855351

5.53975135732945

6.18475283692384

2.90939739783292

7.63113773084575

8.22727777724236

8.34287000056185

8.19820473380975

9.42446339334935

8.00575593857404

7.96091808528597

7.52495440939685

7.59505109202087

9.05049439966693

8.07269418579742

7.79980081434965

9.31097876331867

5.71653579683932

250

0.30756580447882

0.09320551318611

0.93176321352448

-0.97592518519604

-1.18797585059798

0.35174196820111

0.70969670188547

1.36891873333612

-1.87843314390520

0.57719139507902

-0.45336237004396

0.46691840068347

1.48647483356959

0.26628880667725

0.44191309828629

1.94697167990216

2.80788962196052

1.99742357230558

2.09982991441036

0.56319459522313

-1.14233508612496

-0.64569830849836

-2.24864363165644



Table A3.43 Continued

C

H

O O

I

-1.43852216753349

-0.40209030029121

-2.03827360659850

-1.81529072027502

-3.04577238839015

-3.43072795858933

-3.62735664633345

-3.23112611680439

-1.05377205233090

0.00063033666279

-1.14075791880994

-1.64031374528810

1.41558496832116

2.19426895692963

2.97822413126815

2.67293862139697

1.57703632225355

-1.32243360691605

1.45252642229567

1.08767849072970

0.82019314595055

1.29662154079330

3.27903396137859

3.18382367430231

2.59707272563611

4.30330274766279

2.98445087755550

2.67417499537841

3.99494902607544

2.30431384867161

3.54570076555287

4.33288591059005

4.88892183633327

3.64088095548343

5.05051093719608

6.67261092314357

251

-1.43509395110413

-1.47910081370735

-2.10517037345093

-0.41342589943831

-1.81905989813012

-0.79233000803581

-2.45768004052461

-2.16308431276792

-3.32577764062941

-3.38877713402265

-3.74239990254041

-3.96186608340490

1.93643507615717

2.80423185183843

2.26234243777446

3.50919691164895

3.37122481731304

-2.30941300994454



Table A3.44. DFT optimized coordinates for 4-methoxy, 2,6-di-tert-butylphenol radical

0.02854176890117

-0.00133802657332

0.74461077536827

-0.72730382995767

-0.71084821547566

0.06051873504541

0.75879762504816

1.33138574583646

-1.54427367515394

0.08365376145184

-1.34388926861381

0.92111742823072

0.52195009169489

0.90989510618940

1.97264093377321

0.69161174234607

0.10685634116926

1.72685272135563

0.71110659841071

-1.78209187405785

-1.99256929702549

-1.32516646403276

-1.34052536764338

2.27141118273098

3.33607235380010

4.18296034893764

3.82681711315348

5.27616714402376

6.14230983527073

5.57103036206882

6.19912700191238

2.90597052542602

7.64987694028620

8.21066248383105

8.37777456279593

8.23864653035033

9.45753899824510

8.05445651946992

7.94590105740898

7.47804259905515

7.57645584887153

9.03320313831498

8.05471902767092

7.73627455483437

9.29466141129836

5.76345858753023

252

0.31078171521764

0.08038971055867

0.92514729616717

-0.97565986211040

-1.22612413464621

0.32407384562856

0.72019547866326

1.39689104362881

-1.87924535271000

0.55781521422182

-0.48931641372201

0.49183452177544

1.50836213642381

0.28219127869636

0.48673825471090

1.93728405365752

2.73728239619050

1.99850971231643

2.10772286719999

0.50888887005548

-1.23396615000247

-0.68356344241866

-2.19070172377479



Table A3.44 Continued

C

H

O O

H

-1.43373026220353

-0.39934863844079

-2.03838537079464

-1.80969213489733

-3.02636380163015

-3.41656576996982

-3.61576310362908

-3.18217541454097

-1.04085914849015

0.01316182820674

-1.13228581684616

-1.63104545749133

1.41197219720222

2.20566697645366

2.98851317226386

2.67531952003087

1.58820786848926

1.44568580290950

1.07481900644290

0.82172978422834

1.28392936821009

3.29973841549263

3.19691327363242

2.63588414432935

4.33322392378075

3.00556160124779

2.69584637116100

4.02725922900039

2.33720508904755

3.56291617593654

4.31727536030573

4.87828103693369

3.59096694952175

5.01379634053264

253

-1.44884626157446

-1.49791360262087

-2.12220388163483

-0.42750603132125

-1.81499870832273

-0.79081654283328

-2.46512047531346

-2.14624327475880

-3.32604939200477

-3.39807336994056

-3.71284611575787

-3.97091412401788

1.90585027140866

2.80387034687379

2.27096653204219

3.47790576793902

3.39170372453893



Table A3.45. DFT optimized coordinates for 4-methylester, 2,6-di-tert-butylphenol

-0.23986124782607

-0.23506669600757

0.40044994430315

-0.82972009629295

-0.72236975080866

-0.15564860151168

0.40823875537006

0.87742085383384

-1.54429672449796

-0.15926865299605

-1.58418568947500

0.33439147244643

-0.30201623946724

0.30401158124002

1.37158861003681

0.79202998248580

0.52836252193629

1.82007129082006

0.78792206263334

-2.28689189383668

-2.01525813190558

-1.56546126112770

-1.16136388970929

2.52270451346120

3.56091285595539

4.49181102200039

3.93679423891631

5.34610699184017

6.34386558204589

5.86853586157820

6.55183635850504

2.94381900996510

7.82752076857445

8.31690897794841

8.66591051514811

8.53560051813409

9.72749528469261

8.43079914734507

8.07528266171095

7.53295686858141

7.78610835226737

9.14616959703784

8.06548717999463

7.93607075331992

9.41064126342767

5.67529276769282

254

0.65877975686123

0.33456039752247

1.17029737926258

-0.84880714343953

-1.18746157620666

-0.30194686469280

0.85780990212158

1.56039505132128

-1.74984945455883

-0.66031797091093

-0.98823155649691

0.51745433484177

1.40442402107363

0.23693874021771

0.79287872280187

1.84510271621784

2.76617587597215

1.58527274072763

2.09416194509835

-0.18125081942688

-1.92714024793327

-1.09370581774832

-2.36526170611379



Table A3.45 Continued

C

H

o O

C

-1.63875189755494

-0.65069840732391

-2.17644161859268

-2.19330163731027

-2.98032398633014

-3.53571151608922

-3.50322365626202

-3.01617218831058

-0.75247757656535

0.25680824327975

-0.66180700350437

-1.27466698035688

1.04010209889773

-1.07243763629256

0.96463736019914

1.68376591246474

2.31721427738409

2.76980165643635

3.08639059156813

1.57443576461960

1.57534449739464

1.13505858141444

0.88817372512918

1.61892850377515

3.41880546284895

3.59184023939261

2.63081052095871

4.33356402137115

2.77341818907770

2.38602622094180

3.70743361080411

2.04191323754836

3.96280578069679

6.63199719415237

2.80180806631183

4.90312769853181

4.49506777196389

5.39910687195500

3.73934451738924

4.07584419819920

255

-1.07745629379248

-0.88378095113794

-1.74463547934669

-0.12897169364135

-2.04249544430783

-1.10926110715730

-2.60242823251182

-2.64462520342972

-3.05995297916451

-2.85750521866051

-3.62654285792909

-3.69350588998891

2.41395762848544

-2.54022487329217

2.74424343279445

3.08760275388587

4.30207032404211

4.72316805052310

4.09367336762516

4.99445879652397



Table A3.46. DFT optimized coordinates for 4-methylester, 2,6-di-tert-butylphenol anion

-0.25817892730637

-0.25520167450823

0.37429269676975

-0.84715120738456

-0.83466482329483

-0.17522233432675

0.39688024374311

0.88855013525366

-1.51333501643409

-0.12338302852334

-1.54700111170698

0.59805367690688

0.09457812283789

0.61454065416477

1.64213201101836

0.62459152890300

0.13024967581870

1.66499500734353

0.64919817523310

-2.07721929127471

-2.11338797799443

-1.51961283038878

-1.37371732297218

2.54885080336622

3.59653257049180

4.50024392924694

3.98471266235316

5.39473736842773

6.33010007872095

5.86073466131712

6.55605460417172

2.95927128770403

7.81810122887751

8.37599204069284

8.65351114998159

8.61009433134029

9.70840406359340

8.33663635233981

7.99900112686983

7.42874937214564

7.64850938936579

9.06253106786590

8.32983416440724

7.79910786535833

9.43083598725175

5.79016577421311

256

0.65203977472279

0.35155275742064

1.22759264715848

-0.83184408074053

-1.20995717801367

-0.30176245210045

0.86422508165215

1.54255812610870

-1.75521001605517

-0.66607373922321

-0.80232178704423

0.39057747993428

1.36842257624776

0.07598454983441

0.53415427372815

1.99357794230077

2.78945469998045

1.90634711877662

2.28246229214906

0.16161550207845

-1.54307794056100

-1.12313622832960

-2.28439522517899



Table A3.46 Continued

C

H

I

O O O O

H

-1.43933267781367

-0.40254928884951

-1.92935202938212

-1.95287413893899

-2.99738380800377

-3.53164027004056

-3.47323804828029

-3.11141225095258

-0.81033639878991

0.23780266894996

-0.82729487484385

-1.31024985366098

0.95518395708310

0.94708065240086

1.54292124070729

2.10580369735499

2.51786967438791

2.90851090558100

1.34571446121363

1.54024784673634

1.19781962418938

0.84439507580172

1.45206512556658

3.30137955810489

3.23838282895275

2.59373641638113

4.31700889167537

2.95591258860806

2.63391133837514

3.95874540751703

2.25657266160981

3.99060789250751

2.82141876883015

4.95046820273651

4.51157340955815

5.40498762964404

3.77772719963701

4.05145765346571

257

-1.19549987156055

-1.06067924458648

-1.89360416925967

-0.22669384140758

-1.93990085733967

-0.97931254706276

-2.63780927573295

-2.33800612804168

-3.11901027466852

-3.01535782807552

-3.56353401009442

-3.80892361643584

2.45263089255737

2.82187897571534

3.21753682556546

4.43926495917705

4.92589329813908

4.27277925565758

5.08869538902171



Table A3.47. DFT optimized coordinates for 4-methylester, 2,6-di-tert-butylphenol

-0.25837400580632

-0.24204117826482

0.38495974806548

-0.82556248169185

-0.74967494031771

-0.15427688325646

0.41114279980628

0.88893036032259

-1.51446817123863

-0.12704845578488

-1.55676160870672

0.52381509500553

-0.02062665874054

0.51673145407723

1.57062986929448

0.70197200944404

0.32340835181050

1.73658247453238

0.72906550394574

-2.11514149526368

-2.15554347452292

-1.52213456475563

-1.27989714752864

2.54595502157981

3.58888947576791

4.49728743284992

3.97539507317822

5.35077129091002

6.31332970333353

5.84784911589286

6.54681807530174

2.95034242170693

7.81045109123887

8.35610310231506

8.63596956815562

8.54638954497353

9.69753513715129

8.34881754645629

8.05476349138504

7.55102818800260

7.71012640392144

9.13070382840560

8.25793231901800

7.85540851927571

9.42358324452641

5.70299285098554

258

0.65312632827376

0.34453477276137

1.19802282763933

-0.85470435602837

-1.18872117427928

-0.33444078821631

0.84988944815713

1.53085128528724

-1.76568821110148

-0.68732050693389

-0.85311598504553

0.42354284380859

1.37448143070777

0.13724069679989

0.59652729728994

-1.95937697116706

-2.86113752636855

-1.81740302903909

-2.18779085268646

0.08905620635932

-1.62745455231744

-1.11886494468407

-2.37964242405251



Table A3.47 Continued

C

H

o O

C

-1.51726564159286

-0.50167821903524

-2.02625285508364

-2.05515605604525

-2.98161534164891

-3.52531557350632

-3.47357161001583

-3.08163007721482

-0.76793929965114

0.26358654291011

-0.72937513619002

-1.27306305628990

0.98265708469792

-1.16898011186192

0.94785628010038

1.58203864997500

2.16563237841021

2.58714938249529

2.95938416842793

1.40807189069358

1.55766917809752

1.17189505358243

0.85694501193584

1.53980120699508

3.33955444248735

3.39260789292221

2.57874226588069

4.30580709161183

2.84555440114143

2.49521016473639

3.80507278539630

2.11720389085433

3.97907520617931

6.65003456835991

2.81474744418630

4.92975400565695

4.50434036468951

5.40366871921481

3.76558506185553

4.05733879788435

259

-1.13518937137760

-0.96686366564014

-1.81278830287024

-0.17641123695204

-1.99900838485883

-1.04412614326124

-2.62358333161481

-2.50621784832391

-3.10293023995693

-2.94505872275283

-3.63169238167887

-3.75580234636828

2.44302379382766

-2.52760936118716

2.79106578407326

3.17475314675859

4.39976815869004

4.86402900102572

4.22047878733114

5.05919084997214



Table A3.48. 4 DFT optimized coordinates for -methylester, 2,6-di-tert-butylphenol radical

-0.24406944372832

-0.25407931362607

0.36453629265018

-0.84959770825905

-0.82446534003926

-0.16767411465130

0.40030020308966

0.89292565562091

-1.51790662245816

-0.12324518692016

-1.55057409488701

0.58792701384779

0.07466104350941

0.60121999610840

1.63259238203161

0.64130525769027

0.14060639410853

1.66863089669787

0.70215870662796

-2.10043616721260

-2.11129459269976

-1.50463794067285

-1.35130524455642

2.53981093399565

3.58114657905649

4.51056713932963

3.95880537744969

5.38933225467426

6.35527143264416

5.87737947377490

6.55631410588162

2.94733546393040

7.83257481144240

8.38450939940332

8.66166101042206

8.61325784486748

9.71609194433824

8.35009309271461

8.00864185607582

7.48993282301966

7.62309055380959

9.07893794832672

8.30906152859238

7.84965457162928

9.44844975001254

5.77841425775348

260

0.66152421647904

0.34506330897935

1.19883761359188

-0.83583826521784

-1.19600999582611

-0.29194974154975

0.86881125499507

1.56051510420538

-1.75742216615693

-0.66196807216763

-0.80967922099740

0.40683286736541

1.37866724939423

0.09558193023821

0.55329618940655

-1.98413217581376

-2.80984456572320

-1.90072314723206

-2.23303574083007

0.14041521456155

-1.58420334853738

-1.08938294216839

-2.25291896895159



Table A3.48 Continued

C

H

I

O O O O

H

-1.44623291142524

-0.41081584614579

-1.93855573355190

-1.96288531099877

-3.00256896309220

-3.52679255803338

-3.48059855220184

-3.13260046839810

-0.80696410511759

0.24745625752097

-0.84746912071412

-1.29381435622016

0.96082809484270

0.92526932952684

1.53806529797881

2.11067516860600

2.51646272428219

2.91243717981057

1.34573580105937

1.53298595315434

1.18755523040461

0.83795728251078

1.45313044967017

3.30018870717170

3.28866244075331

2.55314109413923

4.28775250533406

2.93884888356615

2.64316935600282

3.92107252960903

2.20660833798805

3.98604550998333

2.81782484842895

4.93586054324199

4.51337399463093

5.41622512260132

3.78250275396868

4.05789030369618

261

-1.18526664 754489

-1.05231150474633

-1.88021984559457

-0.21805174438023

-1.93769226857127

-0.97070162667780

-2.58864012661889

-2.39480814191739

-3.12007196975890

-3.01031374482141

-3.60533612597923

-3.78187485625737

2.45287521806830

2.77999744468628

3.19063738891317

4.42458914707220

4.89481906399147

4.25025118418802

5.06913255790430



Table A3.49. DFT optimized coordinates for 4-bromo, 2,6-di-tert-butylphenol cation

-0.47485294168113

-0.42550472948961

0.16194604322963

-0.93133900551733

-0.80358621172150

-0.23362021259529

0.24639825623488

0.69978529101783

-1.58834876551623

-0.16744623719704

-1.58464678091258

0.44729617767849

-0.14293867038884

0.47216578592633

1.48070058632257

0.72256839818469

0.35094960818346

1.73314929404483

0.80655953775208

-2.20255680859519

-2.13702248506451

-1.51612325576141

-1.24008309970875

2.51991947362808

3.55830683107159

4.49751309268206

3.94191884948914

5.34362854194553

6.32947322533490

5.86498119075598

6.54401063186505

2.94005254201190

7.81053941009507

8.36246371767051

8.63089830114548

8.56299770617947

9.68782601800284

8.32756772631784

8.01135109022594

7.54669645331747

7.61575364353828

9.08708630033216

8.25917895164483

7.88512443031427

9.43141808045230

5.68348643650049

262

0.69535351969790

0.37657212433565

1.24038904242309

-0.84416081690638

-1.17936267846595

-0.28962087679010

0.91215431695404

1.63017704692681

-1.78677084774108

-0.66380727631583

-0.90747454941347

0.46920152425860

1.39400825823052

0.17124465200745

0.68844126908513

1.90411507733743

2.83023214022176

1.72987708589561

2.11314724998644

-0.00440028679647

-1.73043818213279

-1.15517718625718

-2.36289986175510



Table A3.49 Continued

C

H

H

H

-1.65128700208347

-0.65330178603075

-2.13427885560848

-2.24406684228376

-3.03234989126839

-3.61571284015891

-3.51271234968181

-3.08619533517789

-0.76478223841989

0.25180804926255

-0.69064311743664

-1.24786381645642

-1.12120065336923

Br 0.83105690428771

1.55264964136328

1.14768656790091

0.86187117338219

1.54608204699978

3.37337162052692

3.48177981661948

2.59575457080853

4.31459049257257

2.82197452682964

2.46181959884584

3.76910416886209

2.08818123348521

6.63445255815937

3.92319933912300

263

-1.15019176577163

-0.93003903257222

-1.85470456361718

-0.22413036034150

-2.09558926872232

-1.16982625979023

-2.70628776886417

-2.65416762077620

-3.08045851360089

-2.86374026797961

-3.62669484640684

-3.74193721857767

-2.53852976875682

2.85548961787367



Table A3.50. DFT optimized coordinates for 4-bromo, 2,6-di-tert-butylphenol anion

-0.50769088997581

-0.45734229010845

0.11876562060080

-0.96350921744354

-0.89193213661797

-0.28294842031576

0.20508039335531

0.66570979761125

-1.58579361842644

-0.17296227579350

-1.57436632808422

0.49161251438950

-0.07710557135711

0.55241557308806

1.51705489363818

0.66797120363926

0.22256898691364

1.69706156263194

0.72150493561609

-2.16660628740748

-2.09631962842850

-1.51095040704653

-1.34392702171002

2.54630052351438

3.59177911658823

4.50826096871021

3.99139046036586

5.38670346856914

6.31417756565650

5.85229589634308

6.54266373049818

2.96234168124668

7.79837975837530

8.37746741367688

8.63109650699368

8.60937649040301

9.68171097750089

8.29505874321816

7.94943306439378

7.36367915391048

7.59397529363643

9.00665707921790

8.35779889671881

7.78908432775710

9.42535241978157

5.78154836819416

264

0.71790175732188

0.41485424390543

1.28621337084781

-0.81869685856096

-1.21534390326096

-0.27719804861922

0.94251875586147

1.64839238879348

-1.76898155521511

-0.64559191315600

-0.88498718171515

0.44945714208167

1.39156705640986

0.12606002148347

0.66575022805882

-1.92003447806579

-2.73372869099441

-1.75294939797026

-2.22848762470562

0.04312168546140

-1.64973034832462

-1.22358981001688

-2.34209509719245



Table A3.50 Continued

C

H

H

H

-1.59931487147749

-0.58727996125847

-2.05530678167939

-2.18900430922334

-3.03981283928672

-3.65062693661515

-3.48050864166286

-3.08199268048251

-0.77573985222903

0.24746935630529

-0.71987148056078

-1.24325861717187

Br 0.79582622657360

1.55074263112385

1.17757143796055

0.85925587143020

1.49173238873662

3.34451184157007

3.31164639992406

2.64233094573733

4.35853245586285

2.91813427515056

2.55841316809502

3.91997516048151

2.23240097299256

3.91151054566437

265

-1.18564069339848

-0.96825858990942

-1.91109472041744

-0.25852668947355

-2.07680400492515

-1.16115286965186

-2.80325498512926

-2.49340978082336

-3.07152160386627

-2.87871112129473

-3.51523615977983

-3.79744048520386

2.96652996144533



Table A3.51. DFT optimized coordinates for 4-bromo, 2,6-di-tert-butylphenol

-0.49962305089147

-0.44019284113722

0.13478239402389

-0.93921723862493

-0.82504425486496

-0.25723680622250

0.22323426322419

0.67417205512390

-1.58349668780368

-0.16484671304819

-1.56947022696098

0.46823889382810

-0.11593253916717

0.50915661549048

1.49688066565679

0.72386427549446

0.35504420685427

1.73413595951770

0.81275120984065

-2.16393855939341

-2.15219742691106

-1.49452344366072

-1.29457392568300

2.54297128703556

3.58437264166744

4.50493511113653

3.97839579930473

5.34673736770336

6.30275349439692

5.84447467094936

6.53831384408729

2.95039997250928

7.79589175351609

8.38082519257265

8.61081490281303

8.55212733896384

9.66851758717496

8.29022411360958

8.00354526946974

7.52474977353055

7.60796643915485

9.07784555720793

8.31781198852706

7.87883480469975

9.44132011325713

5.70025580462190

266

0.70492323487913

0.39785126659121

1.26062400788076

-0.84371392155184

-1.18570577358122

-0.31060264106683

0.91899621361976

1.62393831773346

-1.78524670217780

-0.67209514545928

-0.90067566205916

0.45698758394871

1.38631360570046

0.15968236858567

0.67444198855619

1.91013926642191

2.82917537877962

1.73063225979945

2.13000201327476

0.02217695004994

-1.68629851938144

-1.18578843870031

-2.40906726813090



Table A3.51 Continued

C

H

H

H

-1.62256774676292

-0.61803402808005

-2.09342407210827

-2.21340197716025

-3.03547991902125

-3.62712043932402

-3.49695432173660

-3.10538040829450

-0.76952650003238

0.25082702213051

-0.69895677819853

-1.24266714441458

-1.15948795339420

Br 0.80212744171188

1.55664003208658

1.16885213898764

0.85837924908169

1.53415179298036

3.34494535750360

3.39418349538605

2.58999628920070

4.31518431633658

2.84208023056062

2.48777762627543

3.80100563469494

2.11521202946485

6.64363996327319

3.91857701625824

267

-1.15774356719326

-0.93562889001932

-1.86496487184581

-0.23059260238741

-2.09163032757678

-1.16542417048046

-2.74612659610359

-2.59654460567493

-3.08204508061042

-2.86971003344573

-3.60823199508496

-3.76027431671699

-2.55492431566478

2.93229882564368



Table A3.52. DFT optimized coordinates for 4-bromo, 2,6-di-tert-butylphenol radical

-0.49545309197569

-0.45732981474251

0.12051711655824

-0.96563897363740

-0.88307924485804

-0.27057086755597

0.21247334161458

0.67573842075659

-1.59234058084743

-0.17161731279604

-1.57680313717086

0.48582635261255

-0.08865392443018

0.54141096968238

1.51265701504972

0.68029676679134

0.23088337774823

1.69636850752776

0.76786327609112

-2.18867323446778

-2.09362169407014

-1.49788163089318

-1.32723952238471

2.53373868385690

3.57366897044174

4.51276612981784

3.95937644014815

5.38039506193004

6.34128119535992

5.87267934305207

6.54634577423636

2.94742074155901

7.81537423322658

8.38927274496382

8.64040561559956

8.61143722405120

9.69125415070520

8.30939072582275

7.96598977456964

7.43956708617100

7.57339836224989

9.03194633412085

8.32821077461385

7.85592007347192

9.45057253645146

5.76719212997770

268

0.71622235159396

0.39776612554075

1.26197672688015

-0.82328786215900

-1.19989053514592

-0.26649290218875

0.93645522456009

1.65442808655018

-1.77549838590590

-0.64431078512366

-0.88726132768396

0.46107512199902

1.39874058424454

0.14271065432962

0.67541857546696

1.91458599994139

2.76441201208134

1.75691461483631

2.17433501668444

0.02532913053332

-1.69301409092913

-1.16983575509378

-2.29808318042567



Table A3.52 Continued

C

H

H

H

-1.60830831791477

-0.59705691332625

-2.06620273552465

-2.19997952820002

-3.04719398444515

-3.64433259802621

-3.49712147632552

-3.10885464781891

-0.77465748086487

0.25434229018882

-0.73532759856457

-1.23443665373025

Br 0.79286752994978

1.54097566963887

1.16621587484517

0.84978811047730

1.48979099821780

3.33915835350622

3.36591562039942

2.59256167799828

4.31971530451149

2.89564845207643

2.55958048324148

3.87471923872936

2.17684874655099

3.92476736340969

269

-1.17968866427862

-0.96477045080237

-1.90181042485763

-0.25409763029463

-2.07815013101127

-1.15452787523318

-2.74968098292653

-2.56347312724655

-3.07602193944539

-2.87622967092970

-3.56715128924100

-3.77140485984273

2.90470693261026



Table A3.53 DFT optimized coordinates for 4b (AdLCoO)

Co 0.01391851416718

O 0.66148355492028

C

0.76853828817811

1.35817292187306

1.70941223282540

2.75551904365815

3.65008619798443

2.33814163008445

0.46189689794304

0.02355538030311

-0.27887870868239

2.30445444836084

1.58366898067402

3.21106157396751

3.11438711631526

3.85332991780546

0.83120558263294

-0.08019838924378

0.00013979036398

0.01547307999176

-1.32864932296655

-2.53218619574687

-3.11806012397480

-2.24109586099126

-2.17531128064058

-1.23174654264841

-3.24375332987601

-2.24886410814894

-3.87891254724471

-4.52102157741700

-5.17856760391932

-4.47382872579739

-2.83920380425770

-2.18397246056105

-3.83266263356774

-3.89264235237520

270

0.00482111587693

1.51886496014820

-1.09257602366909

-0.82784808471141

0.49025931188577

1.18633541202753

0.54545980051653

1.31394459957945

1.36701930193382

1.50410396838233

0.85482169223558

0.31057542408328

-0.20125011365845

-0.31219547064125

2.54639642879513

3.03633466462272

2.72696786666634

3.34437638849141



Table A3.53 Continued

C 2.66928926013590 -5.12125327332929  1.66942453332556
3.09237418189752 -6.12484103473823  1.50039435417021
3.70320427079540  -4.23445989938557  2.35945378826193
4.62414712418130 -4.18377685234705  1.75528353365366
3.98372275836291 -4.66852576394237  3.33317911137338
1.85504381233028 -2.92476991808707  3.40830980516288
1.42986494220905 -1.91867858302932  3.54558370475458
2.10316550806970 -3.31927543258699  4.40742289286005
1.42087691720398 -5.22669756343017  2.53997497336807
0.68101812167177 -5.89392792956560  2.06740665857932
1.67575493951531 -5.67131879403961  3.51580933525559
1.64398822612930 -3.16367748880102 -2.02036664604030
2.10471349901211 -4.13921095858640 -2.07652151837629
1.24400982715205 -2.34138182901987 -3.01889557612183
1.27714336483493 -2.48946590043823 -4.09171646923227
0.73141908205737 -1.21626650766066 -2.43522064455913

C -1.53287028902828 -0.09045023217550 -1.15689215194175

N -2.85399759681834 -0.26722903267255 -0.88019757764289

271



Table A3.53 Continued

C

C

-3.46262853214967

-3.14643747940612

-2.05501286273123

-3.54021336469381

-4.98368960854142

-5.40981807727987

-5.24375046168145

-2.90811443817932

-3.12786649845843

-1.81482439375967

-3.74985804366716

-3.49947209273061

-5.59260319258150

-6.68449184934919

-3.51269096408833

-3.08973620750646

-3.16994749319889

-2.07706211157499

-0.24591509959306

1.08806638324156

1.21398765828041

1.91327248209011

-0.39678822895138

0.41654649223875

-1.34859044309117

-1.39377615263103

-2.35265732570489

-1.29766261854690

1.12093161089036

2.08504066883162

-0.36238574159467

-0.47297227850187

-1.35776452528641

-2.18723589787839

-0.02504953056907

0.08453345884825

272

0.46193718630162

1.14443520341046

1.19890265257820

0.52879114360097

0.37706030968522

-0.23088063996714

-0.11206370085628

1.30864180633325

0.80998142432729

1.36808212879575

2.54663070775973

3.01981254006430

1.77912426586138

1.68555644745519

2.71052160408127

3.30058775801429

3.37510772331727

3.46108445503340



Table A3.53 Continued

H

C

C

C

C

H

-3.58000713932279

-5.26513251456478

-5.69512230375497

-5.72043298633723

-5.02783296524632

-5.28326814825816

-5.48107579171314

-3.55257340079738

-4.61942339748526

-2.65222047853219

-2.80462696127211

-1.43040447810123

0.63045297180007

1.18160398761995

1.44812253414587

1.91505148024804

2.83996046959058

1.15157383946271

0.00367880458945

0.96966627664547

1.80284869306098

1.00990208642759

-1.50984508416642

-2.47746731131127

-1.50644326886598

-0.44744583718399

-0.62303435736692

-0.36257050255032

-0.47844405797717

-0.11626954679840

1.39423284688466

2.61480964088986

3.23907112396286

4.68912013247299

4.72125027897605

5.27086937790791
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4.39739974769257

2.44951933105180

1.86946263702327

3.45231955153450

2.61303099836682

2.15024498412499

3.61736785700599

-2.05531221153460

-2.09104425907720

-3.06660208163873

-4.13335198420433

-2.49807445438827

-1.06233684401052

-0.80230535164646

0.51665798687769

0.33562994505228

-0.25988290645372

-0.20536949424145



Table A3.53 Continued
C 0.17222012861263

-0.61158077137505

-0.17412732590413

2.55064970297038

2.22161716686839

3.46428709549871

2.18627379493202

2.51834221141571

0.45027939620028

-0.47805649850361

2.81914076433444

3.60361360568803

3.27999172898090

4.21537005415768

3.49647657948124

0.91217113536949

0.12510509046142

1.10003526118608

3.25325065562411

3.81256633912015

2.22154948229117

2.46600949618001

1.42403702371732

2.47260676101766

5.33199579581024

6.36942461941493

3.88486317979848

3.86454638050086

3.10740422327402

2.52878486915866

4.54984416502698

4.57706423067713

5.01512776278471

5.32655833345934

5.91749232729574

5.80229563588682

274

1.36179881407988

0.82607055621419

1.49643447930608

1.24729569703605

1.37592093342106

0.63011297182633

1.69702209153424

1.52968945303359

2.72471368125553

3.31877094017003

2.60841217625032

3.12326101200395

2.42016425882543

1.83724116586161

3.39598476962226

2.53659976383125

2.03970283143514

3.51329658795207



Table A3.53 Continued
C 1.53687726064689

1.20411231648268

1.72358080691045

1.51073779751135

1.96485854310116

1.15863147674411

1.25013128923859

0.61828196877482

0.00718134590246

0.15056623738808

-0.83201568375225

-1.75908302704006

-0.65765095319255

-1.45305910068818

0.52721905432085

0.66924150589436

1.53729835225683

2.48516901654358

3.08235086455199

2.04190593935680

3.50673394525200

3.21970689446520

4.19822424927636

2.36871038827561

2.47098157516216

1.26112707032792

0.00395188104088

0.14966058934366

0.77359268065850

1.11916892861210

1.00468890363857

1.48849475652049

0.63141750173995

0.81078871359840

0.04558391817559

-0.23133619926161

275

3.43990876488099

3.57831353290233

4.44026924408638

-1.99931105599662

-2.05962929545040

-2.99212635359630

-4.06762290016827

-2.39822156957101

-3.07566931782395

-4.67317301425050

-5.45845574985914

-4.99839104500920

-6.82179439643248

-7.39498869218063

-7.44910752368073

-8.51791565778886

-6.69094264633947

-7.15996282671587



Table A3.53 Continued
C 1.34836612876601 -0.18082346705966 -5.32937266980402

H 2.17790636443331 -0.60985802876960 -4.76307882760765

276



Table A3.54. DFT optimized coordinates for 5b ([AdLCoOH]+)

Co 0.42361378346207

O 1.67746983099114

2.57472672657879

0.74374035598936

1.02700808923983

1.00208122632460

2.38224114739018

3.12154949356611

2.68891373542660

-0.03684203814552

0.23823749531855

-1.02374445239230

0.60620474308030

-0.36858607419053

1.34086837568317

2.32897113563120

3.32616136322897

-0.07851988699131

-0.01426914106443

-0.24492147732357

-0.44327178265274

-1.48139413432627

-2.78762826006672

-3.55588261721702

-3.55396455418389

-3.98965099967163

-2.51971232762312

-2.97032949303765

-1.93503523340821

-2.97786566151700

-5.01300085199966

-5.03706822514805

-5.49048655999012

-4.35772992927161

-4.33447785245798

-3.76973249949691

277

0.00045933262991

1.23997741472855

0.94825321671126

-1.07740600166427

-0.83328685592029

0.43982026163091

1.10617463445545

0.41523829895845

1.31217145336226

1.39346024024778

1.62768535154389

0.90480830984942

0.15152418533237

-0.36014395213637

-0.51145261376416

2.40742959161938

2.87516308874382

2.69649048321432



Table A3.54 Continued

H

C

-0.82050399485297

0.55252942038417

0.26965596222855

1.93215282556171

2.67550594080154

1.91590899137868

1.30177968066398

1.58397411815166

1.28107054623417

-0.47713720206493

-1.47970226267536

-0.53087749829952

1.27960590118106

1.55286444741925

1.11360488703403

1.20691830761333

0.76700002370134

-1.14984233544238

-3.30611558078434

-5.81675948860177

-6.85199631555489

-5.80078459586316

-6.27106893397807

-6.39116376279593

-3.73528581234410

-2.69733017031381

-4.28867658835577

-5.20991275654907

-5.23846160420758

-5.79495723665825

-3.40080626900374

-4.44353654616132

-2.47399717722689

-2.55906690706765

-1.30544106105633

0.28346278582118

278

3.36651979373195

1.45065310148650

1.20292868967817

2.10623530186334

1.44140625918346

3.03600118271826

3.35173634240995

3.59090375240720

4.30356660593263

2.39634472746591

1.93914672521551

3.32786015624096

-2.04454202533762

-2.12280539939892

-3.01701681640825

-4.09387528781975

-2.39994042926091

-1.02832233703473



Table A3.54 Continued

N

C

-2.40976116933803

-2.98725474570842

-3.54185589041705

-2.73112157147802

-4.30222540371680

-4.12105548210566

-4.89475676370273

-3.72580796063810

-1.92741574039184

-1.52547287015894

-1.10297277724713

-4.15514827099215

-4.55192409849449

-4.72950848155638

-5.54172109776047

-2.52965437741592

-1.73976795804754

-3.08240557706225

0.62640982091454

0.65495126275860

2.05063604444191

2.79314916038381

2.32683038417524

-0.37528527996449

-0.14561823809262

-1.37615123510630

0.30647682147304

-0.69594355871511

1.03583903089684

2.06420562891761

3.07180681882036

-0.35443734281514

-1.09682165289682

0.32502724737880

0.07141828734530

1.71707363061344

279

-0.67724479024096

0.67299067396804

0.98444683865908

0.90965673980416

0.23906476314797

0.76701803255736

0.02025294684368

0.52905042113645

1.71049261753989

1.50025539861728

1.65845147419595

2.38518535687110

2.58612687641381

2.16842621407613

2.21109664191251

3.11722733615004

3.84066221703207

3.41411741184318



Table A3.54 Continued

H

C

C

C

-2.27246740123664

-3.50794537975468

-5.28498187278033

-6.07381228457552

-5.75178115868138

-3.65549703234284

-3.26318257346376

-4.08560384602304

-3.13941819222355

-4.17832943961500

-2.30925699818298

-2.49950523419569

-1.10118895242430

1.22795364625690

1.83692477017042

2.07483970509405

2.22593161950399

3.09662308134307

2.46441695117684

1.74060133350085

1.03870476530832

1.29046181856414

1.06123046084244

-0.70359235022346

-1.71661071846926

-0.71255063947758

0.90528291293060

1.21150648587490

0.71676177017494

0.86033624001551

0.31128686595547

1.25948396617152

2.44506269643276

3.11953588207043

4.63302967273789

4.84468725334619

280

3.39108792286125

4.42983104589152

2.45741544911817

1.73030957020275

3.45474563578279

3.19464480966219

3.00640493669659

4.20844731283349

-1.81083672690123

-1.78009698587016

-2.86907968996291

-3.92615420876940

-2.37175768587701

-1.09782346878903

-0.82574092761763

0.47766621715155

0.26122144137642

-0.37541653063088



Table A3.54 Continued

H

C

1.33447353774506

0.88200915783736

-0.03264087472352

0.77139981395596

3.35732836803806

3.27718343875554

4.20993445117282

2.43736948230143

2.53886473138770

1.10665909090937

0.24015162795260

3.57097271702502

4.48913698026905

3.71224232506393

4.58209713856496

3.89337920621395

1.24551431105917

0.32483820694308

5.03020823830410

2.89733455352100

3.27132379602648

1.82096484217758

2.60313934472181

1.52031981287508

2.78499318443717

5.34393000845621

6.42229380107671

3.59502713082780

3.39287401576720

3.31224549225752

2.91602235631405

4.81462700016239

5.02105572540099

5.33010405077631

5.09582918383883

5.50070104879625

281

-0.24851812785012

1.40440047564241

0.91892320942948

1.58705452115091

1.13851659380218

1.29465997316372

0.46494746202505

1.59816589310612

1.40021806399114

2.74546193636593

3.39489329323009

2.47702703564628

2.93940811510576

2.24944235059785

1.60456879398732

3.20608955153521

2.51613257680447

2.06539651310481



Table A3.54 Continued

H

C

1.38832199097046

2.37705864302371

2.27184133170021

2.53772985108943

2.17679286674369

2.68570573819888

1.75749078682058

1.81304783386473

1.18149032138735

0.28259509488288

0.30746585911632

1.48900817269003

2.39782543585723

1.55998553275410

2.49770400023191

0.44399229615840

0.49395333695195

-0.72980916036468

5.61758863692698

3.04568806272962

1.96462476376679

3.52382681197460

3.03784183102891

3.98893905598843

2.22160584476708

2.35318614042806

1.13097930398756

0.02011382763137

-0.12005243782276

0.09082361771518

0.41879527383161

-0.13362205940088

0.04902857098525

-0.59705981324404

-0.77366606682772

-0.85304182311890

282

3.47570419501995

3.39278582643009

3.57700202514867

4.37217801071036

-2.02349800904827

-2.08227587141516

-3.01810922257060

-4.09193024168359

-2.43059181349300

-3.04627222340901

-4.64224340094629

-5.37249072072516

-4.86305919585301

-6.74550635892150

-7.27661580877474

-7.43645254225025

-8.51378669122775

-6.73394264114741



Table A3.54 Continued
H -1.60769932865853 -1.24286027021850 -7.25542040894601

C -0.78814169816281 -0.62463643255110 -5.36085004228830

H -1.71488764557377 -0.87821900061847 -4.84308516575019

283



Table A3.55. DFT optimized coordinates for [AdLCo" O]

Co 0.03118273307228

O 0.85412022142837

C

0.78587424175974

1.39309595418882

1.70303212526054

2.71801007148573

3.63210497175151

2.25757463718814

0.43117647694668

0.03746450948361

-0.31940167609231

2.28711125997012

1.57662969696699

3.21297321250093

3.04139224387494

3.77291251997849

0.74577076073748

-0.18488545790740

0.01062538992094

0.05721974186413

-1.41721166704363

-2.62954037948532

-3.22439981223268

-2.34348022585986

-2.26146081851965

-1.34046906681283

-3.31457926465758

-2.29474454740398

-3.92410214892416

-4.63136865000100

-5.28329460450392

-4.59403639294106

-2.94597650005751

-2.29815801709931

-3.91142074235185

-3.96179853454970

284

0.02933232467182

1.53442588923329

-1.06612010227455

-0.86880222581094

0.44245027058803

1.17717027490610

0.56448533383064

1.29635994983345

1.28728614474434

1.39904187661740

0.75723340186761

0.28271450797020

-0.25219121636499

-0.31293178459058

2.54302417442273

3.05523793549712

2.65636484406174

3.24661580233990



Table A3.55 Continued

0.77163414787040

-1.25251488502811

C 2.60171626750015 -5.22848424553258  1.65558332819251
3.01912832443066 -6.23908944104404  1.51110375857641
3.62183244835052  -4.34804583394275  2.37559704612422
4.56065596166268 -4.30683884718592  1.79807891230391
3.86997178306150 -4.78509280139547  3.35781005997084
1.75783252717200 -3.01572831844064  3.36970389736023
1.34078271857376  -2.00266007555450  3.47739574802507
1.96969054475012 -3.40885028101800  4.37880648717489
1.32426164663037 -5.31380281220951  2.48737934802663
0.59096584925826  -5.97141166025178  1.99075573049025
1.54277308260401 -5.76293646478046  3.47096236244455
1.70860354214121 -3.21295442255393 -2.07916048821669
2.18202188624715 -4.18140882673009 -2.17292409328150
1.30691511244481 -2.34915706365750 -3.04395173162944
1.35644719257452  -2.45750668843792 -4.12148053209442

-2.41631656189581

C -1.49388293146905 -0.09865605940078 -1.09916142404556

N -2.83046385150931 -0.28566539586063 -0.84381060545733

285



Table A3.55 Continued

C

C

-3.43369552343357

-3.13767950799174

-2.04546382070417

-3.55474138258127

-4.95150035892719

-5.40270185854506

-5.19674994245826

-2.84560573235914

-3.04845393566206

-1.75269917262361

-3.72807141525774

-3.49480598799234

-5.54667227580855

-6.63774472990303

-3.43616822092289

-2.98999964509191

-3.11406597866786

-2.02235564454437

-0.25586134798683

1.09428092058011

1.23206118204127

1.90174157968034

-0.44065470004390

0.35240212376583

-1.40563733582858

-1.37403503114680

-2.34687987858411

-1.24581237905618

1.13993411737056

2.11696149046123

-0.39536911664541

-0.53076355423039

-1.32900068086481

-2.13858045605425

0.02153835123108

0.15526546595493

286

0.49193505535053

1.15357038893040

1.18273770667277

0.52882087311302

0.42629399205188

-0.19112932099759

-0.04561534427931

1.35688352388869

0.87739408065942

1.39209044743620

2.55971234276834

3.01623097234100

1.83452928881874

1.75707265127677

2.76288727915752

3.36417124624712

3.40099387767438

3.46157955594368



Table A3.55 Continued

H

C

C

C

C

H

-3.50973794444316

-5.24100859276459

-5.69411392701238

-5.68961536388668

-4.94886243896950

-5.18701383686617

-5.39453367030323

-3.51783455610022

-4.58226497560835

-2.60867121076095

-2.75446517268335

-1.39061976367085

0.61771338353408

1.21967991128384

1.45062263330130

1.88405665265455

2.81941058656405

1.11744951559507

0.05985852708852

0.95416735055563

1.76814699473818

1.00064492730231

-1.51501442294474

-2.49582128518306

-1.50367388216900

-0.48345050638419

-0.67513318604384

-0.39142803876453

-0.51869948877587

-0.12236571044322

1.47281197742336

2.68761753011385

3.32875536912879

4.78761566443054

4.84015949459310

5.34697062400799

287

4.42955388451228

2.48099295280883

1.89078357406976

3.48737827715475

2.68394675197653

2.23938640505192

3.69241111108711

-2.02557592804950

-2.07151070726556

-3.02803684986884

-4.09510911646235

-2.45302346532021

-1.02270382291775

-0.82387145447266

0.48112449696314

0.30120745337129

-0.27726410466807

-0.26041585088668



Table A3.55 Continued
C 0.16632557121050

-0.63636387544108

-0.12236473025673

2.54650380998858

2.19153423436705

3.47194766287482

2.11552299668591

2.42435385885867

0.40191820765770

-0.53510334617322

2.78805342366214

3.57968939485829

3.21620065766785

4.15851305225442

3.40922132982204

0.82790512791610

0.03359815350739

0.98596822667374

3.29839192391061

3.81948860864423

2.24377349405712

2.57486988589573

1.53168668170254

2.57857491029520

5.44078354165695

6.48742100050383

3.94962432148195

3.90877223395936

3.23333115431262

2.67841344905204

4.68653306586756

4.73249682290203

5.16373028529471

5.40301446859956

5.96883181032801

5.89195917643844

288

1.31311166149720

0.76559253370547

1.43821143198457

1.24098430726926

1.37146120897957

0.63938453905794

1.66516387660214

1.50564841904754

2.67381050319296

3.25444640204077

2.59803387027369

3.12973132341684

2.40889534919543

1.83750809579658

3.38496501034364

2.48469017303088

1.96942759953832

3.46118702775549



Table A3.55 Continued
C 1.49631836726366

1.18725448636940

1.65634835718825

1.64200975599436

2.14772163280304

1.28781457809606

1.43636752147246

0.65980728633205

0.04745045121651

0.17100292641422

-0.82052207867686

-1.73850572859809

-0.67051270763155

-1.47496070382679

0.50174270617889

0.62598162882858

1.52210837926759

2.46210592206598

3.18113227671088

2.13210236799897

3.61400582157880

3.21355456424929

4.16563862500124

2.32536792135178

2.37006811489718

1.27633504347926

-0.00198354527460

0.15983965941659

0.79955726455786

1.13815044010793

1.05407076420853

1.55040861218856

0.68923763110443

0.88682178769270

0.08830764199775

-0.18251635106603

289

3.41298352555450

3.54020378003426

4.41548354178957

-2.03036297366109

-2.12180838764406

-2.99069385005339

-4.06416331018641

-2.36599509301447

-3.01649389324075

-4.62538992794975

-5.38713010285759

-4.90369451472944

-6.74953527125200

-7.29980528527864

-7.40542016357871

-8.47346673736124

-6.67305513690269

-7.16204219588704



Table A3.55 Continued
C 1.35481886025956 -0.16056489908267 -5.31194830340587

H 2.19339375157135 -0.59905290165535 -4.76668990085316

290



Table A3.56. DFT optimized coordinates for 6b (AdLCoOH)

Co 0.06972655003861

C

C

0.66297116698286

-1.63650825995609

1.04917203396780

-0.05361611030934

0.79129926801370

1.15147682273462

1.43510207409757

2.55675424611877

3.46102584935491

2.25649571683328

0.17498200058407

-0.15767646586459

-0.63047319746238

1.87901770089777

1.09303423678558

2.78608966957918

2.84127178565009

-0.03043517680415

-1.60213054282411

0.21109577704261

1.33381504460643

0.02326524046809

-0.07994247393818

-2.85570656162857

-3.50982010878572

-2.75951065521684

-2.75611402717431

-1.71048884800134

-3.50449003340386

-2.46686375617217

-4.03834384894904

-4.95934164725099

-5.51952895733006

-4.99217582591457

-3.41724090542473

291

0.12465484756970

-0.95006547471738

-0.94177223857880

-1.01172309577381

1.98260699281725

2.43299934710719

-0.82850157730827

0.45985399932651

1.18591898462093

0.55611373369357

1.32218361413195

1.33073176855628

1.48097966723506

0.80128275337303

0.24762238523641

-0.28301802793914

-0.37586053422410

2.53501854793357



Table A3.56 Continued

H

C

3.64326661215098

0.46447035746020

-0.45250298898372

2.16617550379915

2.48296655636618

3.28104092799954

4.20547042435042

3.51064265326057

1.57540974530284

1.25690245273418

1.77700910064686

0.90418301873998

0.10109781287097

1.09854624397094

1.34918558332019

1.73541186889466

0.96855440558197

0.96598829671835

-2.85756466504854

-4.16523295556679

-4.14408232315754

-5.62214938010715

-6.66166927509448

-4.86209809131375

-4.88938468383147

-5.34385643846329

-3.39549306264327

-2.35629450999433

-3.84572177893040

-5.60999888235074

-6.17988936180774

-6.10574699894450

-3.41136711157265

-4.40989023357229

-2.47414022457307

-2.51937969683240

292

3.04315101658905

2.67721101964153

3.28802572177612

1.59535854919341

1.41335177320009

2.31052051738677

1.71051044290457

3.27494060143077

3.39047634971740

3.57256234157982

4.37625602082845

2.45433420177874

1.95890134300091

3.41960152224688

-2.07546978556265

-2.23189298071680

-2.97899232091046

-4.06188552622830



Table A3.56 Continued
N 0.54907284407572

-2.92530801432174

-3.58761626117227

-2.96364199310172

-1.89024043195834

-3.07425508969238

-5.08203044562912

-5.22794122460313

-5.55154587284980

-3.42161462022862

-3.86387470874680

-2.35047627175880

-3.64137506577152

-3.17416905824153

-5.75953906521196

-6.83156751763124

-4.09659143488008

-3.95864030375432

-1.36878423390318

0.57624782640338

0.64601905449395

1.76120827372528

1.56157094177898

2.72211327133210

0.93369956976228

1.89542942531511

0.15148494041985

-0.69230931199945

-1.49474974654636

-0.90788195691878

1.82031324347436

2.62419656744370

0.98993524495302

1.19640572432353

-0.63005616105060

-1.59842973369297

293

-2.27549218036112

-0.75341143500933

0.56100466615046

1.40618268280329

1.52669641369699

0.87624143876025

0.39801691503016

-0.11846156826862

-0.21944245477122

1.28996354118105

0.67687445076497

1.40591700339899

2.77539645929273

3.36771697389927

1.76803031485469

1.61884955592455

2.65937279808513

3.16843094565678



Table A3.56 Continued

C

N

C

C

-3.45511291632431

-2.38204326520028

-3.91412249054185

-5.13077094879169

-5.27950084931072

-5.62501129428174

-5.58593146866221

-6.05897345851431

-6.09232047385207

-3.51789079641105

-4.54354586584013

-2.57406401162524

-2.63868786514583

-1.43673272136285

1.69779754000352

2.15716432848604

2.98574750278668

3.84992900708257

0.48158008819776

0.27558462411623

0.51974231459507

2.10351178479160

3.07871948054766

2.16354070875362

-0.34859182389511

-1.15418662057063

-0.32390850882055

0.87058757624524

1.20016082331509

0.66276329722357

0.80853859605275

0.22768017688606

2.51446186587376

3.07644211862625

4.34172921986116

4.11394525000580

294

3.48869162843802

3.62371254514425

4.48993971848548

2.60219409235176

2.10913621302503

3.58536714326083

2.48200860319125

1.89620522401359

3.46068234068615

-1.96275254517163

-2.06252074326113

-2.91522148850161

-3.98689918838593

-2.28014312970101

-0.88015500138930

0.40177481254571

0.16946340466287

-0.47445687876843



Table A3.56 Continued

H

C

2.37736456800220

0.95640156147437

0.32234114242442

0.35530696904618

3.02878237168761

2.43695748007563

3.88416681442861

3.46879484305699

4.06217746116127

1.43815321056784

0.55954193389689

3.50651190741199

4.12437555588977

4.33404802681597

5.22105534450212

4.70463124214539

2.26393636987261

1.64860389437434

5.10018969177725

3.42980588003857

4.16129231040969

2.52435258642937

2.04804465395839

1.13442641595603

1.77577216044385

4.90639884776280

5.81360832627246

3.99841907793919

4.24235093286514

2.61222553208226

1.85307525467410

3.87064355606156

3.63055570676559

4.27885401577511

5.25811031903804

6.02511534352813

295

-0.34721965502251

1.28595188409348

0.75847108695750

1.45284355358159

1.12909926849966

1.28383221346686

0.48995048103273

1.50520272545111

1.30731036091492

2.62086922943362

3.23989544021500

2.46599056144072

2.97286298652291

2.21822451178456

1.60895231997876

3.17268544430394

2.37374513034781

1.87465539932555



Table A3.56 Continued

H

C

2.59917931648212

2.29873104863617

1.70407211191843

2.63461061918350

1.85735541115481

2.33884289411357

1.30678609360457

1.20928910764092

0.84416277033576

-0.01072707617106

0.02712378939581

1.19163909915517

2.07117044695540

1.28725131426075

2.21319676106365

0.21305607177371

0.28152880100886

-0.94124969755676

5.68978820677277

2.95729965771936

2.05291901739600

3.34655741482446

3.10939959202745

4.06689507292640

2.26590657204500

2.38364948049962

1.16855730375925

-0.03182974907112

0.19970162535009

0.07032521585016

0.47862309931407

-0.19304740578800

0.03969133895354

-0.75973047514245

-0.96793786036711

-1.07789378051188

296

3.33066324992472

3.33557724279703

3.54069155234474

4.31012200679640

-2.11305427313264

-2.26039959275353

-3.02186394488108

-4.09464543168788

-2.33845140085766

-2.88392837021435

-4.49346237892694

-5.23173894143077

-4.72945638653050

-6.59674995170554

-7.12966303002073

-7.27698406042674

-8.34780996319049

-6.56732452247162



Table A3.56 Continued
H -1.78623785948413 -1.54904668105449 -7.07677719607455

C -1.02161872965604 -0.80861175668210 -5.20230165452166

H -1.92939207389695 -1.11209017951200 -4.67702567199555

297



C

C

Co -0.23778383028357

Table A3.57. DFT optimized coordinates for 4a (tBuCoO)

-1.78924832452360

-3.02005114234227

-3.85335687939715

-3.12092373538417

-1.85724170992840

-0.58831843198325

0.58075857526896

0.79687307481139

1.85502424095273

2.28498362986869

1.48591122938196

-0.39780021968418

-0.23543495487144

-0.17390521352325

-0.34607741079466

-0.49423332181475

O 0.46876996108554

1.15790330732344

1.61701505224234

0.54958014932654

-0.57747063057100

-0.18225991669804

-0.96120811010235

-0.32436960669562

1.00019836795779

1.23531589012615

0.03442838672162

0.93682148793274

-0.48946108744575

0.82375029145789

0.93963904431474

-0.30633957417128

-1.19210026081348

2.08508615537667

3.50915555645705

298

-0.42576490582969

-0.78178551628331

-1.04016723516664

-0.85691592467082

-0.50901410382516

-0.06800696734363

-0.86603074070295

-0.83724575604190

-1.66333387315997

-2.19046757244917

-1.68812253538366

1.40300290432591

1.66128450204195

3.02031931744011

3.58416061728954

2.57102845325702

0.26718556749807

0.71151470133002



Table A3.57 Continued

C

C

-3.43868311381965

-4.82490927386079

-3.47592202154468

-2.44732311225111

2.51012871400851

3.55175732146996

1.45893309514498

3.19889804948087

0.10441514606670

1.49879414052203

-0.96406312811219

0.06562338837502

-5.08996412973978

-4.85349618964016

-4.18714930729658

-3.78616460854450

-2.48455779449771

-2.40870694289087

3.03970804586042

3.14825788365932

3.59273592378545

3.80905165332788

2.53901413545096

2.34370479640514

3.51876100821453

3.05016765357491

2.15736638573040

2.66424138161636

3.20861874764175

1.79986824927242

4.21123812381405

2.72690510557554

3.02888738940233

4.64696504546993

3.53538684471713

3.39611011700978

299

-0.84042574015526

-1.46198769735855

0.57888551696420

-1.70250256146934

1.97078055343790

3.06665110849270

2.47633512537823

0.71088147162691

3.83992786761809

3.49044429569707

3.57229649777699

5.32148377813962

-1.53417449831900

-2.47631323989347

1.19897043708845

0.56547503018331

1.04528588428562

-2.72017367743892



Table A3.57 Continued

H

-1.43897476121444

-2.74837528447685

3.11255663580447

4.37444778397221

3.98892536415808

0.96497168422839

1.93851862545960

3.95303098868072

3.71064803037504

2.45855345932785

1.73903437613980

2.25138762649519

-0.78209048053670

-0.93089927928221

0.83791015130997

-0.91596247170054

0.26078563866993

-5.59701474169561

3.77196327835517

4.86379380792497

1.95014002710090

1.68638696144409

3.32381849319765

3.12685148573900

4.47251804781990

2.32786027934111

3.99862437378101

3.22539543309988

3.54012363603330

1.88677954925326

4.08499049949404

3.53448660191407

1.06875819363489

1.41906859041552

2.71568929223017

2.65965213001922

300

-1.27082931681826

-1.76556226917798

3.99402386944885

-2.75302871679973

-3.29870550016902

-3.37716346803816

-2.73543791722273

-0.36419498372428

-0.92931635712868

0.08273724557789

4.11010646943481

3.68902418596811

4.20958400071800

2.52660461157999

5.59803330257622

5.63643370095024

5.89466657707619

-0.85139746351243



Table A3.57 Continued

H

-1.96440460048784

0.70573394676252

-0.58940852137700

-1.25616915685671

-1.17106622081139

-0.39595552429318

0.30811844498850

0.21571316978401

-1.84397247932400

-1.70794441974857

-0.32735444471328

0.94277116188305

0.81235951814216

-4.88685061492880

-3.42115352824537

3.11652965655516

1.49159865549452

-0.35150530539776

2.81674165103949

3.71596803321309

-2.55203784482587

-3.12043861345751

-4.47905773349782

-5.32199709939156

-4.78333044407333

-3.42257273168921

-2.48744093888951

-4.87924095140931

-6.38878199130949

-5.42466223329863

-3.03394606924898

0.66180228312026

-1.61496233201102

-0.04455175368583

-2.00744701815642

-0.47704413526354

301

3.80782783271137

-1.70512395536495

-0.31796356554010

-1.41584326035969

-1.71442476799571

-0.92345201987602

0.14958689570324

0.43531986860159

-2.08316856366746

-2.57863056470477

-1.15203523707151

0.76694925872268

1.26326200017530

-1.33781375971922

-0.94311074505997

-2.87685866726809

-1.85899037831800

4.65175158925127



Table A3.57 Continued
H -0.67920115826466 -2.25876897086191 2.60698394644704

H 1.53685230541509  2.96355819549667  2.43414929498286

302



C

C

Co -0.24714248074877

@)

Table A3.58. DFT optimized coordinates for 5a ['BuCoOH]+

-1.80217080130649

-3.05756690416409

-3.85752876372060

-3.09068668270709

-1.83158520947903

-0.57982103528192

0.59286979639901

0.86688795073794

1.97520275411933

2.36530500709301

1.49729118716196

-0.34449246810395

-0.15722902861318

-0.03513542729741

-0.18778401335810

-0.39323944990786

-0.22844540575804

1.20653989017833

1.65271329806514

0.56280888207193

-0.54662449222223

-0.13201047399899

-0.98190053506771

-0.32183483041904

0.98081490315783

1.22627754884788

0.04484060486864

-0.91782459705589

-0.57856575504774

0.72563963667514

0.87881739258273

-0.34687329652627

-1.25593885196610

2.05733590067984

3.76431572220345

303

-0.32089906825179

-0.61296867199950

-0.86615525933959

-0.74340781554634

-0.42943884257982

-0.05957006583267

-0.83443268340631

-0.71742941701585

-1.4669279604 7464

-2.05792801311683

-1.66268629956176

1.42264516332347

1.65177175064222

2.99260912177227

3.59635308100312

2.60760318882930

0.31010075626691

-0.07788108916560



Table A3.58 Continued

C

C

-3.57143324762877

-5.07550123991761

-3.33787886703349

-2.89592966766159

2.69424127845036

4.04482152259491

1.85625144621448

2.95161759726306

0.20616555848727

1.43994392602143

-1.02617268214791

0.45255650876745

-5.41623652709188

-5.34048654225708

-3.80703883550509

-3.79761843328813

-2.27472045502437

-3.20982078987716

3.05200736819720

3.02638761061554

3.82686215379111

3.67840835717747

2.51400963357563

2.22515540146000

3.35292551214049

3.22083242343595

2.15707472413184

2.81791802739806

3.03748000842406

1.88142489713119

4.06596502363927

2.52090775945849

3.30934918570471

4.82028764833276

3.97107963196248

3.16347081926196

304

-0.75842374057164

-1.01224285546917

0.53129592477445

-1.97392662157288

-1.71407917189226

2.36162269149296

2.67187406572635

0.39157615336520

3.71100778682228

3.11443867556737

3.55525009506434

5.18681013481480

-1.10055493558388

-1.95045534678532

1.37945393525300

0.44478299208556

0.73950585431169

-2.89286450100388



Table A3.58 Continued

H

-1.80485494321728

-3.18192238087484

3.95300883729672

4.66974781006151

4.57351959309059

1.73116376602076

2.35393303162642

3.48667531628095

3.57715670339167

2.02440791345458

1.65113507072809

2.31914199762671

-0.88902410044773

-1.20848330075329

1.31497855537417

-0.42647707160902

0.67021089518557

-5.63054548657766

3.61355626588410

4.73574883479313

1.78376078022762

1.57321853177599

3.17941902591926

2.83417000890059

4.31332938382989

2.56116593523797

4.10568060641552

3.57111562848167

3.76072865817127

2.16493987508486

3.98072869582766

3.29132761406642

1.21815299748719

1.44674619219780

2.83503291572275

2.56685644511262

305

-1.91199579641332

-2.06172457712345

-3.36289762426015

-1.73521255809703

-2.47998334278015

-3.63244917413299

-2.86371813279616

0.30566306001019

-0.57078300824922

0.07061643308316

3.63651154311459

3.20088849907569

4.10053687598170

2.50274997247439

5.34158550843326

5.68136542296938

5.68481998296497

-0.18270023489651



Table A3.58 Continued

H

-1.92125824893716

0.86421926385031

-0.65072679026366

-1.27638603587843

-1.25298745318769

-0.58552626096422

0.07482848768452

0.04712037733720

-1.78195800604842

-1.75235323952482

-0.56641108932020

0.62470350889267

0.61406148088477

-4.90405429506835

-3.35973072302645

3.22472053997693

1.45923540301235

-0.13739970378589

2.53589639490230

3.55786618478669

-2.54403612892884

-2.99550261147333

-4.33473051840576

-5.27300794053779

-4.85089036619112

-3.50780679590572

-2.28608757413771

-4.64520265588322

-6.32538956347653

-5.56976777730981

-3.21414118730315

0.64901129089982

-1.59081615683693

-0.02703730551350

-1.97356127860972

-0.48783860315850

306

3.94836343876351

-2.25697689377594

-0.41017147472225

-1.58486215322454

-1.96683217199929

-1.184598395694 76

-0.03501721730390

0.33505863711804

-2.24373784721925

-2.88797388506537

-1.47884443449416

0.57741394468568

1.21979647727691

-1.11944461236973

-0.84481311568172

-2.70959660987772

-1.90492012035147

4.66820368456085



Table A3.58 Continued
H -0.58296190341736 -2.32009242396767 2.68003873971729

H 1.29816830282845  3.06687539987027  2.05426507833063

H -0.43077539713308  4.38479408917879 -0.78463710880773
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C

C

Co -0.20503728302405

Table A3.59. DFT optimized coordinates for 6a (‘BuLCoOH)

-1.90443622592826

-3.18366136068265

-3.94655183547675

-3.11052996058179

-1.85665366467137

-0.55000915727439

0.65568643417017

1.00464263710971

2.07957461696332

2.40735006586486

1.51092102751347

-0.35276583500689

-0.11785099680168

-0.11021715010201

-0.39023630904361

-0.55503751669208

O 0.02336062561187

1.31344150613692

1.64649020554190

0.51100433633804

-0.54308100406061

-0.03829521789253

-0.80843875018033

-0.23124283293973

1.07370333462078

1.17162086885867

0.06878514856486

0.94502523682207

-0.41518405877754

0.86824383089814

0.88228665331088

-0.37432216474195

-1.181150002654 77

2.16358910908849

3.98227344304656

308

-0.45982325266035

-0.74319787069454

-0.90342694028738

-0.72429303235009

-0.48413968540015

-0.06814254576528

-0.89575775698444

-0.90469129213204

-1.71558177869468

-2.22054622075307

-1.70268399531392

1.43865439074095

1.79720145806968

3.14875472670898

3.63885968875872

2.56025339500085

0.24562509258973

0.59631697180034



Table A3.59 Continued

C

C

-3.67633810213622

-5.14617519087321

-3.51019835247920

-2.86354444501087

2.76953057962287

4.00050023366688

1.80434143970254

3.19067638383808

0.14077981727511

1.44992362973793

-1.02352893750113

0.25280539421612

-5.48380231059293

-5.31395475758282

-4.05428362884221

-3.91257764965983

-2.44983718986367

-2.97731696401407

3.04025148252715

3.03830695518855

3.73367090822520

3.74802091126600

2.44508234132761

2.16894112514808

3.33568532576092

3.10728655650915

2.09093236191108

2.72162332842052

3.05716226084844

1.70325386495888

4.07854299953090

2.54510828326908

3.19132641606589

4.75501936450910

3.79785943418514

3.24365423820216

309

-0.85911923593090

-1.25405697523186

0.48835494779474

-1.93767679236304

-2.03013935880574

2.88144699181622

2.80638019695254

0.72346063256686

3.97083982884864

3.51060180290815

3.78361903884888

5.43851113234659

-1.35067686549970

-2.22201052841347

1.27501739916918

0.43455008689656

0.76729557952505

-2.90807369637003



Table A3.59 Continued

H

-1.79845404039892

-3.20418969210964

3.74348430135587

4.71732967316473

4.50602330176264

1.49050833384491

2.28537883941034

3.86071936376490

3.72641452188192

2.31506889253835

1.66465318546090

2.28460696327246

-0.87233287299678

-1.09818124559044

1.06206273598821

-0.68477754356946

0.47875110538134

-5.77853278951293

3.75815671000338

4.78741988989662

1.71612337489500

1.51599347852711

3.12129690047468

2.85109884581255

4.29116123223707

2.44770733437148

4.04369983300056

3.34203003709620

3.61652298289449

2.01581312885175

3.95272622940690

3.37482494976846

0.97957279902070

1.28618409401218

2.60574896653525

2.55611072973654

310

-1.67463021014956

-2.04590280042504

-3.84916285169692

2.36321986529237

3.08861351111440

3.74197201610283

3.05772155610121

0.15345498579551

0.93463834515074

0.10356511419575

4.11157707764730

3.63137521467860

4.40248798413264

2.73625836657249

5.61267834525980

5.83159245935451

6.02195831031090

-0.49514884764209



Table A3.59 Continued

H

-1.97141290239020

0.90618360644332

-0.59109682764169

-1.23560810955962

-1.16437837558690

-0.42510809598672

0.25744140143474

0.17892635718418

-1.79377001327433

-1.68236888063555

-0.36676170363775

0.86560792688058

0.76205142461364

-5.00350792533412

-3.33223586558707

3.23514744607615

1.42550857762823

-0.45078425780719

2.58814092965479

3.54934129624446

-2.40119463509374

-2.92636974300579

-4.27616751105977

-5.15683617373443

-4.66257694519070

-3.30952155689979

-2.26274699230449

-4.63964571465239

-6.21693766641547

-5.33242226977830

-2.95605356455677

0.52603758053209

-1.60354629475474

-0.24104353264649

-2.01469265310027

-0.60707111297655

311

4.08608705507669

-2.21194743023341

-0.35484504534123

-1.48759369329214

-1.82664126764056

-1.04218005445180

0.06531591172604

0.39023738745769

-2.15126515899579

-2.71817879494001

-1.30242629507423

0.67911040254357

1.24288391618752

-1.13427878127336

-0.74273830769152

-2.89647751566089

-1.85343033664341

4.69442329554092



Table A3.59 Continued
H -0.81241013847890 -2.23264672087207 2.52442449753572

H 1.38750076939093  3.02359191053699  2.45760780093901

H 0.08278449116866  4.52560282447265 -0.19684513507931
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C

C

Co -0.22845451802552

@)

Table A3.60. DFT optimized coordinates for [tBuCo'"O]"

-1.77981573526587

-3.04938726770148

-3.88376540844630

-3.11893439262232

-1.83759842915776

-0.57690616799386

0.60431983881901

0.84370197610449

1.92325315060703

2.33289784167282

1.49992401606768

-0.34046484791276

-0.03298106770823

0.01953604008650

-0.33382372570698

-0.56766057992621

-0.71176016068697

1.26363615742814

1.65337000147044

0.55730168528637

-0.53450864641644

-0.09601072743898

-0.89904183253562

-0.33834723446772

0.98922577670319

1.19836756884134

0.00111826872345

-0.95867697511822

-0.46412811821916

0.83435557654233

0.89900230416999

-0.31552330092913

-1.16149745077310

2.11388227124880

3.62252190374062

313

-0.53492784758709

-0.87006013163319

-0.94941533191926

-0.70187337557926

-0.49301988862374

-0.05072152823641

-0.86800037659593

-0.80084713274310

-1.61893276334448

-2.17731166582596

-1.70273826224001

1.42627283316161

1.69835842246330

3.06564865082010

3.61745535650261

2.58422617494380

0.26253115946480

0.93799577748388



Table A3.60 Continued

C

C

-3.51712636233877

-4.83375630696395

-3.70278077486737

-2.47424360415831

2.54815521352553

3.70960794064537

1.49978416963154

3.06177177328289

0.32909750682357

1.48495079969981

-0.91337595727772

0.73715305908056

-5.11551012207894

-4.74768457051808

-4.43595262870771

-4.07699156442188

-2.71610495886204

-2.29065852603881

3.04812758714686

3.05692346716947

3.66793227339809

3.82607643169294

2.51396848493423

2.38056586000921

3.45335155529906

3.04895666034406

2.10027106476212

2.84958826489898

2.98379301546820

1.68117384411568

4.09989164347205

2.54274052683760

3.09191469221207

4.69954810622927

3.68023451828512

3.36182657442623

314

-1.04446952488087

-1.81503181212802

0.33675182109271

-1.83494183276163

1.85363995325193

2.82865362020174

2.43971779267154

0.52051418454773

3.87448482862605

3.22739363234762

3.92209607957987

5.28366178857025

-2.01318851538361

-2.78403139604206

0.92254332648901

0.24171297571417

0.84225435551181

-2.81527934843000



Table A3.60 Continued

H

-1.53848380948944

-2.82938513931881

3.38521373842841

4.50215660808277

4.15027733705903

1.12434358321271

1.92987547511044

3.83160464754419

3.49866836817710

2.23145338655252

1.74396508119024

2.37535778107501

-0.72581490500791

-1.14647067287683

1.58114179998174

-0.09060631184229

1.05337852994599

-5.65882036941977

3.85773088343533

4.85371292396029

2.00044453228612

1.72505807475443

3.37387752928458

3.06807110127568

4.45060729144047

2.38206802289416

4.04972520260229

3.11586325033346

3.72699989025872

2.20896794236367

3.86923009506501

3.30872407456069

0.97506887676535

1.23090385917387

2.57755818103157

2.60260374768405

315

-1.25986243905145

-1.99895663764630

3.80772210295424

2.43995244717464

2.98943485917737

3.39880638592710

2.60923174592634

-0.10485625261008

0.64895721727048

0.19786138281157

3.83847655853630

3.14413950108132

4.54903713062041

2.88833478895689

5.27222072126586

5.84952342288087

5.83455431792180

-1.24821853711003



Table A3.60 Continued

H

-1.76225689266626

0.65076491852710

-0.65029371852553

-1.31417844980581

-1.27529723081402

-0.55140463902972

0.14542803007481

0.09859760413982

-1.86903392215034

-1.80816864963324

-0.51878049464702

0.73780383932012

0.68231208019511

-4.93870257257485

-3.40658532202842

3.17012497249332

1.48123829711994

-0.38983292322388

2.43306234644023

3.54910782550207

-2.49769113987795

-3.03262073994532

-4.39087258912690

-5.27161510076384

-4.76979645251447

-3.40830429108485

-2.36792614526506

-4.76239578277867

-6.33840483567600

-5.44153894503302

-3.04717234015429

0.62474442957423

-1.57915731163487

-0.08291026940375

-2.02507007193205

-0.49322124635856

316

4.35702350116545

-1.74689067156538

-0.30629035097455

-1.42298636555830

-1.73419264622456

-0.93494424717170

0.16073803443843

0.45703112674700

-2.08889060069049

-2.61405133004446

-1.17277544816531

0.78833175519276

1.30656708753065

-1.18141609125666

-0.65503013608231

-2.85838489798739

-1.90263403453896

4.68429993969153



Table A3.60 Continued
H -0.88632487654224 -2.19753689419948 2.60184272242755

H 1.17601917270699  3.18789227610528  2.22856255569573
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Appendix 4: Synthesis and Reactivity of Synthons Toward the Synthesis
of High-valent Ni-oxo and -imido Complexes

A4.1 Introduction

Transition metal complexes with multiple bonds, such as metal-oxo, -imido and -nitrido
complexes, are important intermediates in synthetic and biological processes, such as C—H bond
functionalization, alkene epoxidation and aziridination, ammonia production and water
oxidation.** However, metal-ligand multiple bonds become increasingly difficult to stabilize with
higher d-electron counts (see Section 1.2). Nevertheless, high-valent (3+, 4+) complexes of Ni,

including Ni'""-imido complexes have been isolated.*®

Our group and the Smith group have reported the isolation of terminal Co'"'-oxo (4a and 4b)
and imido complexes using tetrahedral geometry enforcer tris(imidazol-2-ylidene) scaffolds (see
Chapters 1, 4).”-° Unlike Co, the chemistry of Ni complexes supported by these strongly donating
ligands is relatively unexplored.'® This appendix chapter details the synthesis and reactivity of
several synthetic approaches to high-valent Ni'V-oxo and -imido complexes, which are
isoelectronic to the aforementioned Co complexes. Synthesis of the proposed Ni-compounds with
these scaffolds would allow for closer examination of the effects of metal identity, charge, and
oxidation state on the properties (pKa, BDFE, oxidation potential, bond lengths, etc) and oxidative
reactivity of this family of compounds. While definitive evidence for the formation of such high-
valent intermediates has not yet been obtained, the goal of this appendix is to list efforts thus far

and promising or unsuccessful routes.
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A4.2 Attempts to Synthesize a Ni'V-oxo Complex

High-valent Ni-oxo complexes have been invoked in the functionalization of inert C—H bonds
and O—O bond formation in Ni-based water oxidation catalysts.1*-13 However, the lack of literature
precedent for such a species has called into question their role in these processes.* Several reports
have proposed the intermediacy of such a species on oxidation of a Ni-oxo complex en route to

substrate oxidation or decomposition, but Ni-oxo complexes have not been isolated and

s
. m i Bu
Bu | /B'u
N\]/Nl\\qul\\
@N \BjNiy)y
1
Ph

Figure A4.1. Target Ni'VO complex.

characterized to date.*>1” We hypothesized that the strongly donating tris(imidazol-2-ylidene)
scaffold [PhB(‘BulmH)s]~ would stabilize a terminal Ni'V-oxo complex, which is isoelectronic to

its isolable d® Co"' congener (Figure A4.1).

We attempted to synthesize [PhB(*Bulm)sNiO]* from la using a synthetic route analogous to
the one used to synthesize 4a. We attempted to synthesize PhB(‘Bulm)s;NiOH via salt metathesis
between la and hydroxide salts (NaOH, KOH, CsOH, NR4OH, etc). However, in all cases
productive reactivity was not observed. Typically, reaction mixtures contained starting material
2a, as well as a mixture of brown diamagnetic putatively square-planar Ni"' complexes. In these
square planar complexes, one arm of the tris(imidazol-2-ylidene) scaffolds is protonated, while the
other two coordination sites on Ni are occupied by chloride and/or hydroxide ligands.*81° Attempts
to deprotonate the imidazole arm with lithium diisopropylamide were unsuccessful and resulted in

decomposition of these compounds.
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2-tert-butylsulfonyliodosyl benzene (SPhlO) was screened as an O-atom transfer reagent to
install the directly functionalize the Ni''-center in the presence of various salts/halide abstractors
for charge balance. The addition of NaBAr, activates 1a to labilize the apical chloride ligand
and generate 1a-Na (see Chapter 3). At room temperature, addition of SPhIO to 1a-Na results in
immediate decomposition. However, a new thermally unstable intermediate is generated at low
temperatures, as ascertained by UV-vis spectroscopy. At —90°, this new intermediate
decomposes in an isosbestic fashion to a second thermally unstable species (Error! Reference s
ource not found., light to dark green trace). Unfortunately, attempts to characterize these
intermediates were unsuccessful. We hypothesize that the first intermediate generated is a Ni'-
SPh10 adduct, which further decays to a Ni'V-oxo, Ni''-OH or Ni"-OH, complex (Scheme 4.1).
Consistent with this hypothesis, 2,4,6-tri-tert-butylphenol reacts with the second intermediate as

it is generated. Additionally, ESI mass spectrometry of this reaction mixture using natural-

. T)zAf,

A, Bu RSN
@ MNa, DN{-LQ 1 eq. SPhIO
Pt N—oll  BI—N[  B-Pn Emm—
M=('/ Na N DCM, 25 °C
g fBu’N(\)
1t8u-Na
2.0
—_— 1tBu_Na
+°PhlO, traces every 2 m
30 m after addition, traces every 15 m
1 2 h after addition
1.5+ f
P
@
Q
% -
2 104
[o]
@ J
e}
<
\
A\
0.54 bN
\
d \,
0.0 =r=r

-
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure A4.2. UV-vis trace of 1a-Na/SPhlO reaction mixture.
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20 3.0
—— 1tBuNa 1 —— 1®Bu.Na
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Figure A4.3. UV-vis spectra of 2,4,6-tri-tert-butylphenol added at different stages of reaction between 1a-Na
and SPhIO.

abundance SPhIO or 80-enhanced SPh1*0 is consistent with incorporation of the SPhIO oxygen

atom into the ligand framework of la.

Interestingly, the rate of stirring plays a role in this reaction mixture. Layering 1 equivalent of
SPh1O to the top of the 1a-Na solution and allowing to stand 30 seconds before stirring results in
a lower yield of the second thermally unstable intermediate that is generated as ascertained by UV -
vis spectroscopy. This suggests that the first intermediate that is generated in this reaction mixture
reacts with further equivalents of SPhIO. While attempts were made to cool and ensure uniform
mixing of 1a-Na and SPhIO in VT-NMR experiments, we observed a mixture of products in the
low-temperature NMR spectra on addition of these reactions conducted in NMR tubes. Attempts
to crystallize products obtained in this reaction mixture were unsuccessful. Density functional

theory calculations suggest that the target Ni'V-oxo complex is likely not stable in solution;
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Scheme A4.1. Proposed intermediates for SPh10O oxidations of 1a-Na.

calculations carried out with O3LYP predict the O—H BDFE of [PhB(‘Bulm)sNi""OH]* is >105
kcal/mol (~10 kcal/mol higher than solvent, DCM BDFEc_+ ~95 kcal/mol). Similarly, activation

of the ‘Bu groups is likely at these high BDFE’s.

A4.3 Attempts to Synthesize a Ni'V-imido Complex

Late transition metal-imido complexes have been implicated in olefin aziridination and other
N-group transfer reactions into unreactive C—H bonds.?%-?? As such, a detailed understanding of
how structural features affect the stability and reactivity of these imido complexes is critical to
informing the design of synthetic catalytic systems. Despite their importance, however, examples
of late (Co, Ni, Cu) metal imido complexes are rare due to their often-reactive nature.572324
Recently isolated late metal-imido complexes have demonstrated that the bonding between the
metal and imido nitrogen can complicate the assignment of these species.?>% In particular,
electronic spin density can be localized onto the imido nitrogen, giving rise to iminyl and nitrene
isoelectronic analogues. The valence state of the M—NR fragment has been suggested to have

profound effects on the stability and reactivity of the overall complex. While Ni' and Ni"'-imido
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Figure A4.4. Synthesis and solid-state structure of PhB("Bulm)sNiNH'Bu.

complexes have previously been isolated, Ni'V-imido complexes are unprecedented in the

chemical literature. As such the electronic structure and reactivity of such a species is unknown.

While Ni-oxo complex [PhB(‘Bulm)sNiO]* is predicted to react with solvent by DFT,
calculations predict that [PhB(‘Bulm)sNiN'Bu]* is significantly more stable (Ni''N(R)-H BDE 81
kcal/mol). We initially attempted to synthesize [PhB(‘Bulm)sNiN'Bu]* through photolysis of

PhB(‘Bulm)sNiNg.. PhB(‘Bulm)sNiNs, can be synthesized by addition of 'BuN; to la—-Na.

- .

-80° ** *x

-

ppm
Figure A4.5. Variable temperature NMR spectra of photolysis product of PhB("‘Bulm)sNiNsa. Asterisks
indicate 'Bu groups of interest.
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Conversion can be monitored via the *H NMR signals of PhB(‘Bulm)sNiNg,, wWhich are shifted
relative to that of 1a. However, Hg lamp photolysis of PhB(‘Bulm)sNiNg, and NaBArF, in DCM
resulted in formation of a diamagnetic product, consistent with a pseudo-tetrahedral Ni'V d®
complex (Figure A4.5). The peaks present at 1.7, 1.5 and 1.3 ppm integrate to a 2:1:1 pattern,
consistent with what is expected for the tert-butyl groups an asymmetric NiN'‘Bu complex. This

product is thermally unstable (above —78°), as ascertained by VT-NMR spectroscopy.

We attempted to synthesize [PhB(‘Bulm)sNiN'Bu]* through sequential oxidation-
deprotonation of the Ni'-amido complex, analogous to the synthesis of 4a and 4b.
PhB(‘Bulm)sNiNH!'Bu can be synthesized by treating la with '‘BuNHLi (Figure A4.4).
Interestingly, this complex is not three-fold symmetric like 1a. The Ni center adopts a trigonal
geometry, with one of the imidazol-2-ylidene arms no longer bound to Ni. Variable-temperature
NMR studies are consistent with fluxional behavior, suggesting either a rapid equilibrium between
conformers with two of the imidazol-2-ylidene arms of the ligand scaffold bound to Ni or a lever

mechanism as proposed in 2a. This structure has been confirmed by SXRD. While unbound arms

RT JJWM\,J_J \

0 Bu peaks sharpen m
LI TN ") ‘

Im peaks sharpen

-25°C

-50°C A p L. . J

*impurity

T T T T T T v T T

Figure A4.6. VVariable temperature NMR of PhB(‘Bulm)sNiNH'Bu.
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in these tris(imidazol-2-ylidene) phenylborate ligands have been demonstrated in Co and Ni, the
imidazol-2-ylidene arm in this complex remains deprotonated, necessary for charge balance in the
compound. The trigonal geometry renders the complex susceptible to nucleophilic attack. As such,
PhB(‘Bulm)sNiNH!Bu is only stable in hydrocarbon and ethereal solvents. The cyclic voltammetry
of this complex shows an irreversible oxidative feature at ~0.3 V v. Fc/Fc* (Figure A4.7. Cyclic
voltammagram of PhB(tBulm)3NINH®BU  \We were unable to isolate any oxidation or

oxidation/deprotonation generated from the oxidant/base pairs screened.

Current (A)

3 mM NiNH!Bu in 0.1 M TBAPF,/THF
100 mV/s scan rate

171 17 7+ 7T 7 71 1
1.25 1.00 0.75 050 025 0.00 -0.25 -0.50 -0.75 -1.00
Voltage (V v. Fc/Fe+)

Figure A4.7. Cyclic voltammagram of PhB(‘Bulm)sNiNH'Bu.
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4.4 Experimental

4.4.1 General procedures

All manipulations were performed under a dry nitrogen atmosphere using either standard Schlenk
techniques or in an mBraun Unilab Pro glove box unless otherwise stated. All chemicals were
obtained from commercial sources and used as received unless otherwise stated. Solvents were
dried on a solvent purification system from Pure Process Technologies and passed through a
column of activated alumina before storing over 4 A molecular sieves under N,. Diethyl ether and
tetrahydrofuran (THF) were stirred over NaK alloy and passed through a column of activated
alumina prior to storing over 4 A sieves under N». 2-tert-butylsulfonyl iodosylbenzene, and tert-
butyl azide were prepared according to literature procedures.?”-? UV-vis spectra were recorded on
a Thermo Scientific Evolution 300 spectrometer with the VISIONpro software suite. A standard 1
cm quartz cuvette with an air-tight screw cap was used for all measurements. A Unisoku CoolSpek
cryostat was used for low temperature measurements. *H NMR spectra were recorded using either
Bruker DRX-400 or AVANCE-500 spectrometers and referenced to residual solvent peaks.
Electron ionization-mass spectra (EI-MS) were recorded on an Agilent LC/MS 6130 (low

resolution) instrument.

4.4.2 Density functional theory (DFT) calculations

Geometry optimizations were performed with help of O3LYP density functional using
relativistically re-contracted basis sets of triple-{ quality for all atoms (ZORA-def2-TZVP).
Throughout all calculations the accelerating technique RIJCOSX was applied.?® All computations

were carried out with help of ORCA program package (version 4.2.0).%
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4.4.3 Preliminary Complex Synthesis and Characterization

[PhB('‘Bulm);]NiNs}{BArF} In a nitrogen-filled glovebox, a vial was charged with equimolar
1a (10 mg, 0.018 mmol) and NaBAr, (16 mg, 0.018 mmol) to form 1a-Na. Then, 2 eq. '‘BuN3 was
added via syringe as a solution in DCM and stirred for 30 minutes, resulting in a dark forest green
solution. The chemical shift of the peaks of this compound shift are dependent on the ratio of azide
to 1a. Full conversion is likely only achieved with excess ‘BuNs. This complex is unstable as a
solid, thus NMR shifts reported may differ from that of the pure compound. *H NMR (d,-DCM,
500 MHz, 298 K): § 104.44 (Im), 12.47 (tBu), 10.14 (Im), 8.39 (‘Bu), 7.73 (BAr ), 7.56 (BAr y),

7.36 (Ph), 2.13 (‘BuNs).

PhB(*‘Bulm)s]NiN'Bu In a nitrogen-filled glovebox, a vial was charged with equimolar
PhB(‘Bulm)3NiCl (0.1 mmol) and LiNH'Bu (0.1 mmol) in ether over 2h. The *H NMR peaks are
broadened, but better resolved at 248 K than 298 K. In the following, the *H VT-NMR shifts are
calibrated to the H signals closest to the THF oxygen atom (83.57 ppm). *H NMR (ds-THF, 500
MHz, 248 K): § 7.22 (Ph, 5H), 7.04 (2H, Im), 6.98 (1H, Im), 6.64 (2H, Im), 6.33 (1H, Im), 4.30
(1H, NH), 1.93 (18H, ‘Bulm), 1.48 (9H, ‘Bulm), 0.69 (9H, 'BuN). Dark blue crystals suitable for
SXRD can be grown from slow diffusion of pentane into a saturated solution of the title compound
in ether. The air, moisture and solvent sensitivity of this compound precluded further

characterization.

[PhB('Bulm)sNiNH(p-OMePh) In a nitrogen-filled glovebox, a vial was charged with equimolar
PhB('‘Bulm);NiCl (0.1 mmol), then dissolved in ether. The solution was treated with equimolar
MeL.i and filtered through celite to generate 2a. Then, 1 equivalent p-anisidine was added to the

solution. After 30 minutes, the reaction mixture was concentrated. *H NMR (CsDs, 500 MHz, 298
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K): & 8.94 (NH, 1H), 7.31 (5H, BPh), 6.71-3.37 (Ar), 1.84 (18H, 'BuN), 0.90 (9H, Bu), —0.59 (3H,

OMe)

4.4.3 Other Experimental Procedures

Photolysis of [PhB(‘Bulm)s]NiNe{BAr}. To a quartz J. Young tube was added a solution of
[PhB(‘Bulm)s]NiNe }{BAr-4}, generated from 10 mg 1a and 2 eq. 'BuNzin 0.7 mL d2-DCM. The
tube was then sealed and brought out of the glovebox. Under positive nitrogen pressure, the
reaction mixture was frozen in LN», and then warmed to —80°. The reaction mixture was irradiated
using a Hanovia Hg lamp for 5 minutes in a dry ice/isopropanol bath. *H NMR of the reaction

mixture was taken using a pre-cooled NMR spectrometer.

General procedure for oxidation reactions of 1a-Na using SPh10. A 2 mM solution of 1a-Na
and a 80 mM solution of SPh1O in DCM were prepared in the glovebox. 2 mL of the 1a-Na stock
solution was then transferred to a screw-top cuvette equipped with a stirbar which was then sealed.
This cuvette was then brought out of the box and cooled to —90° in a Unisoku cryostat, with

positive argon flow. Added SPhlO via syringe, then monitored reaction.

Crystallographic Details The diffraction data were measured at 100 K on a Bruker D8
VENTURE diffractometer equipped with a microfocus Mo-target X-ray tube (A =0.71073 A) and
PHOTON 100 CMOS detector. Data were collected using ¢ and ® scans to survey a hemisphere
of reciprocal space. Data reduction and integration were performed with the Bruker APEX3
software package (Bruker AXS, version 2017.3-0, 2018). Data were scaled and corrected for
absorption effects using the multi-scan procedure as implemented in SADABS.3! The structure
was solved by SHELXT and refined by a full-matrix least-squares procedure using
OLEX2.3233Crystallographic data and details of the data collection and structure refinement are

listed in Table A4.3, Table A4.4Table A4.5.
328



4.5 Supplementary data

Table A4.1. DFT-optimized coordinates for [PhB(‘Bulm)sNiO]".

-2.90506285379324

-4.27933258965938

-4.18918554847744

-5.36825258418107

-1.48028994049855

-1.29254702037664

-2.14623048269922

-0.02617697026812

0.08079302797131

1.10185322497373

2.09558120446298

0.95113397815613

1.82857421615350

-0.31944687435485

-0.39412895218155

-4.18738163418982

-3.15277640971511

1.28756524866029

-0.36816229775168

2.44861196084648

1.41243349229543

1.49578529791083

2.37620670039765

2.88381662565290

2.66823921894205

3.35691641803999

2.09321063962918

2.32308662659236

1.23988739991023

0.79865854033281

0.95690608168739

0.32144011774993

1.45736534439544

-0.11762964987442
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-0.08249394018351

-1.40901089392030

-1.94420026787427

0.16387288354489

0.60745041000701

1.68437451748645

2.13651196140604

2.18484301114378

3.02628187794462

1.60982222877722

2.00083936432645

0.52129172896040

0.04328366674652

0.02746883887686

-0.85828717381664

0.79521089345913

-0.73766313323990



Table A4.1 Continued

C

C

-2.49002095809344

-3.22621871062826

-4.35058037760421

-1.56069185076967

-3.02913233413093

-3.07728728999977

-4.09459760357431

-2.86575953549016

-2.23475308680047

-2.53609614506853

-1.26477739534947

I -5.42686641645014

-5.84078954487789

-5.39833605366651

-5.07873634557188

-6.78378220435992

-5.21465433551672

-5.22597042516678

-1.29788272215108

-2.27499726842693

-1.68815580517581

-1.36125521333959

-3.33591478594874

2.34303318413817

3.52811000428776

4.10793647008261

3.36627720136734

5.00105633739921

3.49251419432448

1.07425482683483

0.75622078549829

-2.46444178299944

4.05696859658215

-2.05977581031187

-3.95051101117837

-2.20437551556668

330

-0.54435595853145

-1.12867045411833

-1.66801260204628

0.00802081910557

-1.19842301473489

-1.22287311836259

-2.74093788309693

-2.50353460148913

-1.55947855476278

-3.01493896314636

-1.09300818940521

-1.74414882685337

-3.28628916834229

-2.41572575410149

-3.74103061896251

-1.92841794106474

-2.13011066771507

-3.90603667823354



Table A4.1 Continued

C

C

-4.99087418885501

-4.72410405930611

-6.47632472994062

-5.95386518667974

-4.21974988567808

-5.38846950190044

-7.53077822093128

-7.02901716951030

-6.87428435515331

-6.02375525852779

-5.27613278191049

-4.27586838954849

-5.49453369196345

-3.76923719372989

-4.69918162980389

-5.68370409566969

-5.25780007504531

-3.97654630925482

3.20813978269746

5.50387746802652

4.02531833665917

-2.80415205861900

-2.49679586780502

-1.14458051331751

-2.70579590206924

-1.03022628822766

-2.18577745192994

-4.49622656943578

-4.18307140282536

-4.35111515522238

5.90478583036164

5.59683740110332

6.13771731230088

3.60147179764094

2.16344608532624

3.23880816678123
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-5.00377615584579

-4.06372634933652

-3.13748687528854

-4.46861008665983

-4.23949831845613

-4.14471296639751

-2.40620447765222

-2.20752995554913

-0.83987991461736

-2.63136570311325

-1.05730751493855

-2.53530421164803

-4.73427946651053

-4.59817738641817

-3.16609837142022

-5.76023811920730

-4.79415692228775

-5.42714824247189



Table A4.1 Continued

N

C

-6.32792859495756

-5.73425890260118

-4.39108161399308

-3.58188838482209

-6.30311629989919

-7.79828138298112

-8.38417016507288

-8.34339147428351

-8.12791065637201

-7.74577338879015

-9.21830180789578

-7.74643552108674

-8.21371615469486

-9.47073130514242

-7.95114812874033

-8.13951669855362

-7.89665560219746

-9.43240951692017

1.47455214073986

1.52747602010762

1.50472674748879

1.51057689095036

1.58388377643466

1.46322403477567

2.67845303545012

0.16126355789937

1.54718405154637

2.47044917295920

1.54196355267162

0.68190399838575

2.65038565343919

2.71397129562734

3.60963026955450

0.07312506958566

-0.70726592383156

0.11374957857935
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1.10631067792894

2.34750829340309

2.14623393435184

2.86673955216194

3.26800588709316

0.91669831600052

1.62979167969819

1.49666764852247

-0.56075929364650

-1.01286435775202

-0.69158340137544

-1.12023242670886

2.71463922880786

1.46990083862413

1.23766453905034

2.57281867467143

0.99241655642391

1.35682957115560



Table A4.1 Continued
H -7.17832534557495  4.49963629149730 -3.83563146067208

H -6.51321729664103  4.58229648412182 -2.19101182939688

H -6.82716821357474  3.00063387973825 -2.97735538830625
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Table A4.2. DFT-optimized coordinates for [PhB('Bulm)sNiN'Bu]".

-3.00130418699327

-1.66626279018884

-1.60661685798318

-2.50747579931551

-0.41021081845990

-0.40867377578903

0.78118377115071

1.72063332143250

0.76259546365152

1.69183790479580

-0.44038812550761

-0.40579167225418

-4.35959085195831

-3.14966734471028

-2.48474069604747

-3.04370087081654

-4.05997120039265

1.32119947381061

1.63330684352951

2.64790978082099

3.19861241960983

3.02340260006211

3.81696890233358

2.40383381017261

2.69919512142731

1.42234706668148

0.94467087374122

1.05416396688347

0.31233540698602

1.53160242144746

-0.12749862783020

-1.25016649765403

-2.29380303713973

-1.79071638211702
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0.06745407746368

0.90019375423941

1.86894431022695

2.14519283556742

2.47463399398625

3.22591746467234

2.11329973204787

2.58554539127681

1.12764841528066

0.80864549973917

0.53165358424817

-0.26982337958600

0.79077363119173

-0.46833199174766

-0.07063350157936

-0.72736234627630

-1.50570063975693



Table A4.1 Continued

C

-4.13542167276594

-1.67574580663178

-2.78246576842826

-3.03855108843197

-4.03530236293934

-3.74243875836696

-2.55022705351053

-2.11196312269776

-2.10290915425918

-1.22001572507659

i -5.46538431902311

-4.84518580046296

-4.55215420798289

-6.30781278558295

-4.36415475018771

-4.60463832487709

-4.74458446611097

-3.82030190748300

-0.44498537061044

-1.22983892740642

-3.34206423794497

2.24511048701921

2.24145975037932

3.20889950254803

3.80135783884470

3.19411650679878

4.60189365236002

3.36248331895642

0.94083329664497

-2.64258386963143

3.67091511790711

-2.60723242603647

-4.08708876054426

-2.12380158271624

2.49895132452746

4.77410192235429
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-1.31787618062795

0.64954684836592

-0.70041359139278

-1.17391179827382

-2.06184141985107

-2.97128888109641

-2.62370759278779

-1.49732708565502

-3.19461808647532

-0.90603262810709

-1.80716229879404

-2.44484152559608

-4.13026346130716

-2.02866742018451

-2.37893253680238

-3.85692251061710

-5.08216413455893

-4.88551000260702



Table A4.1 Continued

C

-5.84747236739162

-6.91539100553122

-6.69292218047938

-6.43345749756673

-4.96483943818680

-4.50437227173271

-3.31358758334223

-4.44230138606067

-2.85628950487031

-3.66420846590100

-5.36193420856948

-5.22386918499587

-3.77328032367476

-5.50821435807818

-6.50699163489673

-5.95520750085964

-4.61006659540006

-7.97688477708761

4.25005198855966

-3.20123495409104

-1.58452564692764

-3.03312117584351

-4.67579730805591

-4.53692506868816

-4.19779314083262

5.07206590339646

4.43705002682249

5.67258052216107

2.80295513969259

1.65062984266579

2.16247554599210

1.39637972149957

1.49921945560037

1.66519301044824

1.67121149295143

1.40218026427958
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-3.57554916355578

-2.72454741205249

-2.02120714880509

-1.02289554578816

-3.08396353305002

-1.38633326084340

-2.68118780357130

-5.73987564986069

-5.28964671195463

-4.27383313757940

-5.93805486123194

-4.58574916177045

-5.47208443926646

0.11368700025664

1.02898586477268

2.27750238734131

2.12381800288056

0.81342690826417



Table A4.1 Continued

C

C

-8.71896389143835

-8.29024269503761

-8.38367420859659

-8.14551574040985

-9.46640424005010

-7.86706969439818

-8.50458567570728

-9.79639850254276

-8.50779479838543

-7.98937729843209

-7.76291540564258

-9.36835624206091

-6.48984516415138

-5.62373931483877

-6.40262728171652

-6.75154543574238

-7.84343131203020

-8.30257757941215

1.70962899391165

-0.03178141724653

2.43971440201296

3.45030554091267

2.39122865501592

2.28452077439486

0.98355042071040

1.65241967160230

2.72264216622628

-0.72796588338316

-0.31139158229718

-0.15756804786071

4.60677790437010

5.10506942782683

3.51028643912182

0.76818617927531

0.63657521851981

2.00703345404967
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2.10834815922482

0.40547054413000

-0.22427559801158

0.13697960762334

-0.40271897891536

-1.17542042040031

2.90376393851853

1.90525794027721

2.47844081648578

1.20111421564083

-0.51031226063329

0.23604739110412

-4.39166130677946

-2.92233740336765

-2.99045250283859

-2.83142208004261

-3.73835953769991

-4.26384674894478



Table A4.1 Continued

C

C

-9.04014292601509

-7.43982070369780

-7.22875053338254

-6.55623156440790

-8.26895897963486

-8.55301126084714

-9.20688431348277

-7.54289514852065

-8.78068612525292

-9.84943209572030

-9.41864745928392

-3.54333733656632

-4.88384372109312

-5.19101928359066

-3.82552223706137

-6.54770994201922

-0.02029122394499

-0.23774665180707

-1.26749491593654

0.16397703325186

-0.26074983616583

2.69264119527952

1.86287813189946

2.47378797824964

-1.00387738342693

-0.15942826897665

0.61302006205669

-2.22544952078604

-1.07003383517003

-2.70556568664798

1.75262508571119

1.77205821340496

338

-3.02830493825684

-4.93679454570026

-4.62881411565331

-5.44828389981414

-5.65911502404691

-3.44434057824497

-4.87167771501501

-4.89857446253548

-2.61895931876813

-3.75884407551527

-2.21845312802021

-4.12339359996327

-3.95438380336865

-4.58006807317664

2.86522127634266

3.17459136755416



Table A4.3. Preliminary crystal data and structure refinement for [PhB("Bulm)sNiN'Bu]*.

Empirical formula C37.25He35sBN7Ni
Formula weight 678.97 g/mol
Temperature/K 100(2)
Crystal system monoclinic
Space group P2i/c

alA 26.2422(12)
b/A 12.6989(6)
c/A 24.8019(11)
pr° 95.146(2)°
Volume/A3 8231.8(7)

Z 8

Pealcg/cm?® 1.096
wmm-? 0.504
Radiation MoKa

20 range for data collection/ 4.33- 50.238

Reflections collected

215427
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Table A4.3 Continued
Independent reflections 14659 unique [Rint = 0.0526, Rsigma = 0.0188]

Final R indexes [[>=2c (I)] Ri1 =0.0464

Final R indexes [all data] wR2 =0.1232

Rint =2 | Fo? - <Fo®>> |/ Z | Fo
Ri=Z||Fo| - |Fcll/ Z| Fol

WRz = [2 [w (Fo?—Fc?)?] 1 Z [w (Fo?) ?[]Y2
Goodness-of-fit = [Z [w (Fo?~Fc?) 2] / (n-p)Y/2

n: number of independent reflections; p: number of refined parameters
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Table A4.4. Bond lengths from solid-state structure of [PhB("Bulm)sNiN'Bu]*.

Atom Atom Length/A Atom Atom Length/A

Nil N1 1.781(2) N9 C41 1.389(3)
Nil C9 1.867(2) N10 C40 1.350(3)
Nil C16 1.873(2) N10 C42 1.383(3)
NI C1 1462(3) NI10 B2 1.558(3)
N2 C8 1.497(3) NI11 C46 1.493(3)
N2 C9 1.361(3) NIl C47 1.363(3)
N2 C10 1.387(3) N11 C48 1.391(3)
N3 C9 13543) NI12 C47 1.351(3)
N3 C11 1.374(3) NI12 C49 1.374(3)
N3 Bl 1561(3) N12 B2 1.565(3)
N4 CI15 1.489(3) N13 C50 1.376(3)
N4 CI16 1.364(3) N13 C51 1.384(3)
N4 C17 1.386(3) NI13 B2 1.546(3)
N5 C16 1.349(3) N14 C50 1.366(3)
N5 C18 1.378(3) N14 C52 1.387(3)
N5 Bl 1.558(3) N14 C53 1.491(3)
N6 C23 1.377(3) C32 C35 1.524(4)
N6 C25 1.384(3) C33 C35 1.496(4)

N6 Bl 1547(3) C34 C35 1.527(4)
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Table A4.4 Continued

N7

N7

N7

Cl

Cl

C1l

C5

C6

C7

C10

C12

C13

Cl4

C17

C22

C22

C22

C22

C22

C22

C22

C23

C24

C2

C3

C4

C8

C8

C8

Cl1

C15

C15

C15

C18

1.484(3)
1.361(3)
1.388(3)
1.525(4)
1.518(4)
1.534(4)
1.515(4)
1.520(4)
1.524(4)
1.342(4)
1.524(4)
1.525(3)
1.527(3)

1.341(3)

C19B 1.467(8)

C20B 1.570(9)

C21A 1.447(12)

C19A 1.591(9)

C20A 1.467(9)

C21B 1.577(11)

C36

C37

C38

C41

C43

C44

C45

C48

Csl

C53

C53

C53

C57

C57

C57

C58

C59

C60

Col

C63

C39

C39

C39

C42

C46

C46

C46

C49

C52

C54

C55

C56

C58

C62

B2

C59

C60

Co61

C62

Co4

1.520(3)
1.521(3)
1.525(3)
1.341(3)
1.521(3)
1.524(3)
1.522(3)
1.339(3)
1.341(3)
1.514(3)
1.528(4)
1.528(4)
1.396(3)
1.394(3)
1.619(3)
1.389(3)
1.379(4)
1.381(4)
1.389(3)

1.464(6)
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Table A4.4 Continued

C24 C25 1.338(3) C64 C65 1.477(5)
C26 C27 1.396(3) C65 C66 1.447(6)
C26 C31 1.390(4) C66 C67 1.517(6)
C26 Bl 1.613(3) C68 C69 1.508(5)
C27 C28 1.385(4) C69 C70 1.510(5)
C28 C29 1.371(5) C70 C71 1.508(4)
C29 C30 1.383(5) C71 C72 1.489(5)
C30 C31 1.391(4) C73 C76' 1.575(10)
Ni2 N8 1.783(2) C73 C74 1.315(8)
Ni2 C40 1.871(2) C75 C76 1.391(8)
Ni2 C47 1.870(2) C75 C76! 1.392(8)
N8 (€35 1.469(3) C75 C74! 1.645(7)
N9 C39 1487(3) C75 C74 1.645(7)
N9 C40 1.364(3)

11-X,1-Y,-Z
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Table A4.5. Bond angles for solid state structure of [PhB(‘Bulm)sNiN'Bu]*.

Atom Atom Atom Angle/

Atom Atom Atom Angle/*

N1

N1

C9

Cl

C9

C9

C10

C9

C9

Cl1

C16

Cl6

C17

Cl6

Cl6

C18

C23

C23

C25

Nil C9
Nil C16
Nil C16
N1 Nil
N2 C8
N2 C10
N2 C8
N3 Cl1
N3 Bl
N3 Bl
N4 C15
N4  C17
N4 C15
N5 C18
N5 Bl
N5 Bl
N6  C25
N6 Bl
N6 Bl

135.33(10)
136.51(10)
88.02(9)
133.65(18)
126.3(2)
109.4(2)
124.4(2)
109.6(2)
122.71(18)
127.7(2)
126.94(19)
109.47(18)
123.37(18)
109.70(18)
123.23(19)
126.94(19)
110.78(19)
124.42(19)

124.63(18)

C35 N8
C40 N9
C40 N9
C41 N9
C40 N10
C40 NI10
C42 N10
C47 N11
C47 NI11
C48 NI11
C47 N12
C47 N12
C49 N12
C50 N13
C50 N13
C51 N13
C50 N14
C50 N14

C52 N14

Ni2

C39

C41

C39

C42

B2

B2

C46

C48

C46

C49

B2

B2

C51

B2

B2

C52

C53

C53

344

132.59(18)
126.71(18)
109.34(18)
123.69(18)
109.35(18)
123.05(18)
127.60(19)
125.65(19)
109.33(19)
125.02(19)
109.91(18)
122.21(18)
127.88(19)
110.83(18)
124.36(18)
124.44(18)
111.93(19)
125.38(19)

122.66(19)



Table A4.5 Continued

C22 125.1(2)

C24 111.90(19)

C22 122.9(2)

C23 N7

C23 N7

C24 N7

N1 Cl1 C2
N1 Cl1 C3
N1 Cl1 C4
cC2 C1 cC4
C3 Cl1 C2
C3 C1 cC4
N2 C8 C5
N2 C8 C6
N2 C8 C7
Cs5 C8 C6
cs C8 C7
Cé6 C8 C7
N2 C9 Nil
N3 C9 Nil
N3 C9 N2
Cl1 C10 N2
C10 C11 N3

109.5(2)
110.4(2)
108.0(2)
109.8(3)
110.3(2)
108.7(2)
109.1(2)
109.1(2)
108.3(2)
109.0(3)
111.3(2)
110.1(3)
131.15(18)
122.57(17)
106.11(19)
106.9(2)

108.0(2)

N8

N8

N8

C32

C33

C33

N9

N9

N9

C36

C36

C37

N9

N10

N10

C42

C41

N11

N11

N11

C35

C35

C35

C35

C35

C35

C39

C39

C39

C39

C39

C39

C40

C40

C40

C41

C42

C46

C46

C46

C32

C33

C34

C34

C32

C34

C36

C37

C38

C37

C38

C38

Ni2

Ni2

N9

N9

N10

C43

C44

C45

345

109.3(2)
111.1(3)
107.6(2)
106.8(3)
110.8(3)
111.1(3)
110.28(18)
108.17(19)
109.00(19)
110.5(2)
108.4(2)
110.5(2)
131.30(16)
122.04(15)
106.36(18)
106.83(19)
108.1(2)
108.53(19)
108.75(19)

109.48(19)



Table A4.5 Continued

N4

N4

N4

C12

C12

C13

N4

N5

N5

C15

C15

C15

C15

C15

C15

C16

C16

C16

C12

C13

C14

C13

C14

Cl4

Nil

Nil

N4

110.18(19)
108.96(19)
108.08(19)
108.4(2)
110.5(2)
110.7(2)
131.87(17)
121.93(16)

106.03(19)

C18 C17

Cl7 Ci18
N7 C22
N7 C22
N7 C22
C19B C22
C19B C22
C21A C22
C21A C22
C21A C22

C20A C22

N4  106.9(2)

N5  107.9(2)
C20B 107.6(3)
C19A 107.2(3)
C21B 106.1(4)
N7  110.1(3)
C20B 106.3(4)
N7  112.5(4)
C19B 115.1(5)
C20B 104.7(6)

N7 112.2(3)

C43

C43

C45

N11

N12

N12

C49

C48

N14

C52

C51

N14

N14

N14

C54

C54

C56

C58

C62

C62

C46

C46

C46

C47

ca7

C47

C48

C49

C50

Cs1

C52

C53

C53

C53

Cs3

C53

C53

C57

C57

C57

C44

C45

C44

Ni2

Ni2

N11

N11

N12

N13

N13

N14

C54

C55

C56

C55

C56

C55

B2

C58

B2

346

111.6(2)
108.9(2)
109.6(2)
131.14(17)
122.83(16)
105.90(18)
106.9(2)
107.9(2)
103.29(18)
107.73(19)
106.2(2)
109.97(19)
108.5(2)
108.26(19)
110.2(2)
109.2(2)
110.6(2)
121.7(2)
116.8(2)

121.4(2)



Table A4.5 Continued

C20A C22

C20A C22

C21B C22

N7

C25

C24

c27

C31

C31

C28

C29

C28

C29

C26

N3

N5

N5

N6

N6

N6

C23

C24

C25

C26

C26

C26

C27

C28

C29

C30

C31

Bl

Bl

Bl

Bl

Bl

Bl

C19A 109.8(4)

C21B 114.1(6)

C19A 107.0(5)

N6

N7

N6

Bl

C27

Bl

C26

C27

C30

C31

C30

C26

N3

C26

N3

N5

C26

103.34(19)
106.3(2)
107.7(2)
121.6(2)
116.6(2)
121.7(2)
122.1(3)
119.9(3)
119.8(3)
119.8(3)
121.8(3)
110.51(19)
104.89(18)
112.42(19)
109.08(18)
109.75(18)

110.04(19)

C59

C60

C59

C60

Co61

N10

N10

N12

N13

N13

N13

C63

C66

C65

C68

C71

Cr2

C76

C58

C59

C60

Co61

C62

B2

B2

B2

B2

B2

B2

Co4

C65

C66

C69

C70

Cr71

C75

C76' C75

C76

C75

C57

C58

C61

C62

C57

N12

C57

C57

N10

N12

C57

C65

Co4

C67

C70

C69

C70

121.6(2)
120.2(3)
119.6(2)
119.9(2)
121.9(2)
104.39(17)
111.57(18)
110.49(18)
110.48(18)
109.03(18)
110.68(18)
112.9(4)
115.2(3)
113.0(4)
113.7(3)
115.3(3)

114.7(3)

C76! 180.0(7)

C74! 116.9(4)

C74' 63.1(4)
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Table A4.5 Continued
N8 Ni2 C40 134.28(9) C74' C75 C74 180.0
N8 Ni2 C47 137.75(9) C75 C76 C73! 114.9(6)

C47 Ni2 C40 87.86(9) C73 C74 C75 115.0(6)
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