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ABSTRACT

The thesis entitled “Spectroscopic Characterization and Proton-Coupled Electron
Transfer Reactivity Studies of Late 3d-Transition Metal Complexes” deals with the
synthesis, characterization, and proton-coupled electron transfer reactivity study of high-
valent 3d metal complexes. Proton-coupled electron transfer (PCET) is fundamentally an
important reaction, often cited in versatile metalloenzyme catalysed and synthetic
transformation reactions. Any reaction that involves the transfer of a proton and electron can
be defined as PCET. It’s lurking in many reactions we routinely observe, including the cleavage
of C—H, O—-H, N-H, S—H bonds, etc. The reaction can occur in different ways (a-d):

(a) A concerted transfer of protons and electrons from the donor to the acceptor atom,
which is commonly known as concerted proton-electron transfer (CPET) or a hydrogen
atom transfer (HAT) reaction.

(b) A rate-limiting electron transfer and fast proton transfer reaction.

(c) A rate-determining proton transfer and fast electron transfer reaction.

(d) An equilibrium proton and electron transfer reaction, where the rate of the electron and
proton transfer reactions are comparable to each other.

Understanding such a reaction is also important, considering the application of 3d transition
metal ion-based molecular complexes or materials in artificial photosynthesis. Kinetic studies
were often performed to elucidate the nature of the reaction. Different research groups have
investigated the PCET studies of high valent iron, ruthenium, and manganese complexes in the
last decades. Late-transition metal ions (cobalt, nickel, and copper) are frequently utilized as
catalysts for C—H activation reactions and catalysis. In many cases, the isolated reaction
intermediates of early transition metal complexes have been employed for PCET studies. In
contrast, the isolation and characterization of reaction intermediates with late-transition metal
complexes is challenging, and thus, PCET studies with such intermediates are not very
common in the literature. Thus, we envisioned isolation, spectroscopic characterization, and

PCET studies of different metastable late-transition metal complexes.



Chapter 1. Introduction

This chapter describes a brief overview of the involvement of high-valent metal intermediate
species in various metalloenzymes, small molecule activation, and synthetic transformation
reactions. It also outlines the current challenges that need to be addressed to develop new model
systems to stabilize the high valent late transition metal complexes and understand their

reactivity towards proton coupled electron transfer mechanism.

Chapter 2. Characterization and Proton Coupled Electron Transfer Reactivity Study of
High-Valent Nickel (III) Complex

A mononuclear  nickel(ll) complex of a bis-amidate-bis-alkoxide  ligand,
(NMes)2[Ni""(HMPAB)] (1), has been synthesized and characterized. The cyclic voltammetry
(CV) scan of 1 exhibited a reversible redox process at —0.42 V versus Fc¢*/Fc corresponding to
the Ni'"/Ni"" redox couple. The chemically one-electron oxidized Ni(lll) species,
(NMes)[Ni"'(HMPAB)] (2) was characterized by X-ray crystallography and other
spectroscopic techniques. Complex 2 displays a positive shift of ~2 eV from 8344.87 to
8346.39 eV at a normalized absorption of 0.6, reflecting the higher ionization energy required
for ejecting a core 1s electron from a more positively charged Ni''ion. The X-band EPR
exhibited gxx, Qyy, and gz, values of 2.314, 2.142, and 1.99, respectively. The gay value > 2.1 in
the EPR data along with XAS clearly suggest the +I1l oxidation state of Ni in complex 2.
Reactivity studies of 2 with different 4-X-2,6-ditert-butylphenol (4-X-DTBP) and other phenol
derivatives were performed, and based on kinetic studies, we propose the involvement of a
proton-coupled electron transfer (PCET) pathway. Analysis of the reaction products after the
reaction of 2 with 4-OMe-DTBP showed the formation of a Ni(ll) complex (1a) where one of
the alkoxide arms of the ligand is protonated. A pKavalue of 24.2 was estimated for 1a. Our
findings furnish important insights into the reaction mechanism involving high-valent nickel
species, which are frequently invoked as key intermediates in Ni-mediated enzymatic reactions,

solar-fuel catalysis, and biomimetic/synthetic transformation reactions.

Chapter 3. Effect of Redox-Inactive Metal Ion—Nickel (III) Interactions on the Redox

Properties and Proton-Coupled Electron Transfer Reactivity

The reaction of redox-inactive metal ions (M™ = Ca?", Mg?*, Zn?*, Y3*, and Sc*') with 2
resulted in 2-M™ adducts, which was assessed by an array of spectroscopic techniques

including X-ray absorption spectroscopy (XAS), electron paramagnetic resonance (EPR), and
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reactivity studies. The X-ray structure of Ca?* coordinated to Ni(lll) complexes, 2-Ca®*T, was
determined and exhibited an average Ni—Ca distance of 3.1253 A, close to the metal ions’
covalent radius. XAS analysis of 2-Ca?" and 2-Y?3* in solution further revealed an additional
coordination to Ca and Y in the 2-M"™ adducts with shortened Ni—M distances of 2.15 and 2.11
A, respectively, implying direct bonding interactions between Ni and Lewis acids (LAs). Such
a short interatomic distance between Ni(lll) and M is unprecedented and was not observed
before. EPR analysis of 2-M"" species, moreover, displayed rhombic signals with gay > 2.12
for all complexes, supporting the +111 oxidation state of Ni. The Ni"""/Ni" redox potential of 2-
M"™ species was determined, and a plot of E1» of 2-M™ versus pKa of [M(H20) »]™ exhibited
a linear relationship, implying that the Ni''/Ni" potential of 2 can be tuned with different redox-
inactive metal ions. Reactivity studies of 2-M™ with different 4-X-2,6-ditert-butylphenol (4-
X-DTBP) derivatives were performed, and based on Kkinetic studies, we propose the
involvement of a proton-coupled electron transfer (PCET) pathway. The reaction of 2-M™
species was examined with 4-OMe-DTBP, and it was observed that the k2 values of 2-M™
species increase by increasing the Lewis acidity of redox-inactive metal ions. However, the
obtained k; values for 2-M™ species are much lower compared to the kz value for 2. Such a
variation of PCET reactivity between 2 and 2-M"" species may be attributed to the interactions
between Ni(lll) and LAs. Our findings show the significance of the secondary coordination

sphere effect on the PCET reactivity of Ni(l1l) complexes.

Chapter 4. Spectroscopic characterization and reactivity study of an acylperoxo-

bridged cobalt (IIT) dimer
A mononuclear Co(lll) complex (1) of a N2O> donor set of ligand was synthesized and
thoroughly characterized. The reaction of 1 with m-chloroperbenzoic acid (m-CPBA) in
acetonitrile at —40 °C resulted in the formation of an acylperoxo-bridged Co(lll) dimer (2),
which was thoroughly characterized by different spectroscopic techniques, including X-ray
absorption spectroscopy. Reactivity studies towards hydrocarbon C—H bond and
triphenylphosphine or thioanisole derivatives revealed that 2 could oxidize these substrates
without forming any high-valent Co-oxygen complexes. UV-vis spectroscopy studies showed
the appearance of clear isosbestic points during the oxidation of substrates together with a neat
transformation of 2 to 1. Detailed kinetic investigations established that 2 follows a hydrogen
atom transfer (HAT) mechanism for hydrocarbon oxidation and has a weak electrophilic
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character. This study shows that a dimeric Co-acylperoxide species can also be a strong

oxidizing agent for substrate oxidation/oxygenation reactions.

Chapter 5. Spectroscopic Characterization of the Oxidized Cu" Complexes: Comparing
the Reactivity of Cu' vs Ligand Oxidized Cu"" Species

" or a Cu'" species containing

One electron oxidation of a Cu'' complex can form a discrete Cu
an oxidized ligand. In this study, we synthesized a bis-pyridine-dioxime ligand (H.BPDL)
supported Cu" complex ([Cu'(HBPDL)(CIO4)], 1) and the oxidized species of 1,
(Cu"(HBPDL*)(CIO4)]* (1-0x). To compare the electronic and redox properties, another Cu"
complex ([Cu"(HBADL)], 2) of a bis-amidate-dioxime ligand (HsBADL) and its one electron
oxidized species ([Cu''(HBADL)], 2-0x) have been prepared. All the Cu complexes were
thoroughly characterized by various spectroscopic techniques, including X-ray structure
determination of 1, 2, and 2-ox. 1 and 2 showed a nearly perfect square pyramidal and distorted
square planar geometry around Cu, respectively. The one-electron oxidation potential (Eox) of
1 appeared at 0.48 V vs. Fc*/Fc couple, whereas 2 exhibited Eox at 0.04 V vs. Fc'/Fc,
demonstrating the impact of the primary coordination sphere on the redox process. The proton-
coupled electron transfer (PCET) reactivity studies of 1-ox and 2-ox were examined using
TEMPOH and BNAH substrates, which exhibited faster reaction rates with 1-ox than 2-ox.
Kinetic studies established a hydrogen atom transfer (HAT) and hydride transfer mechanism
for the oxidation of TEMPOH and BNAH by 1-ox (or 2-ox) in methanol, respectively.
Strikingly, despite anodically shifted Erq, 1-0x is unable to oxidize substrates like xanthene
(BDFE = 74 kcal/mol), which underpins the role of acidic oxime protons of the ligand to bring
down the ability of 1-ox in oxidizing substrates with higher C—H bond dissociation free energy
(BDFE). Electron transfer (ET) reactivity studies of 1-ox and 2-ox were further examined with
different ferrocene derivatives. Based on the ET studies, we calculated the reorganization
energy (A) of 2.12 eV for 1-0x/1 couple and 1.68 eV for 2-0x/2. The A values are considerably
higher than the type 1 protein and synthetic Cu'""""(OH) complexes. A AS® of —11.3 cal mol-!
K- was determined for 2-ox/2 in methanol, which is considerably more negative than

Fc**/Fc*, implying the important contribution of outer-sphere reorganization energy.
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Abbreviations

Technical terms

CT: charge transfer
deg.: degree (%)
e electron
E: total energy
J. coupling constant
m/z: mass per charge
[M]*: molecular ion peak
Q: charge
RT: Room temperature (293K)
S Electron spin
T: tesla
TON: Turnover number
TOF: Turnover frequency
V: voltage
Techniques
CV: cyclic voltammetry
DFT: density functional theory
EPR: electron paramagnetic resonance
ESI: electrospray ionisation
EXAFS: extended x-ray absorption fine structure
GC: gas chromatography
IR: infrared spectroscopy
MS: mass spectroscopy
NMR: nuclear magnetic resonance
PPMS: physical property measurement
UV-Vis: ultraviolet-visible spectroscopy
XANES: X-ray absorption near edge structure
XPS: x-ray photoelectron spectroscopy
XRD: x-ray diffraction
Units
C coulomb
A: ampere
A: angstrom (10*°m)
cal calorie
0C: degree celsius
cm.: centimetre
eVv: electron volt
F: faraday
G: gauss
h: hour
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K Kelvin

Kcal: kilocalorie

HA: micro ampere
m: meter

M: molar

mA: milliampere
min.: minute

mm: millimeter
mT: millitesla

mV millivolt

nm: nanometer (10° m)
S: second

T tesla

\/ volts

V1% Bohr magneton

Latin expressions

etal: and coworker

e.g.: for example

ie. namely

tert-: tertiary

VS: versus, against
Symbols

% Wavelength (nm)

E: electrode potential

€ extinction coefficient (M*cm™)

i current

AG: Gibbs free energy

AH*: activation enthalpy

k: rate constant

AS*: activation entropy

T: temperature

Meff: magnetic moment

n: overpotential

v scan rate

Solvents and reagents

"BulLi: n-butyllithium
CHxCla: dichloromethane
Et.0: diethylether

EtsN: triethylamine

HCI: Hydrogen chloride
KBr: Potassium bromide
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MeCN: acetonitrile

MeOH: methanol

NMesOH: tetramethylammonium hydroxide
THF: tetrahydrofuran

TEMPOH: 1-hydroxy-2,2,6,6-tetramethyl-piperidine
BNAH: 1-benzyl-1,4-dihydronicotinamide
4-OMe-2,6- 4-methoxy-2,6-ditertbutylphenol
DTBP:

2,6-DTBP: 2,6-ditertbutylphenol

0-PDA: ortho-phenylenediamine

SOClz: thionyl chloride
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Ligands and Complexes Used

Ligands

o>_€ O>—% I
N (o) (o)
©: C[ _N N__ NH HN
NH OH NH  OH X z —N N=
L,

Complexes
Chapter I
[INi"(L)T (1)
INi"(Ly)] (2)
[Ni'(L1H)] (1a)
Chapter 11

[(Lo)Ni""-m" (2 -M™); M" =Ca?", Mg?", Zn?*, Sc3*, Y**
[(L1) Ni""s—Ca?*  (2-Ca*'T)

Chapter 111

[Co"™(L2)] (1)
[(CICeHsC(0)OOH)(Co"'(L2))2]* (2)

Chapter IV
[Cu'(La)]" (1)
[Cu'(Ls")]" (1-0x)

[Cu"(La)] (2)
[Cu"(L4)] (2-0x)
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