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ABSTRACT OF THE DISSERTATION

Synthesis, Characterization, and Reactivity Studies on Transition Metal Amidophenolate
Complexes

by
Isis Lee
Doctor of Philosophy in Chemistry
University of California, Irvine, 2026
Professor Alan F. Heyduk, Chair

Catecholate-type ligands on transition metals have demonstrated the ability to act as
proton and electron reservoirs, enabling diverse chemical transformations. This dissertation
investigates how redox-active amidophenolate ligands control the electronic structure,
reactivity and physical properties of transition metal complexes, spanning five-coordinate
ruthenium complexes as well as group IV charge-transfer dyes.

Chapter 2 examines the synthesis of a new series of five-coordinate ruthenium (II)
amidophenolate complexes, LaRu(Phap)(PRs)m (L = N2, MeCN, CO, CzHa, Prap = 3,5-di-tert-
butyl-(6-phenylamidophenolate), PRs = PPhs, PMes, diphenylphosphinoethane). The
geometry of these complexes is controlled by the rich electron density donated by the
amidophenolate ligand as well as the ancillary phosphines’ steric bulk. X-ray diffraction
analysis supported by DFT calculations reveal a high level of covalency between the metal
and amidophenolate which leads to intermediate ligand oxidation states. The apical L ligand
is readily replaced, allowing these complexes to be a good platform for exploring reactivity.

Chapter 3 explores the reactivity of the ruthenium (II) amidophenolate platform.
Electrochemical analysis and chemical oxidation showcase the stability of the doubly oxidized
state of the complex, suggesting multielectron chemistry. Hz activation is observed across the

Ru-N bond through metal-ligand cooperation. However, exposure to excess Hz leads to the

hydrogenation of the ligand and decomposition of the complex. Addition of organic azide

Xiv



produces a stable tetrazene complex which halts productive nitrene transfer, though kinetic
studies suggest an imido intermediate. Reaction with phenylacetylene generates a metal
vinylidene complex which enables catalytic alkyne homocoupling with moderate selectivity
towards the Z-enyne.

Chapter 4 probes the effect of the d electrons of the metal and the angle of the donor
and acceptor ligands in a series of group IV ligand-to-ligand charge-transfer (LL'CT)
complexes. The zirconium complexes display a single low-intensity absorption band observed
through UV-Vis spectroscopy, while the titanium analogues exhibit a stronger, broader
absorption due to the increased level of metal and ligand orbital mixing. Modifying the
bipyridine acceptor tunes the energy of the LL/CT band by up to 0.15 eV. Structural analysis
through X-ray diffraction revealed the dihedral angle between the donor and acceptor ligand
was near 80 °, which modulated the orbital overlap and subsequently the intensity of the

transition.

XV



Chapter 1: Introduction

1.1. Metal-ligand cooperative reactivity

In classical transition metal homogenous catalysts, the important bond-breaking and
bond-making transformations occur on the metal while the coordinated ligand stays as a
spectator. Elementary reactions relevant to catalysis, such as oxidative addition, reductive
elimination, and B-hydride elimination, all occur on the metal with electrons sourced from
the metal d-orbitals. In designing of such catalysts, the ligand is chosen for its indirect

influence on reactivity by modulating the solubility, steric environment, and electron density.

[FeFe]-hydrogenase

H
HN N
H
\‘ Cys \‘ Cys
Hos ,s\ / 4y ,s\
NI AN — N
/F.e” -Fe! \[Fe Sq? /F,e”—Fe' \[Fe Sq?
NC 5 \ . l u,CN NCOC¢: \C’, "ON
oc g co o Co
[NiFe]-hydrogenase
HzN _Arg HzN .Arg
& a
H,N Hl}l
f )
Cys~g M N Cys—g b SN
" * <~ =CN —_— N 7N aCN
NI” Fe” ~— NIH—Fe”

/ .'"u \\““' / .'"1, \\““‘
Cys—S \S/ \CO Cys—S \S/ \CO
Cys’ S Cys’ S
| |
Cys Cys

Scheme 1.1 Proposed mechanisms of the active sites of [FeFe]-hydrogenase and [NiFe]-hydrogenase
displaying MLC in heterolytically cleaving Hs. The activated hydrogen is colored in blue to
demonstrate the cleavage but are indifferentiable with amine protons.

However, in nature, catalysis where ligands are seen to assume a more direct role is
commonly found.! For example, bond activations in iron containing hydrogenases involve
heterolytic H2 splitting across the metal and ligand that results in no change in the metal

oxidation state as depicted in Scheme 1.1. Studies that inserted synthetic mimics of the



[FeFel]-hydrogenase active site into the cofactor-free form of [FeFe]-hydrogenase showed that
full catalytic activity was only achieved with the analogues involving bridging
azadithiolates.2-¢ Similarly, [NiFe]-hydrogenase was thought to be activating Hz into a proton
on the cystine sulfur and a hydride that bridges between the metals, although a recent study
with site-directed mutagenesis discovered that a nitrogen atom from an arginine acts as the
base.”™ In both cases, the electronegative nitrogen or sulfur is thought to be working as a
proximal basic site where the Hz can be cleaved heterolytically. Such systems inspired
catalyst designs to incorporate ligands that can actively participate in chemical
transformations. This type of reactivity was named as metal-ligand cooperation (MLC),!
where both the metal and ligand are involved concertedly in the crucial bond-breaking or
bond-forming step of a catalytic cycle. The terminology has been sometimes used broadly to
encompass reactivity that includes hemiliable ligands or ligands in the second coordination
sphere, as often seen in protein active sites. In this manuscript, MLC will be limited to
examples where the metal and ligand are chemically modified and in the first coordination
sphere.

One of the first examples of MLC achieved through the metathesis between a metal-
ligand bond and a bond in the substrate was discovered by Noyori’s group.1-13 They reported
the considerable increase of catalytic ketone hydrogenation reactivity of ruthenium
complexes upon addition of diamines with an N-H group. Mechanistic studies following the
initial discovery unveiled that the metal acts as the Lewis acid and the ligand acts as the
Lewis base, cleaving Hz across the metal ligand bond as a hydride and proton. The hydrogen
then is transferred to the carbonyl through a pericyclic transition state, where the proton is
transferred to the partially negatively charged oxygen and the hydride to the partially

positively charged carbon (Scheme 1.2).14-16 The first generation Noyori’s catalyst has been
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Scheme 1.2 Proposed mechanism of H:2 activation on a diphosphine diamine enantioselective
hydrogenation catalyst for ketone hydrogenation (top) and a reversible aromatization PNP pincer
complex (bottom).

since then developed into highly enantioselective hydrogenation catalysts by employing
chiral biphosphine ligands, an achievement recognized with the 2001 Nobel Prize in
Chemistry.!” Another well studied example of hydrogenation through MLC involves a
reversible aromatization on the ligand backbone that allows the hydrogen to be split across
the metal and the ligand. Milstein et al demonstrated a ruthenium complex with a pyridine-
amide pincer that can reversibly bind an equivalent of proton through the aromatization of
the pyridine moiety as described in Scheme 1.2.1® Iridium complexes of such pincer ligands
have catalytically hydrogenated ketones and imines.'%20 There are ligands containing
electronegative heteroatoms such as oxygen and sulfur were also found to cleave H:
heterolytically, the former less common due to the increased lability of coordinated alcohols.
These catalysts have been applied to hydrogenation of unsaturated C=0 or C=N bonds
through similar metathesis mechanisms.?!-22

The majority of studies invoking MLC is focused on the heterolytic cleavage of the H-H
bond and consecutive hydrogenation. More recently, driven by the similar electronegativities

of silicon and boron to hydrogen, there have been efforts to expand the scope to other E-H



bonds (E = Si, B).23 Select systems that can cleave H2 across the metal and ligand have
demonstrated the ability to activate hydrosilanes or hydroboranes. The affinity of silicon to
electronegative atoms such as sulfur have been utilized in designing a ruthenium arene with
a tethered thiolate that can perform catalytic hydrosilylation to pyridines and carbonyls.
(Scheme 1.3)2426 The same system has also been shown to heterolytically cleave B-H bonds
and catalytically borylate pyrroles. Similar strategies employing other electronegative atoms

such as nitrogen and oxygen on ligands have been shown to be effective in cleaving E-H

bonds.
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Scheme 1.3 Heterolytic cleavage of Si—-H and B-H bonds by metal thiolates.

1.2. Catecholate-Type Redox-Active Ligands

One of the prerequisites for MLC reactivity is that the bonding mode of the ligand and
the metal must be altered upon activation of a substrate, as the chemical change happens in
the first coordination sphere. Typically, this change is seen as the ligand changes from an X-
type to an L-type upon the addition of the proton, silicon, or boron. Therefore, the ligand acts
as a reservoir for a proton analogue, ideally while still bound to the metal. A well-studied
family of ligands that can act as a proton reservoir are ortho-catecholates and their analogues.

A library of studies has been published on their capability to modulate the thermodynamics



of hydrogen atom transfer reactions, owing to their ability to store electrons in addition to
protons.27-31

The capacity of catecholate-type ligands to act as electron reservoirs puts them in a
category of ligands labeled redox-active. Redox-active ligands are characterized by their
ability to exist in multiple oxidation states bound to a metal, owing to the proximity of the
energies of the ligand frontier molecular orbitals (FMOs) and the metal d-orbitals. Their
characteristics have made them the object of studies for 60 years since the seminal review by
Jorgensen, where he introduced the terminology of “innocent” ligands as ligands that allow
the metal oxidation state to be determined unambiguously.?? While oftentimes both terms
are used interchangeably, the term “redox-active” is now more reserved for ligands that are
stable in their multiple oxidation states bound to metal, while in the traditional term of “non-
innocent” encompasses all ligands that display ambiguity in their oxidation state.3?

As a prototypical
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4 "2 E E E

+e” +e”

catecholate-type  ligands

Scheme 1.4 Three oxidation states of the catecholate-type ligand
can stably bind to metal in bound to metal. E= 0O, S, NR.
three distinct oxidation states ranging from the fully reduced catecholate dianion to the fully
oxidized neutral quinone. The resulting ambiguity of the ligand oxidation state in ortho-
catecholate complexes necessitates multiple experimental evidence from various
spectroscopic and electrochemical methods to elicit them. Due to the sensitivity of bond
lengths within the ligand to its oxidation state, single-crystal X-ray diffraction is a useful tool
to characterize complexes with catecholate-type ligands. As depicted in Scheme 1.4, as the
ligand gets oxidized, the bond distances within the ligand will bear characteristics of different

bond orders. The C(3)—-C(4), C(5)—C(6), C(1)-E, and C(2)-E bond distances contract due to

double bonds becoming more localized, while C(1)—C(2), C(2)-C(3), and C(4)-C(5) bond
5



distances increase due to them developing more single bond character.?43®> For certain
catecholate analogues that have a large library of reported complexes, Brown developed the
“Metrical Oxidation State” (MOS) calculator that allows the determination of ligand
oxidation state through comparison of structural data.6

The high resolution metrical data from the solid-state bond distances can be
corroborated with solution state bulk spectroscopic analysis. Transition metal complexes
with catecholate type ligands in the semiquinone or quinone state are known to be intensely
colored, which can be characterized through UV-Vis-NIR spectroscopy. The identities of these
intense absorptions are mainly charge transfers between metal and ligand or in the
semiquinone state, intraligand m to m* transitions. These transitions typically show up in the
lower energy region higher than 600 nm with the absorption coefficient near 10* M- cm~1.37-
40 Electron paramagnetic resonance (EPR) spectroscopy for radicals and nuclear magnetic
resonance (NMR) spectroscopy for diamagnetic complexes are also useful to determining the
oxidation state of the ligand and location of the electrons. For a S = 1/2 spin system where
the unpaired electron is localized on the ligand, the EPR spectra is similar to a free
semiquinone with an isotropic signal near g=2.00.4-%¢ For diamagnetic systems, the 1H NMR
chemical shifts for the protons on the catecholate-type ligands alter significantly between
different oxidation states. The electronic structure of transition metal complexes with
catecholate-type ligands can be characterized further with voltammetry studies. The redox-
active m system on the ligands exhibit redox couples at more mild potentials compared to
metal based redox processes. Due to the chelating effect of the ligand, two reversible
reduction events localized on the ligand are commonly observed in the cyclic
voltammograms.* The open circuit potential is another key evidence that is used in assigning

the ligand oxidation state by comparing it to the potentials of the reduction events.



1.3. Ruthenium Complexes with Catecholate-Type Ligands

Ruthenium complexes with catecholate analogues have been studied intensively due
to the good match of metal d-orbital and ligand FMO energy. Fujita and coworkers have
compiled the extensive library of these complexes, with the classification of the four stable

oxidation states of the ruthenium catecholate-type complexes.*> Within the four classes, there
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Scheme 1.5 Classification of ruthenium complexes with catecholate-type ligands by their oxidation
states by Fujita et al.45 The triplet state is omitted in the Class B iminoquinone-Ru(IIl) state.

are multiple possible oxidation state assignments for the metal and ligand, which is
controlled by the selection of the ligand backbone, ancillary ligands, and other environmental
factors of the complex. The most reduced form is the unambiguous Class D, where the ligand
1s expected to be in the fully reduced catecholate oxidation state and the metal is in the +2
oxidation state. One electron oxidation of the Class D complexes result in the Class C, where
the unpaired electron could reside on the ligand in the semiquinone oxidation state paired
with the Ru(I) metal, or on the metal as Ru(IIl) with the catecholate state ligand.

7



Consecutive one electron oxidation of Class C complexes results in Class B, which has the
most options possible for ligand and metal oxidation state assignment. The ligand could be
in the fully oxidized state as a quinone bound to a Ru(II) center, as a semiquinone bound to
a Ru(III), or catecholate bound to Ru(IV). In addition, the semiquinone-Ru(III) configuration
could be a triplet or a singlet which involves ferromagnetic coupling between the radicals on
the ligand and metal. Lastly, another one electron oxidation from the Class B complexes leads
to Class A, where a semiquinone could be bound to a Ru(IV) center or a quinone could be
complexed to a Ru(III). The multiple possible ligand and metal oxidation state for these
ruthenium complexes with catecholate-type ligands necessitates the careful corroboration of
experimental evidence discussed above, especially with complexes with more than one
catecholate analogues, which is not uncommon,37-40.46.47

To add to the complexity of the electronic structure of these complexes, the good energy
match between the metal d-orbitals and the ligand  system results in increased covalency
between the metal and ligand. This results in diffused electron density across metal and
ligand owing to the contributions from multiple resonance forms, which leads to experimental
data that could be interpreted as intermediate, noninteger oxidation states for both metal
and ligand.*®-5! For instance, solid-state bond distances of the ligand commonly lie between
the average bond distances tabulated from other transition metal catecholate-type ligand
complexes. Therefore, in addition to the multiple experimental data, density functional
theory (DFT) calculations are often used to aid in finding the extent of the metal and ligand
contributions to the complexes’ FMQOs.40:52.53

The aforementioned unique electronic characteristics of the ruthenium complexes with
catecholate-type ligands have been studied intensively for their potential in catalysis due to
the increased electronic communication between the metal and ligand. However, reactivity

studies of these systems are limited compared to the vast literature of fundamental studies.
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2+ Tanaka and coworkers have demonstrated the
electrocatalytic oxidation of alcohols using a Ru(I)-quinone-
ammonia complex, which utilized the stability of a high

oxidation state intermediate owing to the electron density

donated from the ligand.?*-56 To date, most of the reactivity

Scheme 1.6 Alcohol oxidation

catalyst reported by Tanaka et
al.52-54

studies employ the strategy of stabilizing the high oxidation
state intermediate through the increased electron density

donation from the ligand to the metal, focused on Class B complexes.

1.4. Ligand-to-Ligand Charge-Transfer complexes

The tunable FMO energies of redox-active ligands make them valuable for
photochemical energy conversion. A prominent example is a class of molecular dyes that
utilize the intramolecular charge transfers observed in metal complexes with redox-active
ligands, as discussed in Section 1.2. An early model of such charge-transfer dye is the
[Ru(bpy)?]2+.5758 The photoinduced metal-to-ligand charge-transfer (MLCT) occurs between
the metal d-orbital and the bipyridine o* orbitals, owing to the ability of bipyridine to be
reduced by an electron. The advantages of transition metal complex charge-transfer dyes
include the ease of synthesis and customizability of the ligands compared to their extended
conjugated organic counterparts. However, in MLCT dyes, the distance of the charge transfer
is shorter, increasing the probability of rapid recombination of the excited electron and hole
pair back to the ground state. To extend the distance between the electron-hole pair,
transition metal dyes where the HOMO and LUMO are located in separate ligands have been
designed. In these dyes, the electron is excited from one redox-active ligand to another,

performing ligand-to-ligand charge-transfer (LL/CT).
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Figure 1.1 Nickel based catecholate-diimine LL/'CT complexes. Charge transfer from the
tetrachlorocathecolate to the diimine acceptors are depicted.

Previous studies in the lab have showcased the tunability of the absorption profile of
a series of Ni(II) catecholate diimine LL'CT complexes through modification of the
ligands.??60 In this system, charge-transfer occurs from the fully reduced catecholates to the
fully oxidized diimines, as confirmed by the sensitivity of the electromagnetic absorption
profile to the electron donating or electron withdrawing character of the ligand backbones.
The charge-transfer band is further characterized by its sensitivity to the solvent polarity,
displaying a solvatochromic shift due to the excited state after the charge-transfer being less
polar compared to the ground state. The relative energies of the ligand 1 systems agreed with
the relative reduction potentials observed for the oxidation of the catecholates and the
reduction of the diimines within the complexes. As a result of the varying HOMO and LUMO

energy gaps, the LL/CT band in the UV-Vis region could be tuned up to 0.8 eV.
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The system above utilizes the increased overlap between the donor and acceptor
ligands’ 1 systems coming from the square planar arrangement about the d® metal. Fewer
systems with lower number of metal d electrons have been reported. Recent studies have
found that a small amount of orbital mixing from redox-active metal orbitals aid in LL’CT
when the dihedral angle between the ligands are less than 180 °. Zhang and coworkers have
reported early metal diazabutadiene systems where the DFT calculations predict a higher
oscillator strength of the LLCT band compared to experimental results.®! They have
attributed this to the overlap integral predominantly originating from the d orbital of the
metal, which suggests that the redox-active metal is contributing to the Laporte-allowed

charge-transfer.

1.5. Contributions of this work

The work presented in this dissertation investigates transition metal amidophenolate
complexes.

Chapter 2 discusses the synthesis and characterization of a series of five-coordinate
ruthenium (II) amidophenolate phosphine complexes and their reactivity with small m acids.
The electron density donation from the ligand to the metal due to the good overlap of their
orbital energies lead to the low coordination number, while the sterics from bulky phosphines
force an equilibrium between a phosphine-bound and dinitrogen-bound complex in room
temperature. The pendant dinitrogen bound to the metal is easily replaced with other m acids
such as acetonitrile, carbon monoxide, and ethylene, though no activation of bound m acids
was observed.

Chapter 3 investigates the MLC and multi-electron reactivity of the complexes
characterized in Chapter 2. The basic amine on the amidophenolate can act as a proton

reservoir, splitting Hs heterolytically. Kinetic studies suggest that the activation of the
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dihydrogen goes through an early transition state, binding as a dihydrogen first to the metal
before being heterolytically cleaved across the metal-ligand bond. While the complex was not
stable under excess H: which prevented catalytic hydrogenation of substrates, catalytic
transfer hydrogenation was observed using NH3BHs as the hydrogen source. Addition of
excess aryl azides to the complex resulted in the generation of a five-coordinate tetrazene
complex, which did not display any nitrene transfer to substrates. However, an intermediate
1s observed in the 1H NMR and the addition of substrates before the azide leads to generation
of some nitrene transfer products. This suggests the possibility of a transient imido capable
of nitrene transfer forming before an equivalent of azide traps it.

Chapter 4 investigates a series of group IV amidophenolate bipyridine complexes and
the effects of the geometry and metal d electrons on the charge-transfer band. The LL'CT
band was sensitive to the identity of the electron acceptor bipyridine and could be tuned by
up to 0.15 eV. The titanium complexes exhibit broader and higher intensity absorption from
the low energy LMCT, but the zirconium complexes possess a cleaner low intensity LL'CT

peak due to the higher energy of the LMCT.
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Chapter 2: Five-coordinate Aminophenol Complexes of Ruthenium(II)

2.1. Introduction

Redox-active catecholate-type ligands (Scheme 1.4) bound to ruthenium ions (Ru-RALs)
have engendered great interest due to the high degree of covalency granted by the similar
energies of the ruthenium d-orbitals and the redox-active * orbital of the ligands.'-® This
allows the complexes access to multiple possible electronic configurations through resonance
as depicted in Scheme 1.5.3 The extent of the orbital mixing in these systems is so high that
they are more accurately depicted as a delocalized 5-membered metallocycle involving the
electronegative atoms bound to ruthenium and the a-carbons.*%19 While the fully reduced
complexes of Class D can unambiguously be described as a Ru(II) ion bound to a catecholate-
type ligand, there are multiple possible oxidation state assignments for the ligand and metal
for each electron transferred out of the complex. With consecutive oxidations, there are
multiple possible electron configurations that require corroboration of multitude of
experimental data to assign the oxidation states of the metal and ligand. Fortunately, the
well-behaved electronic characteristics of Ru-RALs have made it possible to probe the
oxidation states of the metal and ligand through methods such as UV-Vis, EPR, XPS, IR,
Raman spectroscopy, electrochemical studies, and X-ray crystallography.l’-1* However,
oftentimes the electronic state of a complex has contributions from multiple resonance forms
owing to the extensive covalency between the metal and ligand, leading to an intermediate
physical oxidation state that differs from the formal, integer oxidation state.!>!¢ For instance,
the distance between the oxygen and the a-carbon in a catecholate bound to a metal ion in a
purely ionic bond decreases from 1.355, 1.285, to 1.217 A as the ligand oxidizes from
catecholate to quinone.!” But it is not uncommon for experimentally determined bond

distances to lie in between as in the case of ruthenium bis-catecholate complexes where said
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bond distances are measured to be 1.32 A.2 Therefore, rigorous investigation of multiple
experimental data in addition to computational analysis is used to identify the nature of the
electronic configuration of these Ru-RALs.

The extensive fundamental studies on redox-active ligands and these electronically
remarkable Ru-RAL systems that have been published since the 1970s have implied the
potential for homogenous catalysis.18-21 However, sparce publications on reactivity can be
found. Tanaka et al. demonstrated electrocatalytic oxidation of alcohols using a Ru(II)-
quinone-ammonia complex with an ancillary terpyridine (Scheme 1.6), utilizing the stability
of the higher oxidation state on the metal through the catecholate.?223

To create a platform that can tap into the rich and well-behaved electronic properties
of the ruthenium catecholate, new five-coordinate mono-aminophenol phosphine complexes
of ruthenium(I) have been designed and characterized. Phosphines were selected as
ancillary ligands due to their softness, which would be ideal to match with the covalent and
soft Ru-RAL moiety. The newly synthesized five-coordinate Ru-RAL platform was tested for

its reactivity with small T acids.
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2.2. Results

2.2.1. Synthesis and structural characterization of a Ru(Phap)(PRs). series
N
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Scheme 2.1 Synthesis of ruthenium amidophenolate phosphine complexes (1a, 2a-b).

Ruthenium(II) complex of the 3,5-di-tertbutyl-(6-phenylamidophenolate) (Phap?-)
ligand was readily accessed by salt metathesis (Scheme 2.1). Surprisingly, single crystal
X-ray diffraction and IR spectroscopy of the intended tris-phosphine complex Ru(*tap)(PPhs)s

(1b) revealed it to be a terminally bound N2 complex N2Ru(Phap)(PPhs): (1a) as observed by a

terminal diatomic ligand and an IR Q ..E. +PPhg Q pPhy
_N2
. —Ru— N—~Ru—PPh
absorbance at 2124 cm presented in N /Ru\ PPhy . {PPhy
B ,Q’O PPhg +Np B4 O PPhy
u
section 2.2.2. However, 'TH NMR of the By - PPhy -
1a 1b
isolated solids retrieved from Scheme 2.2 Proposed equilibrium between 1a and 1b

in solution state.
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Figure 2.1 31P {tH} NMR of 1a/1b in temperatures ranging from 20 °C (brown) to =100 °C (blue) in 20
°C increments. The peak near 58 ppm is of the metal phosphine and the peak near —7 ppm is of the
free PPhs. Triphenylphosphine oxide was added as the reference at 23.2 ppm.

recrystallization constantly displayed more than the expected 30 protons from the PPhs in
varying degrees and a broad singlet near 5.5 ppm was sometimes observed in the 31P NMR.
The small impurity was suspected to be the originally intended tris-PPhs complex due to the
extra equivalent from the ruthenium starting material. Further purification through
recrystallization or solvent extraction was not successful due to the similar solubility of la
and PPhs in pentane, Et20, THF, benzene, and toluene, while 1a decomposed in halogenated
solvents and reacted with MeCN as discussed in section 1.2.3. In an attempt to convert all of
the Nz2-bound species into the PPhs bound species, excess triphenylphosphine was added to
the recrystallized 1a in deuterated benzene. However, the addition of up to 30 equivalents of
excess PPhs did not lead to any chemical shift in the '"H NMR. The putative equilibrium
between 1la/1b was therefore studied through low temperature (LT) 3!P {H} NMR in proteo-
THF with triphenylphosphine oxide added as a reference (23.2 ppm) and 'H NMR in THF-ds
between 25 to —100 °C, as presented in Figure 2.1. As the temperature decreased, the broad
singlet near 5.5 ppm became sharper and shifted upfield, while the metal bound phosphine
peak at 57.4 ppm shifted downfield as it initially sharpened near 0 °C but broadened again

as the temperature decreased. Within the temperature that THF stays liquid, above —108.4
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°C, the equilibrium between the suspected tris-phosphine complex 1b and 1a as descripted in
Scheme 2.2 is not refined to be clearly distinguished from each other. The resulting average
'H NMR of the two species at 298 K is well resolved in the typical proton resonance regions
and can be identified by the two characteristic tert-butyl singlet resonances that range from
1.4 to 1.6 ppm and a singlet resonance in the {{H} 3P NMR spectrum at 57.4 ppm, suggesting
that all of the ruthenium bound PPhs are chemically equivalent in the NMR timescale. Based
on the solid-state and solution data, 1a and 1b appear to be five-coordinate complexes, an
unusual characteristic among the many reported examples of Ru-RALs, which are
predominantly 6-coordinate.

Table 2.1 Selected bond distances (A) and angles of solid-state structures of (N2)Ru(Phap)(PPhs)s,
Ru(Phap)(PMes)s, and Ru(Phap)(PPhs)(dppe). For the five coordinate species, the two largest bond
angles on the metal center are reported.

Ru-0(1) 2.108(2) 2.0781(8) 2.0824(11)
Ru-N(1) 1.998(3) 2.0317(10) 2.0081(13)
o(1)-c(1) 1.335(4) 1.3345(14) 1.3268(18)
N(D-C(2) 1.400(5) 1.4029(14) 1.4069(19)
c()-c2) 1.411(5) 1.4177(16) 1.411(2)
C(2)-C@®) 1.401(5) 1.3975(16) 1.407(2)
C(3)-C@) 1.380(5) 1.4001(16) 1.389(2)
C@)-C(s) 1.413(5) 1.3916(16) 1.406(2)
C(5)-C(6) 1.381(5) 1.4055(16) 1.396(2)
C()-Cc(1) 1.421(5) 1.4131(16) 1.421(2)
Ru-P(1) 2.2937(10) 2.2825(3) 2.3030(4)
Ru-P(2) 2.2921(10) 2.2098(3) 2.2625(4)
Ru-P(3) - 2.2798(3) 2.2499(4)
Ru-N(2) 1.929(3)

MOS -1.57 -1.76 -1.62
N(1)-Ru-P(trans) 134.00(9) 153.47(3) 132.27(4)
O()-Ru-P(¢rans) - 168.55(3) 174.84(3)

O(1)-Ru-LP 172.68(12)
O(1)-Ru-NQ) 79.46(11) 78.31(4) 78.70(5)
s 0.64 0.25 0.71
Ligand cone angle 145 1182 122

(a) Tolman cone angle for dppe

To determine whether the low coordination number was driven by the sterics of the

crowded ligand sphere or by electronic structure requirements of the complex, the synthesis
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was repeated with smaller phosphines. The phosphine ligands chosen were due to the smaller
Tolman cone angle than PPhs.2* The phosphines of choice were PMes and dppe with the
Tolman cone angle of 118 ° and 122 °, compared to the 145 ° of PPhs. For the PMes variant,
analogous synthesis was performed with the precursor Ru(PMes):Cle. To install dppe, an
equivalent of the ligand was added to 1a and the product was isolated by recrystallization in
cold pentane. The resulting complexes were Ru(tBuap)(PMes)s (2a) and Ru(tBuap)(PPhs)(dppe)
(2b). The complexes display well resolved resonances in the diamagnetic region of 'H NMR
and 3!P {{H} NMR. 2a can be identified by its phosphorus resonance at 17.94 ppm and 2b

displays a triplet for the PPhs at 57.31 ppm and a doublet of doublets at 59.76 ppm.

2a 2b

Figure 2.2 Solid-state structure of NsRu(Phap)(PPhs)2, Ru(Phap)(PMes)s, and Ru(Phap)(dppe)(PPhs)
with thermal ellipsoids set at 50 % probability. Hydrogen atoms and solvent molecules are omitted
for clarity.
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Single-crystal X-ray diffraction methods were used to probe the molecular structures
and to gain insight on the metal and ligand oxidation states in each complex. Selected bond
metrics, bond angles, and ts values for complex 1a, 2a, and 2b are presented in Table 2.1 and
the ORTEP diagram in Figure 2.2. X-ray quality crystals were harvested from concentrated
pentane or diethyl ether solutions cooled to —35 °C, or from a pentane/THF diffusion. From
the mixture of 1a and 1b in pentane, only 1a was isolated as X-ray quality single crystals. 2a
and 2b retained all three phosphines as the ancillary ligand. The geometry of the complexes
1s closely tied to sterics, with t5 values increasing in correlation to the Tolman cone angle of
the phosphine ligand (Table 2.1). As the cone angle increases from 118 ° (2a, PMes) to 145 °
(1a, PPhs), the complex assumes a more trigonal bipyramidal structure, while the fixed bite
angle of the chelating dppe forces the structure of 2b to be closer to trigonal bipyramid.

It is established that Ru-RALs often demonstrate intermediate metal and ligand
oxidation states due to the high covalency between the two. To aid in the assignmenmt of the
metal and ligand oxidation state, the metrical oxidation states (MOS) of the redox-active
aminophenol for each complex were calculated by comparing the bond length of the ligand to
the compiled literature of structural data of metal aminophenol complexes.!” The calculated
MOS are non-integer values between —1.44 and —1.86 as expected from formally Rull-tBugp2-
complexes due to the high degree of covalency between the ligand and the metal. The MOS
of the amidophenolate increased as the alkyl groups on the phosphines were substituted with

the phenyl groups (2a<2b<1a).
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2.2.2. Spectroscopic analysis
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Figure 2.8 UV-visible spectra of 1a and 2a-b (left) and IR spectra of 1a (right).

The ruthenium amidophenolate phosphine complexes have been characterized
through electronic absorbance spectroscopy in the UV-vis-NIR region in THF at 298K, and
la was also characterized through IR spectroscopy as a KBr pellet (Figure 2.3). The
wavelength and extinction coefficients of the absorbance features for the UV-vis are
summarized in Table 2.2. The complexes display two absorbance peaks, one between 360 to
480 nm (2.6 to 3.4 eV) and another between 500 to 580 nm (2.1 to 2.5 eV). 1a also showed a
prominent absorption peak in the IR region at 2124 cm™!, which is consistent with Ru(I)
bound terminal dinitrogen.2526

Table 2.2 UV-vis-NIR transition of complexes 1-5 in THF.

A/nm (e / Mlcm™)

la 2a 2b
421 (9700) 363 (7500) 473 (7300)
560 (12000) 503 (7600) 561 (9100)
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2.2.3. Electrochemical analysis of 1a

Electrochemical studies were performed to probe the accessible oxidation states of the
complex. Voltammetric experiments were performed with 1.0 mM analyte and 0.1 M
[BusN][PF4] electrolyte concentration with a glassy carbon working electrode, platinum wire
counter electrode, and Ag*? pseudo-reference electrode under N2 atmosphere at 298K. When
la was dissolved in MeCN for cyclic voltammetry studies, a reaction between the complex
and the solvent was observed as two new peaks grew within the timeframe of data collection.
Therefore, electrochemistry of 1a is reported in THF. The product of the reaction between la
and MeCN was isolated as the ligand substituted complex (MeCN)Ru(Phap)(PPhs): (3).
Electrochemistry for complex 3 was more well-behaved in MeCN compared to THF as the
solvent. For both 1a and 3, three redox couples have been observed between the range of —3
and 1 V. The first feature at —2.5 V for both complexes appear in the more negative region
compared to the open circuit potential. The next event is found past the open circuit potential,

at —0.39 V for 1a and —0.83 V for 3. The last peak appears at 0.13 V for 1a, and —0.19 V for 3

—1a
-_—3

rrri I rrri I rrri I LI I rrri
4 3 2 A 0 1
E”/V vs. [FeCp,]*°

Figure 2.4 Cyclic voltammograms of 1a in THF (purple) and 8 in MeCN (green) at 200 mV/s. Star
indicates the open circuit potential.



which is the only reversible event where La/Ic 1s near unity and fa and . are both directly
proportional to the square root of the scan rate.

Table 2.3 Reduction potentials from cyclic voltammetry experiments for 1la and 3 in THF and MeCN,
respectively at 200 mV/s. All values are referenced to the [FeCp2!+0 internal standard redox couple.

E® / V vs. [FeCp2*0 (dpal ipo)

1a -2.50 —-0.39 (3.79) 0.13 (1.97)

3 -2.48 —0.83 (1.78) -0.19 (1.02)

2.2.4. Theoretical calculations

HOMO-3 HOMO-2 HOMO-1 HOMO LUMO
Figure 2.5 Kohn-Sham representations of the HOMO-3 to LUMO of 1a (left to right). (iso = 0.045)

Density functional theory (DFT) calculations of 1la were performed in Gaussian 16 to
investigate the electron distribution over the Phap and metal center. The tert-butyl groups of
the solid structure were substituted to hydrogen atoms to minimize computational load and
final geometry optimizations, and energy calculations were carried out using B3P86
functional with def2TZVP basis set. The bond metrics obtained from the optimized geometry
and thermodynamic frequency calculations were within 0.04 A with the experimental
structural data for the metal-heteroatom bond distances, and within 0.02 A for the
intraligand bond distances. Mulliken population analysis yielded the atomic charge
distributions for the frontier molecular orbitals (FMOs), which is presented in Table 2.4. The

Kohn-Sham diagram of the same FMOs are presented in Figure 2.5.
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Table 2.4 Mulliken population analysis distributions for selected FMOs of 1a.

M/ % N(Phap) / % 0/% C(Phap) / % P/ %

LUMO 33.9 10.0 4.4 11.4 11.7
HOMO 20.2 4.3 14.0 39.9 1.9
HOMO-1 50.0 7.5 3.6 7.0 10.4
HOMO-2 14.5 13.5 4.5 48.7 3.0
HOMO-3 64.6 0.0 10.3 1.1 2.5

2.2.5. Reactivity with small molecules

Inspired by the reactivity studies of the previously reported OPDA analogue of 1b, la
was subjected to ligand replacement studies with a list of small molecules with varying o
acid strength according to Scheme 2.3.° As found during a cyclic voltammetry study, addition
of excess MeCN to 1a results in ligand substituted product, 3. The acetonitrile-bound complex
can be independently synthesized by adding excess MeCN after the salt metathesis step as
well. Complex 3 was characterized through the well resolved proton spectra in 'H NMR in
the diamagnetic region and 3'P NMR signal at 65.11 ppm. Addition of 1 atmosphere of carbon
monoxide to complex 1a yields both five-coordinate monocarbonyl (CO)Ru(tBuap)(PPhs): (4a)
and the six-coordinate dicarbonyl (CO):Ru(tBuap)(PPhs): (4b) complexes. The dicarbonyl
product can be isolated from a chilled pentane solution of the crude mixture as purple crystals,
while the monocarbonyl product can be separately synthesized as depicted in Scheme 2.3, by
adding an excess of paraformaldehyde as a carbonyl source in benzene through the
dehydrogenation of formaldehyde.2” Both complexes can be identified through the set of tert
butyl singlet resonances in 1H NMR at around 1.3 to 1.6 ppm, and through the characteristic
CO stretching absorption near 1940 cm™ in the IR region. Both equivalents of CO binding
seem to be reversible, as observed from the regeneration of 1a under an atmosphere of N2 in

solution monitored by 'H NMR.
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Even weaker m-acids can also replace L when added in sufficient amounts, as
evidenced by the generation of ethylene bound (C2H4)Ru(tBuap)(PPhs)s (5) complex when 1a
is exposed to 1 atmosphere of ethylene after three freeze-pump-thaw cycles. The resulting
complex can be isolated as purple crystals from chilled pentane solution and can be
characterized by the shift of the aliphatic proton signal to 1.35 and 1.57 ppm as well as the

appearance of the bound C2H4 observed as a broad singlet at 2.70 ppm in the '"H NMR. As
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Scheme 2.3 Synthesis of (L)nRu(Phap)(PPhs)2 (L = N2, MeCN, CO, C2Hy).
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with the carbonyl complexes, the binding of ethylene is reversible and la is regenerated
under N2 atmosphere.

All complexes but 4b in the (L)nRu(Phap)(PPhs): series were five-coordinate, where the
six-coordinate dicarbonyl complex assumed an octahedral geometry with frans-phosphines.
In the five-coordinate complexes, the phosphines are oriented cis to each other while the
aminophenol is always oriented so that the phenol is Zransto the L regardless of its identity.
The calculated MOS for the amidophenolates were in between —1 and —2, similar to the
phosphine series. The intermediate MOS values suggested significant electron density
donation into the metal from the  system of the ligand to the d-orbitals, which could then be

used to backbond into the m acids. However, the bond distance within the m acid ligands were

Figure 2.6 ORTEP diagram of (L)xRu(Phap)(PPhs): with thermal ellipsoids set at 50 % probability.
Hydrogen atoms and solvent molecules are omitted.
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not significantly different from their “free” states. The distance between the nitrogens in the
N2 ligand of 1a was 1.110 A, which is comparable to a triple bond in the free dinitrogen
molecule of 1.098 A 28 Similarly, the carbonyl C-O bond lengths in 4a and 4b are 1.169, 1.139,
and 1.142 A, while free carbon monoxide bond length is 1.128 A. The C-C bond length within
acetonitrile in 8, and C-C bond length of the bound ethylene in 5 are 1.472 A and 1.397 A
respectively, which is only slightly elongated from 1.458 A2 and 1.339 Aso reported for
acetonitrile and ethylene.

Table 2.5 Selected bond distances (A) and angles of solid-state structures of (L)xRu(Phap)(PPhs)s (L =
N2, MeCN, CO, C2Ha). For the five coordinate species, the two largest bond angles on the metal center
are reported.

Ru-0(1) 2.108(2) 2.052 2.058(3) 2.0543(11) 2.0532(11)
Ru-N(Q1) 1.998(3) 1.984 2.019(3) 2.0924(14) 2.0098(13)
o(1-c() 1.335(4) 1.333 1.319(5) 1.3576(19) 1.3313(17)
N(D-C(2) 1.400(5) 1.390 1.390(5) 1.403(2) 1.3835(19)
c(»-c@2) 1.411(5) 1.420 1.414(6) 1.413(2) 1.421(2)
C(@2)-C@) 1.401(5) 1.396 1.403(6) 1.394(2) 1.406(2)
C(3)-C(9) 1.380(5) 1.388 1.381(6) 1.390(2) 1.384(2)
C(4)-C(5) 1.413(5) 1.398 1.393(7) 1.396(2) 1.406(2)
C(5)-C(6) 1.381(5) 1.405 1.387(6) 1.393(2) 1.396(2)
C(6)-C(1) 1.421(5) 1.418 1.418(6) 1.407(2) 1.421(2)
Ru-P(1) 2.2937(10) 2.240 2.3019(10) 2.4188(5) 2.3315(5)
Ru-P(2) 2.2921(10) 2.294 2.3255(10) 2.4488(5) 2.3214(5)
Ru-P(3) -
Ru-L(1)® 1.929(3) 1.993 1.841(5) 1.8922(17) ;?%?82;
Ru-L(2)» = = = 1.8854(17) =
MOS -1.57 -1.63 -1.52 -1.86 -1.44
N(Q1)-Ru-P(¢rans 134.00(9) 143.23 140.68(10) : 149.72(4)
0(1)-Ru-P(trans)
O(1)-Ru-LP 172.68(12) 171.25 170.15(15) = 142.83(5)¢
0(1)-Ru-N(Q1) 79.46(11) 79.36 77.99(13) 79.85(5)
T 0.64 0.47 0.49 : 0.11¢

(a) Preliminary structure
(b) L represents the atom from the L bound to Ru.
(¢) The ethylene carbon closer to the oxygen was used.
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Figure 2.7 UV-visible spectra of (L)sRu(®rap)(PPhs): (L = N3, CO, (CO)2, MeCN, C2H.) in THF.

The electron absorption spectroscopy of the m acid series show a similar pattern to the
phosphine series as presented in Figure 2.7 and Table 2.6. There are two major absorbances
near 400 and 550 nm (3.10 and 2.25 eV) which are assigned as Ru(d)-Prap(mm) i to Ru(d)-
Phap(m) m* identical to the phosphine complexes. For complexes 8 and 5, low energy
transitions at low absorbances were observed. The transitions could be artifact of oxidized
impurities due to the air sensitivity of the complexes. However, there is a possibility that
those transitions are charge transfers from mixed metal and RAL into the L ligand.

Table 2.6 UV-vis-NIR transition of (L)xRu(Prap)(PPhs)s (L = N2, CO, (CO)2, MeCN, C2H4) in THF.

A/nm (e/Mlcm?)
la 3 4a 4b 5
421 (9700) 426 (3800) 419 (7700) 385 (4700) 416 (4700)
560 (12000) 576 (3200) 544 (13000) 535 (9900) 548 (9000)
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2.3. Discussion

2.3.1. Determination of the oxidation states of the ligand and metal

The oxidation states of the ligand and metal can be inferred through charge balance
as the complexes above belong in Class D (Ru-ap2-). The designation of the oxidation states
was corroborated through its solid-state structure as well as spectroscopic and
electrochemical measurements. From the solid-state structures, the MOS of the ligand is
calculated to be intermediate between —1.86 and —1.44. The fractional values are expected
from the high covalency between the metal and the ligand, which would delocalize the
electron density of the fully reduced ligand over the metal. The increased covalency between
the metal and Phap is observed in the theoretical calculations as well, as the Mulliken
population analysis shows that HOMO has contributions from both the ruthenium (20.2 %)
and Phap (58.2 %).

UV-Visible spectra of metal complexes with catecholate type ligands can be used to
identify the ligand oxidation state. In most of the complexes above, two peaks were observed
that could be most accurately characterized as Ru-Prap m to Ru-Prap o* transitions commonly
observed in other Ru-RAL systems. The absence of the easily distinguishable intraligand low
energy high intensity (A > 800 nm, £ > 10,000 M cm!) transition rules out the possibility of
Class B or C systems.

The electrochemical measurements for the dinitrogen complex la and the acetonitrile
complex 3 suggest that the significantly negative and irreversible event near —2.5 V is most
likely a metal reduction that involves an irreversible chemical change. The other two
oxidations that are anodic to the open circuit potential are assigned as the oxidation of the
complex from a Class D to Class C (-0.39 for 1a and —0.83 for 8) and a subsequent oxidation

from Class C to Class B (0.13 for 1a and —0.19 for 3). Other than the difference in the solvent
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that the measurement was taken in, the shift in the potential of the oxidation events between
la and 3 may come from the change in the coordination environment of the oxidized species.
As the complex lose electron density, it may be more stabilized by acquiring another
equivalent of ligand from the solvent. The smaller size of MeCN could be kinetically
advantageous in coordinating to the metal center compared to THF. The slower binding of
THF could also explain the smaller events observed for 1a near —1.3 and —0.8 V, which may
be the oxidations to a five-coordinate unstable Class C and Class B complexes, while the more
well-behaved events are between the six-coordinate THF-bound species. The open circuit
potential lies before the first reversible event, meaning that the bulk complexes of 1a and 3

exist as the fully reduced Class D state.

2.3.2. Replacing phosphines to determine the effects of sterics

The proposed equilibrium of la/lb suggests that the sterics applied from the bulky
triphenylphosphines is enough to displace the third phosphine and replace it with a
dinitrogen from the atmosphere. Complex la also stays five-coordinate in an intermediate
geometry between trigonal bipyramidal and square pyramidal in solid-state. In solution, both
la and 1b seem to be in fluxional five-coordinate geometry in room temperature in the NMR
timescale as evidenced by the metal phosphine singlet in the 3P NMR. Even though the solid-
state structure shows that there is an open coordination site trans-to one of the phosphines,
the Rull-#Buap2- complex stays five-coordinate. This is likely due to the enhanced covalency
between the metal and the amidophenolate ligand that result in a higher electron density
around the metal that prevents the occupation of the sixth coordination site. This effect has
been explained as an electron configuration closer to 18e~ due to the bond order of Ru-N and

Ru-0 being higher than 1, supported by their shorter bond distance in the solid state.?
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For a df electron configuration on the metal, square planar geometry is expected to be
more stable compared to trigonal bipyramid as the electrons fill the dx,, dyz, and dxy orbitals
in a closed shell configuration. Therefore, complex 2a crystalizes out the closest to square
planar geometry with a 15 value of 0.25 owing to the small cone angle of PMes. The added
bulk from the phenyl substituents on dppe and PPhs further pushes the complex into
intermediate geometry with 15 value of 0.64 for 1a. Lastly, the fixed bite angle of the chelating
dppe ligand locks the complex in a geometry closer to trigonal bipyramid in complex 2b, with
a 15 value of 0.71.

The phosphines are oriented cisto each other while the aminophenol is always oriented
so that the phenol is trans to the axial L regardless of its identity. It seems that there is a
Ru-L m interaction apparent from the Kohn-Sham diagram of the HOMO-3 of 1la which
prefers the weak acid L to be zrans to the phenol even with the cost of arranging the bulky

phosphines cis to each other.

2.3.3. Ancillary ligand replacement

The equilibrium between la and 1b suggested that the apical ligand could be
substituted easily, which would be beneficial for potential reactivity. Small m acids of
different strength were able to readily displace the apical ligand to generate complexes 3-5
when added in excess as previously demonstrated by a similar five-coordinate ruthenium(II)
o-phenylenediamine phosphine complex.? Of the i acids that were added, only CO generated
a mixture of five-coordinate mono- and six-coordinate dicarbonyl species, suggesting the
back-donation into the carbonyl was strong enough to relieve the electron density from the

ligand to form the octahedral geometry without a formal oxidation.
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2.4. Conclusion

A series of five-coordinate ruthenium amidophenolate complexes were synthesized and
characterized. Spectroscopic, electrochemical, and solid-state bond metric evidence led to the
assignment of these complexes as formally Class D (Ru'-Phap2-) Ru-RALs with increased
covalency between the metal and the amidophenolate ligand. Replacement of the ancillary
phosphines revealed that less bulky phosphines allowed the solid-state structure of the
complex to form the more energetically stable square pyramidal geometry. Due to the high
electron density on the metal, the complexes stayed five-coordinate across different
phosphine analogues. The liability of the weak m acid ligand was documented through
replacement with other o acids, albeit no activation of the m acids were observed. The well-
behaved electronic properties make these Class D ruthenium amidophenolate series good

candidates for reactivity.
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2.5. Experimental

General Considerations. All manipulations were carried out using standard Schlenk-
line techniques and glovebox techniques under nitrogen. Hydrocarbon and ethereal solvents
were sparged with argon before being deoxygenated and dried through activated Q5 and
alumina columns. Such solvents were stored over activated molecular sieves in the glovebox.
Deuterated solvents were dried over calcium hydride, distilled, and freeze-pump-thawed to
remove dioxygen. Potassium hydride was obtained in mineral oil and washed with pentane
prior to use. Tetrabutylammonium hexafluorophosphate (Acros) was recrystallized from
ethanol three times and dried under vacuum before use. Ferrocene (Acros) was purified by
vacuum sublimation. Tris(triphenylphosphine)ruthenium (II) dichloride (Sigma), carbon
monoxide (Airgas), and ethylene (Airgas) was used as received. 4,6-di-tert-butyl-2-
(phenylamino)phenol was prepared according to published procedures.3!

Spectroscopic and Electronic Characterization. All NMR spectroscopy was performed
on a Bruker Avance 400, 500, or 600 MHz spectrometer at 298K. *H NMR spectra were
referenced to residual proteo impurities of the solvents (7.16 ppm, C6D6). 13C NMR spectra
were referenced to TMS using the natural 3C abundance of the solvent. 31P {{H} NMR were
referenced with a phosphoric acid external standard (85%, 0.00 ppm). All chemical shifts are
reported using the standard notation in parts-per-million with positive shifts to higher
frequency from given reference. Electronic absorption spectra were recorded using a
PerkinElmer Lambda 800 absorption spectrometer and Jasco V-670 using 10 mm quartz
cuvettes at ambient temperatures.

Cyclic voltammetry and differential pulse voltammetry experiments were performed
on a Gamry G300 potentiostat/galvanostat/Zero Resistance Ammeter (Gamry Instruments,
Warminster, PA) using a 3.0 mm glassy carbon working electrode, a platinum wire counter

electrode, and a silver wire pseudo-reference electrode. Experiments were performed at
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ambient temperature in a dry nitrogen glovebox with 1 mM analyte and 100 mM [NBu4][PF¢]
supporting electrolyte. All potentials were referenced to [FeCpz]*® using ferrocene as an
internal standard.

Crystallographic Measurements. X-ray diffraction data were collected on single
crystals mounted on glass fiber loops using a Bruker D8 Advance Photon III or a Bruker CCD
platform diffractometer at 143K using Mo Ka (A = 0.71073 A) radiation, which was
wavelength selected with a single-crystal graphite monochromator. A full sphere of data was
collected for each crystal structure. The SMART program package was used to determine
unit-cell parameters and to collect data. The raw frame data were processed using SAINT32
and SADABS?? to yield the reflection data files. Subsequent calculations were carried out
using the SHELXTL?* program suite. Structures were solved by direct methods and refined
on F? by full-matrix least-squares techniques to convergence. Analytical scattering factors for
neutral atoms were used throughout the analyses. Hydrogen atoms, though visible in the
difference Fourier map, were generated at calculated positions and their positions refined
using the riding model. ORTEP diagrams were generated using ORTEP-3 for Windows.?
Bond distances were extracted in Mercury for Windows.

Theoretical Calculations. Density functional theory calculations were performed using
Gaussian 1636 employing B3P86 exchange-correlation functional with def2TZVP basis set.
All calculations were performed as closed-shell singlets. Geometries were optimized from the
solid-state data of each complex. Molecular orbital compositions and atomic charges were

calculated using Mulliken population analysis.

Synthesis.

Synthesis of (N2)Ru(Phap)(PPhs): (1a)
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In a 50 mL round bottom flask, PrapH2 (0.062 g, 0.21 mmol, 1 equiv.) was dissolved in
10 mL of THF. Potassium hydride (0.019 g, 0.48 mmol, 2.3 equiv.) was added and the reaction
was stirred in ambient temperature for 1 hour. The bright yellow solution was filtered over
a frit onto a solution of tris(triphenylphosphine)ruthenium (II) dichloride (0.20 g, 0.21 mmol,
1 equiv.) in 20 mL THF. The reaction was stirred in ambient temperature for 2 hours. The
solvent was removed in vacuo, then the product was extracted with pentane and filtered
through a frit equipped with Celite. The product was recrystallized from chilled pentane
solutions to yield deep purple needles in 20% yield. (0.040 g). 'H NMR (CsDs, 400 MHz) &/ppm:
1.47 (s, 9H, C(CHs)s), 1.48 (s, 9H, C(CHs)s), 6.91 (m, 23H, aryl-H), 7.33 (m, 16H, aryl-H). 3'P
{IH} NMR (500MHz) &/ppm: 59.07 (s, PPhs). 13C NMR (400MHz) 6/ppm: 135.8 (aryl-C), 135.6
(aryl-C), 133.9 (aryl-C), 129.2 (aryl-C), 128.7 (aryl-C), 126.1 (aryl-C), 124.2 (aryl-C), 116.2
(aryl-C), 34.9 (CHs), 34.4 (CHs), 32.1 (CHs), 30.3 (CHs) ppm. FTIR (KBr) v/cm! 2124. UV-vis

(THF) Amax / nm (e / M1 em1): 422 (8900), 564 (12000).
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Figure 2.8 IR spectrum of 1la in KBr (top left) and scan rate
dependence of 1a in THF.

Synthesis of Ru(Phap)(PMes)s (2a)

In a 20 mL scintillation vial, PrapH2 (0.065 g, 0.22 mmol, 1 equiv.) was dissolved in 10
mL THF. To it, KH (0.030 g, 0.75 mmol, 3.4 equiv.) was added at once. The suspension was
stirred in room temperature for 1.5 hours. The resulting yellow solution was filtered into a
vial with RuCI2(PMe3)4 (0.104 g, 0.22 mmol, 1 equiv.) The solution changed to brown. The
resulting solution was stirred in room temperature for 2 hours before solvent was removed
in vacuo. The product was extracted with 10 mL Et20 which was concentrated down to a
solid (0.077g, 56 % yield). (CséDs, 400 MHz) §/ppm: 0.95 (br s, 27H, P(CHs)s), 1.38 (s, 9H,

C(CH5»)3), 1.93 (s, 9H, C(CHs)3), 6.66 (d, 1H, aryl-H), 7.17-7.30 (m, 5H, aryl-H). 3'P {{H} NMR
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(500MHz) 6/ppm: 17.94 (br s, PMes). UV-vis (THF) Amax / nm (e / M-* cm): 363 (7500), 503

(7600).

Synthesis of Ru(Phap)(PPhs)(dppe) (2b)

In a 20 mL scintillation vial, 1a (0.15 g, 0.16 mmol, 1 equiv.) was dissolved in 10 mL
THF. To it, 1,2-bis(diphenylphosphino)ethane (0.06 g, 0.16 mmol, 1 equiv.) was added. The
solution was stirred in ambient temperatures overnight. The solvent was removed in vacuo
and the product was extracted with 18 mL pentane, filtered over filter paper, and chilled to
—40 °C overnight to yield purple solids (0.10 g, 58% yield). (CéDs, 400 MHz) &/ppm: 1.40 (s,
9H, C(CHs)s), 1.42 (s, 2H, CH>), 1.73 (s, 9H, C(CHs)s), 2.02 (s, 2H, CH>), 6.67-7.03 (m, aryl-H),
7.39-7.50 (m, aryl-H). 3'P {{H} NMR (500MHz) §/ppm: 57.31 (t, 2Jpp = 34.1 Hz, PPhs), 59.76

(d, 2Jpp = 35.0 Hz, dppe). UV-vis (THF) Amax / nm (e / M~ cm™1): 413 (7300), 561 (9100).

Synthesis of (MeCN)Ru(Phap)(PPhs): (3)

I. Synthesis from Ru(PPhs)sClz

In a 20 mL scintillation vial, PrapH2 (0.063 g, 0.21 mmol, 1 equiv.) was dissolved in 10
mL of THF. Potassium hydride (0.035 g, 0.86 mmol, 4 equiv.) was added and the reaction was
stirred in ambient temperature for 1 hour. The bright yellow solution was filtered over a frit
onto a solution of tris(triphenylphosphine)ruthenium (II) dichloride (0.20 g, 0.21 mmol, 1
equiv.) in 5 mL THF. MeCN (1mL, 0.02 mol, 90 equiv.) was added. The solution turned dark
green. The reaction was stirred in ambient temperature for 1.5 hours. The solvent was
removed in vacuo. The product was washed with pentane to remove excess PPhs. The
remaining dark solids were extracted with Et20 and filtered through Celite to remove KCI.
Solvent was removed under vacuum to yield dark brownish green solids in 91% yield.

1L Synthesis from la
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In a 20 mL scintillation vial, 1a (0.21 g, 0.22 mmol, 1 equiv.) was dissolved in MeCN
(2 mL, 40 mmol, 200 equiv.). The solution was stirred overnight in ambient temperature.
Volatiles were removed in vacuo to afford dark blue solids in 98% yield (0.21 g). X-ray quality
crystals were grown from chilled pentane solutions. 'H NMR (C¢Ds, 400 MHz) 6/ppm: 0.39 (s,
3H, MeCN), 1.56 (s, 9H, C(CHs)3), 1.60 (s, 9H, C(CHs3)s), 6.90 (m, 24H, aryl-H), 7.38 (m, 13H,
aryl-H). 31P {{H} NMR (400MHz) §/ppm: 65.11 (s, PPhs). FTIR (KBr) vicm-! 2254, 2178. UV-

vis (THF) Amax / nm (e / M- cm~1): 426 (3800), 576 (3200), 842 (440).

Synthesis of (CO)Ru(Phap)(PPhs): (4a)

In a 20 mL scintillation vial, 1a (0.11 g, 0.12 mmol, 1 equiv.) was dissolved in 10 mL
benzene. To it, paraformaldehyde (0.17 g, 5.8 mmol, 50 equiv.) was added and stirred
overnight in ambient temperature. Excess paraformaldehyde was filtered before volatiles
were removed in vacuo to afford deep magenta solids in 87% yield (0.11 g). X-ray quality
crystals were grown from chilled Et2O solutions. 'H NMR (CsDs, 400 MHz) §/ppm: 1.41 (s, 9H,
C(CHb»)3), 1.49 (s, 9H, C(CHs)3), 6.90 (m, 23H, aryl-H), 7.32 (m, 14H, aryl-H). 3'P {{H} NMR
(400MHz) 8/ppm: 55.95 (s, PPhs). FTIR (KBr) v/icm! 1937. UV-vis (THF) Amax / nm (e / M1

cm-1): 418 (5900), 544 (11000).

Synthesis of (CO)2Ru(Phap)(PPhs): (4b)

A 50 mL Konte flask was charged with 10 mL diethyl ether solution of 1a (0.11 g, 0.12
mmol, 1 equiv.). After two freeze-pump-thaw cycles, the thawed solution was exposed to 1
atm CO. The color of the solution changed instantly from dark purple to dark magenta. X-
ray quality crystals were grown from chilled pentane solutions. The following measurements

were collected in situ as the complex cannot be isolated under N2 atmosphere. 'H NMR (CsDs,

400 MHz) 8/ppm: 1.33 (s, 9H, C(CHs)s), 1.62 (s, 9H, C(CHs)s), 6.90 (m, 23H, aryl-H), 7.43 (m,
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14H, aryl-H). FTIR (KBr) v/em! 1939. UV-vis (THF) Amax / nm (e / M-! cm1): 385 (4700), 535

(9900).

Synthesis of (CaHs)Ru(Prap)(PPhs): (5)

In a 50 mL Strauss flask, 1a (0.29 g, 0.030 mmol) was dissolved in 20 mL pentane. The
solution was frozen and the headspace was evacuated. After thawing the solution, 1 atm of
ethylene was added. The flask was closed and swirled. X-ray quality crystals were grown in
room temperature from the crude solution. 'H NMR (C¢Ds, 400 MHz) &/ppm: 1.35 (s, 9H,
C(CHb»)s), 1.57 (s, 9H, C(CHs3)s), 2.70 (br s, 4H, C2H4), 6.82-6.92 (m, aryl-H), 7.27-7.25 (m,
aryl-H), 7.52 (br s, 1H, aryl-H). 3'P {{H} NMR (400MHz) 6/ppm: 58.16 (s, PPhs). UV-vis (THF)

Amax / nm (e / M- cm1): 416 (4700), 548 (9000), 855 (1400).
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Table 2.7 X-ray diffraction data collection and refinement parameters for complexes 1-5.

empirical formula

formula weight
crystal system
space group
T/K
allA
bl A
el A
al®
8l°
y/°
Vi As
Z
refl. collected

Data/restraints/parameters
R1 (I> 20
wR2 (all data)?
GOF:

CssHssNsOP:Ru  CagHsaNOP3Ru CG“%‘@ESR“
949.04 624.69 1201.43
Triclinic Monoclinic Monoclinic
Pl P2i/n P21/n
100.00 133(2) 93(2)
14.2936(10) 10.9456(5) 13.0023(8)
17.2076(13) 15.3477(8) 18.8987(12)
21.5709(16) 18.8521(9) 24.1841(15)
98.791(3) 90 90
97.947(3) 95.7338(8) 90.3560(10)
108.858(3) 90 90
4860.9(6) 3151.1(3) 5942.6(6)
4 4 4
24152 77535 125488
24152/ 0/ 1147 9620/ 0/ 331 19105/ 6/ 625
0.0637 0.0226 0.0379
0.1251 0.0562 0.0921
1.125 1.023 1.026

Cs7H55NO2P2Ru
*3(CsH12)

1165.46
Monoclinic
C2le
92.85
47.7468(18)
19.4795(6)
29.0721(10)
90
114.317(2)
90
24640.6(15)
16

160768

22302/130/
1171

0.0586
0.1346
1.033

CssHs55NO3P2Ru
*%(CsH12)

1013.11
Monoclinic
C2le
133.15
20.5382(11)
17.9423(10)
27.1439(15)
90
95.7307(10)
90
9952.6(9)
8
123042

14963/0/ 616

0.0357
0.0869
1.025

CssHs59NOP2Ru
+1%(Cs H12)

985.14
Monoclinic
Pile
93.15
10.3322(17)
12.382(2)
39.084(6)
90
95.158(2)
90
4980.0(14)
4
76777

15125/1/590

0.0337
0.0838
1.019

AR1=2| |Fol—|Fe| [/Z|Fol; ?wR2 = [Z[w(Fo2—F2)2]/S[w(Fo2)2]] 12
«Goodness of Fit = S = [ & [w(Fo>F:2)2] / (n-p)]2 where n is the number of reflections and p is the total number of parameters refined.
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Chapter 3: Reactivity of Ruthenium(II) Amidophenolate Complexes

3.1. Introduction

In recent years, a growing number of homogenous metal catalysts have been developed
where the ligand actively participates in chemical transformations, as opposed to the
traditional systems where the reactivity takes place at the metal center.!? This mode of
reactivity has been since labeled as metal-ligand cooperativity (MLC), which is defined as
reactions that has bond-forming or bond-breaking steps that involve both the metal and the
ligand. Well-known examples of MLC arise in hydrogenation/dehydrogenation catalysis.2
One of the earliest demonstrations involved a ruthenium cyclopentadienone complex that
cleaves H2 between the metal and the oxygen on the cyclopentadienone.? Since then,
numerous hydrogenation catalysts invoking MLL.C have been reported, including the Noyori’s
asymmetric hydrogenation catalysts that enantioselectively transfer hydrogenate ketones.
Despite the expanding library of studies investigating MLC, most applications remain
centered on H-H bond cleavage. Recent efforts have sought to expand the scope by exploring
the heterolytic cleavage of other E-H bonds (E = Si, B), motivated by the similar
electronegativities of silicon (1.9) and boron (2.0) to that of hydrogen (2.2).6 Ligands

containing nitrogen, oxygen, or sulfur have been employed due to their strong affinity with
Oestreich, Ohki, and Tatsumi et al.

BArF, BArF,

silicon atoms for Si—H cleaving, which

can be seen in Scheme 3.1.7-° In all

cases, the metal acts as the Lewis acid
and the ligand Lewis base, so that the
hydrosilane is cleaved into a hydride

on the metal and a silyl on the ligand.

Stradiotto et al.
B [B(CeFs)a]

=X

M
Ph,SiH;
R2P/ \S il RoR S—SiHPh,

[B(CeFs)al

Scheme 3.1 E-H bond cleaving (E = Si, B) through
metal-ligand reactivity. (ArF = 3,5
bis(trifluoromethyl)phenyl).
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Similar systems have been also found to cleave B-H bonds in an analogous fashion.

Ruthenium complexes with catecholate type redox-active ligands (Ru-RALSs) have been
well studied for their increased covalency between the metal and ligand, which obscures the
oxidation state assignments of the metal and ligand. Extensive studies of the Ru-RALs’
electronic properties led to the classification of the systems by the overall oxidation state of
the complex, ranging from the fully oxidized Class A (Ru!-quinone) to the fully reduced Class
D (Rul-catecholate). But reactivity studies that utilize such distinctive electronic
characteristic have been scarce. Catecholate type ligands with at least one nitrogen as the
donor have been well studied for their ability as Lewis bases to store protons,'®12 while
ruthenium hydrides are known as stable catalysts for hydrogenations.!> Combining the two,
Ru-RALs are expected to be good candidates for heterolytic cleavage of H2 or E-H bonds.

In addition, electron-rich late-transition metal complexes are also known to promote
the rearrangement of terminal alkynes into metal vinylidenes.!4-2 Many Ru(II) systems with
strongly donating ancillary ligands exhibit tautomerization between an n?-acetylene adduct
and the corresponding vinylidene isomer.22-25 This acetylene-vinylidene equilibrium has been
well documented across ruthenium complexes and is sensitive to ligand electronic effects,
with more donating ligands shifting the equilibrium towards the vinylidene.2®6 Once the
vinylidene form is accessed, these species can undergo further transformations such as the
homocoupling of the coordinated alkynes into 1,3-eneyes.2!

In a similar context, catecholate type redox-active ligand complexes have
demonstrated novel reactivity through the ligand’s abilities to act as electron reservoirs. A
proof-of-concept reaction with group IV d° metal complexes have displayed catalytic nitrene
transfer by sourcing the electrons from the RAL.27 In addition, a d!° late transition metal

complex was shown to be capable of nitrene transfer by electron density alleviation from the
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metal through the m system of a RAL, stabilizing the putative imido.?® Given these
demonstrations where RALs can either donate or redistribute electron density to enable
nitrene transfer, we wanted to test if the Ru-RAL system could similarly support the
formation of the reactive imido and promote nitrene transfer.

In this chapter, chemical oxidation, protonation, and preliminary reactivity studies
with the Ru-RAL complex introduced in the previous chapter, (N2)Ru(Phap)(PPhs)s (Phap =
3,5-di- tert-butyl-(6-phenylamidophenolate), PPhs = triphenylphosphine) is presented. The
complex has been isolated in its singly and doubly oxidized analogue, and evidence for the
heterolytic cleavage of Hz was found from 'H NMR. However, addition of nitrene donors have

led to a tetrazene complex that does not display nitrene transfer.
3.2. Results

3.2.1. Chemical oxidation of 3a

In the previous chapter, it was revealed that the fully reduced complexes
(N2)Ru(Phap)(PPhs): (1a) and (MeCN)Ru(Phap)(PPhs): (8a) have two oxidation events anodic
to their open circuit potentials. To test the stability of the oxidized states that would be
accessed during the intended 2-electron reactivity, 8a was chemically oxidized by one and
two electrons through a ferrocenium salt in acetonitrile according to Scheme 3.2. The
resulting six-coordinate mono- and di-cationic Ru-RAL complexes were characterized
through X-ray crystallography, NMR, EPR, and electronic spectroscopies, and

electrochemical studies to verify their oxidation states.

Vo — —-1BF, — 7] [BF4l
| O O
Q N FCBF, | M FCBF, _Me

z
N I—ppPh MeCN By Mo, n"‘N MeCN B N, l m‘"N
—Ru'—PPh; — 3 Ru —_— ‘Ru
K -Fc o/ N N -Fc o/ N N
O PPhy 5 \\M ! \\Me
Bu u PPh;  ° Bu PPhg
Bu L _ L _
3a 3b 3c

Scheme 3.2 Chemical oxidation of 3a with ferrocenium salts.
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Figure 3.1 Experimental X-band EPR spectra of 8b in toluene at 77 K (left) and 298 K (right).

The singly oxidized monocation species (MeCN):Ru(Phisq)(PPhs): 8b was expected to

harbor a radical as a Class C Ru-RAL complex, either on the metal as Ru-Phap or on the

ligand as Rull-Phigq. As expected, the complex was paramagnetic and showed an EPR signal

with g =

1.9996. which indicates S = % and similar to the EPR signal of a free

iminosemiquinone radical (g = 2.0061) reported earlier (Figure 3.1).2° Previous EPRs of Ru-

RALs with iminosemiquinones or phosphines have shown that the delocalization of the

radical on the metal could lead to hyperfine coupling with nuclei on ancillary ligands.?%3! As
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Figure 3.2 UV-visible spectra of 3a-c in THF.
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expected from those examples, the hyperfine coupling of 3b was complex, with multiple
possible nuclei that could contribute: %°Ru, °1Ru, “N and 3!P. Attempts to simulate the EPR
accurately were unfruitful.

Table 3.1 UV-vis transition of complexes 3a-c in THF.

A/nm (e /Mlecm™?)

3a 3b 3c
426 (3800) 375 (5000) 384 (4200)
576 (3200) 588 (5700) 536 (8800)
842 (400) 856 (1600)

In the UV-vis region of the electromagnetic spectrum presented in Figure 3.2 and Table 3.1,
there was a characteristic low energy absorption band observed in metal semiquinone
complexes that is assigned as an intraligand o to m* charge transfer at 856 nm.32:33 The solid-
state structure (Figure 8.3) and bond distances within the ligand revealed by single crystal
X-ray diffraction presented in Table 8.2 showed that the N-C(2) bond distance for 3b (1.364

A) is slightly shorter compared to the neutral 8a (1.390 A), while the O—C(1) bond distance

Figure 3.3 ORTEP diagrams of 3b (left) and 3¢ (right) with thermal ellipsoids shown at 50 %
probability. Hydrogen atoms, solvent molecules, and counterions have been omitted for clarity.

54



decreases less (1.318 A vs. 1.333 A). In addition, the C(3)-C(4) and C(5)—-C(6) distances
contract in 3b while the other C-C distances in the ligand backbone increases, as expected of

Table 3.2 Selected bond distances (A) and angles of solid-state structures of 3a-c. Estimated standard
deviations are indicated in parentheses.

Ru-0(1) 2.052 2.0691(11) 2.050(4)
Ru-N(1) 1.984 2.0312(13) 2.004(5)
o(D-Cc() 1.333 1.3180(19) 1.275(8)
N(1)-C(2) 1.390 1.364(2) 1.343(9)
C(D-C(©® 1.420 1.435(2) 1.449(10)
C@2)-C@®) 1.396 1.417(2) 1.415(9)
C(3)-CM@ 1.388 1.373(2) 1.355(10)
C4)-C(5) 1.398 1.421(2) 1.443(11)
C(5)-C(6) 1.405 1.384(2) 1.396(2)
C6)-cQ) 1.418 1.429(2) 1.465(9)
Ru-P(1) 2.240 2.4021(4) 2.4086(17)
Ru-P(2) 2.294 2.4041(4) 2.4362(16)
Ru-N(2) 1.992 2.0130(14) 2.027(5)
Ru-N(3) - 2.0605(14) 2.066(6)
MOS -1.63 -1.18 -0.71
O(1)-Ru-N(1) 79.36 79.12(5) 77.9(2)
P(1)-Ru-P(2) - 175.780(15) 172.73(6)
N(1)-Ru-N(3) - 175.57(5) 174.9(2)
O(1)-Ru-N(2) - 177.87(5) 175.3(2)

(a) Preliminary data

the localized double bonds in the iminosemiquinone. This leads to the calculated metrical
oxidation state (MOS)34 of the ligand being —1.18. The evidence above indicates that the
radical resides mostly on the ligand as a semiquinone, with some delocalization into the metal
as seen from the hyperfine coupling in the EPR spectra.

In the case of the doubly oxidized 3c, the position of the electron was not as explicit.
The complex showed sharp peaks in the diamagnetic region of 'H and 3!P {{H} NMR and was
EPR silent, which ruled out the open shell triplet state where the metal and ligand each
harbor a radical. However, the low energy peak in the UV-vis spectra of 3c showed up at 586
nm, which is consistent with a mixed Ru(d)-RAL(m) to RAL(r*) charge transfer in similar

ruthenium complexes.3%36 The solid-state bond distances of 3c as presented in Table 3.2 did
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show signs of some further oxidation on the ligand, as observed by the shorter O—C(1) bond
length between 8b and 8¢ (1.318 A vs. 1.275 A). However, the rest of the C—C bond lengths
do not show significant oxidation compared to the expected bond distances for a fully oxidized
iq state. For the C(3)-C(4) and C(5)-C(6) bonds where the double bond character is localized,
the expected bond length is 1.35 A vs 1.355 and 1.396 A. And the rest of the C—C bond lengths
are expected to range from 1.43 to 1.51 A vs 1.443 to 1.465 A. The calculated MOS therefore
turns out to be —0.71, a value closer to a formal isq*. This made it difficult to assign a
definitive formal oxidation state to the ligand or metal.

Table 3.3 Mulliken population analysis distributions for selected FMOs of 3b and 3c.

M/ % N(Phap) / % 0/% C(Phap) / % P/%
LUMO 32.1 0.0 0.0 0.0 15.1
3b
SOMO 12.5 19.4 14.7 44.7 0.0
LUMO 15.1 20.1 12.3 41.9 2.8
3c
HOMO 38.6 3.8 9.4 37.6 0.0

Density functional theory (DFT) calculations of 8b and 8c were performed in Gaussian 16 to
support the extent of covalency observed through experimental data. The tert-butyl groups
of the solid structures were substituted to hydrogen atoms to minimize computational load.

The final geometry optimizations and energy calculations were carried out using B3LYP

HOMO LUMO HOMO LUMO

Figure 3.4 Kohn-Sham representations of the FMOs of 8b (left) and 3¢ (right). (iso = 0.045)
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Figure 3.5 Cyclic voltammograms of 3a-c in MeCN at 200 mV/s. Star indicates the open circuit
potential.

functional with LANL2DZ basis set for the central ruthenium and 6-311G basis set for all
other atoms. The bond metrics obtained from the optimized geometry and thermodynamic
frequency calculations were within 0.04 A with the experimental structural data for the
metal-heteroatom bond distances, and within 0.02 A for the intraligand bond distances.
Mulliken population analysis yielded the atomic charge distributions for the frontier
molecular orbitals (FMOs), presented in Table 8.3. The Kohn-Sham diagrams of the same
FMOs are presented in Figure 3.4. The calculated spin density plot for 3b correlate well with
the SOMO (Figure 3.10).

The oxidized species 3b and 3c were also studied electrochemically to observe if the
reduction in the six-coordinate environment was reversible in the cyclic voltammetry
timescale. Voltammetric experiments were performed with 1.0 mM analyte and 0.1 M
[BusN][PF4] electrolyte concentration with a glassy carbon working electrode, platinum wire

counter electrode, and Ag™ pseudo-reference electrode under N2 atmosphere at 298 K. All
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three complexes 3a-c showed similar electrochemistry, with a events at —2.5, —1.2, and —0.3
V. The cathodic shift of the second event at —1.2 V compared to —0.8 V of 3a is possibly due
to the change in coordination number around the metal as it picks up an acetonitrile from
the solvent. In 3b, another irreversible event at +0.7 V was observed, which is most likely a

metal oxidation.

Table 3.4 Reduction potentials from cyclic voltammetry experiments for 3a-c in MeCN, respectively at
200 mV/s. All values are referenced to the [FeCpz!*° internal standard redox couple.

E® / V vs. [FeCp2*0 (dpal ipo)

3a -2.48 —0.83 (1.78) -0.19 (1.02)
3b -2.45 -1.22 (0.90) -0.33 (1.23)
3c -2.48 -1.23 (0.61) -0.33(1.02)

3.2.2. Reactivity with Hs

—5.48
-7.08

Wwwwwww

I T I T T T i T T T T T
5.55 5.50 5.45 ppm -6.8 -7.0 -7.2 ppm

Figure 3.6 Zoomed in 1H NMR of the H2 addition product of 1a in CsDs.

To determine if Hz is being heterolytically cleaved by 1a, the addition of excess gaseous
Hz to 1 was monitored by *H NMR in CsDs with the residual proteo solvent signal as reference

at 7.16 ppm. The color of the solution changed over the course of 30 minutes from a deep
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purple of 1a to a deep yellow. New broad singlets at 5.48 and —7.08 ppm were observed, which

were assigned as N-H and Ru—H resonances, respectively (Figure 8.6). Attempts to isolate

30
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Figure 3.7 Relative area under the tert-butyl peaks of 1a over time.

the newly generated hydrogenated species were unsuccessful due to the instability of the
hydrogenated complex. In the presence of excess Hs, the complex decomposes through the
hydrogenation and demetallation of the ligand. Upon exposure to vacuum, the hydrogenated
product loses Hz and reverts to 1 under N2 atmosphere.

The characteristic tert-butyl signals from the ligand were monitored to track the
kinetics of the hydrogenation in an attempt to understand the mechanism. Over the course
of 20 minutes, the decrease of signals of 1a and the generation of a new species was observed,
which can be seen in Figure 3.15. The relative intensity has been plotted against time in
Figure 3.7. Analogous experiment with D2 was conducted, and the rate constant for each
reaction was ki = 3.2 + 0.6 and ko = 1.5 + 0.6. The kinetic isotope effect (KIE), determined by

the ratio of the rate constants with hydrogen and deuterium, was calculated to be 2.13.
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Proof-of-concept  direct and  transfer
hydrogenation studies were performed as
presented in Scheme 3.3, monitored by tH NMR. As
expected from the decreased stability of la under
excess H2, direct hydrogenation attempts to

stoichiometric benzyl aldehyde under Ha

Scheme 3.3
hydrogenation
complex 1a.

H,, 1 equiv. 1
2 1¢q OH
CgDg
15 hrs, 64%
NH3BH3, 20% 1 O
 —

THF O

2 days, 100%

Direct and transfer
studies performed with

atmosphere resulted in 64% conversion to benzyl alcohol after 15 hours in room temperature.

Therefore, transfer hydrogenation was attempted in order to control the equivalents of H»

that can be added onto complex 1a. The addition of 1 equiv. NH3BH3s lead to a generation of

the hydride peak at the same chemical shift as the H2 addition product. However, both tert

butyl peaks were downshifted by 0.07 ppm and no corresponding N—H peak was observed.

Using NH3BHs as the hydrogen source to 5 equivalents of trans-stilbene led to a 100%

conversion after 2 days in room temperature.

3.2.3. Reactivity with acid

Because the hydrogenation product was
not isolated successfully, protonation of 1la was
attempted to test the ability for the
amidophenolate amine to store proton
equivalents. An addition of 1 equiv. HBF4to 1la
generated a cationic species where the proton

was observed on the amidophenolate nitrogen

(complex 6). Structural data was obtained from Figure 3.8 ORTEP diagram of 6 with thermal
ellipsoids shown at 50 % probability. Hydrogen

an unwanted reaction between boron trifluoride

for clarity.
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etherate with water impurity and 1la, which was confirmed to be 6 through 'H NMR.

3.2.4. Addition of azides

Inspired by earlier work in

Q i /@( Q © the group that utilized RALs to
Ru”—-PPha N |||/N~N ) )
Q d "PPh, \Q l“\N,','q alleviate electron density on late

Bu
PPh .. .
! FSC—Q—N=PP"3 ’ transition metal center to invoke a

CF3
transient imido,?® N-group transfer

Z=Z

Scheme 3.4 Synthesis of the tetrazene complex 7.

reactivity was attempted through the introduction of 1-azido-4-(trifluoromethyl)benzene as
the nitrene donor. Previous studies of metal phosphines exposed to azides have resulted in
the oxidation of phosphines into hypervalent iminophosphoranes (R'N=PRs). The subsequent
dissociation of the iminophosphoranes have left empty coordination sites on the metal.
Therefore, expecting reactivity with both equivalents of PPhs, three equivalents of 1-azido-4-
(trifluoromethyl)benzene was added to 1a according to Scheme 8.4. The resulting complex
was investigated through 1H, 3'P {1H}, and °F NMR and single crystal X-ray diffraction.
Interestingly, only one equivalent of PPhs on the metal seem to react with the azide to
generate the iminophosphorane, as determined by 3P {!H} and °F NMR where peaks at 1.86
and 60.29 ppm were observed. The other two
equivalents of the azide are found bound to the
ruthenium as a tetrazene (R—-N-N=N-N-R) after
releasing an equivalent of N2, as observed in the
solid-state structure in Figure 3.9 as well as from

the peaks at —61.73 and —61.62 ppm in the F

NMR. The isolated product 7 was identified as
Figure 3.9 ORTEP diagram of 7 with

Rull(Phigq)(tetrazene) as the bond distances within thermal ellipsoids shown at 50 %
probability. Hydrogen atoms and solvent

molecules have been omitted for clarity.
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the aminophenol was more consistent with the iminosemiquinone and the bond distances
between the nitrogens of the tetrazene was consistent with the fully reduced 2— state (Table
3.5).3457

Table 8.5 Selected bond distances (A) and angles of solid-state structure of 6-8.

Ru-0(1) 2.0418(10) 2.0761(16) 2.1026(15)
Ru-N(1) 2.1550(12) 1.973(2) 2.0047(18)
o()-Cc() 1.3508(16) 1.315(3) 1.325(3)
N(1)-C(®2) 1.4591(18) 1.379(3) 1.392(3)
C(D-C©® 1.3968(19) 1.418(3) 1.419(3)
C(2)-C(3) 1.3887(19) 1.426(3) 1.399(3)
C(3)-C@ 1.389(2) 1.383(3) 1.387(3)
C4)-C(5) 1.407(2) 1.416(3) 1.402(3)
C(5)-C(6) 1.3969(19) 1.371(4) 1.396(3)
Cc@-C() 1.4247(19) 1.412(3) 1.422(3)
Ru-P(1) 2.3650(4) 2.3036(6) 2.3348(6)
Ru-P(2) 2.2609(4) - 2.3191(6)
Ru-N(2) 1.9451(12) 1.957(2)
Ru-N(5) - 1.969(2)
N(2)-N(3) - 1.364(3)
N(3)-N(4) - 1.297(3)
N(4)-N(5) - 1.361(3)
Ru-C(7) - - 1.834(2)
C(7)-C(®) : = 1.316(4)
MOS - -1.32 -1.55
O(1)-Ru-N(1) 79.46(4) 77.53(7) 77.80(7)
N(2)-Ru-N(5) - 75.04(9)
N(1)-Ru-N(2) 95.59(5) 147.54(9)
O(1)-Ru-N(5) - 176.39(8)
0(1)-Ru—C(7) - - 166.44(8)
N(@Q)-Ru-P(1) 158.31(3) - 134.13(5)
0O(1)-Ru-N(2) 173.64(4)
5 0.26 0.48 0.54

The reaction between la and azide was monitored through 'H NMR in CsDs by
following the peak intensity of the zert-butyl peaks of the amidophenolate for an attempt to
elucidate the reaction mechanism. Excess azide was added in order to assume pseudo-first

order kinetics. As the reaction proceeded, an intermediate species was observed at 1.45 and
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Figure 3.10 Kinetics data of the reaction between 1la (blue) and 4 equivalents of 1-azido-4-
(trifluoromethyl)benzene. The intermediate is depicted in green and product (7) in magenta.

1.52 ppm. The kinetics data of 1a, the intermediate, and 7 are presented in Figure 3.10. The
data was fitted as two consecutive first order reactions?® according to the Equations 3.1-3.3.
The reaction rate constant determined through triplicate measurement was ki1 = 0.103 +

0.015 st and ke = 0.0101 £ 0.0012 s

[4] = [A]ge ™kt (3.1)
[B] = [Alo 2 (74" — ekat) (3.2)
(] = [l (1+ 8522y (3.3)

Nitrene transfer reactivity with the tetrazene complex was attempted with 2,6-
dimethylphenyl isocyanide in Ce¢De¢ monitored by NMR. However, even in elevated
temperatures near 70 °C, no transfer was observed. Metal tetrazenes have been identified as
an off-cycle side product in nitrene transfer catalysts,?® and in general regarded as a stable

analogue of the free RaN4 ligand.4041 However, imidos are invoked as intermediates for metal
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tetrazenes generated through the addition of 2 equivalents of organic azides, through 1,3-
additions.*? Therefore, the addition of 1 atm of gaseous CO as the putative nitrene acceptor
to 1la before the addition of the azide was monitored through NMR. Upon initial addition of
CO, a mixture of five- and six-coordinate carbonyl complexes reported in the previous chapter
was generated. The consecutive addition of 4 equivalents of the organic azide and heating to
85 °C led to a generation of the respective isocyanate observed as a singlet at —62.16 ppm in

19F NMR, though the integrity of the metal complex could not be determined.

3.2.5. Reactivity with phenylacetylene

N oW
i
Q i
H Na, CsHiz || .PPha
u

N—/Ru_—PPhs . FZ - > @\ ps
“ -N, -
N
tBqu PPh, | \PPh3
Bu

(0]
Bu
Scheme 3.5 Synthesis of the vinylidene complex 8.
To study the reactivity of 1a to unsaturated bonds, phenylacetylene was added. Unlike
the expectation that the substrate would add n? similar to the ethylene complex reported in

Chapter 2, a rearranged vinylidene complex 8 was isolated. The 'H NMR of the complex in

CéDé shows a vinylidene proton at 3.96 ppm, as well as a distinctive carbene carbon in the

}\
|

}
4.65 4.60 3.;5 3.]90 F:pm 13|4.2 154.0 ppm

Figure 3.11 Zoomed 'H NMR and 3C[*H] NMR of 8 displaying the vinylidene proton and the metal-
bound carbon.

64



BC{1H} NMR at 5.33 ppm coupled with the
phosphines (2Jpc = 5.33 Hz) as presented in
Figure 3.11. The vinylidene structure was also
confirmed in the solid-state through X-ray
diffractometry (Figure 3.12, Table 38.5). There
were only minimal changes observed for the
bond distances within the amidophenolate
ligand compared to la, expected from a singlet
carbene. Similar rearrangement of acetylenes
upon binding has been reported with Ru(Il)
complexes, which could also catalyze the

coupling of bound acetylenes into enynes.2!

Figure 3.12 ORTEP diagram of 8 with thermal
ellipsoids shown at 50 % probability. Hydrogen
atoms and solvent molecules have been omitted
for clarity.

Therefore, 1a was also exposed to 20 equiv. phenylacetylene while the reaction was monitored

with TH NMR. After heating at 70 °C for 4 days, the generation of two couples of new doublets

at 5.73, 6.35 (Jun = 12.00 Hz) and 5.64 and 5.70 ppm (Jux = 1.00 Hz) was observed. The

chemical shift and the coupling constants for the former set of peaks agreed with the

literature value for Z-isomer of the 1,2-dipheylbut-1-ene-3-yne.*3 The latter is identified as

the geminal constitutional isomer, but-3-en-1-yne-1,3-diyldibenzene.** Comparing the area

under the alkene proton peaks of the products and the remaining phenylacetylene peak, the

yield was 30 %. The ratio of the Z and geminal constitutional isomers calculated by the area

underneath the doublets was 8:1.
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3.3. Discussion

3.3.6. Chemical oxidation of 1a

Both one- and two-electron oxidation products were stable enough to be isolable. The
g value of the singly oxidized 3b closely matches that of a free iminosemiquinone radical, and
the low energy transition in the UV-Vis spectra is consistent with a semiquinone 1 to m*
intraligand charge-transfer. Therefore, 8b is assigned as a ruthenium (II) with a ligand-
centered radical. In contrast, the doubly oxidized 3c exhibits a higher covalency between
metal and ligand so that a definitive formal oxidation state assignment for either the metal
or ligand becomes impractical. The calculated FMOs show substantial mixing between metal-
and ligand-based orbitals, corroborating experimental evidence of increased covalency within
the Ru-RAL framework. As a consequence, the two relatively reversible reduction events in
the cyclic voltammetry of 3c are assigned as Class D to Class C, and Class C to Class B Ru-

RAL events without specifying the location of the electrons.

3.3.1. Hydrogenation

N
i HoH Q
Q | —N2 Q RDS H

N——RU'—PPh3 PPh3 —RU_PPh3

/ A \
t Qo PPhy N2 ~H, /Q, PPh, Q/ PPh,
Bu

By

2

Scheme 3.6 Proposed mechanism of hydrogenation of 1a.

The two new singlets at 5.48 and —7.08 ppm in the 'H NMR assigned as N-H and
Ru-H are reproducibly generated through gaseous Hz addition to 1la. However, the broadness
of the singlets and the absence of the free Hs signal which is expected to show at 4.47 ppm in
CsDs might be caused by rapid exchange between the hydride and free Hs (Figure 3.15). The
KIE of 2.13 suggests that the rate determining step involves a bond breaking between Hz,

which would agree with the lack of free Hz peak in the NMR, suggesting that there is a rapidly
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generated intermediate undetectable in the NMR timescale. Regardless of the equivalents of
the hydride on the metal, the singlet at 5.48 ppm is evidence that 1a can heterolytically cleave
an equivalent of Hz using the basic nitrogen on the amidophenolate ligand.

The lack of stability of 1la under gaseous H: makes it undesirable for catalytic
hydrogenation. However, 1a was able to catalytically transfer 5 equivalents of hydrogen in a
proof-of-concept experiment. The increased efficiency upon reacting with transfer
hydrogenation reagents could come from limiting the equivalents of hydride on the metal.
The observed Ru—H and the absence of N-H in the 'H NMR of the ammonia borane addition
product could be evidence that the B-H bond is being activated through MLC, similar to a
piano-stool molybdenum thiolate reported by Wang, Liao, and coworkers.*> This would
control the equivalents of hydrogen from reacting with the complex, preventing ligand

hydrogenation.*6

3.3.2. Reactivity with azide

Previous studies of transition metal nitrene transfer catalysts have invoked metal
tetrazene formation as a possible intermediate step in nitrene transfer.*’*® Some metal
tetrazines are also known to be able to transfer a nitrene stoichiometrically to a substrate.39:48
To test whether complex 7 is similarly reactive it was exposed substrates known to receive
N-groups. However, no nitrene transfer was observed at temperatures up to 70 °C. Switching
the order of addition so that the substrate was bound first to the complex lead to some
generation of the nitrene transfer product observed in the YF NMR. Therefore, we suspect
that once the tetrazene is formed, it is thermodynamically stable and does not perform
nitrene transfer. The observed intermediate in the 'H NMR could be the reactive imido
species known in other transition metal nitrene transfer catalysts. However, there is a

possibility that the intermediate is merely a low coordination number ruthenium species
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generated after the loss of an equivalent of PPhs, or a six-coordinate ruthenium species before
the phosphine reacts with the azide. A possible mechanism for the latter is presented in
Scheme 3.7, where a reactive ruthenium imido is suggested to form the tetrazene before
losing an equivalent of PPhs which then reacts with the third equivalent of azide to form the

iminophosphorane side product.

A ©w© Sl

'B Z SRy |||/ N

N_HUH_PPhG N N l—PPhg @: ; RU”'
_Ru_
\ o “PPhy
Bu Bu PPha By Ppha
Bu
F3C—©—N=PPh3
CF3

CF3

Scheme 3.7 A potential mechanism for generating the tetrazene product 7.
3.3.3. Reactivity with phenylacetylene

Reaction of phenylacetylene with 1a led to a vinylidene complex instead of the expected
nZ-acetylene complex. The rearrangement of the acetylene to the vinylidene has been
reported for d® metals before.?0 The relative stability of the vinylidene is known to depend on
the electron density on the metal, due to the repulsion from the d orbitals of m symmetry to
the filled i orbitals of the acetylene. DFT studies on a series of Ru(Il) cyclopentadienyl species
have shown that the increased electron density on the metal leads to the increase of the
energy gap between the alkyne and vinylidene complexes.4® Examples of bis-amidophenolate
Ru(l) systems that can be isolated as the n2-acetylene® prove that the single, fully reduced
ligand donates enough electron density to shift the equilibrium to the vinylidene.

As expected from the ruthenium vinylidene complex 8, complex la was capable of
phenylacetylene homocoupling into enynes. The steric hindrance from the
triphenylphosphines seem to lead to the Z isomer selectively forming as the favored
product.?’-?3 The minor geminal product is known to be formed through pathways not
involving vinylidene rearrangement, suggesting that the equilibrium between the vinylidene

and acetylene complex could shift towards the acetylene in higher temperatures.
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3.4. Conclusion

Ruthenium amidophenolate complexes were tested for hydrogenation and nitrene
transfer. The N2-bound (N2)Ru(Phap)(PPhs): showed evidence that it can heterolytically cleave
Hs as with other MLLC hydrogenation catalysts albeit the instability under excess gaseous Ha.
The results indicate promising reactivity towards heterolytically cleaving E-H bonds through
MLC by using the amidophenolate nitrogen as the hydrogen acceptor. Attempts to perform
nitrene transfer with the putative imido intermediate stabilized by the increased covalency
between the metal and ligand was inconclusive, as the isolated tetrazene complex did not
show reactivity. However, an intermediate species was observed through kinetic studies and
partial conversion was achieved from switching the order of addition of the substrates,
suggesting the possibility of a reactive intermediate. Kinetic studies with 1°F NMR could shed
light on the identity of the observed intermediate, while increasing the steric bulk on the
organic azide could be a viable strategy to prevent tetrazene formation and trap the imido.
Complex 1 could also couple phenylacetylene selectively into the Z isomer enyne with a small
impurity from the geminal isomer. The limited yield could be improved with less bulky

phosphines or acetylenes.
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3.5. Experimental

General Considerations. All manipulations were carried out using standard Schlenk-
line techniques and glovebox techniques under nitrogen, except where noted. Hydrocarbon
and ethereal solvents were sparged with argon before being deoxygenated and dried through
activated Q5 and alumina columns. Such solvents were stored over activated molecular
sieves 1n the glovebox. Deuterated solvents were dried over calcium hydride, distilled, and
freeze-pump-thawed to remove dioxygen. Potassium hydride was obtained in mineral oil and
washed with pentane prior to use. Tetrabutylammonium hexafluorophosphate (Acros) was
recrystallized from ethanol three times and dried under vacuum before use. Ferrocene (Acros)
was purified by vacuum sublimation. Tris(triphenylphosphine)ruthenium (II) dichloride
(Sigma), ferrocenium hexafluorophosphate (Sigma), ferrocenium tetrafluoroborate (Sigma),
dihydrogen (Airgas), carbon monoxide (Airgas), deuterium (Cambridge Isotope Laboratories),
NH;:BH; (Sigma), and phenylacetylene (Sigma) was used as received. 4,6-di-tert-butyl-2-
(phenylamino)phenol®? and 1-azido-4-(trifluoromethyl)benzene® was prepared according to
published procedures.

Spectroscopic and Electronic Characterization. All NMR spectroscopy was performed
on a Bruker Avance 400, 500, or 600 MHz spectrometer at 298K. H spectra were referenced
to residual proteo impurities of the solvents (7.16 ppm, C6D6). 3C NMR spectra were
referenced to TMS using the natural 3C abundance of the solvent. 31P {{H} NMR were
referenced with a phosphoric acid external standard (85%, 0.00 ppm). *F NMR were
referenced with a trifluoro acetic acid external standard (85%, —76.55 ppm). All chemical
shifts are reported using the standard notation in parts-per-million with positive shifts to
higher frequency from given reference. Perpendicular-mode X-band EPR spectra were

collected at 77 K and 298 K using a Bruker EMX spectrometer equipped with ER041XG
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microwave bridge. The following spectrometer settings were used for 77 K: attenuation = 20
dB, microwave power 2.147 mW, frequency = 9.416 GHz, modulation amplitude = 4.000 G,
gain = 30 dB, conversion time = 58.44 ms, time constant = 0.01 ms, sweep width 308.0 G and
resolution 770 points. The following spectrometer settings were used for 298 K: attenuation
= 20 dB, microwave power 2.154 mW, frequency = 9.837 GHz, modulation amplitude = 4.000
G, gain = 30 dB, conversion time = 76.01 ms, time constant = 0.01 ms, sweep width 236.8 G
and resolution 592 points. The spectra were simulated using EasySpin for MATLAB.

Electronic absorption spectra were recorded using a PerkinElmer Lambda 800
absorption spectrometer using 10mm quartz cuvettes at ambient temperatures.

Cyeclic voltammetry and differential pulse voltammetry experiments were performed
on a Gamry G300 potentiostat/galvanosta/ZRA using a 3.0 mm glassy carbon working
electrode, a platinum wire counter electrode, and a silver wire pseudo-reference electrode.
Experiments were performed at ambient temperature in a dry nitrogen glovebox with 1 mM
analyte and 100 mM [NBu4)[PFs] supporting electrolyte. All potentials were referenced to
[FeCp"*/® using ferrocene as an internal standard.

Crystallographic Measurements. X-ray diffraction data were collected on single
crystals mounted on glass fiber loops using Bruker CCD platform diffractometer equipped
with a CCD detector at 143 K using Mo Ka (A = 0.71073 A) radiation, which was wavelength
selected with a single-crystal graphite monochromator. A full sphere of data was collected for
each crystal structure. The SMART program package was used to determine unit-cell
parameters and to collect data. The raw frame data were processed using SAINT®®> and
SADABS?6 to yield the reflection data files. Subsequent calculations were carried out using
the SHELXTL?? program suite. Structures were solved by direct methods and refined on F2
by full-matrix least-squares techniques to convergence. Analytical scattering factors for

neutral atoms®® were used throughout the analyses. Hydrogen atoms, through visible in the
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difference Fourier map, were generated at calculated positions and their positions refined
using the riding model. ORTEP diagrams were generated using ORTEP-3 for Windows.??
Bond distances were extracted in Mercury for Windows.

All DFT calculations were performed using Gaussian 16% employing
B3LYP/LANL2DZ level of theory. VMD for Windows was used for 3D rendering of molecular

orbitals.

Synthesis of [(MeCN):Ru(Phap)(PPhs)2] [BF4] (3b)

3a (0.05 g, 0.05 mmol, 1 equiv.) was suspended in 5 mL MeCN. To it, ferrocenium
tetrafluoroborate (0.02 g, 0.05 mmol, 1 equiv.) dissolved in 4 mL MeCN was added dropwise.
The mixture was stirred in ambient temperature for 1.5 hours. Volatiles were removed under
vacuum and ferrocene was washed with 3x5 mL pentane to obtain dark purple solids in 94%
yield (0.05 g). X-ray quality crystals were obtained from a layered THF solution with pentane.
UV-vis (THF) Amax / nm (e / M1 em=1): 375 (5000), 588 (5700), 856 (1600). EPR (X-band, 1

mode, toluene, 77 K - 298 K): g= 1.9996.

Figure 3.13 Spin density plot for 3b with isovalues 0.0015.

72



Synthesis of [(MeCN)sRu(Phap)(PPhs)s2] [PFs]2 (8¢)

3a (0.04 g, 0.05 mmol, 1 equiv.) was suspended in 5 mL MeCN. To it, ferrocenium
hexafluorophosphate (0.03 g, 0.09 mmol, 2 equiv.) dissolved in 4 mL was added dropwise. The
mixture was stirred in ambient temperature for 1.5 hours. Volatiles were removed under
vacuum and ferrocene was removed with 3x5 mL pentane wash to yield dark purple solids
(0.05 g, 89% yield). X-ray quality crystals were obtained from a layered THF solution with
pentane. 'TH NMR (CDsCN, 500 MHz) §/ppm: 1.13 (s, 9H, C(CHs)s), 1.36 (s, 9H, C(CHs)s), 1.47
(s, 3H, MeCN), 2.10 (s, 3H, MeCN), 5.92 (d, J= 7.0 Hz, 2H, N-Ph), 6.31 (br s, 1H, isq-H), 7.17
(dd, J=5.7,11.7 Hz, 12H, PPhs) 7.33 (m, 2H, aryl-H), 7.41 (t, J= 7.6 Hz, 12H, PPhs) 7.53 (m,
8H, aryl-H). 31P{'H} NMR (500 MHz) &/ppm: 31.36 (s, PPhs). UV-vis (THF) Amax / nm (e / M-!

cm~1): 384 (4200), 536 (8800).
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Table 3.6 X-ray diffraction data collection and refinement parameters for complexes 3b, 3¢, 6-8.

empirical formula

formula weight
crystal system
space group
T/K
allA
bIA
elA

o

al

B1°

yl°

V1 As
Z

refl. collected

Data/restraints/p
arameters

R1 (I> 202
wR2 (all data)?
GOFt

CeoH61N30P2Ru
'(BF4) * (C4H80)

1162.04
Monoclinic
P2i/n
93.15
15.1801(9)
16.7704(12)
22.1582(12)
90
95.968(3)

90
5610.4(6)

4
92068
17101/ 21/ 697
0.0339
0.0877

1.027

Ce0He1N30OP2Ru
-2(PFe)-0.5(C4sHsO
)-0.5(C4H100)

1366.18
Monoclinic
Ce
92.85
45.555(2)
17.7237(9)
16.7328(8)
90
107.727(2)
90
12868.5(11)
8
82996
22210/ 97 / 1556
0.0471
0.1255

1.048

CssH56N30P2Ru-(
BF4) + (C4H100)

1110.97
Monoclinic
P2i/n
93.15
16.7805(13)
19.0026(14)
18.0334(14)
90
108.4842(12)
90
5453.7(7)

4
140763
16645/ 0/ 670
0.0308
0.0811

1.031

Cs52H4sFsNsOPRu

1044.99
Triclinic
Pl
100(2)
9.8794(5)
14.7368(7)
17.8308(8)
96.573(2)
99.547(3)
107.982(2)
2396.7(2)

2
40129
9040/ 0/ 595
0.0346
0.0848

1.049

CesHs1iNOP2Ru * (
CsHi2)

1095.29
Monoclinic
P21/n
92.85
16.6319(14)
16.7258(13)
20.5471(16)
90
93.459(4)
90
5705.4(8)
4
82240
10396 /0 /675
0.0345
0.0875

1.035

aR1=2| | Fol—|Fe| | /2] Fol; twR2 = [E[w(Fo2-F2)2l/E[w(F.2)2]]*2 ‘Goodness of Fit = S = [ T [w(Fo2-F2)?] / (n-p)]2 where n is
the number of reflections and p is the total number of parameters refined.
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Addition of 1 atm Hz to 1la

-7.07

1.59
—1.23
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Figure 3.14 'H NMR of the H2 addition product to 1a in CeDe.

6.8 mM solution of 1a in 1 mL C¢Ds with 0.2 mM HMB as the reference was added to
a borosilicate NMR tube with a J-Young cap. The solution was subjected to two freeze-pump-
thaw cycles and was frozen again. The headspace was evacuated once more before being
exposed to 1 atm of Hs. The frozen sample was kept in liquid nitrogen until it was ready to
be thawed. The solution was thawed and shaken before the first 'H NMR measurement.
Subsequent measurements were taken in 5-minute intervals without adjusting the lock and

shim.
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Figure 3.15 1H NMR spectrum of 1la with the addition of 1 atm Ho.

Hydrogenation studies

In a J-Young cap fitted NMR tube, a 0.5 mL CsDs solution with 0.004 M 1a, 0.004 M
benzaldehyde, and 0.0002 M hexamethylbenzene was added. After 3 freeze-pump-thaw cycles,
1 atm of gaseous H2 was introduced to the NMR tube. The tube was sealed and left to react

at 25 °C. The reaction was monitored by 'H NMR.

Transfer hydrogenation study
In 10 mL THF, 1a (0.067 g, 0.071 mmol, 1 equiv.) and NHsBH;3 (0.010 g, 0.31 mmol,

4.5 equiv.) was dissolved. To the solution, trans-stilbene (0.057 g, 0.316 mmol, 4.48 equiv.)
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was added. The reaction was stirred at 25 °C and aliquots were removed to monitor the

reaction through 'H NMR.

Synthesis of [(N2)Ru(PhapH)(PPhs)z| [BF4] (6)

1a (0.095 g, 0.10 mmol, 1 equiv.) was dissolved in 20 mL Et20 in a 50 mL Schlenk flask
under dinitrogen atmosphere. Through a septum, tetrafluoroboric acid-diethyl ether complex
(13 uL, 0.10 mmol, 1 equiv.) was added dropwise. The color of the solution changed from deep
purple to deep bluish violet within 10 seconds. The solution was transferred into a nitrogen
glovebox and was concentrated under vacuum. 'H NMR (CsDs, 500 MHz) 6/ppm: 1.23 (s, 9H,
C(CHs)3), 1.62 (s, 9H, C(CH3)3), 6.89-6.98 (m, aryl-H), 7.30-7.50 (m, aryl-H) 10.14 (d, J= 4.0

Hz, 1H, N-H).

Synthesis of Ru(Phap)(PPhs)[(4-CF3CsHo ) NNNN(4-CFsCeH4)] (7)

1a (0.067 g, 0.065 mmol, 1 equiv.) was dissolved in a mixture of 5 mL pentane and 5
mL benzene. To it, 1-azido-4-(trifluoromethyl)benzene (40 ul, 0.28 mmol, 4.4 equiv.) was
added with a microsyringe. The solution was stirred overnight before being concentrated
down into a solid under vacuum. The product was extracted with pentane and recrystallized
at —40 °C to obtain the product as brown solids (0.040 g, 61.7 % yield). X-ray quality crystals
were obtained from chilled pentane solution. 'H NMR (CsDs, 500 MHz) &6/ppm: 1.26 (s, 9H,
C(CHb»)s), 1.37 (s, 9H, C(CHs)3), 5.97 (d, /= 8.3 Hz, 1H, aryl-H), 6.64-6.91 (m, aryl-H), 7.25 (d,
J=8.5Hz, 1H, aryl-H), 7.29 (d, J= 2.2 Hz, 2H, aryl-H), 7.41 (d, J= 2.0 Hz, 2H, aryl-H) 7.90
(m, aryl-H). 3'P{tH} NMR (500 MHz) &/ppm: 48.59 (s, PPhs). 19F NMR (500 MHz) §/ppm:

—61.73, —61.62.

Synthesis of Ru(Phap)(PPhs)2(CCHPh) (8)
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1a (0.209 g, 0.115 mmol, 1 equiv.) was dissolved in 10 mL benzene. To the solution,
phenylacetylene (12.6 pL, 0.115 mmol, 1 equiv.) was added with a 10 uL microsyringe. The
solution was stirred overnight before being concentrated into a solid. The residue was
dissolved in pentane and filtered through a filter pipette. A film was formed after chilling the
solution, which was collected through decanting the mother liquor and removing volatiles in
vacuo. The product was collected as a purple film (0.049 g, 40.7 %). X-ray quality crystals
were obtained from chilled pentane solution. 'H NMR (CsDs, 500 MHz) 6/ppm: 1.39 (s, 9H,
C(CHb»)s), 1.54 (s, 9H, C(CHs)3), 3.96 (s, 1H, RuCCH), 6.47 (d, aryl-H), 6.80-6.93 (m, aryl-H),
7.22-7.25 (m, aryl-H), 7.47-7.51 (m, aryl-H). 13C NMR (C6D6, 500 MHz) &§/ppm: 134.09 (t, 2

= 5.3 Hz, Ru-C). 3'P{1H} NMR (500 MHz) §/ppm: 49.31 (s, PPhs).

Phenylacetylene homocoupling reaction

0.1 mL of a CéDs solution with 0.004 M of 1a (4 pmol, 1 equiv.) and 0.01 M of
hexamethylbenzene (reference) was added to an NMR tube with a J-Young fitted cap. To it,
4.4 uL of phenylacetylene (40 pmol, 11 equiv.) was added. The solution was diluted with
about 0.5 mL CeDs. The solution was heated at 70 °C over 5 days while being monitored by

NMR.

78



3.6. References

(1) Ramspoth, T.-F.; Kootstra, J.; Harutyunyan, S. R. Unlocking the Potential of Metal
Ligand Cooperation for Enantioselective Transformations. Chem. Soc. Rev. 2024, 55 (7),
3216-3223. https://doi.org/10.1039/D3CS00998J.

2 Khusnutdinova, J. R.; Milstein, D. Metal-Ligand Cooperation. Angew. Chem. Int. Fd.
2015, 54 (42), 12236-12273. https://doi.org/10.1002/anie.201503873.

3 Mondal, R.; Guin, A. K.; Chakraborty, G.; Paul, N. D. Metal-Ligand Cooperative
Approaches in Homogeneous Catalysis Using Transition Metal Complex Catalysts of Redox
Noninnocent Ligands. Org. Biomol. Chem. 2022, 20 (2), 296-328.
https://doi.org/10.1039/D10B01153G.

(4) Dub, P. A.; Gordon, J. C. Metal-Ligand Bifunctional Catalysis: The “Accepted”
Mechanism, the Issue of Concertedness, and the Function of the Ligand in Catalytic Cycles
Involving Hydrogen  Atoms. ACS  Catal 2017, 7 (10), 6635—6655.
https://doi.org/10.1021/acscatal.7b01791.

(5) Shvo, Youval.; Czarkie, Dorotha.; Rahamim, Yocheved.; Chodosh, D. F. A New Group
of Ruthenium Complexes: Structure and Catalysis. J. Am. Chem. Soc. 1986, 108(23), 7400—
7402. https://doi.org/10.1021/ja00283a041.

(6) Higashi, T.; Kusumoto, S.; Nozaki, K. Cleavage of Si-H, B-H, and C—H Bonds by
Metal-Ligand Cooperation: Focus Review. Chem. Rev. 2019, 119 (18), 10393-10402.
https://doi.org/10.1021/acs.chemrev.9b00262.

¢)) Hesp, K. D.; McDonald, R.; Ferguson, M. J.; Stradiotto, M. New Cationic and
Zwitterionic Cp*M(x2? -P,S) Complexes (M = Rh, Ir): Divergent Reactivity Pathways Arising
from Alternative Modes of Ancillary Ligand Participation in Substrate Activation. /. Am.
Chem. Soc. 2008, 150(48), 16394—16406. https://doi.org/10.1021/ja8062277.

(® Stahl, T.; Muther, K.; Ohki, Y.; Tatsumi, K.; Oestreich, M. Catalytic Generation of
Borenium Ions by Cooperative B-H Bond Activation: The Elusive Direct Electrophilic
Borylation of Nitrogen Heterocycles with Pinacolborane. . Am. Chem. Soc. 2018, 135 (30),
10978-10981. https://doi.org/10.1021/ja405925w.

9 Stahl, T.; Hrobarik, P.; Konigs, C. D. F.; Ohki, Y.; Tatsumi, K.; Kemper, S.; Kaupp,
M.; Klare, H. F. T.; Oestreich, M. Mechanism of the Cooperative Si—H Bond Activation at
Ru—S Bonds. Chem. Sci. 2015, 6 (7), 4324—4334. https://doi.org/10.1039/C5SC01035G.

(10)  Charette, B. J.; Ziller, J. W.; Heyduk, A. F. Exploring Ligand-Centered Hydride and
H-Atom Transfer. Inorg. Chem. 2021, 60 (D), 5367-5375.
https://doi.org/10.1021/acs.inorgchem.1c00351.

(11)  Charette, B. J.; Ziller, J. W.; Heyduk, A. F. Metal-Ion Influence on Ligand-Centered
Hydrogen-Atom Transfer. Inorg. Chem. 2021, 60 (3), 1579-1589.
https://doi.org/10.1021/acs.inorgchem.0c02981.

79



(12) Rosenkoetter, K. E.; Wojnar, M. K.; Charette, B. J.; Ziller, J. W.; Heyduk, A. F.
Hydrogen-Atom Noninnocence of a Tridentate [SNS] Pincer Ligand. Inorg. Chem. 2018, 57
(16), 9728-9737. https://doi.org/10.1021/acs.inorgchem.8b00618.

(13) Paik, J.; Choe, J. H.; Padmanaban, S.; Seo, M.; Yoo, C.-J.; Lee, H. B.; Lee, Y.
Thermodynamic Hydricity of a Ruthenium COz Hydrogenation Catalyst Supported by a Rigid
PNP Pincer. JACS Au 2025, 5(2), 811-821. https://doi.org/10.1021/jacsau.4c01078.

(14) Ishikawa, M.; Ohshita, J.; Ito, Y.; Minato, A. Palladium-Catalyzed Synthesis of Silyl-
Substituted  Enynes. J.  Organomet. @ Chem. 1988, 346 (3), (C58-C60.
https://doi.org/10.1016/0022-328X(88)80147-5.

(15)  Singer, H.; Wilkinson, G. The Dimerisation of Monosubstituted a-Hydroxyacetylenes
by Use of Tris(Triphenylphosphine)Chlororhodium(I) as Catalyst.  Chem Soc A 1968, No. 0,
849-853. https://doi.org/10.1039/J19680000849.

(16) Kovalev, I. P.; Yevdakov, K. V.; Strelenko, Yu. A.; Vinogradov, M. G.; Nikishin, G. I.
Dimerization of 1-Alkynes Catalyzed by RhClI(PMe3)3. Isolation of the Intermediate
(AlkynyD)(Vinyl)Rhodium(II) Complexes. J. Organomet. Chem. 1990, 386 (1), 139-146.
https://doi.org/10.1016/0022-328X(90)80262-X.

(17)  Ohshita, J.; Furumori, K.; Matsuguchi, A.; Ishikawa, M. Synthesis and Reactions of
(E)-1,4-Bis(SilyD)-Substituted Enynes. J. Org. Chem. 1990, 55 (10), 3277-3280.
https://doi.org/10.1021/j000297a054.

(18) Sabourin, E. T. The Selective Head-to-Tail Dimerization of a-Hydroxy Terminal
Acetylenes. J. Mol Catal 1984, 26(3), 363—373. https://doi.org/10.1016/0304-5102(84)85110-
X.

(19)  Trost, B. M.; Chan, C.; Ruhter, G. Metal-Mediated Approach to Enynes. J. Am. Chem.
Soc. 1987, 109(11), 3486—3487. https://doi.org/10.1021/ja00245a064.

(200  Bruce, M. I. Organometallic Chemistry of Vinylidene and Related Unsaturated
Carbenes. Chem. Rev. 1991, 91 (2), 197-257. https://doi.org/10.1021/cr00002a005.

(21)  Trost, B. M.; Masters, J. T. Transition Metal-Catalyzed Couplings of Alkynes to 1,3-
Enynes: Modern Methods and Synthetic Applications. Chem. Soc. Rev. 2016, 45 (8), 2212—
2238. https://doi.org/10.1039/C5CS00892A.

(22) Bianchini, C.; Peruzzini, M.; Zanobini, F.; Frediani, P.; Albinati, A. A Ruthenium(II)
Enynyl Complex Mediates the Catalytic Dimerization of 1-Alkynes to Z-1,4-Disubstituted
Enynes. J. Am. Chem. Soc. 1991, 113 (14), 5453-5454. https://doi.org/10.1021/ja00014a047.

(23) Bianchini, C.; Frediani, P, Masi, D.; Peruzzini, M.; Zanobini, F. Regio- and
Stereoselective Dimerization of Phenylacetylene to (Z)-1,4-Diphenylbut-3-En-1-Yne by
Ruthenium(II) Catalysis. Reaction Mechanism Involving Intermolecular Protonation of
Sigma.-Alkynyl by 1-Alkyne. Organometallics 1994, 13 (11), 4616-4632.
https://doi.org/10.1021/0m00023a074.

80



(24) Wakatsuki, Y.; Koga, N.; Yamazaki, H.; Morokuma, K. Acetylene .Pi.-Coordination,
Slippage to .Sigma.-Coordination, and 1,2-Hydrogen Migration Taking Place on a Transition
Metal. The Case of a Ru(I) Complex as Studied by Experiment and Ab Initio Molecular
Orbital Simulations. J.  Am. Chem. Soc. 1994, 116 (18), 8105-8111.
https://doi.org/10.1021/ja00097a017.

(25)  Yamazaki, H. Novel Catalytic Dimerization of T-Butylacetylene to Trans-1,4-Di-t-
Butylbutatriene. J Chem Soc Chem Commun 1976, No. 21, 841-842.
https://doi.org/10.1039/C39760000841.

(26) Cadierno, V.; Gamasa, M. P.; Gimeno, J.; Gonzalez-Bernardo, C.; Pérez-Carrefio, E.;
Garcia-Granda, S. Reactivity of Indenyl-Ruthenium(II) Vinylidene Complexes: Selective
Synthesis of Alkenyl-Phosphonio Derivatives via Nucleophilic Addition of
Triphenylphosphine on Their n? -Alkyne Tautomers. Theoretical Study of the n' -
Vinylidene—n? -Alkyne Tautomerization. Organometallics 2001, 20 (24), 5177-5188.
https://doi.org/10.1021/0m010308e.

(27) Nguyen, A. I; Zarkesh, R. A,; Lacy, D. C.; Thorson, M. K.; Heyduk, A. F. Catalytic
Nitrene Transfer by a Zirconium( IV ) Redox-Active Ligand Complex. Chem Sci 2011, 2 (1),
166-169. https://doi.org/10.1039/C0SC00414F.

(28)  Charette, B. J. Investigations into the Reactivity of Transition Metal Complexes with
Redox-Active Ligands for Proton Coupled Electron Transfer and Nitrene Transfer, University
of California, Irvine, 2021. https://escholarship.org/uc/item/2p70w8nm.

(29) Carter, S. M.; Sia, A.; Shaw, M. J.; Heyduk, A. F. Isolation and Characterization of a
Neutral Imino-Semiquinone Radical. J. Am. Chem. Soc. 2008, 130 (18), 5838-5839.
https://doi.org/10.1021/a711185s.

(30) Connelly, N. G.; Manners, I.; Protheroe, J. R. C.; Whiteley, M. W. Reduction-Ox
Idation Properties of Organotransit Ion-metal Complexes. Part 19. Carbonylruthenium
Catecholate and Semiquinone Complexes.

(31) Bhattacharya, S.; Pierpont, C. G. Structure and Bonding in Bis(Quinone) Complexes
of Ruthenium. Synthesis and Characterization of the Ru(PPh3)2(SQ)2 (SQ = 3,5-Di-Ferf -
Butylsemiquinone, Tetrachloro- 1,2-Semiquinone) Series.

(32) Chaudhuri, P.; Verani, C. N,; Bill, E.; Bothe, E.; Weyhermiiller, T.; Wieghardt, K.
Electronic Structure of Bis( 0 -Iminobenzosemiquinonato)Metal Complexes (Cu, Ni, Pd). The
Art of Establishing Physical Oxidation States in Transition-Metal Complexes Containing
Radical Ligands. J. Am. Chem. Soc. 2001, 123 (10), 2213-2223.
https://doi.org/10.1021/j2003831d.

(33) Das, D.; Das, A. K.; Sarkar, B.; Mondal, T. K.; Mobin, S. M.; Fiedler, J.; Z4lis, S.;
Urbanos, F. A.; Jiménez-Aparicio, R.; Kaim, W.; Lahiri, G. K. The Semiquinone—Ruthenium
Combination as a Remarkably Invariant Feature in the Redox and Substitution Series [Ru(Q)
» (Acac)s-» 1™ , n=1-3; m=(-2), -1, 0, +1, (+2); Q = 4,6-Di- Tert -Butyl- N -Phenyl- o -
Iminobenzoquinone. Inorg. Chem. 2009, 48 (24), 11853-11864.
https://doi.org/10.1021/ic901900g.

81



(34) Brown, S. N. Metrical Oxidation States of 2-Amidophenoxide and Catecholate
Ligands: Structural Signatures of Metal-Ligand m Bonding in Potentially Noninnocent
Ligands. Inorg. Chem. 2012, 51 (3), 1251-1260. https://doi.org/10.1021/ic202764;.

(35) Das, D.; Mondal, T. K.; Chowdhury, A. D.; Weisser, F.; Schweinfurth, D.; Sarkar, B.;
Mobin, S. M.; Urbanos, F. A.; Jiménez-Aparicio, R.; Lahiri, G. K. Valence and Spin Situations
in Isomeric [(Bpy)Ru(Q)2ln (Q = 3,5-Di-Tert-Butyl-N-Aryl-1,2-Benzoquinonemonoimine).
An Experimental and DFT Analysis. Dalton Trans. 2011, 40 (33), 8377.
https://doi.org/10.1039/c1dt10609k.

(36)  Gianino, J.; Brown, S. N. Highly Covalent Metal-Ligand  Bonding in Chelated Bis-
and Tris(Iminoxolene) Complexes of Osmium and Ruthenium. Dalton Trans. 2020, 49 (21),
7015-7027. https://doi.org/10.1039/DODT01287D.

(837)  Vanicek, S.; Jochriem, M.; Hassenriick, C.; Roy, S.; Kopacka, H.; Wurst, K.; Miiller,
T.; Winter, R. F.; Reisner, E.; Bildstein, B. Redox-Rich Metallocene Tetrazene Complexes:
Synthesis, Structure, Electrochemistry, and Catalysis. Organometallics 2019, 38 (6), 1361—
1371. https://doi.org/10.1021/acs.organomet.8b00681.

(38) Heyduk, A. F.; Driver, T. G.; Labinger, J. A.; Bercaw, J. E. Kinetic and
Thermodynamic Preferences in Aryl vs Benzylic C—H Bond Activation with Cationic Pt(II)
Complexes. J. Am. Chem. Soc. 2004, 126  (46), 15034-15035.
https://doi.org/10.1021/ja045078k.

(39) Isbill, S. B.; Chandrachud, P. P.; Kern, J. L.; Jenkins, D. M.; Roy, S. Elucidation of the
Reaction Mechanism of Cz2 + N1 Aziridination from Tetracarbene Iron Catalysts. ACS Catal.
2019, 9(7), 6223—-6233. https://doi.org/10.1021/acscatal.9b01306.

(40)  Overbosch, P.; Van Koten, G.; Overbeek, O. Synthesis and Reactivity of Bis(1,4-
Diaryltetraazabutadiene)Nickel Complexes. Crystal and Molecular Structure of Bis[1,4-
Bis(3,5-Dimethylphenyl) Tetraazabutadiene]Nickel. Inorg. Chem. 1982, 21 (6), 2373—-2378.
https://doi.org/10.1021/ic00136a051.

(41)  Overbosch, P.; Van Koten, G.; Spek, A. L.; Roelofsen, G.; Duisenberg, A. J. M.
Synthesis, Reactivity, and Crystal Structure of [1,4-Bis(4-Tolyl)Tetraazabutadiene](.Eta.5-
Cyclopentadienyl)Nickel. Inorg. Chem. 1982, 21 (11), 3908-3913.
https://doi.org/10.1021/ic00141a010.

(42)  Vaddypally, S.; McKendry, I. G.; Tomlinson, W.; Hooper, J. P.; Zdilla, M. J. Electronic
Structure of Manganese Complexes of the Redox-Non-Innocent Tetrazene Ligand and
Evidence for the Metal-Azide/Imido Cycloaddition Intermediate. Chem. — Fur. J. 2016, 22
(30), 10548-10557. https://doi.org/10.1002/chem.201600531.

(43) Bhunia, M.; Sahoo, S. R.; Vijaykumar, G.; Adhikari, D.; Mandal, S. K. Cyclic
(Alkyl)Amino Carbene Based Iron Catalyst for Regioselective Dimerization of Terminal
Arylalkynes. Organometallics 2016, 35 (21), 3775—-3780.
https://doi.org/10.1021/acs.organomet.6b00703.

82



(44) Liang, Q.; Sheng, K.; Salmon, A.; Zhou, V. Y.; Song, D. Active Iron(II) Catalysts toward
Gem -Specific Dimerization of Terminal Alkynes. ACS Catal 2019, 9 (2), 810-818.
https://doi.org/10.1021/acscatal.8b03552.

(45) Hou, S.-F.; Chen, J.-Y.; Xue, M.; Jia, M.; Zhai, X.; Liao, R.-Z.; Tung, C.-H.; Wang, W.
Cooperative Molybdenum-Thiolate Reactivity for Transfer Hydrogenation of Nitriles. ACS
Catal 2020, 10 (1), 380—390. https://doi.org/10.1021/acscatal.9b04455.

(46) Lau, S.; Gasperini, D.; Webster, R. L. Amine—Boranes as Transfer Hydrogenation and
Hydrogenation Reagents: A Mechanistic Perspective. Angew. Chem. Int. Ed. 2021, 60 (26),
14272-14294. https://doi.org/10.1002/anie.202010835.

(47)  Russell, J. J.; Dedesus, J. F.; Smith, B. A.; Nalaoh, P.; Vogiatzis, K. D.; Jenkins, D. M.
Disparate Reactivity of a Chiral Iron( 11 ) Tetracarbene Complex with Organic Azides. Dalton
Trans. 2024, 53(26), 10819—-10823. https://doi.org/10.1039/D4DT01422G.

(48) Cramer, S. A,; Hernandez Sanchez, R.; Brakhage, D. F.; Jenkins, D. M. Probing the
Role of an Fe!V Tetrazene in Catalytic Aziridination. Chem Commun 2014, 50 (90), 13967—
13970. https://doi.org/10.1039/C4CC05124F.

(49) De Angelis, F.; Sgamellotti, A.; Re, N. Acetylene to Vinylidene Rearrangements on
Electron Rich D6 Metal Centers: A Density Functional Study. Dalton Trans. 2004, No. 20,
3225. https://doi.org/10.1039/b408452¢.

(50)  Ayson, P. R. H.; Brown, S. N. Anisotropic n Bonding in Bis(Iminoxolene)Ruthenium:
Consequences for Alkene and Alkyne Binding. Organometallics 2024, 45 (17), 1889-1903.
https://doi.org/10.1021/acs.organomet.4c00259.

(51) Wakatsuki, Y.; Yamazaki, H.; Kumegawa, N.; Satoh, T.; Satoh, J. Y. Regio- and
Stereocontrolled Dimerization of Tert-Butylacetylene to (Z)-1,4-Di-Tert-Butylbutatriene by
Ruthenium Catalysis. Reaction Mechanism Involving Alkynyl-Vinylidene Coupling and
Rearrangement of the Metal-Bound C4 Unit. J. Am. Chem. Soc. 1991, 113 (25), 9604—9610.
https://doi.org/10.1021/ja00025a027.

(52)  Yi, C. S.,; Liu, N. Homogeneous Catalytic Dimerization of Terminal Alkynes by Cs Mes
Ru(l)Hs (L = PPhs , PCys , PMes ). Organometallics 1996, 15 (19), 3968-3971.
https://doi.org/10.1021/0m9601110.

(53)  Slugove, C.; Mereiter, K.; Zobetz, E.; Schmid, R.; Kirchner, K. Ruthenium-Catalyzed
Dimerization of Terminal Alkynes Initiated by a Neutral Vinylidene Complex.
Organometallics 1996, 15(25), 5275-5277. https://doi.org/10.1021/0m9607816.

(54) Dai, Z.-C.; Chen, Y.-F.; Zhang, M.; Li, S.-K.; Yang, T.-T.; Shen, L.; Wang, J.-X.; Qian,
S.-S.; Zhu, H.-L.; Ye, Y.-H. Synthesis and Antifungal Activity of 1,2,3-Triazole

Phenylhydrazone Derivatives. Org Biomol Chem 2015, 13 (2), 477-486.
https://doi.org/10.1039/C40B01758G.

(55)  Bruker AXS, Inc. SAINT, 2013.

(56)  Sheldrick, G. M.; Bruker AXS, Inc. SADABS.

83



(57)  Sheldrick, G. M. SHELXTL, 2001.

(58)  International Tables Fo rX-Ray Crystallography; Kluwer Academic: Dordrecht,
Netherlands, 1992.

(59)  Farrugia, L. J. ORTEP-3 for Windows - a Version of ORTEP-III with a Graphical User
Interface (GUD). J. Appl. Crystallogr. 1997, 30 (5-1), 565—-565.
https://doi.org/10.1107/S0021889897003117.

(60)  Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman,
J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich,
A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J. V.;
Izmaylov, A. F.; Sonnenberg, J. L.; Williams; Ding, F.; Lipparini, F.; Egidi, F.; Goings, J.;
Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.;
Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.; Montgomery Jr., J.
A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.;
Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A. P.;
Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.;
Cammi, R.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox,
D. dJ. Gaussian 16 Rev. C.01, 2016.

84



Chapter 4: Charge Transfer Complexes of Titanium(IV) and
Zirconium(IV)

4.1. Introduction

The efficient conversion of solar energy to electricity is crucial in addressing increasing
global energy demand and climate change.! Within strategies to convert sunlight into
electricity, dye-sensitized solar cells (DSSCs) that utilize molecular charge-transfer dyes
have been studied extensively due to advantages such as cost-effectiveness and ease of
production.2* A type of common dye used in DSSCs is the porphyrin-based triad dye, in which
the porphyrin moiety acts as a photosensitizer by absorbing a photon to excite an electron
from the 7 orbital to the n* orbital within the porphyrin.>6 The electron in the excited state

is then transferred to an electron acceptor such as a fullerene, while an electron from a donor

2+

Scheme 4.1 The structures of a carotene-porphyrin-fullerene triad charge-transfer dye molecule and
[Ru(bpy)sl2* MLCT dye. The porphyrin acts as a photosensitizer which initiates the electron-hole
separation. The carotene is the electron donor, and the fullerene electron acceptor. In the [Ru(bpy)sl2+,
the charge-transfer occurs from the metal to the bipyridine ligand.

such as carotene is transferred to the hole in the partially filled SOMO-1 of the excited state
porphyrin. An advantage of this system is that the charge is separated over a long distance,
which allows the charge separation state to be long lived. However, there is energy loss in
the thermal transfer of the electron from the excited state porphyrin to the electron acceptor

moiety, which decreases the efficiency of this system.”8
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Early studies to overcome such energy loss involved strategies to localize the HOMO
and LUMO on different parts of the molecule as with [Ru(bpy)s]2*.210 The photoinduced
charge transfer occurs from the ruthenium(II) d orbitals to the n* orbitals of the bipyridine
ligand. In addition to the increased efficiency, the metal-to-ligand charge-trasfer (MLCT) dye
is easier to synthesize and customize than the organic dyes.!! The ability to customize the
absorption profile of the dye is especially useful in tandem DSSCs, in which two dyes of
complementary absorption profiles in the visible region is used in tandem to increase the
efficiency of energy conversion.?'2-14 However, the distance of the charge transfer is shorter,
increasing the probability of rapid recombination of the electron-hole pair to the ground state.
To combine the longer charge separation of the triad and the customizability the MLCT dyes,
ligand-to-ligand charge transfer (LL'CT) complexes have been designed.!™!7 In these
complexes, the HOMO and LUMO reside on different ligands that act as an electron donor
and acceptor, respectively. Redox-active ligands have the ability to undergo oxidations and
reductions while remaining bound to the metal, making them a focus of charge-transfer
complexes. Square planar LLCT complexes have been intensively studied for their optimal
orbital overlap between the HOMO and LUMO that stem from the coplanar arrangement of
the ligand o system.'™22 Within such systems, asymmetric LL'CT complexes employ two
different ligands resulting in a polar excited state that is attractive for DSSCs. The stability
and the tunability of redox-active ligands on a LI/CT dye was demonstrated on a series of
Ni(II) square planar catecholate diimine complexes.2324 The varying reduction potentials of
the redox-active catecholates and diimines allow one to serve as a donor and the other as an
acceptor.2325> The complexes exhibited LL'CT transitions, as identified as an intense
absorption in the visible region of the electromagnetic spectrum, confirming the dependency

of the transition energy to the donor and acceptor ligands. The LL'CT band could be tuned
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up to 0.8 eV by adjusting the electron-donating and accepting abilities of the two ligands,
emphasizing its tunability.

Previous studies have been focused on d® metals which allow for the square planar
geometry that maximizes the ligand orbital overlap through the d orbitals, as well as a mostly
filled metal orbital that minimally impacts the charge transfer.26 Recent studies have found
that slight mixing of redox-active metal orbitals can aid in a charge transfer between ligand
orbitals with a dihedral angle less than 180 °.27 However, there are very few cases of LL/CT
reported in group IV complexes so far, and even fewer attempts at tuning the energetics of

the absorption.28
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Scheme 4.2 Complexes presented in this chapter.

In this study, a series of six-coordinate titanium(IV) and zirconium(IV) donor-acceptor
complexes were synthesized to explore the effects of geometry and the empty metal d orbital
to the LL'CT band energy. Group IV metals were chosen to investigate the effects of changing
the geometry of the complex from the four-coordinate square planar to six-coordinate pseudo-
octahedral and the effects of the metal d electrons by using formally d° M*" ions.
Amidophenolates were chosen as the donor as they have been reported as electron sources

13

for "oxidative addition” and “reductive elimination”-like reactivity on redox-innocent
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metals,??-3! which highlights their ability to store electrons. A library of bipyridines, which
are commonly used as electron acceptors in MLCT dyes, have been selected to observe the
effect of acceptor orbital energy on the putative charge transfer. This chapter reports the
study on the effects of geometry and metal d electrons using zirconium(IV) and titanium(IV)
donor-acceptor complexes.

4.2. Results

4.2.1. Synthesis
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Scheme 4.3 Synthesis of 1a-d and 2a-b.

Previously reported titanium (IV) and zirconium (IV) complexes with fully reduced
amidophenolates, Ti(*Buap)2(THF)2 and Zr(Buap)2(THF)2,292° were chosen as the synthons for
the LI/CT dyes. The acceptors of choice were a series of bipyridine moieties with varying
electronic properties (bpy = 2,2"-bipyridine, Bubpy = 4,4’-di- tert-butyl-2,2-bipyridine, phen =
1,10-phenanthroline, dipph = dipyridophenazine). Due to the hypothesized lability of the
THF adducts and the chelating effect of the bipyridines, the ligand exchange between THF
of the synthon and the bipyridine derivative led to a clean conversion to the desired donor-
acceptor. Upon addition of 1 equivalent of the bipyridine-like acceptors in benzene to the
zirconium moiety yielded an instant color change from light orange to deep green or blue,

yielding a series of donor-acceptor complexes Zr(tBuap)sbpy (1a), Zr(tBuap)sphen (1b),
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Zr(tBuap)odipph (1c), and Zr(tBuap)otBubpy (1d). Similarly, titanium analogues of the complexes
were synthesized from the bis-amidophenolate bis-THF complexes which yielded

Ti(tBuap)sbpy (2a), Ti(tBuap)2phen (2b).

4.2.2. Structural Analysis
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Figure 4.1 '"H NMR of Zr(tBuap)2A (A = bpy, phen dipph, tBubpy) and Ti(tBuap)2A (A = bpy, phen) (top to
bottom) in benzene-ds at 298K. Residual proteo solvent signal appears at 7.16 ppm. Satellite peaks
from the residual solvent signal are observed at 6.96 and 7.36 ppm. Minor solvent impurities from
pentane and THF are present in 2a near 0.8 ppm.

All of the complexes display sharp NMR signals in the diamagnetic region in CeDs as
presented in Figure 4.1. The tertbutyl protons on the amidophenolates provide easily
distinguishable group of three singlets in the aliphatic region between 0.8 and 2.2 ppm as a
spectroscopic handle. The aromatic peaks of the amidophenolates show up between 6.8 and
7.5 ppm, as two singlets. Some of the aromatic signals overlap with the residual proteo

solvent signal at 7.16 ppm and the satellite peaks at 6.96 and 7.36 ppm in CsDs. However,
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Figure 4.2 ORTEP diagram of 1d with thermal
ellipsoids shown at 50 % probability. Hydrogen
atoms and solvent molecules have been omitted
for clarity.

the complexes quickly decompose upon

solvation in acetonitrile and halogenated
solvents and revert to the bis-THF complex
upon solvation in THF after prolonged exposure.
Therefore, diagnostic NMRs of all complexes in
this study have been collected in deuterated
benzene for consistency. The signals from both

donor amidophenolate ligands are identical and

that of the acceptors are symmetric in the NMR

timeframe, which agrees with a Cay symmetry environment.

High-resolution single-crystal X-ray diffraction studies were performed to determine

the solid-state structures of the complexes. Due to the highly oxophilic and water-sensitive

nature of the group IV complexes,3233 X-
ray quality single crystals were only
successfully harvested from
Zr(tBuap)otBubpy. The key bond distances
are reported in Table 4.1, and the
molecular structure of the solid state is
shown in Figure 4.2. The complex adopts a
distorted trigonal antiprism geometry
where the oxygen atoms of the
amidophenolate ligands are located trans
to each other, consistent with its synthon
and similar early metal complexes with

bis-redox-active donors. The oxidation

Table 4.1 Selected bond distances of
Zr(tBugp)otBubpy and the previously reported
Zr(BBuap)s(THF)230 in solid state.

Distance / A
Complex 2d Bis-THF30
Zr-0(1) 2.0402(14) 2.057(3)
Zr-N(1) 2.1356(17) 2.216(4)
o()-c() 1.363(2) 1.358(5)
N@)-C2) 1.415(3) 1.413(6)
c()-Cc(2) 1.423(3) 1.424(6)
C(2)-C(3) 1.399(3) 1.396(6)
C(3)-C(4) 1.399(3) 1.394(7)
C(4)-C(5) 1.386(3) 1.387(7)
C(5)-C(6) 1.403(3) 1.394(6)
C(6)-C(1) 1.397(3) 1.400(6)
C(13)-c(14) 1.483(3)
MOS -1.91 -1.94
Angle / °
0(1)-Zr-0(2) 163.73(6) 159.9
N(1)-Zr-N(2) 115.17(7) 103.9
O(1)ZrN(1)-N(3)ZrN(4) 80.3
O(2)ZrN(2)-N(3)ZrN(4) 87.5
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states of the ligands can be determined by comparing the key bond distances involving the
backbone of the amidophenolates and the 2 and 7 carbons on the bipyridine to literature
precedents.34 In the donors, the decrease of the O-C(1) and the N-C(2) bond distances as well
as the localization of the C-C double bonds on the backbone ring are expected as the ligand
becomes more oxidized. For the tBubpy, the C(7)-C(8) bond distance will decrease as it gets
reduced. Both of the amidophenolates on the complex displayed bond distances consistent
with the fully reduced, —2 oxidation state assignment. As for the tBubpy, the C(7)-C(8) bond
distance was 1.483 A, which is consistent with the fully oxidized neutral assignment. The

dihedral angle between each *Buap and the *'bpy were 80.3 ° and 87.5 °.

4.2.3. Spectroscopic Analysis

1200
—1a . —18.
----- 1d
..... 2a
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Figure 4.3 Electronic absorption spectra of complexes 1a-d, 2a-b (left). A zoom-in of the same spectra
between 450 and 750 nm (right).

Spectroscopic studies were performed to determine how changes to the acceptor ligand
and to the metal ion changed the light-absorbing properties of the dono-acceptor complexes.
The solution absorption spectra reported in Figure 4.3 were collected in benzene at 298 K.

The complexes are characterized by an absorption peak at 500-600 nm in the UV-Vis-NIR
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region. The energy and extinction coefficients for the low energy absorption varied
significantly between the zirconium and titanium complexes. For the zirconium complexes,
the band at 550-590 nm had less intense absorption than the titanium complexes (1000 M-
lem~! vs. 11000-15000 M-cm1). The complex with dipph as the acceptor exhibited a 20 nm
(0.08 V) bathochromic shift compared to complexes with bpy and phen acceptors. While the
energy of the band between la and 1b were not significantly different, an increase in the
intensity was observed from 1a, 1b, and 1d, which correlated with the size of the acceptor’s
aromatic backbone.

Table 4.2 UV-vis transitions of complexes la-d and 2a-b in benzene.

Complex la 1b lc 1d 2a 2b
A/nm 566 570 589 550 492 492
A/eV 2.19 2.18 2.10 2.25 2.52 2.52

e/Mlem 760 820 1000 920 11000 14000

4.2.4. Density Functional Theory Calculations
Density functional theory (DFT) calculations were performed on all complexes using

the Gaussian 16 suite to aid in the designation of the orbitals involved in the low energy peak

EX S 3T S
%ﬁﬁ%)&%»@t

Figure 4.4 Kohn-Sham representations of the HOMO (bottom) and LUMO (top) of 1a-d and 2a-b (left
to right).
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in the absorption spectra. The calculations were performed with the B3LYP exchange-
correlation functional in the LANL2DZ basis set. The solid-state structure for Zr(tBuap)stBubpy
was substituted accordingly as the starting point for the calculations, as solid state structures
for the rest of the complexes have yet to be obtained. The tert-butyl groups on the tBrap were
substituted with methyl groups in order to minimize the computational load. The bond
metrics obtained from the optimized geometry and thermodynamic frequency calculations
were within 0.04 A with the experimental structural data for Zr(tBuap)stBubpy for the metal-
heteroatom bond distances, and within 0.02 A for the intraligand bond distances. Full
population analysis yielded the atomic charge distributions for the frontier molecular orbitals,
presented in Table 4.3.

Table 4.3 Mulliken population analysis atomic charge distributions for frontier molecular orbitals and
their calculated energy difference.

HOMO LUMO Energy

gap

M/ % N(t/Bozap) 0/% C(t;301/iap) NGpy) /%  Clbpy) / % / eV
la 7.7 17.4 14.3 54.5 23.3 72.5 0.061
1b 7.6 17.4 14.4 54.2 24.5 70.7 0.062
lc 6.4 31.3 3.8 51.1 37.5 62.0 0.028
1d 7.7 17.6 14.3 54.1 21.9 73.1 0.068
2a 7.9 32.7 2.5 50.4 23.1 70.3 0.060
2b 11.0 14.5 14.2 54.8 24.5 69.6 0.075

The HOMO for the complexes almost entirely consists of the amidophenolate ligands
with the total percentage of contribution around 85 % while a small contribution about 10 %

comes from the metal. The LUMO is almost entirely localized on the bpy variants. The
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HOMO-1 orbitals were calculated to have comparable energies within 0.01 eV to HOMO for
all of the complexes, and they also had near 10 % contributions from the metal.

Time dependent density functional theory calculations with correction for solvent
dielectric in benzene were also performed for complexes la-d (Figure 4.5). The calculated
energies of the low energy transitions were sensitive to the acceptor ligand and followed the
trend of the experimentally observed low energy transitions. There were discrepancies
between the calculated and experimentally observed excitation energy and oscillator strength,
where the excitation energy was consistently underestimated while the oscillator strength
was consistently overestimated. The overestimated oscillator strength could be evidence that
the overlap integral of the orbitals involved in the transition mostly originate from the d

orbital of the metal.2?
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Figure 4.5 TD-DFT UV-Vis plot (purple broken line) and experimentally obtained UV-Vis spectra
(green solid line) of 1a-d.
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4.3. Discussion

4.3.5. Designation of the oxidation states of the redox-active ligands and metals

The oxidation states of the ligands and the metal need to be elucidated to determine
the sites of electron transfer. Therefore, the solid-state bond distances of the ligands were
used to determine the oxidation states of the redox-active ligands. In 1d, the bond distances
within the ligand backbone of the tBuap agrees with the fully reduced dianionic state expected
from the synthon while the Bubpy stays neutral after binding to the metal. The metal itself
must be in the +4 oxidation state to balance the charge. Therefore, complex 1d has the
potential to display LL'CT from the amidophenolate to the bipyridine, as well as ligand-to-
metal charge-transfer (LMCT) from the amidophenolate into the metal.

Even though attempts to obtain structural data from the other complexes were
unsuccessful, tH NMR can be used to determine the chemical environment and the symmetry
of the bulk in solution. As with complex 1d, the rest of the complexes display sharp signals
in the diamagnetic region where the peaks from both donors overlap while the peaks from
the bpy derivatives also retain their symmetry. From this data, the other complexes are also
assumed to be the six-coordinate complexes with Czy symmetry with formally two equivalents
of fully reduced amidophenolates and one equivalent of fully oxidized bpy derivative bound
to the tetravalent metal. In addition, the UV-Vis absorption spectra which is sensitive to the
oxidation state of the amidophenolates are all similar for the zirconium complexes.
Complexes la-d all display a peak around 550-600 nm with a low extinction coefficient. The
titanium complexes have a different absorption profile where there is a peak at 500 nm with

a significantly higher absorption coefficient. The identity of these peaks is discussed below.
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4.3.6. Characters of the low energy charge-transfer transition

With the oxidation states of the redox-active ligands assigned, it was clear the metals
possessed empty d orbitals which introduce a possibility of an LMCT from the electron rich
amidophenolates into the metal. As expected, the synthons Zr(Bvap)(THF): and
Ti(tBuap)2(THF)2 possess a charge-transfer band that has been assigned as the LMCT from
the Buap into the respective metals at 340 nm (3.65 eV) and 364 nm (3.41 eV).3035 As both the
donor ligand and the acceptor metal remain constant between the synthons and the
complexes in this work, the LMCT band is not expected to shift significantly above 400 nm.
Therefore, the low energy feature observed in the UV-vis absorption spectra presented in
Table 4.2 is not expected to be the LMCT. The prominent low energy feature observed in
zirconium complexes la-d is dependent on the energy of the n* orbital of the acceptor bpy
variant. Complex 1d, which has the inductively electron donating tert-butyl group in the
backbone of the acceptor, has a higher energy transition at 550 nm (2.25 eV) compared to the
unsubstituted bpy of 1a at 566 nm (2.19 eV). An unexpected deviation was that the low energy
transition of 1b was very similar to 1la despite the increased size of the aromatic backbone.
Computational analysis of the LUMO suggests that the added carbons at the 5 and 6
positions do not participate in the low lying n* orbital on the phen, resulting in minimal
differences in the energy of the LUMO compared to the unsubstituted bpy complex. This was
demonstrated in the experimental spectra where the Amax of the LL'CT absorption 566 and
570 nm for 1a and 1b. However, as the size of the aromatic backbone significantly increases
to dipph, the extended conjugation leads to a decrease in the energy of the n* orbital which
is apparent by the bathochromic shift of the low energy transition from 566 nm (2.19 eV) to
589 nm (2.10 eV). The difference in the energy of the charge-transfer band was tuned by up

to 0.15 eV by changing the electron donating and withdrawing ability of the acceptor.
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Computational analysis agrees with the experimental data as the energy difference between
HOMO and LUMO follows the same pattern. In addition, the lowest energy transitions in
the TD-DFT for 1la-d are calculated to have the largest contributions from both the HOMO-
to-LUMO and HOMO-1-to-LUMO transitions. The difference in the extinction coefficient of
the transition could be attributed to the increased rigidity of the bpy derivatives, which
allows the r* orbital to align better in order to receive the electron. Therefore, the low energy
transition of the zirconium complexes is most accurately assigned as a LL'CT from the
electron rich tBuap to the neutral bpy derivatives.

In complexes la-d, the LI/CT transitions had significantly smaller extinction
coefficients of less than or equal to 1000 Mem™, which is considered to be the low end for
charge transfer bands.3¢ Theoretically, approaching to a 90 ° angle between the donor and
acceptor orbitals would decrease the oscillator strength to zero as the overlap integral goes
to zero in orthogonal orbitals. Experimentally, diminishing LLCT or LL'CT absorptions have
been observed in symmetric and asymmetric charge-transfer complexes with ligands situated
at an angle less than 180 ° through a bulky ligand design or control of the coordination
environment.?627 Therefore, the diminished intensity of the absorption is most likely due to
the decrease in overlap of the donor and acceptor orbitals due to the decrease in the dihedral
angle (80.3 °) between the donor and acceptor ligands.

The identity of the metal greatly affected the energy and the extinction coefficient of
the LL/CT. In the titanium complexes, the extinction coefficients observed for the peak at 492
nm were an order of magnitude larger (>11000 M cm™) than the LL/CT observed in the
zirconium species, which make the complexes deep red. The synthon Ti(Buap):(THF): also
displays an absorption in the same region, which was designated as a LMCT, which could be

observed in both Ti(tBuap)2(bpy) (2a) and Ti(tBuap)2(phen) (2b) as the metal and the donor are
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identical. However, the observed extinction coefficient for the LMCT transition is only 4000
Mem™, insufficient to be responsible for the tenfold difference between the synthon and the
donor-acceptor complexes. It is most likely that the HOMO of the amidophenolates are
mixing more extensively with the titanium d orbitals, which would delocalize the donor
orbitals onto the metal. The resulting increased proximity of the donor orbital to the acceptor
orbital would greatly increase the oscillator strength of the charge-transfer. Another less
likely possibility is that the titanium is accessing the Ti(III) oxidation state through the
donation of electrons from the donor ligands, which is more stable than Zr(I11).37:38 Without
the solid-state structure of 2a or 2b, it is difficult to unequivocally determine the oxidation
state of the titanium metal as +4. Charge transfer bands in Ti™Cls(bpy)(MeCN) in
acetonitrile are reported to be observed around 400 nm and 550 nm, near the observed 492
nm for the titanium complexes. These charge transfers of different ligand and metal
characters that may occur near one another could explain the broadness and increased
intensity of the low energy transition of the titanium analogues compared to the zirconium
analogues.
4.4. Conclusion

Six new donor-acceptor complexes of tetravalent metal were synthesized. The lowest
energy transitions in the UV-Vis region of the complexes have been determined to be
predominantly LL/CT from the amidophenolate donor to the bipyridine acceptor. By changing
the acceptor, the energy of the charge transfer could be tuned by up to 0.15 eV. The titanium
complexes exhibit broader and higher intensity absorption due to a higher degree of covalency
between the metal and ligand, while the zirconium analogues possess a transition that is at

a lower intensity due to smaller overlap between the donor and acceptor orbitals. These
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results show that geometric and electronic factors can be leveraged to design tunable LL'CT

dyes relevant to light-harvesting applications.
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4.5. Experimental

The reactions below were carried out using standard Schlenk-line and glovebox
techniques under nitrogen. Solvents were sparged with argon before being deoxygenated and
dried by Q5 and activated alumina columns. 3,5-di-tert-butyl-1,2-quinone, bipyridine,
phenanthroline, nBuLi (2.85M in hexane), and ZrCl: were reagent grade or better and used
as received. The 2,4-di-tert-butyl-6-(tert- butylamino)phenol ligand (apH2), 4,6-di-tert-butyl-
2-(phenylamino)phenol (apPhHs), Dipyrido[3,2-a:2’,3'-clphenazine (dipph)3® and ZrCl«(THF):
was prepared according to published procedures.1®2? Zr(ap)2(THF): was prepared according
to published procedure?® and was recrystallized from chilled pentane solutions. NMR spectra
were collected at 298 K on Bruker Avance 400 MHz and 500 MHz spectrometers in dried and
degassed Ce¢Ds, CDCls, and CD2Clo. 'H NMR spectra were referenced to TMS using the
residual proteo impurities (7.16 ppm for benzene) of the solvents and 3C NMR spectra were
referenced to TMS using the natural *C abundance of the solvent. 3P NMR were referenced
using an external reference HsPQO4 (85 %) at 0 ppm. All chemical shifts are reported using the
standard notation in parts-per-million with positive shifts to higher frequency from given
reference. Electronic absorption spectra were recorded with either the JASCO V-670 UV-Vis-
NIR Spectrophotometer or the PerkinElmer Lambda 800 UV-Vis Spectrophotometer in dry,
degassed solvents using 1 cm path length cuvettes in ambient temperature (20-24 °C).

X-ray diffraction data were collected on single crystals mounted on glass fiber loops
using Bruker CCD platform diffractometer equipped with a CCD detector at 143 K using Mo
Ka A = 0.71073 A) radiation, which was wavelength selected with a single-crystal graphite
monochromator. A full sphere of data was collected for each crystal structure. The SMART
program package was used to determine unit-cell parameters and to collect data. The raw
frame data were processed using SAINT# and SADABS*! to yield the reflection data files.

Subsequent calculations were carried out using the SHELXTL#? program suite. Structures
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were solved by direct methods and refined on F? by full-matrix least-squares techniques to
analyses. Hydrogen atoms, through visible in the difference Fourier map, were generated at
calculated positions and their positions refined using the riding model. ORTEP diagrams
were generated using ORTEP-343 for Windows. Bond distances were extracted in Mercury for
Windows. All DFT calculations were performed using Gaussian 164 employing B3LYP/6-
311G and LANL2DZ level of theory. VMD for Windows was used for 3D rendering of

molecular orbitals.

Synthesis of Zr(ap)2(bpy) (1a)

In a 20 mL scintillation vial, Zr(ap)2(THF): (0.091 g, 0.12 mmol, 1 equiv.) was dissolved
in 10 mL benzene. To it, 2,2™-bipyridine (0.018 g, 0.12 mmol, 1 equiv.) dissolved in 3 mL
benzene was added at once. The golden orange solution turned dark green instantly. The
resulting solution was lyophilized to obtain the product as a deep blue powder in 94.2 % yield
(0.087 g). 'TH NMR (400 MHz, CsDe) 6/ppm: 1.25 (s, 18H, C(CHs)s), 1.44 (s, 18H, C(CHs)3), 2.03
(s, 18H, C(CHs)3), 6.29 (t, J= 6.2 Hz, 3H, aryl-H), 6.73 (t, J= 6.8 Hz, 2H, aryl-H), 6.80 (s, 2H,

aryl-H), 6.90 (d, J= 8.5 Hz, 2H, aryl-H), 7.12 (s, 2H, aryl-H), 8.91 (s, 2H, aryl-H)

Synthesis of Zr(ap)2(phen) (1b)

In a 20 mL scintillation vial, Zr(ap)2(THF): (0.121 g, 0.154 mmol, 1 equiv.) was
dissolved in 8 mL benzene. To it, 1,10-phenanthroline (0.028 g, 0.16 mmol, 1 equiv.) dissolved
in 5 mL benzene was added at once. The golden orange solution turned dark green instantly.
The resulting solution was lyophilized to obtain the product as a deep blue powder in 88.9 %
yield (0.113 g). 'H NMR (400 MHz, CeDs¢) 6/ppm: 1.03 (s, 18H, C(CHs)3), 1.45 (s, 18H, C(CHs)3),
2.10 (s, 18H, C(CH3)3), 6.50 (dd, J= 8.2, 4.8 Hz, 2H, aryl-H), 6.75 (s, 2H, aryl-H), 6.96 (s, 2H,

aryl-H), 7.17 (m, 2H, aryl-H), 9.18 (d, /= 5.2 Hz, 2H, aryl-H)
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Synthesis of Zr(ap)2(dipph) (1c)

In a 20 mL scintillation vial, Zr(ap)2(THF): (0.105 g, 0.133 mmol, 1 equiv.) was
dissolved in 8 mL benzene. To it, dipyridophenazine (0.038 g, 0.13 mmol, 1 equiv.) suspended
in 5 mL benzene was added dropwise. The golden orange solution turned dark green within
5 seconds. The resulting solution was lyophilized to obtain the product as a deep blue powder
in 84.5 % yield (0.104 g). '"H NMR (400 MHz, CsDe) 6/ppm: 1.12 (s, 18H, C(CHs)3), 1.46 (s,
18H, C(CHs)s), 2.11 (s, 18H, C(CHs)3), 6.61 (dd, /= 8.3, 5.0 Hz, 2H, aryl-H), 6.78 (s, 2H, aryl-
H), 7.19 (s, under proteo solvent peak, aryl-H), 7.35 (m, 2H, aryl-H), 8.11 (dd, /= 6.6, 3.4 Hz,

2H, aryl-H), 9.11 (dd, J= 1.4, 8.1 Hz, 2H, aryl-H), 9.23 (d, J= 3.6 Hz, 2H, aryl-H)

Synthesis of Zr(ap)2(tBubpy) (1d)

In a 20 mL scintillation vial, Zr(ap)2(THF): (0.113 g, 0.144 mmol, 1 equiv.) was
dissolved in 10 mL benzene. To it, 4,4’-di-tert-butyl-2,2-bipyridine (0.039 g, 0.144 mmol, 1
equiv.) dissolved in 5 mL benzene was added at once. The golden orange solution turned dark
green instantly. The resulting solution was lyophilized to obtain the product as a deep
brownish green powder in 96.0 % yield (0.126 g). 1H NMR (400 MHz, C6D6) &/ppm: 0.88 (s,
18H, C(CHs)3), 1.29 (s, 18H, C(CHs)s), 1.44 (s, 18H, C(CHa3)s), 2.08 (s, 18H, C(CHz)a), 6.65 (d,
J=4.3 Hz, 2H, aryl-H), 6.81 (s, 2H, aryl-H), 7.80 (s, 2H, aryl-H), 8.95 (d, J= 6.0 Hz, 2H, aryl-

H)
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Table 4.4 X-ray diffraction data collection and refinement parameters for complex 1d.

empirical formula C54Hs2N41O2Zr-2(CsHi2)
formula weight 910.45
crystal system Monoclinic
space group P2i/n
T/K 133.15
alA 10.0734(10)
b/A 19.903(2)
el A 27.371(3)
al® 90
Bl° 91.4288(18)
y!l° 90
V1 As 5485.9(10)
y/ 4
refl. collected 93324
Data/restraints/parameters 11261/0/574
R1 (7> 207 0.0389
wR2 (all data)? 0.0934
GOF 1.024

AR1=2| |Fol—|Fe| [/Z|Fol; ?wR2 = [Z[w(Fo2—F2)2]/[w(Fo2)2]] 12
«Goodness of Fit =S = [ & [w(F.>-F2)2] / (n-p)]2 where n is the number of reflections and p is the total number of
parameters refined.

Synthesis of Ti(ap)2(bpy) (2a)

In a 20 mL scintillation vial, apH: (0.250 g, 0.900 mmol, 1 equiv) was dissolved in 10
mL Et20. The solution was frozen in a liquid nitrogen cold well. The solution was removed
from the cold well and while it was thawing, n-butyllithium (0.72 mL, 1.8 mmol, 2 equiv) was
added. The solution was allowed to warm to room temperature and was stirred for 1.5 hours.
Then it was reintroduced to the nitrogen cold well to freeze. As it thawed, TiCl«(THF): was
added at once. As the solution warmed up to room temperature, it changed color to dark
green, purple, then red. After 1 hour, the solution was filtered over celite to remove LiCl and

2,2-bipyridine (0.071 g, 0.46 mmol, 0.5 equiv) was added. No visible color change was
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observed. The solution was concentrated into a solid and the product was extracted with
pentane. Brown solids that crashed out of the chilled pentane solution was collected to be
221.5 mg (32.6 % yield). 'H NMR (600 MHz, CsD¢) 6/ppm: 1.17 (s, 18H, C(CH3)3), 1.43 (s,
18H, C(CH3)3), 2.06 (s, 18H, C(CH3)3), 6.39 (t, /= 6.4 Hz, 2H, aryl-H), 6.76 (s, 2H, aryl-H),
6.87 (s, 2H, aryl-H), 6.96 (d, /= 7.9 Hz, 2H, aryl-H), 7.11 (s, 2H, aryl-H), 8.91 (d, J= 5.1 Hz,

2H, aryl-H)

Synthesis of Ti(ap)z(phen) (1b)

In a 20 mL scintillation vial, Ti(ap)2(THF): (0.226 g, 0.296 mmol, 1 equiv.) was
dissolved in 8 mL benzene. To it, 1,10-phenanthroline (0.054 g, 0.30 mmol, 1 equiv.) was
added at once. The solution turned deep greenish brown after 30 minutes. The resulting
solution was lyophilized to obtain the product as a deep brown powder in 96.0 % yield (0.227
g). TH NMR (400 MHz, CsDe) &/ppm: 0.93 (s, 18H, C(CHs)s), 1.45 (s, 18H, C(CHs)s), 2.13 (s,
18H, C(CHs)3), 6.61 (dd, J= 8.1, 4.9 Hz, 2H, aryl-H), 6.82 (d, J= 1.9 Hz, 2H, aryl-H), 7.01 (s,

2H, aryl-H), 7.20-7.22 (m, 4H, aryl-H), 9.18 (dd, J= 1.4, 4.9 Hz, 2H, aryl-H)

104



4.6. References

(1 Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H. Dye-Sensitized Solar
Cells. Chem. Rev. 2010, 110(11), 6595—-6663. https://doi.org/10.1021/cr900356p.

2 Gratzel, M. Dye-Sensitized Solar Cells. JJ. Photochem. Photobiol. C Photochem. Rev.
2003, 4(2), 145-153. https://doi.org/10.1016/S1389-5567(03)00026-1.

3 Mounika, P. M.; Ambapuram, M.; Maddala, G.; Kalvapalli, S.; Ganesha, M. K.;
Singh, A. K.; Thota, N.; Rajesh, M. N.; Giribabu, L.; Venkateswarlu, K.; Mitty, R. Unveiling
a New Frontier in Efficient Solar Power Conversion with a Pioneering Bifacial Tandem
Dye-Sensitized Solar Cell. ACS Appl. Electron. Mater. 2023, 5(10), 5661-5667.
https://doi.org/10.1021/acsaelm.3c01000.

(4) Prajapat, K.; Mahajan, U.; Kumar, A.; Dhonde, M.; Sahu, K.; Vyas, S.; Riyad, Y. M.;
El-Bahy, Z. M. Next-Generation Counter Electrodes for Dye-Sensitized Solar Cells: A
Comprehensive Overview. Sustain. Mater. Technol 2024, 42, e01178.
https://doi.org/10.1016/j.susmat.2024.e01178.

(5) Gust, D.; Moore, T. A.; Moore, A. L. Solar Fuels via Artificial Photosynthesis. Acc.
Chem. Res. 2009, 42(12), 1890—1898. https://doi.org/10.1021/ar900209b.

6 Kodis, G.; Liddell, P. A.; Moore, A. L.; Moore, T. A.; Gust, D. Synthesis and
Photochemistry of a Carotene—Porphyrin—Fullerene Model Photosynthetic Reaction Center.
J. Phys. Org. Chem. 2004, 17(9), 724—734. https://doi.org/10.1002/poc.787.

@) Kelber, J. B.; Panjwani, N. A.; Wu, D.; Gémez-Bombarelli, R.; Lovett, B. W.; Morton,
J. J. L.; Anderson, H. L.. Synthesis and Investigation of Donor—Porphyrin—Acceptor Triads
with Long-Lived Photo-Induced Charge-Separate States. Chem Sci 2015, 6(11), 6468—6481.
https://doi.org/10.1039/C5SC01830G.

® Miwa, K.; Aoyagi, S.; Sasamori, T.; Ueno, H.; Okada, H.; Ohkubo, K. Anionic
Fluorinated Zn-Porphyrin Combined with Cationic Endohedral Li-Fullerene for Long-Lived
Photoinduced Charge Separation with Low Energy Loss. J. Phys. Chem. B 2021, 125 (3),
918-925. https://doi.org/10.1021/acs.jpcb.0c10450.

9 Verma, S.; Kar, P.; Das, A.; Ghosh, H. N. Photophysical Properties of Ligand
Localized Excited State in Ruthenium(Ii) Polypyridyl Complexes: A Combined Effect of
Electron Donor—Acceptor Ligand. Dalton Trans. 2011, 40(38), 9765.
https://doi.org/10.1039/c1dt10266d.

(10)  Burstall, F. H. 34. Optical Activity Dependent on Co-Ordinated Bivalent Ruthenium.
J. Chem. Soc. Resumed 1936, 173. https://doi.org/10.1039/r9360000173.

(11)  Wu, C.-G. Ruthenium-Based Complex Dyes for Dye-Sensitized Solar Cells. JJ. Chin.
Chem. Soc. 2022, 69 (8), 1242—1252. https://doi.org/10.1002/jccs.202200225.

(12)  Greaney, M. J.; Araujo, J.; Burkhart, B.; Thompson, B. C.; Brutchey, R. L. Novel
Semi-Random and Alternating Copolymer Hybrid Solar Cells Utilizing CdSe Multipods as

105



Versatile Acceptors. Chem. Commun. 2013, 49 (77), 8602.
https://doi.org/10.1039/c3cc44536d.

(13)  Jaysankar, M.; Filipi¢, M.; Zielinski, B.; Schmager, R.; Song, W.; Qiu, W.; Paetzold,
U. W.; Aernouts, T.; Debucquoy, M.; Gehlhaar, R.; Poortmans, J. Perovskite—Silicon
Tandem Solar Modules with Optimised Light Harvesting. Energy Environ. Sci. 2018, 11 (6),
1489-1498. https://doi.org/10.1039/CS8EE00237A.

(14)  Zheng, J.; Duan, W.; Guo, Y.; Zhao, Z. C.; Yi, H.; Ma, F.-J.; Granados Caro, L.; Yi, C.;
Bing, J.; Tang, S.; Qu, J.; Fong, K. C.; Cui, X.; Zhu, Y.; Yang, L.; Lambertz, A.; Arafat
Mahmud, M.; Chen, H.; Liao, C.; Wang, G.; Jankovec, M.; Xu, C.; Uddin, A.; Cairney, J. M.;
Bremner, S.; Huang, S.; Ding, K.; McKenzie, D. R.; Ho-Baillie, A. W. Y. Efficient Monolithic
Perovskite—Si Tandem Solar Cells Enabled by an Ultra-Thin Indium Tin Oxide Interlayer.
Energy Environ. Sci. 2028, 16 (3), 1223-1233. https://doi.org/10.1039/D2EE04007G.

(15)  Fox, G. A.; Pierpont, C. G. Periodic Trends in Charge Distribution for Transition
Metal Complexes Containing Catecholate and Semiquinone Ligands. Metal-Mediated Spin
Coupling in the Bis(3,5-Di-Tert-Butyl-1,2-Semiquinone) Complexes of Palladium(II) and
Platinum(II) M(DBSQ)2 (M = Pd, Pt). Inorg. Chem. 1992, 31 (18), 3718-3723.
https://doi.org/10.1021/ic00044a012.

(16) Chaudhuri, P.; Verani, C. N.; Bill, E.; Bothe, E.; Weyhermiiller, T.; Wieghardt, K.
Electronic Structure of Bis( o -Iminobenzosemiquinonato)Metal Complexes (Cu, Ni, Pd).
The Art of Establishing Physical Oxidation States in Transition-Metal Complexes
Containing Radical Ligands. J. Am. Chem. Soc. 2001, 125(10), 2213—2223.
https://doi.org/10.1021/ja003831d.

(17)  Bachler, V.; Olbrich, G.; Neese, F.; Wieghardt, K. Theoretical Evidence for the
Singlet Diradical Character of Square Planar Nickel Complexes Containing Two o -
Semiquinonato Type Ligands. /norg. Chem. 2002, 41 (16), 4179-4193.
https://doi.org/10.1021/ic0113101.

(18) Ray, K.; Weyhermdiller, T.; Neese, F.; Wieghardt, K. Electronic Structure of Square
Planar Bis(Benzene-1,2-Dithiolato)Metal Complexes [M(L)2 ] 7 ( z=2—, 1-, 0; M = Ni, Pd,

Pt, Cu, Au): An Experimental, Density Functional, and Correlated Ab Initio Study. /norg.

Chem. 2005, 44 (15), 5345—5360. https://doi.org/10.1021/ic0507565.

(19) Herebian, D.; Bothe, E.; Neese, F.; Weyhermiiller, T.; Wieghardt, K. Molecular and
Electronic Structures of Bis-( 0 -Diiminobenzosemiquinonato)Metal(II) Complexes (Ni, Pd,
Pt), Their Monocations and -Anions, and of Dimeric Dications Containing Weak
Metal-Metal Bonds. J. Am. Chem. Soc. 2003, 125(30), 9116-9128.
https://doi.org/10.1021/;7a030123u.

(200  Herebian, D.; Bothe, E.; Bill, E.; Weyhermiiller, T.; Wieghardt, K. Experimental
Evidence for the Noninnocence of O-Aminothiophenolates: Coordination Chemistry of o-
Iminothionebenzosemiquinonate(1-) m-Radicals with Ni(I), Pd(II), Pt(D. J. Am. Chem. Soc.
2001, 7123(41), 10012—-10023. https://doi.org/10.1021/ja011155p.

106



(21)  Vogler, A.; Kunkely, H. Optical Ligand to Ligand Charge Transfer of Metal
Complexes Including Ligand-Based Mixed-Valence Systems. Comments Inorg. Chem. 1990,
9(3-4), 201-220. https://doi.org/10.1080/02603599008035810.

(22)  Wootton, J. L.; Zink, J. I. Excited State Distortions in Ligand to Ligand Charge
Transfer Excited States of Metal Diimine Dithiolate Mixed Ligand Complexes. /. Phys.
Chem. 1995, 99(19), 7251-7257. https://doi.org/10.1021/j100019a007.

(23) Kramer, W. W.; Cameron, L. A.; Zarkesh, R. A,; Ziller, J. W.; Heyduk, A. F. Donor—
Acceptor Ligand-to-Ligand Charge-Transfer Coordination Complexes of Nickel(II). /norg:
Chem. 2014, 53(16), 8825—-8837. https://doi.org/10.1021/ic5017214.

(24) Cameron, L. A.; Ziller, J. W.; Heyduk, A. F. Near-IR Absorbing Donor—Acceptor
Ligand-to-Ligand Charge-Transfer Complexes of Nickel( 11 ). Chem. Sci. 2016, 7(3), 1807—
1814. https://doi.org/10.1039/C5SC02703A.

(25) Hanna, M. C.; Nozik, A. J. Solar Conversion Efficiency of Photovoltaic and
Photoelectrolysis Cells with Carrier Multiplication Absorbers. J. Appl. Phys. 2006, 100(7),
074510. https://doi.org/10.1063/1.2356795.

(26) Blanchard, S.; Neese, F.; Bothe, E.; Bill, E.; Weyhermiiller, T.; Wieghardt, K. Square
Planar vs Tetrahedral Coordination in Diamagnetic Complexes of Nickel(I) Containing
Two Bidentate m-Radical Monoanions. /norg. Chem. 2005, 44 (10), 3636—3656.
https://doi.org/10.1021/ic040117e.

(27  Yan, H.; Wu, B.; Wei, J.; Zhang, W.-X. Insight into the Ligand-to-Ligand Charge-
Transfer Process in Rare-Earth-Metal Diradical Complexes. Inorg. Chem. 2023, 62(21),
8052—-8057. https://doi.org/10.1021/acs.inorgchem.3c00900.

(28)  Patel, S.; Li, Y.; Odom, A. L. Synthesis, Structure, and LLCT Transitions in
Terminal Hydrazido(2—-) Bipyridine Complexes of Titanium. Inorg. Chem. 2007, 46 (16),
6373—6381. https://doi.org/10.1021/1¢700426s.

(29)  Blackmore, K. J.; Ziller, J. W.; Heyduk, A. F. “Oxidative Addition” to a
Zirconium(IV) Redox-Active Ligand Complex. Inorg. Chem. 2005, 44 (16), 5559—5561.
https://doi.org/10.1021/ic050997c.

(30) Blackmore, K. J.; Sly, M. B.; Haneline, M. R.; Ziller, J. W.; Heyduk, A. F. Group IV
Imino-Semiquinone Complexes Obtained by Oxidative Addition of Halogens. /norg. Chem.
2008, 47(22), 10522—10532. https://doi.org/10.1021/ic801127x.

(31)  Fedushkin, I. L.; Dodonov, V. A.; Skatova, A. A.; Sokolov, V. G.; Piskunov, A. V.;
Fukin, G. K. Redox-Active Ligand-Assisted Two-Electron Oxidative Addition to Gallium(II).
Chem. — Eur. J. 2018, 24 (8), 1877-1889. https://doi.org/10.1002/chem.201704128.

(32) Beweries, T.; Panda, T. K.; Roberts, C. C.; Tsurugi, H. Early Transition Metals in
Organometallic Chemistry. Organometallics 2023, 42(11), 1039—1042.
https://doi.org/10.1021/acs.organomet.3c00238.

107



(33) Romain, C.; Bellemin-Laponnaz, S.; Dagorne, S. Recent Progress on NHC-Stabilized
Early Transition Metal (Group 3—7) Complexes: Synthesis and Applications. Coord. Chem.
Rev. 2020, 422, 213411. https://doi.org/10.1016/j.ccr.2020.213411.

(34) Brown, S. N. Metrical Oxidation States of 2-Amidophenoxide and Catecholate
Ligands: Structural Signatures of Metal-Ligand m Bonding in Potentially Noninnocent
Ligands. Inorg. Chem. 2012, 51 (3), 1251-1260. https://doi.org/10.1021/ic202764].

(35)  Borgias, B. A.; Cooper, S. R.; Koh, Y. B.; Raymond, K. N. Synthetic, Structural, and
Physical Studies of Titanium Complexes of Catechol and 3,5-Di-Tert-Butylcatechol. /norg.
Chem. 1984, 23 (8), 1009—1016. https://doi.org/10.1021/ic00176a005.

(36)  Figgis, B., N.; Hitchman, M. A. Ligand Field Theory and Its Applications; Wiley-
VCH: New York, 2000.

(37)  Samuel, E. Phosphine Complexes of Ti(III) and Zr(III)" Detection in Solution by
EPR/Electrochemical Methods 1.

(38) Fowles, G. W. A; Hoodless, R. A.; Walton, R. A. Complexes of Titanium (III)
Chloride with 2,2'-Bipyridyl. J. Inorg. Nucl. Chem. 1965, 27(2), 391-396.
https://doi.org/10.1016/0022-1902(65)80357-8.

(39) Roy, N.; Sen, U,; Ray Chaudhuri, S.; Muthukumar, V.; Moharana, P.; Paira, P.;
Bose, B.; Gauthaman, A.; Moorthy, A. Mitochondria Specific Highly Cytoselective Iridium(
111 )-Cp* Dipyridophenazine (Dppz) Complexes as Cancer Cell Imaging Agents. Dalton
Trans. 2021, 50 (6), 2268—2283. https://doi.org/10.1039/DODT03586F.

(40)  Bruker AXS, Inc. SAINT, 2013.
(41)  Sheldrick, G. M.; Bruker AXS, Inc. SADABS.
(42)  Sheldrick, G. M. SHELXTL, 2001.

(43)  Farrugia, L. J. ORTEP-3 for Windows - a Version of ORTEP-1II with a Graphical
User Interface (GUD). J. Appl. Crystallogr. 1997, 30 (5-1), 565—565.
https://doi.org/10.1107/S00218898970031117.

(44)  Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, X.;
Caricato, M.; Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.;
Hratchian, H. P.; Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L..; Williams; Ding, F.;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.;
Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Vreven, T.; Throssell, K.; Montgomery Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.;
Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.;
Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.;
Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.;
Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 16 Rev. C.01, 2016.

108



To philosophize is to know how to live and die.
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