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ABSTRACT OF THE DISSERTATION
SYNTHESIS AND CHARACTERIZATION OF BIOMIMETIC OXO- AND

HYDROXO-BRIDGED DINUCLEAR COPPER PYRAZOLATE COMPLEXES,

THEIR REDOX AND OXYGEN TRANSFER CHEMISTRY

by
Eduardo Mollinedo
Florida International University, 2023
Miami, Florida
Professor Raphael G. Raptis, Major Professor
The project entailed a detailed study of the properties of biomimetic oxo- and
hydroxo/alkoxo-bridged dinuclear copper(ll) pyrazole complexes. The chemistry of the
complexes and their ability to undergo a reversible reduction/oxidation process coupled
with oxygen transfer is of great interest, due to their potential applications in industrial
catalytic oxygenation as well as their relevance to biological oxidation/oxygenation of
organic substrates. The project’s proposed goals included: 1) optimization of the synthesis
of dicopper(ll) complexes, 2) exploring the synthesis and study of related new dicopper
complexes, and 3) the study of their oxygenation/oxidation chemistry. Spectroscopic
techniques, such as UV-Vis, Fourier transform infrared (FTIR), were applied to the
characterization studies of the complexes, and single-crystal X-ray diffraction for structure
determination. Electrochemical studies were carried out in comparison to analogous
biological copper-based enzymes and their synthetic models, while spectroscopic and gas
chromatographic techniques applied to the systems reveal their catalytic processes. The

results of the project are intended to be relevant to biological oxygen delivery systems.
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Chapter 1: Introduction

1.1: Copper background

Copper (elemental symbol Cu) is a first-row transition metal with a rich history. Elemental
copper has an atomic weight of 63.546, atomic number of 29, and a simplified electronic
configuration of [Ar]3d°4s?, and it is the 26" most abundant element in the crust of the
Earth. In the natural world, copper is found in many combination minerals, such as
chalcocite, bornite, malachite and cuprite. Copper is an excellent conductor of heat and
electricity, as well as a malleable, flexible metal. Trace amounts of copper are found in
nearly all living organisms with important roles in the physiology of humans ranging from
red blood cell production, iron adsorption, and as an essential component of
metalloproteins. Copper metalloproteins typically play important roles in the metabolic
pathways of the human body [1]. Copper containing metalloproteins in Nature are also
known to mediate catalytic reactions as either electron sources or accepters (vide infra).
While trace amounts of copper are essential to the proper functions of the body, high
concentrations lead to adverse effects, including tissue damage, Alzheimer’s and
Parkinson’s disease, and various forms of cancer [2]. Dimeric copper species, on the other
hand, have been proposed as possible anti-cancer agents [3]. In this work the role of copper
in biological and synthetic systems, as well as the importance of the secondary sphere

interactions that may or may not be present, is explored.

1.1.1: Metal-oxide catalysis
Catalysts are always in high demand in today’s world, whether for biological system

modeling [4], industrial processes [5], or laboratory synthesis of new compounds with



currently around 90% of all reactions involving a catalytic step. While the field has
certainly come a long way since the early days of the 1950’s, a renaissance of renewed
fervor sparked by a demand for greener, more sustainable chemistry has gripped the
chemical world in recent years. Typical catalysts can be subdivided into three categories:
heterogenous catalysis, homogenous catalysis, and biocatalysts, with the majority (80%),
falling into the first category, and the remaining (17%, 3% respectively) making up the rest
[6]. Metal-oxide complexes rose to the forefront of catalysis research due to their abilities
to mediate a wide range of reactions, including oxidations and acid-base reactions.
Examples of such catalysts range from simple oxides; silica, alumina, zinc oxide, copper
oxide, and zeolites, to the more complex porous and mesoporous metal oxides; MOF’s,
polyoxometalates, and perovskites [7]. Table 1 Summarizes some important industrial

metal oxide catalysts.



Table 1. Industrially important metal oxide catalysts and their applications. Redrawn from
reference [7].

Catalyst Applications

Si02-Al>0s3, acid zeolites acid-catalyzed reactions, for example, FCC,
isomerization

Fe203, CoOx Fischer—Tropsch reaction, ethyl benzene
dehydrogenation to styrene

TiO, major component of deNOy catalysts and
photocatalysts

Zr0-S04* isomerization

Cu—ZnO/Al,03 methanol synthesis from H./CO mixtures

(VO)2P207 selective oxidation of butane to maleic anhydride,
of pentane to phthalic anhydride+maleic anhydride

FePOg and its hydrates oxidation of methacrolein to methacrylic acid

Cu—Cr oxides hydrogenation, combustion reactions

AlIPO4 acid-catalyzed reactions, polymerization

Sn-Sh oxides selective oxidation, as propene to acrolein or
isobutene to methacrolein

Bi molybdates propene selective oxidation/ammoxidation to
acrolein/acrylonitrile

V-Mo oxide selective oxidation of acrolein to acrylic acid

MoVTeNbO direct propane (amm)oxidation to acrylic acid
(acrylonitrile)

Of particular interest are their (metal oxides) ability to transfer O-atoms and attack even
the stronger C-H bonds [8]. Reactions are typically carried out in heterogeneous gas/solid
or liquid/solid phases with the complex in the solid phase, or in homogeneous liquid
solutions [9]. Selective, controlled oxidation of primary, secondary, and tertiary alkanes is
a difficult endeavor, with bond dissociation energies around and above 100 kcal mol™ and
the challenges of overoxidation, where it is not uncommon to start with a primary alkane
and end up with the corresponding carboxylic acid, or CO; (Figure 1). The challenges of

selectivity arise from the lower C-H dissociation energies of the alcohol and aldehyde



products vs. unactivated saturated alkanes (e.g., CHa), typically leading to the formation of

more oxidized products [10].

T 1120, TH 120, H,O 120, 120y HO
H—C—HL—»H_C_H LL L| L-»ﬂ &i 0=—=C=0
| | N H on

H H
Figure 1: Progression of successive aliphatic alkane oxidations.
Functionalization of carbon-hydrogen bonds by metal-oxide complexes has been observed
and studied for nearly every transitional metal in the periodic table [11]; Certainly, this is
a well-known and well-studied area of chemistry to which copper is no exception. The
most common copper-oxygenation complexes contain the Cu''-O, Cu'"(u-n?m?-(02)Cu",

Cu''(u-0).Cu"", and Cu"—OOH motifs (Figure 2).

A B
CUIH/O Cull CU”
C D
0]
/
1l \Cu'” Cu”/o\

Cu\ / on
O

Figure 2. Common motifs of copper-based catalysts, (A) Cu''-O, (B) Cu"'(u-n2:5?-
(Oz)cu", (C) Cu(u-0).Cu", and (D) Cu"—OOH motif.

The oxidation of alkanes typically occurs via one of two pathways: the "oxygenase", or the
"oxidase" pathway. In the oxygenase mechanism, an O-atom is transferred directly from

the complex to the substrate, and the catalyst is regenerated by dioxygen. Particulate



methane monooxygenase (PMMO) is an example of a biological protein that employs this
mechanism and synthetic oxo- and hydroxo-bridged diiron complexes have been
extensively studied as oxygenase models [12]. The oxidase mechanism, on the other hand,
couples the reduction of Oz to H20 or H20 and does not necessarily transfer an O-atom
directly to the substrate; Figure 3 shows the two pathways of action [13]. Catalytic activity
is evaluated by the turnover number (TON), measured in moles of substrate converted by
one mole of the catalyst, and turnover frequency (TOF), the number of substrate moles
converted per time units. While current synthetic catalysts have good TOF's, they are
relatively poor with regard to their TONSs, as they typically cannot survive in highly
oxidative environments for long before catalytic poisoning occurs. Nature faces a similar
situation where the catalysts do not survive for many cycles, however, they are constantly
being replaced with new biosynthesized batches to keep up with demands, an option that

is not feasible for synthetic models to date.
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Figure 3. Oxygenase (A) and Oxidase (B) catalytic cycles. Adapted from reference [13].

1.2: Copper-containing enzymes and catalysts

Enzymes and catalysts play an important role in the mediation of chemical reactions,
whether in biological or synthetic systems, and their reactivity is one of the most studied
fields [14]. Transition metals, typically bound to proteins or in embedded cofactors, play
an important role in biological catalysis. Perhaps the best-known examples being
cytochrome P-450 (a heme iron species) with the ability to reversibly bind dioxygen and
perform crucial oxygen transport chemistry, and soluble methane monooxygenase
(SMMO), a dinuclear iron species that oxidizes methane to methanol [15] [16]. The
chemistry of copper complexes is no exception, as evident by a large number of enzymes
that use copper ions in respiration, oxidation and oxygenation processes, enabled by their
ability to cycle among the Cu®, Cu', Cu", and Cu'" oxidation states, a feature that allows

copper to act through multiple pathways [17]. Typically, the rigid structure of the proteins



or synthetic complexes allows for one type of substrate to precisely interact with the active
site/sites and lower the activation energy of the reaction without influencing the reaction’s
thermodynamics. In Nature, biological enzymes are often in close proximity to metal
cofactors; iron, cobalt, copper, etc., which are responsible for the facilitation of the
transport and transfer of electrons [18]. Copper containing enzymes and metalloproteins,
in the last few decades have warranted much attention and study due to their pivotal roles
in biological functions; dioxygen transport and activation, oxidation and catalysis of
organic molecules, and most notably vital roles in electron transfer chemistry [19] [20].
The typical active centers are classified as type I, type Il, and type Ill, which can be
differentiated based on their spectroscopic and metal ion characteristics. Type I or “blue”
copper proteins adopt a strongly distorted (almost exclusively trigonal planar or
tetrahedral) coordination environment and typically possess a weakly Cu-coupled EPR
spectrum [21]. Type II, “non-blue” copper proteins adopt a more planar coordination
environment, a weak absorption in the visible light region, and a “normal” EPR spectrum
with axial symmetry. Both type | and type Il feature a single copper center. Of more recent
interest are the type 111 species, which feature dimeric copper centers usually bridged by
O-atom(s) and are EPR-silent due to antiferromagnetic coupling of the d° copper centers
[22]. Today, as new data emerged, the classification types have increased and the number
has been expanded from three to seven to include: Type IV, Cua, Cug, and Cuz. Type IV
active sites typically combine type Il and Ill to form a trinuclear site; Cua actives sites
contain two delocalized mixed-valent Cu atoms with formal oxidation states of +1.5. Cug,
contains a single Cu atom bonded to three His residues of which one is covalently bonded

to a Tyr residue. Lastly, there is the Cuz active site, which contains four Cu atoms linked



by sulfur atoms; currently there is only one known representative enzyme of this species,

N0 reductase. Table 2 summarizes the known biological copper containing active sites.

Table 2. Summary of copper containing sites in biological proteins, adapted from
references [23].

Entry | Active | Active site | Main Function | UV-Vis | g, Example
site(s) | geometry ligands (nm)
Type | Mono- | Distorted His, Electron | Strong | Quartet | Nitrite
I nuclear | tetragonal, | Cys, transfer | 600 nm reductase
Trigonal (Met)
planar
Type | Mono- | Distorted His, Catalysis | Weak | Quartet | Galactos
I nuclear | tetragonal Asp, 700 nm e oxidase
(Tyn)
Cug | Mono- | Trigonal His Oxygen | Weak | Quartet | Cytochro
nuclear | pyramid transport | 610 nm me C
oxidase
Type | Di- Tetragonal | His, Oxygen | Weak | EPR- Catechol
Il nuclear (Tyr) transport/ | 700 nm | silent oxidase
Cu20; oxidation
Cua | Di- Tetragonal | His, Oxygen | Strong | Septet Cytochro
nuclear Cys, transport | 480, me C
Cu202 (Met) 530- oxidase
580, (Cua site)
800 nm
Type | Tri- Type 1l + His Catalysis | Weak | EPR- Ascorbat
v nuclear | 11l ~330, |silent e oxidase
600 nm
(Tetragonal)
Cuz | Tetra- | Distorted His, S* | Catalysis | Strong | Two N20
nuclear | tetrahedron ~640 Quiartets | reductase
nm

Dinuclear copper species have been found to activate myriad reactions of varying
complexity. An enzyme containing a dicopper core, pMMO, converts methane to
methanol. Dicopper cores are also present in enzymes, such as tyrosinase, and many
multicopper oxidases/oxygenases (MCO) [24]. Metal-oxo complexes are of interest due to

their ability to transfer O-atoms and attack even the stronger C-H bonds. Oxygen-bridged



copper(Il) dimers usually have one of two motifs: a u-O, or p-OH bridge. Characterization
by SCXRD reveals notable differences between the two forms; pu-O bridges tends to be
closer to linear (~120-160°), with the two copper centers located further apart (~3.3-4.3
A), while p-OH bridges have more acute copper-oxygen-copper bond angles (~90-109.5°)
and the two copper centers in closer proximity to each other (2.9-3.5 A) (Figure 4) [25]. In
biological proteins, the angle is determined by the organic bridging ligands (protein
backbone) that hold the two Cu atoms in their positions while in synthetic models,
especially bent-oxo species, bond angles are determined by the support scaffolding

(zeolites, bridging and auxiliary ligands, etc.) of the complexes.

u-O Complex u-OH Complex
Typical ranges: Typical ranges:
Cu-Cu: 3.3-43 A Cu-Cu: 2.9-3.5A
Cu-O-Cu: 120-160° Cu-0O-Cu: 90-109.5°
H
cu! /O\Cu” /O\
Cull Cull

Figure 4. Comparison of u-O vs. u-OH Cu-dimers.

In terms of stability, the pu-O motif is the more reactive of the two, while u-OH motifs
remain relatively stable. The reactivity of the u-OH motif increases upon deprotonation.
Examples are known of reactive bent p-O motifs with H-bonded ligands in the secondary
coordination sphere that impart stability to the complexes [26]. Then, as incoming

substrates in solution disturb the H-bonding, the complex becomes reactive towards



oxygen transfer chemistry. This is in sharp contrast to copper(ll) trimers where the oxygen
atom sits directly in the center of three copper metal centers in planar fashion. In this case,
oxidative reactivity has been reported upon oxidation of the copper center(s) to copper(lll).
It is now recognized that the secondary coordination sphere of metal centers in
metalloproteins is important in modulating their catalytic activity [27]. This secondary
sphere consists of a set of H-bonds to the protein backbone surrounding the copper active
center. Synthetic catalysts capable of mimicking bioproteins and selectively oxidizing
alkanes are of great interest, with studies into their catalytic mechanisms providing new
insights into the topic. Copper(Il) has a d° electron configuration, S = 1/2, which can lead
to either ferromagnetic or antiferromagnetic coupling of the metal centers in multinuclear
complexes [28]. In the literature, it has been shown that a hydroxo-bridged dicopper(l1)
complex can undergo two one-electron oxidations and readily switch between the
dicopper(ll), the mixed-valence dicopper(l1/111), and the dicopper(l1l) species [29]. In the
[1/111 case, intervalence charge transfer (IVCT) transitions between the two delocalized
heterovalent metal centers produce characteristic absorption bands. These typically occur
in the near-IR region and can lend some insight as to the nature of the mixed-valence
species. The formation of fully delocalized mixed valence copper dimers in a biological

system is not uncommon [30].

1.3: Dioxygen activation and aerobic oxidation
Dioxygen is an abundant natural oxidant; however, as far as industrial oxidation processes
are concerned, it remains largely untapped as it contains a strong oxygen-oxygen bond

(119 kcal/mol) and a triplet ground state, two contributing factors to the thermodynamic
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stability and inertness (kinetic stability) of the molecule. The triplet ground state arises

from the two unpaired electrons in the anti-bonding mopx* and mzpy* HOMO (Figure 5).
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Figure 5. Molecular orbital diagram for the formation of O..

A catalyst is required to both lower the activation energy and provide a selective pathway

for the desired reactions [31] [32]. One of the inherent challenges of O, with respect to

alkane oxidation, is over oxidation, as a four-electron oxidant is used to achieve a two-

electron oxidation. The second challenge comes with the use of first row transition metals,

which tend to undergo one-electron redox steps (Cu'/Cu' to Cu''/Cu'"). To overcome this

limitation, the use of multinuclear complexes (dimers, trimers, etc.) are typically employed.

These types of complexes are capable of oxidative carbon-heteroatom bond-forming

reactions (C-H oxidations). Cu"" dimers offer certain advantages over analogous second

and third row transition metals, which are not limited to one-electron oxidations (e.g.

Pd®/Pd" couple), mainly in being able to employ milder oxidants, such as O2. Molecular
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oxygen is an ideal terminal oxidant, as it is much more desirable than alternatives, such as
hypervalent iodine or electrophilic halogen sources. These aerobic oxidations can
accomplish one-electron, two-electron, and four-electron processes. Likewise, the
oxidation of alkanes typically involves highly oxidizing species, where it is not uncommon
for oxidative damage of the catalyst to occur, especially in coordination compounds and
organic ligand bearing organometallic complexes. While oxidations of the precatalysts
may result in novel complexes that can act as catalytic species in homogenous solutions,
typically, catalyst poisoning or decomposition results [33]. O2, being a milder oxidizing
agent, helps mitigate precatalyst oxidation reactions. Current copper research focuses on
oxygen transfer via mononuclear and dinuclear complexes that mimic metal ion enzymes
[34]. Likewise, synthetic complexes are intended to work as oxygenases, with the ability
to harness O atoms for oxidation of alkanes [35]. Of particular interest are dinuclear
copper(11) complexes as new evidence suggests that they behave similarly to the particulate
form of methane monooxygenase (pMMO), an important transmembrane metalloprotein
capable of oxygenating methane to methanol (vide infra) [36]. The study suggests that
when the bridging oxygen atom of a Cuz(u-O) unit is in a bent configuration (90°<6<135°),
the complexes tend to be unstable and reactive towards oxidation [37]. The presence of
nearby amino acid residues enables the formation of a hydrogen bond between the oxygen
bridge and the amino acid residue stabilizing the bridging oxygen. To initiate the catalytic
turnover, the metals must be reduced and subsequentially activated by O to form the
reactive species; the two copper centers are thus held in proximity to facilitate the switching
between their two most common oxidation states, Cu'; and Cu''z(u-O/OH/O>), in biological

systems by transferring electrons and O-atoms. A notable example is a transmembrane
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protein, cytochrome-c oxidase, which regulates cellular oxygen levels with pairs of
electron donors and acceptors, such as NO and NO>". Cytochrome-c oxidase itself contains
a binuclear active site [38]. Like cytochrome-c oxidase, MMO has been extensively
studied, and while the details of the binuclear iron sites of the soluble form (sMMO) are
well known, the particulate form, pMMO, has not been settled yet. The most widely
accepted crystal structure of pMMO shows a binuclear copper active site at a metal-metal
distance that raises some controversy. The TON of pMMO is estimated to be between 25-
130 mmol mint and its TOF is in the range of 3-16 min"*[39]. In the synthetic world, some
Cu' complexes catalyze the four-electron reduction of dioxygen to water as they are
oxidized to their Cu' analogs [40]. Regeneration of the catalysts involve an O2-mediated
Cu(l) to Cu(ll) redox step [41]. One-half O2 molecule is required to facilitate the oxidation
to hydroxo/oxo active complexes, while a full O2 molecule is required for peroxo and

related species.

1.4: Biological enzymes

Copper-containing biological enzymes are typically large macromolecules with complex
chemical properties and structures, however, the active site, where catalysis occurs, only
accounts for a small portion of the structure, and are largely dependent on primary and
secondary sphere interactions, as well as incoming substrate dynamics. These enzymes
encompass a wide range of diversity in Nature including plants, mammals, and most
famously bacteria, with important roles in catalysis, specifically electron transfer and
substrate redox chemistry [42]. Plenty of examples exist for both aerobic and anerobic

oxidations of substrates. While the aerobic oxidation of methane to methanol has been
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exhaustively studied, it should be noted that bacterial species capable of anaerobically
oxidizing methane — e.g. particulate methane monooxygenase (pMMO) found in all
methanotrophs, are known as well (Figure 6) . Another well-known example includes the
(anerobic/aerobic) oxidation of ammonium (Figure 7). While anerobic oxidations are

certainly fascinating, the focus of this work is on aerobic oxidations in an open atmosphere.

(1) CH, + SO, > + H* —> €O, + HS" +2 H,0

(2) CH4 + 02 +2¢ — CH3OH + H20
Figure 6. Schemes for (1) the anaerobic oxidation of methane to carbon dioxide, sulfide,

and water by anaerobic methanotrophic archaea [43] and (2) the aerobic oxidation to
methanol and water by methanotrophic bacteria [44].

(1) NH4Jr + NOZ- — N2 +2 H20
(2) NI‘I4+ + 02 — NO3- + Hzo + 2 I_I+
Figure 7. Schemes for (1) the anaerobic oxidation of ammonium to dinitrogen and water

by Candidatus K. stuttgartiensis [45]and (2) the aerobic oxidation to nitrate and water
by Nitrosomonas eutropha [46].

1.4.1: Biological enzymes: Catechol oxidase
Catechol oxidase, also known as o-diphenol oxidase, is a type Il copper-containing
enzyme responsible for catalyzing, as the name suggests, the oxidation of catechols to their

corresponding o-quinones, a two-electron process (Scheme 1) [47].

14



Overall Reaction:

1/2 o2 H 0

Catechol Oxidase

Scheme 1. Oxidation of catechol to o-benzoquinone.

Catechol oxidase was first purified in 1937 from a variety of fruits and vegetables, with
varying molecular weights depending on the source of origin [48]. In 1998, Krebs et al.
published the crystal structure of the protein, including the active site in the Cu"'; resting
state [49]. The enzyme employs a dicopper(I1) hydroxo-bridged complex (Cu-O-Cu angle:
92°) with six terminal N-histamines, and a 1.9 A hydroxide-bridge between the

tetrahedrally coordinated Cu atoms at a distance of 2.9 A (Figure 8).
His His

\\ |
CII
P cH)/“

Figure 8. Catechol oxidase active site. Cu-Cu distance: 2.9 A; Cu-O distance: 1.9, 1.89
A; Cu-O-Cu angle: 92°.

His

His \His

The complete mechanism for the oxidation to o-quinones remains disputed, however,
Scheme 2 shows the mechanism proposed by Krebs et al. based on spectroscopic evidence

and X-ray data [50]. From the resting Cu'; state, the incoming substrate binds to one of the
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Cu centers to form an intermediate Cu''/Cu"" species which is converted to the reduced Cu',
species. In this state, the two Cu atoms are further apart, at ~4.4 A, lacking the hydroxo-
bridging ligand which has instead turned into a coordinated water molecule. The
coordination geometry can best be described as distorted square planar about Cu'A and
trigonal pyramidal about Cu'B. To regenerate the complex, a molecule of water, and a
second molecule of catechol coordinate to the active site, resulting in the Cu' centers being
oxidized to Cu'" and the formation of a peroxo-bridge with water as a byproduct. In the
final step, O-O bond cleavage generates the resting state of the complex, as well as water,

and a second molecule of o-quinone.

) Nyg;
H,0 + Nis His
? 0 V , ANHiS Ho
Nigis M 15
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Nhis H His
H+
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HO HO
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\\\\\ ///, / / ANHS N O Ny
Niris s B 1130 “CulB ”“v l / ANH
L Niis b 11 Cu'B
Cu, A
Ny o \
His NH|5 /

H,0 +H"
Nyis  OHy NH NH
/\C/u\A CTIB Q

HO/Q] +0,
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Scheme 2. Catechol oxidase mechanism proposed by Krebs et al. Redrawn from
reference [50].
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Solomon et al. proposed a similar mechanism to Krebs et al. with differences in the binding
modes of catechol, where it is argued that due to strong ¢ donation to the Cu centers, the
peroxo-bridge is more electrophilic in nature than end-on peroxycopper(ll) complexes,
which are more nucleophilic. Solomon et al. further argued that it is the peroxo 6* orbital’s
participation in back-bonding with the Cu centers that creates the extremely weak O-O
bond, rendering it susceptible to bond cleavage [51]. In a 2004 study, Siegbahn argued that
the O-O bond cleavage is the rate-determining step of the mechanism and that no outside
proton transfer to or from protein residues outside the metal complex are needed [52].

Kinetics studies suggest that the rate-limiting step includes proton transfer [53].

1.4.2: Biological enzymes: particulate MMO

To this day, no synthetic catalyst is able to harness O to directly convert methane to
methanol, and while oxidative C-H activation of methane is thermodynamically and
Kinetically feasible at low temperatures, the large bond dissociation energies has hindered
progress in this field for the past 100 years [54]. The oxidation of alkanes is both
challenging and cumbersome in an industrial setting as well as in Nature, nonetheless, the
oxidation of small molecules, such as methane, may play an important step in the energy,
pharmaceutical, and agricultural sectors [55]. Of particular interest to the energy sector,
where greenhouse emissions are intensely scrutinized, is a biomimetic complex capable of
methane activation (C-H: 105 kcal/mol); an important goal of climate policy across the
world [56]. In Nature this is accomplished remarkably well by methane monooxygenase
and is often seen as the holy grail of catalytic reactions. Perhaps the best-known avenue in
gaining insight in this field is the study of methanotrophic bacteria, dating back to when

they were first discovered some one hundred years ago by Kaser and Séhngen [57] [58].
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The two known forms include the soluble form (sSMMO) and the membrane-bound
particulate form (pMMO). Currently no other metalloprotein or biomimetic compound is
capable of readily achieving this reaction to a satisfying degree. The non-heme diiron
containing SMMO has been exhaustively studied and is well understood, however, the
copper containing pMMO warrants further research, especially with regard to the
nuclearity of the copper active site(s) and the mechanism of action. Rosenzweig et al.
crystallized the protein from M. capsulatus (Bath) showing three active sites: a
mononuclear copper site, a dinuclear copper site (Figure 9), and a second mononuclear
zinc site [59]. The full mechanism and even structure of the active sites remains largely
debated. EXAFS data indicate placing the activation of O at the dinuclear site, consistent
with a short Cu-Cu distance of 2.5 A, however, crystallographic data remain ambiguous at
best [60]. It is now accepted that methane oxidation occurs at the dinuclear copper active

site [61].

HoN

o= Cu—Cu

N/ \N
AP S

Figure 9. Proposed pMMO dinuclear copper active site in the resting state is shown. Cu-
Cu distance: 2.5 A.
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While there is a lack of similar well-characterized sites in the literature, the proposed
pPMMO copper active sites do share characteristics consistent with Cua and type IlI
dinuclear Cu centers of tyrosine, hemocyanin and multicopper oxidases. The EPR signal
is more consistent with a type Il copper signal further adding to the ambiguity of the active
site, although fully delocalized Cua centers can give the appearance of a fully localized
mononuclear Cu center [62]. The mechanistic understanding of pMMO is so far behind
sSMMO due to difficulties in isolating the protein, and instead current research focuses on
discovery on biomimetic synthetic analogues. DFT and QM/MM studies suggest that a
mixed valent Cu""Cu"" species could in fact be responsible for the oxidation of methane.
Using the dicopper active site as a model, the formation of a p-n*:n2-peroxo Cu'Cu" or p-
nZm?2-peroxo Cu''Cu" species is likely to form first, followed by O-O bond cleavage to
generate a more reactive p-0xo Cu''Cu'" species [63] [64]. In follow up studies, a (u-O)(p-
OH)Cu''Cu' center was shown to be more reactive towards methane oxidation [65].
Stabilization of the proposed center would be accomplished by protein residues in the
secondary coordination sphere. Contradicting all the above, the most recent DFT and

experimental studies suggest that the pMMO active center is in fact mononuclear [66] [67].

1.5: Synthetic analogues

Synthetic analogues of metalloproteins have been rigorously studied in hopes of better
understanding the corresponding biological systems and their functions, as well as to create
effective rational catalysts for selective oxidation of alkanes. In the literature there exists a
vast amount of research conducted on biomimetic metal complexes featuring the first-row

transition metals Mn, Fe, Co, Ni, Cu, and Zn. The complexes synthesized include
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predominantly monomers, dimers, and trimers, but several multimetallic complexes are
also known. In fact the ability of copper complexes to oxidize phenols and catechols has
been known since the 1960°s when Grinstead reported copper(Il) chloride’s ability to
convert 3,5-di-tert-butylcatechol to 3,5-di-tert-butyl-o-benzoquinone in methanol [68].
More recent studies emphasize the importance of a short Cu-Cu distance and the nature of
the bridging ligand, two factors that promote the deprotonation and coordination of the
incoming phenol substrate. This makes the hydroxide, alkoxide, and phenoxide bridging
ligands a far superior option, whereas strongly coordinated ligands which cannot be
displaced, such as chloride, lead to a catalytically inert compound with respect to
phenol/catechol oxidation [69]. Figure 10 shows some of the most active dicopper(ll)
mimics [70]. The best involved ligands in the mimics presented are those with phenoxide

bridges and aromatic imine with high recorded catalytic activities (Kca=1.08—3.24x10*h™1).
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Figure 10. Metal environments of the most active (functional) model copper(il)
complexes of catechol oxidase. Adapted from reference [70].
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As of yet, dinuclear copper(ll) systems show the most promise, however, to this date,
besides methane monooxygenase, no other enzymes with diiron or dicopper active sites
nor biomimetic synthetic complexes have been capable of oxidizing methane with the same
efficiency [71]. A myriad of studies conducted on [Cu.O]?* cores reached a consensus that
these models are not particularly reactive towards methane oxidation [72]. Figure 11 shows
the reactive Cu-OH-Cu cores in model copper-enriched zeolite catalysts and complexes.
Nonetheless, these studies showed the importance of second-sphere effects on catalysis,
particularly with respect to the stabilization of metal centers, access to active sites, and

control of substrate binding.

Zeolite-stablized Core Complex Core with Seconday
Sphere Interaction (SSI)
H ----SS|
0959 A 0.997 A
1834 O 1824 20204 _O_ 1984
cu'l’ ~1200 Syl cul!” 1420 Nyl
-H"

O O

Cu' ~120°\Cu” Cu”/~140'\Cu” + HSSI

Figure 11. Schematics of Cu—OH—Cu product core in zeolite and in model complexes
with secondary sphere interactions. Adapted and modified from reference [72].

Zeolites have been at the forefront of methane oxidation due to their ability to stabilize the

reactive [Cu2O]%* core by pushing the two Cu centers closer together than in solution, as
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well as aiding in the hydrogen abstraction step. Tolman and coworkers proposed a model
complex for the oxidation of methane, a dinuclear copper(11) hydroxo-bridged species with
varying accessible oxidation states ranging from a Cu'';, to the mixed valent Cu""Cu'"", and
the Cu'"'; species [73]. Figure 12 shows the crystal structure of the complex. The complex
contains a relatively short Cu-Cu distance of 2.672(3) A, Cu-O bond of 1.925(1)/1.92(1),
and a Cu-O-Cu bond angle of 89.2°. What is notable of the hydroxo-bridged complex is
that the bridging -OH motif is exposed and readily available for catalytic hydrocarbon
oxidations. Magnetics and EPR experiments suggest an antiferromagnetically coupled

singlet ground state with an isotropic magnetic exchange value of 2J=-11.5 cm™.

Figure 12. Model Complex for pMMO and oxidation catalysts. Accessible oxidation
states: [Cu",0OH], [Cu""Cu'""OH], [Cu";OH]. Redrawn from reference [73].

Kodera and coworkers on the other hand have reported a dinuclear copper(ll) oxo-bridged
species for the oxidation of benzene to phenol [74]. The Cu-Cu distance of this complex is
a much longer 3.799(1) A and a more obtuse Cu-O-Cu bond angle of 158.18°. Figure 13

shows the crystal structure of the complex.

22



Figure 13. Model complex for the oxidation of benzene to phenol. Redrawn from
reference [74].

The model complex boasts impressive experimental TON/TOF for benzene to phenol of
12250 mol /1010 h. The downside to the complex, however, is the need for H20;, a less
favorable reagent than O». A literature search conducted for select parameters (Cu-Cu
distances, Cu-O distance, Cu-O-Cu angles, J values, g., and gy) on synthetic
oxidation/oxygenation catalysts shows the versatility of copper(ll) dinuclear complexes.

Table 3 summarizes select parameters for the Cuz-oxo and -hydroxo synthetic species.

Table 4 summarizes select parameters for biological proteins containing copper(ll)

dinuclear active sites.
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Table 3. Dinuclear Cu-oxo/hydroxo species (synthetic).

Entr | Motif | Cu-Cu | Cu-O | Cu-O-Cu |J(cm™) | go o]l Reference
y
1 (w-OH) |3.628 | 1.940, | 142.04 [75]
1.940
2 (u-OH) |2.751 | 1.930, | 90.58 113 2.020 | 2.210 | [76]
1.920
3 (u-OH) | 2.842 | 1.890, | 102.69 2.047 | 2.296 | [77]
1.890
4 (u-OH) | 3.651 |1.916, | 144.91 -223 [78]
1.918 (-2))
5 (w-OH) |3.437 [1.913, | 13111 |-167 [79]
1.925 (-20)
6 (u-OH) |3.370 | 1.899, | 125.74 -149 [80]
1.876 (-2)
7 (u-OH) |3.645 | 1.913, | 141.60 -161 [81]
1.874 (-2)
8 (u-OH) | 2.659 |1.898, | 89.20 [29]
18.98
9 (u-OH) | 2.859 | 1.914, | 103.52 2.057 | 2.246 | [82]
1.903
Table 4. Dinuclear Cu-oxo/hydroxo species in proteins.
Entry | Structure | Cu-Cu | Cu-O | Cu-O-Cu |J (cm™) | g. |9 Refereence
(A) (A)
1 Deoxy- 4.1 1.885, | 136 <-100 2.05|2.21 | [83]
TY 1.902 (2J)
2 Cat. Ox 4.4 131 [84]
3 Met- 2.9 92 [85]
cat.ox

1.7: Ligands: Pyrazole/pyrazolate

Ligands play a crucial role in the electronic and catalytic properties of biomimetic

complexes, formally, ligands can bind to metal centers by donation of lone pair(s) of

electrons. Pyrazole ligands tend to be versatile and can bind a variety of metal centers

through the nitrogen atom and can be fine-tuned through peripheral substitution. When

deprotonated, pyrazolate ions can act as bidentate bridging ligands through the two
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nitrogen atoms and further substitution of the 3,5 positions tunes their steric requirements

and electron donor properties [86]. Figure 14 shows the accessible binding modes.

4
N N N
VAN VARVA WA
N N (\
O G

Figure 14. The binding modes accessible by pyrazoles and pyrazolates. The modes
highlighted in blue and red represent the most common structural forms.

The versatility of the pyrazole ligands in supporting multicentered complexes stems from
their ability to act as anionic bidentate ligands capable of holding two metal atoms in
proximity while still allowing for a wide range of intermetallic separation ranging from

2.4-4.6 A [87].

1.8: Hypothesis: Our approach

Oxo/hydroxo copper(ll) dimeric complexes have shown a propensity towards alkane
oxidation under the right circumstances (i.e. stabilization via secondary sphere
interactions), coupled with the easily accessible redox states (Cu®-Cu'"), makes them an
attractive system for O-atom chemistry, and as biological protein mimics [88]. Our
approach is to employ bulky pyrazole ligands, which can hold two Cu centers in close

proximity, while also forcing the formation of a reactive bent-oxo bridge. Reactivity of the
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complexes will be moderated by interactions with the secondary coordination sphere; either
by hydrogen bonding which can impart partial stability towards the complex, while also
being liable enough to not be detrimental, or by interactions with cationic/ionic species
(Figure 15) [89]. Current research focuses on creating biomimetic catalysts capable of
tackling the oxidation of methane, and while this is indeed a goal of the study, the problem
of overoxidation will also be tackled by modifying the chemical and electrical properties
of the pyrazole and auxiliary ligands. A key advantage of the pyrazole ligands employed
in this study is the ability to force the formation of a bent-oxo bridging ligand without the
need for zeolites, which leads to simpler chemistry. Figure 16 shows the overall project
goals, where a viable synthetic metalloprotein mimic will be employed to model alkane

oxidations as it cycles between the Cu"', and Cu'; states.

AN
m ssl
NO,  O,N 2N /
NO, ,
OoN . | . _ NO, H
HN =N \) Cu Cu
AN
Bulky Pyrazole Bulky Auxiliary Ligand Biomimetic Active Site

Figure 15. Components of the catalyst used in this study: bulky pyrazole bridges (left),
auxiliary chelating bipyridine (center), dinuclear catalyst core (right). SSI = secondary
sphere interaction.
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Figure 16. Overview of the goal of this study, to synthesize a viable metalloprotein mimic
that can engage in substrate oxidation reactions.

Furthermore, investigation of the reactivity of the dinuclear copper complexes towards
alkane oxidation with O as the oxidant will be carried out and monitored by standard
characterization methods (GCMS, UV-Vis, NMR), and the redox stability and reactivity
via electrochemistry (CV voltammetry). The coordination geometries of the complexes,
and secondary sphere environments, of which the importance is now more recognized, will
be characterized and studied by SCXRD, as the catalytically active species presented in
this work have significant similarities to metalloprotein active centers found in Nature. The
project, if successful, will present a novel surrogate method to study the active sites of
similar metalloproteins whose reactivity still presents lingering questions, as well as a

model for alkane oxidation reactions in more readily accessible conditions.
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1.9 Sulfur background and introduction

Most elemental cycles operate in reductive and oxidative modes, typically fueling each
other, to which in Nature, sulfur is no exception. Sulfur species play an important role in
geochemical processes and flow through the lithosphere, hydrosphere, atmosphere, and
biosphere in what is known as the sulfur cycle (Figure 17) through processes such as
atmospheric sulfur deposition and sediment runoff to aquatic ecosystems, while also
undergoing multiple transformations in the form of oxidations or reductions [90]. The
sulfur cycle governs an eight-electron oxidation/reduction system between the most
reduced species, hydrogen sulfide (H.S), to the most oxidized species, sulfate (SO4%).
Elemental sulfur is the fourteenth most abundant element on Earth; however, the sulfate

ion is the second most abundant ion in both in seawater and fresh water sources [91].

Atmosphere
COS A
CS,
H,S SO, DMS
DMS
(oxic)
] DMS
Biosphere B E—
T < » | Hydrosphere
Human Activity H,S
(oxic) 80,
4
H,S
(anoxic) FeS,

Lithosphere

Figure 17. The simplified sulfur cycle shows the four main sources and natural sinks of
elemental sulfur and its species. Redrawn from reference [91].
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In recent years, anthropogenic sources of sulfur compounds, excavations from the
lithosphere and the application of elemental sulfur as an agriculture fertilizer, have
significantly affected the sulfur cycle, causing environmental concerns. The main worries
stem from the eutrophication and contamination of seawater and freshwater systems, soil
degradation, and airborne pollutants such as hydrogen sulfide [92]. The most common
forms of sulfur used industrially are obtained as either hydrogen sulfide from natural gas
sources or from the various sulfur containing compounds (sulfides, disulfides, mercaptans,
etc.) produced from the refinement of crude oil via the hydrodesulfurization process
(Figure 18) [93]. In recent years, efforts to develop an inexpensive, recyclable, catalyst for
the oxidation of sulfur compounds with activated O at mild temperatures and pressures
have increased, as not only will it be commercially lucrative, but also greener for the
environment, especially with regards to the petroleum and agricultural industries. This
endeavor, however, remains a great challenge for today’s researchers as O2’s kinetic

stability (triplet ground state) necessitates multiple reductive activation steps [94].

1)RSH+H, —> RH + H,S

2 2

2)R'SR+H, —R'H+RH + H,S
2 2

(3) R'S-SR + H, —> R'H + RH + H,S

Figure 18. Hydrodesulfurization process for mercaptans (1), sulfides (2), and disulfides

3).

The resulting hydrogen sulfide gas is then further oxidized with O via the Claus process
in an industrial furnace (Figure 19). (1) In the Claus process, H.S is initially converted to
sulfur dioxide (SO2) and water at high temperatures (1000-1200°C); (2) SOz, in the same

furnace, can further react with more H,S and water, to produce the desired elemental sulfur.
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(3) Leftover reactants are funneled further into a catalytic reactor where oxidation via O2

occurs; typically, 75-98% sulfur recovery is achievable within 3-4 stages [95].

(1) st+3/2 02 — H20+SOZ
(2) SO, +2H,S — H,0+3S

(3) 3H,8 +3/20, — H,0 +3 S

Figure 19. Scheme for the reactions of the Claus process. Reactions 1 and 2 occur in a
high temperature furnace, while reaction 3 occurs in a separate catalytic reactor.

The HDS and Claus processes remains relatively inexpensive and well suited for the
removal of most sulfur containing compounds found in the petroleum industry, however,
refractory sulfur compounds, such as thiophenes and (di)benzothiophenes, are notoriously
difficult and expensive to remove, especially the alkylated dibenzothiophenes, with 4-
methyldibenzothiophene and 4,6-dimethyldibenzothiophene being the most difficult to be
desulfurized. The kinetic stability of these compounds arises from (1) the aromaticity of
the compound and (2) the steric hinderances resulting from the nearby alkyl groups near
the sulfur atom [96]. Implementation of an effective catalyst that can work in conjunction
with an environmentally benign and abundant oxidant, such as O2, would decrease the

energy consumption and emissions of the petroleum industry.

1.9.1: H2S oxidation

Currently, state of the art catalysts, capable of oxidization of H,S, exist as both
homogenous and heterogenous catalysts, with ligands ranging from inorganic chelates to
organic ligands [97], [98]. Famously, there exist Fe(l11) catalysts capable of H2S oxidation
in solution, with a vast amount of literature existing on the subject [99], [100], [101]. These

catalyst function by coordination of HS™ in solution, followed by the generation of a HS'

30



radical as the catalyst is reduced to the Fe(ll) state (Scheme 3). HS can then undergo
multiple dimerization and polymerization reactions to produce elemental sulfur, as the
catalyst is regenerated by Oz back to Fe(lll) and H2O>, the latter of which is suspected of
causing catalytic poisoning.

Fe(II[)L3™"
2 OH" + H,0, H,S

SO+2H*
02 +2 Hzo Fe(II)LZ-n

Scheme 3. Scheme for the catalytic oxidation of H»S to elemental sulfur by a Fe(l1l)
catalyst.

Catalytic poisoning by H>O, occurs via OH radicals reacting with the chelating ligands,
leading to ligand decomposition. Current research in this field focuses on the synthesis of
a redox couple that is less susceptible to decomposition by reaction products, while
maintaining both activity and selectivity towards H>S. Copper(1l) catalysts have also been
shown to mediate H»>S oxidation, however, the mechanisms by which this occurs, are not

fully understood [102].

1.9.2: Oxidation of Dimethyl Sulfoxide (DMSO) to Me,SO-

Research on the catalytic oxidation of dimethyl sulfoxide (DMSO) to the corresponding
sulfone, Me>SO>, remains scarce, with few kinetic and mechanistic examples in the
literature, and even more so with O- as the oxidant at ambient temperatures and pressures.
Early on, Rao et al. proposed a study on an OsO4 catalyst for the homogenous oxidation of

DMSO to Me,>SO, however, in this case, O» was not the oxidant, instead potassium ferrate
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(K2FeOs) was used, and required a high pH range of 9.8-11.9 [103]. The study found that
DMSO could indeed be oxidized to Me.SO; in a simple two step mechanism with a
reaction rate that is first order with regards to Os>04, zeroth order to K>FeOs, and fractional
order to DMSO (Scheme 4).

[05,04(0H), ]
[Fell] DMSO

K2F604 MezSOz
[05,0,(0OH),]*

Scheme 4. Catalytic cycle for the oxidation of DMSO to Me>SO- by an Os,04 catalyst as
proposed by Rao et al., adapted from reference [103].

In another more recent study, the oxidation of DMSO was investigated by two
molybdenum complexes, molybdenum dichloride dioxide (MoO.Cl,), and cyclopentenyl
molybdenum dioxide chloride (CpMoO.Cl), two complexes known to catalyze the
epoxidation of olefins in the presence of peroxide [104]. The catalytic cycle involves an
initial associative addition by the terminal oxygen of the peroxide compound to the Mo
center, followed by an H shift from the terminal oxygen to the second oxygen of the
peroxide to release an alcohol and leave a peroxide group coordinated to the Mo center. A
nucleophilic attack by the sulfur in DMSO to one of the activated oxygen atoms of the
peroxide group coordinated to the Mo center of the catalyst follows suit and regenerates

the complex as DMSO is oxidized to Me2SO; (Scheme 5).
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Scheme 5.Catalytic cycle for the sulfoxidation promoted by CpMoO2Cl, propose by
Veiros et al., redrawn from reference [104].

With regards to the oxidation of DMSO via oxygen transfer, with O as the oxidant, there
exists a study by Sartorel et al., where a ruthenium catalyst was employed [105]. The
inspiration for the system is based on metalloenzymes found in Nature, and the system is
capable of transferign O> to DMSO turning it into MSM. The system has also been shown
to work at mild temperatures and pressures, in a homogenous solution. In conclusion, most
sulfur-oriented chemistry is focused on the conversion of the sulfur-containing compounds
that result from the HDS process (mercaptans, sulfides, disulfides, thiophenes, etc.) to H2S
at milder temperatures and pressures. To this end, a catalytic system capable of oxidizing
the sulfur-containing pollutants in petroleum with a benign and abundant natural oxidant,
such as Oz, would greatly reduce both the environmental impact, and energy costs
associated with current methods, which require exorbitant amounts of heat. Further
oxidation of H,S in the Claus process to elemental S would likewise benefit from a greener

catalytic system that employs O». As for the oxidation of DMSO to Me>SO,, far less
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literature is available on the subject, with scarce advancements recorded in the past
decades, especially through the use of a discrete (non-polymeric) transition metal complex

that can employ atmospheric Os.

1.9.3: Detoxification of S-containing species by redox chemistry.

Besides industrial applications, the redox chemistry of the R2S/R2SO/R2SO> system is of
interest because of the toxicity of R2SO- species in contrast to the non-toxic R2S and R2SO.
SO is a pollutant that is harmful to both humans and plants, specifically due to its ability
to hydrate in water to form sulfite ions (HSO* and SOs?), which, at high concentrations
have been associated with plant death [106]. Sulfite in plants can be oxidized to sulfate by
the molybdenum cofactor enzyme, sulfite oxidase, through a two-electron reaction which
couples the oxidation of sulfite to the reduction of Oz to H2O2. To humans, SO is an eye
and skin irritant known to cause severe injury, due to the high amounts of water found in
the human body [107]. Tremendous efforts and standards are currently in place to reduce
the atmospheric concentration of SO, from anthropogenic sources, as it’s high solubility in
water, and easy conversion to sulfurous and sulfuric acid, contribute to acid rain, and the

destruction of various food crops, such as grains [108].
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Chapter 2: Copper(Il) pyrazole dimers for the oxidation of alkanes

2.1: Introduction

The Raptis research group has focused on the study of metal-pyrazolate complexes for their
electrochemical, oxygen transfer, and magnetic properties and applications. Previous work
by Dr. Guang Yang, Dr. Logesh Mathivathanan and Susana Herrera in our laboratory led
to the synthesis of a dinuclear copper(l) and copper(ll) pyrazolate species that switches
between the two oxidation states while mediating oxygen transfer. By taking advantage of
the nature of the oxo- and hydroxo-bridged copper(l1) dimers facilitation of oxygen atom
transfer to various substrates including alkanes, mercaptans, and phosphines, has been
observed, with the ultimate goal being the oxidation of methane gas. In relevant chemistry,
copper hydroxide has been overlooked as a convenient starting material; very few studies
employ this copper(ll) hydroxide, instead choosing more traditional materials, such as
copper(Il) chloride, nitrate, and sulfate or copper(l) iodide. Copper(l1) hydroxide has the
advantage of simultaneously acting as the copper source and as the base, which removes
the need for additional base to deprotonate the ligands, (and in turn leads to a greener
chemistry reaction). The choice in the transitional metal stems from the readily accessible
oxidation states of the metal, ranging from Cu® to Cu'"", as well as its ability to produce
mixed valent species. Coupled with the abundance of biological enzymes that employ the
metal, it makes for a rational choice. The formation of mixed valent species is an interesting
aspect of chemistry and while not the focus of this study, it should be kept in mind.
Peripheral substitution of the pyrazole ligand can lead to fine-tuning of the complex's

electrochemical properties and the formation of hydroxo- or oxo-bridged motifs. The
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present study focuses on the bulky substituted pyrazolate ligand, 3,5-diphenyl-1-H-
pyrazole and its derivatives, where the complexes that can be produced are wide-ranging.
Bidentate chelating ligands, such as 2,2’-bipyridine have so far been the most successful
terminal ligands in terms of stabilizing the compound and preventing the formation of
copper trimers, or larger oligomers. Copper(Il) trimers are not preferable in this study as
they tend to form stable pz-oxo/hydroxo bridges, which does not suggest applications in
catalysis. Furthermore, DFT calculations suggest that dinuclear, bent p-oxo/hydroxo
bridges play an important role in model copper-mediated oxidation/oxygenation chemistry.
Instead, the geometry of the [Cus(us-O)] moiety is planar with the oxygen being strongly
bonded in its all-Cu(ll) oxidation state, whereas O-atom transfer occurs upon oxidation to
a formally 2-Cu(I1)Cu(lll) system. As the oxidation of methane is quite cumbersome with
a bond dissociation energy of ~104 kcal moland requires a specialized high-pressure steel
chamber, the typical research procedure, which is followed in this project, is to start with
substrates containing activated C-H bonds, such as 9,10-dihydro-anthracene, with a
relatively low bond dissociation energy of ~78 kcal mol™, establish the catalytic cycle, and
advance to substrates with stronger C-H bonds, including toluene, cyclohexane, 2,2,4-
trimethylpentane, methylcyclohexane, 3-methylhexane, and finally the natural gases,
propane, ethane, methane. The bond dissociation energies are around 87, 100, 103, 105,
and 101 kcal mol* respectively, and ~99 and ~101 kcal mol™* for propane and ethane. Of
the above substrates, only toluene and cyclohexane have been investigated with respect to

their catalytic oxidation/oxygenation in the present work.
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2.2: Experimental

2.2.1: Materials and instrumentation

Copper salts, 2,2°-bipy were obtained from commercial sources and used as received.
Pyrazole ligands were synthesized from known methods. Solvents were purified using
standard methods. All manipulations were performed open to atmosphere. *H-NMR
spectra were recorded on a 400 Bruker NMR spectrometer and were referenced, FT-IR and
UV-Vis spectra were recorded at room temperature with a Perkin EImer Spectrum 100 FT-
IR S and a Varian Cary 3000 spectrometer with quartz cuvettes, or capped quartz cuvettes
where specified. Electrochemical experiments were performed with a BAS CV 50 W
voltammetric analyzer in 0.1 M TBAPFs/MeCN using a non-aqueous Ag/AgNOs reference
electrode for which the ferricenium/ferrocene couple occurs at 0.426 V, glassy carbon
auxiliary 55 electrode, and glassy carbon working electrode. Elemental analyses were
performed at Galbraith Laboratories, Inc., Knoxville, Tennessee. The typical
characterization progression of the complexes discussed in this work follows a

standardized procedure as described by Scheme 6.

H- .
SCXRD NMR IR UV-Vis Cv EPR
Elemental Rams Magnetic
Analysis aman studies

Scheme 6. Typical characterization progression of the complexes in this study. Gold
boxes indicate work done by collaborators.
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2.2.2: Synthesis

2.2.2.1: Synthesis of pyrazole ligands, PNpzH, 4-X-3,5-Ph2-pzH

PNpzH:

4-Cl-3,5-Phy-pzH:

A 50 mL round bottom flask is placed in a bed of chilled aluminum
beads and charged with 10 mL H>SOs, followed by dropwise
addition of 5 mL HNOg, and an additional 5 mL H.SO4. 5 g (0.023
mol) 3,5-Ph,-pzH is then added to the solution and the mixture is
refluxed at 110° C for 48 h. The product is crashed out and
neutralized of acid with distilled, chilled H2O, and the precipitate
collected via vacuum filtration and dried overnight in a desiccator.
Recrystallization of the product is accomplished via slow
evaporation acetone. Crystals of the ligand are afforded within a
week, purified with Et,O, and dried under vacuum. Yield 10.75 g,
93%. Elemental analysis shows experimental/calculated values of C

43.40/44.02; H 2.31/3.11; N 19.80/18.91.

A 50 mL round bottom flask is placed in a bed of aluminum beads
and charged with 25 mL distilled H>O and brought up to 60° C.
Under stirring, 5 g (0.023 mol) 3,5-Ph,-pzH, and 8.2 g (0.046 mol)
N-chlorosuccinimide are added and refluxed for 24 h. The resulting
precipitate is collected via vacuum filtration, washed with Et,0, and
dried under vacuum. Recrystallization of the product is achieved via

slow evaporation of DCM. Crystals of the ligand are afforded within
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4-Br-3,5-Phz-pzH:

a week, purified with Et.O, and dried under vacuum. Yield: 4.62 g,

78%.

A 50 mL round bottom flask is placed in a bed of aluminum beads
and charged with 25 mL distilled H>O and brought up to 40° C.
Under stirring, 5 g (0.023 mol) 3,5-Ph2-pzH, and 4.1 g (0.023 mol)
N-bromosuccinimide are added and refluxed for 24 h. The resulting
precipitate is collected via vacuum filtration, washed with Et>0, and
dried under vacuum. Recrystallization of the product is achieved via
slow evaporation of DCM. Crystals of the ligand are afforded within
a week, purified with Et.O, and dried under vacuum. Yield: 6.0 g,

88%.

2.2.2.2: Synthesis of [Cu'>(u-PNpz)2(MeCN)2] (1)

Method A:

A 20 mL scintillation vial is charged with 37.86 mg (0.20 mmol)
Cul and 100 mg (0.20 mmol) PNpzH and dissolved, under stirring,
in 5 mL MeCN. To the solution, 40 pL (0.398 mmol) EtsN is added
dropwise, and the mixture was stirred for 24 h. The reaction mixture
was filtered through celite and glass wool to remove unreacted
material, and the filtrate set to slow evaporate. deep red crystals were
obtained within one week. Yield: 170.75 mg, 80%. Chemical

formula, C34H18Cu2N16020; molecular weight, 1097.70 g/mol.
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2.2.2.3: Synthesis of [Cu'>(u-PNpz)2(bipy)2] (2)

Method A:

A 20 mL scintillation vial is charged with 75.70 mg (0.398 mmol)
Cul, 200 mg (0.398 mmol) PNpzH, and 62.20 mg (0.398 mmol)
2,2’-bipy and dissolved, under stirring, in 5 mL MeCN. To the
solution, 80 mL (0.796 mmol) EtzN in 2 mL MeOH is added
dropwise, and the mixture was stirred for 24 h. The reaction mixture
was filtered through celite and glass wool to remove unreacted
material, and the filtrate set to slow evaporate. deep red crystals were
obtained within one week. Yield: 332.40 mg, 60%. Chemical
formula, Cs;H3sCuzN18022; molecular weight, 1392.04 g/mol.
Elemental analysis (CsoH2sCu2N18O20 with 6 H20 in lattice;
CsoH10Cu2N18026), shows experimental/calculated values of C

42.71/42.78; H 2.26/2.76; N 17.82/17.27.

2.2.2.4: Synthesis of [Cu''2(u-DMSO2)(u-PNpz)2(bipy):] (3)

Method A:

Method B:

Red crystals of complex 2 were dissolved in 5 mL DMSO and the
initially red solution slowly turned to a dark green over the course

of 48 h.

A 20 mL scintillation vial is charged with 9.6 mg (0.10 mmol)
Cu(OH)2, 50 mg (0.120 mmol) PNpzH, 15.6 mg (0.10 mmol) 2,2’-
bipy and dissolved, under stirring, in 5 mL MeOH. To the solution,
50 puL of DMSO is added dropwise, and the mixture was stirred for

24 h. The reaction mixture was filtered through celite and glass wool
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to remove unreacted material, and the filtrate is set to slow diffuse
in an Et,O chamber. deep green crystals were obtained within two
weeks.  Yield: 3555 mg, 25%. Chemical formula,
Cs2H34Cu2N18022S; molecular weight, 1422.11 g/mol. Elemental
analysis  (Cs2H34Cu2N18022S), shows experimental/calculated

values of C 44.89/43.92; H 2.34/2.41; N 18.00/17.73.

2.2.2.5: Synthesis of [Cuz(u-PNpz)3(C7H502)2] (4)

Method A:

A 20 mL scintillation vial is charged with 139.204 (0.10 mmol)
Complex 2, 50 mg (0.10 mmol) PNpzH, 30.58 mg (0.10 mmol)
Cu(PhCO:,)2, and 10 uL (0.10 mmol) EtsN, under stirring, in 5 mL
MeCN. The mixture was stirred for 24 h and filtered through celite
and glass wool to remove unreacted material, and the filtrate is
placed in a 50 mL round bottom flask where the MeCN solvent is
removed via rotary evaporation. The green powder is dissolved in
DCM, and set to crystallize via layering of toluene/DCM. Turquoise
flower crystals suitable for SCXRD were obtained within weeks.
Yield: 425 mg, 25%. Chemical formula, CsgH2sCuzN2103s;
molecular weight, 1702.06 g/mol. Elemental analysis was not

conducted on this sample.

2.2.2.6: Synthesis of [Cu"'2(n-4-Br-3,5-Phy-pz)2(4-Br-Pho-pz)2(bipy)] (5)

Method A:

A 20 mL scintillation vial is charged with 65.48 mg (0.67 mmol)

Cu(OH)2, 200 mg (0.67 mmol) 4-Br-3,5-Phz-pzH, and 104.5 mg
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(0.67 mmol) 2.2°-bipy, under stirring, in 5 mL MeCN. The mixture
was stirred for 24 h at rt, where it goes from a light blue color to a
light green color and is filtered through celite and glass wool to
remove unreacted material, and the filtrate is set to crystallize by
slow diffusion in an Et.O chamber. Translucent green crystals are
obtained within a week. Yield: 17.80 mg, 30%. Chemical formula,
CsoHs6BraCuzNi2; molecular weight, 1632.12 g/mol. Elemental
analysis (CeoHssBraCu2N12), shows experimental/calculated values

of C 58.16/58.87; H 4.03/3.46; N 9.40/10.30.

2.2.2.7: Synthesis of [Cu'',(n-OH)(pn-4-Cl-3,5-Ph,-pz)2(bipy)2]1 (6)

Method A:

A 20 mL scintillation vial is charged with 73.80 mg (0.38 mmol)
Cul, 100 mg (0.38 mmol) 4-Cl-3,5-Ph2-pzH, and 60.0 mg 2.2’-bipy,
and dissolved under stirring, in 5 mL MeCN/DCM. 38 uL (0.38
mmol) EtsN is slowly pipetted, and the mixture was stirred for 24 h
at rt, where it goes from a light blue color to a light green color and
is filtered through celite and glass wool to remove unreacted
material, and the filtrate is set to crystallize by slow diffusion in an
Et:O chamber. Light green crystals are obtained within a week.
Yield: 240 mg, 60%. Chemical formula, CsoHs7Cl2Cu2lNgO;
molecular  weight, 1090.78 g/mol. Elemental analysis
(Cs0H37CI2Cu2INgO), shows experimental/calculated values of C

53.89/55.06; H 3.40/3.42; N 9.57/10.37.
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2.2.2.8: Synthesis: [Cu"z(n-OMe)(pn-4-Cl-3,5-Ph,-pz)2(bipy).].(4-Cl-3,5-Ph,-

pz)(MeOH) (7)

Method A:

A 20 mL scintillation vial is charged with 37.80 mg (0.38mmol)
Cu(OH)z, 100 mg (0.38mmol) 4-CI-3,5-Ph,-pzH, and 60.0 mg
(0.38mmol) 2.2’-bipy, and dissolved under stirring, in 5 mL
DCM/MeOH. The mixture was stirred for 24 h at rt, where it goes
from a cloudy blue color to an intense green color, and finally settles
as a deep green color. The mixture is filtered through celite and glass
wool to remove unreacted material, and the filtrate is set to
crystallize by slow diffusion in an Et.O chamber. Light green
crystals are obtained within a week. Yield: 217.27 mg, 50%.
Chemical formula, Cs7Hs3Cl3Cu2N1002; molecular weight, 1143.56

g/mol. Elemental analysis was not submitted for this samples.

2.2.2.9: Synthesis: [Cu'"'2(n-OMe)(p-I)(p-4-Cl-3,5-Ph,-pz) (bipy)2]ls (8)

Method A:

A 20 mL scintillation vial is charged with 144.70 mg (0.76 mmol)
Cul, 100 mg (0.38 mmol) 4-Cl-3,5-Ph,-pzH, and 60.0 mg (0.38
mmol) 2.2°-bipy, and dissolved under stirring, in 5 mL
DCM/MeOH. The mixture was stirred for 24 h at rt, where it goes
from a deep red color to an intense deep green color. The mixture is
filtered through celite and glass wool to remove unreacted material,
and the filtrate is set to crystallize by slow diffusion in an Et,O
chamber. Green crystals are obtained within a week. Yield: 117.0

mg, 25%. Chemical formula, C3sH29CICu214NsO; molecular weight,
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1231.82 g/mol. Elemental analysis was not submitted for this

samples.

2.2.2.10: Synthesis of [Cu''2(n-OH)(u-PNpz)2(bipy)2](PNpz) (9)

Method A.

Method B:

Red crystals of complex 2 were dissolved in 5 mL MeCN and
layered over H2O for recrystallization, the dark red solution changes
to a light green color, and green crystals were collected for SXCRD

within a week.

A 20 mL scintillation vial is charged with 25.60 mg (0.262 mmol)
Cu(OH)2, 200 mg (0.398 mmol) PNpzH, and 40.0 mg (0.262 mmol)
2,2’-bipy and dissolved, under stirring, in 5 mL MeCN. The mixture
was stirred for 24 h at rt and filtered through celite and glass wool
to remove unreacted material, and the filtrate is set to crystallize by
layering of MeCN/H.O. Deep green, X-ray quality crystals were
obtained within a week. Yield: 230 mg, 50%. Chemical formula,
CesH35Cu2N25031; molecular weight, 1789.23 g/mol. Elemental
analysis (CesH3sCu2N25031), shows experimental/calculated values
of C 43.47/43.63; H 1.89/1.97; N 19.20/19.57. A second monomeric
complex crystallizes alongside the desired product and are removed

by washing with MeOH (vide infra).

2.2.2.11: Synthesis of [Cu"(OH2)(PNpz)2(bipy)].H20 (10)

Method A:

A 20 mL scintillation vial is charged with 4.8 mg (0.05 mmol)

Cu(OH)2, 50 mg (0.10 mmol) PNpzH, and 7.8 mg (0.05 mmol) 2,2’-
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bipy, under stirring, in 5 mL MeCN. The mixture was stirred for 24
h at rt and filtered through celite and glass wool to remove unreacted
material, and the filtrate is set to crystallize by layering of
MeCN/H-0O. The resulting deep blue crystals are dissolved in MeOH
and recrystallized via slow evaporation. Yield: 17.80 mg, 30%.
Chemical formula, Cs2H27CuN17022; molecular weight, 1185.34
g/mol.  Elemental  analysis  (Cs2H27CuN17022),  shows
experimental/calculated values of C 42.62/42.56; H 2.28/2.30; N

20.44/20/009.

2.2.3 Crystal structure

2.2.3.1 Crystal structure solution and refinement

X-ray diffraction data were obtained from single crystals mounted atop a glass fiber or on
a Mitegen® Cryoloop® with Paratone® oil. Data were collected using Bruker D8 Quest
diffractometer with Bruker PHOTON Il CMOS-based detector with graphite-
monochromated Mo-Ka radiation (., =0.71073 A). Frames were integrated with the Bruker
APEX Il software package using a narrow-frame algorithm. Absorption effects were
corrected using the multi-scan method (SADABS). Structures were solved by intrinsic or
direct methods with ShelXT or SHELXS and refined with ShelXL using full-matrix least-
squares minimization on the Olex2 program [109]. All non-hydrogen atoms were refined
anisotropically, Hydrogen atoms positions were calculated using the riding model.

Disordered interstitial solvents, where present, were treated with PLATON SQUEEZE.
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2.2.3.2 Crystal structure data tables

Table 5. Structure refinement parameters for complexes 1-3.

Identification code 1 2 3

Empirical formula C34H18CU2N16020 | Cs51H44CU2N18021 | Cs2H34CU2N18022S

Formula weight 1097.72 1372.12 1422.11

Temperature/K 299(2) 300(2) 273.15

Crystal system monoclinic orthorhombic monoclinic

Space group P2i/c Pccn C2/c

alA 14.4825(8) 18.636(3) 31.940(4)

b/A 9.9168(5) 21.175(3) 20.535(2)

c/A 14.6200(8) 15.376(2) 18.924(2)

a/° 90.00 90.00 90

B/° 97.482(2) 90.00 98.161(2)

y/° 90.00 90.00 90

Volume/A® 2081.85(19) 6067.5(15) 12286(3)

Z 2 4 8

peaicg/cm® 1.751 1.502 1.538

w/mm™ 1.126 0.792 0.819

F(000) 1104.0 2808.0 5776.0

H 3

Crystal size/mm 8%2 x 0.06 x 0.16 x 0.13 x 0.1 83% x 0.224 x

Radiation MoKa (A = MoKa (A= MoKa (A=
0.71073) 0.71073) 0.71073)

20 range for data 5.9 t0 52.92 5.741053.04 | 4.731050.34

collection/

Index ranges -18<h<18,-12 | -23<h<23,-26 | -38<h<37,-24
<k<12,-18<1 | <k<26,-19<1 |<k<24,-22<1<
<18 <19 22

Reflections collected 59318 71062 55069

Independent reflections 4280 [Rint = 6263 [Rint = 10929 [Rint =
00938, Rsigma = 01673, Rsigma = 00810, Rsigma =
0.0449] 0.0810] 0.0667]

Data/restraints/parameters | 4280/60/326 6263/2/424 10929/9/857

Goodness-of-fit on F? 1.070 1.032 1.463

Final R indexes [[>=2c R1 = 0.0575, Ry = 0.0745, R1 = 0.1563, WwR>

(0] WR2 = 0.1472 WR> = 0.2179 = 0.3894

Final R indexes [all data] | R: = 0.1027, R1 =0.1520, R1 =0.2443, wR;
WR2 = 0.1716 WR> = 0.2596 =0.4848

Roggestdift. peaidhole /e | o 731.0.47 1.09/-0.40 3.27/-0.87
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Table 6. Structure refinement parameters for complexes 4-6.

Identification code 4 5 6
Empirical formula Cs9H30CU2N21034 | CgoHs6BraCuzNi2 | CsoH3z7ClCuzli sNgO
Formula weight 1704.12 1632.08 1154.20
Temperature/K 273.15 296.69 273.15
Crystal system monoclinic monoclinic monoclinic
Space group C2/c P21/n C2/c

alA 27.193(6) 14.9399(7) 24.554(5)
b/A 15.520(3) 15.9163(8) 33.841(8)
c/A 20.888(5) 17.2745(9) 14.128(3)
a/° 90 90 90

B/° 107.684(5) 105.1970(10) 101.516(6)
y/° 90 90 90
Volume/A® 8399(3) 3964.0(3) 11503(4)
Z 4 2 8
peaicg/cm® 1.348 1.367 1.333
w/mm™ 0.599 2.601 1.676
F(000) 3444.0 1636.0 4580.0

Crystal size/mm?®

0.151 x 0.142 x
0.051

0.309 x 0.219 x
0.096

0.363 x 0.35 x 0.319

Radiation MoKa (A = MoKa (A =
o.7107§) o.7107§) MoKa (A =0.71073)
20 range for data 4.712t049.48 | 5.8481052.862 | 4.814 to50.186
collection/
Index ranges -31<h<31,-18 | -18<h <18, -19
<k=<17,24<1 |<k=<19,21<1 | 25 =h=28A0=k
<24 <21 =T TP =1=
Reflections collected 28101 77129 51074
Independent reflections 7105 [Rint = 8148 [Rint = 10183 [Rint =
00918, Rsigma = 00369, Rsigma = 00626, Rsigma =
0.0920] 0.0210] 0.0600]
Data/restraints/parameters | 7105/0/512 8148/0/442 10183/0/582
Goodness-of-fit on F? 1.086 1.020 1.332
Final R indexes [[>=2c R1=0.1251, R1 =0.0373, R1=0.1201, wRz =
0) WR; = 0.3340 WR;=0.0878 | 0.3373
Final R indexes [all data] | R1 = 0.2281, R1 =0.0533, R1=0.1679, wR; =
WR> = 0.4292 WR> = 0.0982 0.3872
Roggestdift. peaidhole /e | 1 591.0.69 0.86/-0.60 2.08/-2.17
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Table 7. Structure refinement parameters for complexes 7-8.

Identification code 7 8

Empirical formula Cs7Hs53Cl3Cu2N100; Ci18H145Clo5sCul2N3Oos5
Formula weight 1263.62 615.89
Temperature/K 273.15 273.15

Crystal system triclinic orthorhombic

Space group P-1 Pnma

alA 14.3459(3) 8.6711(11)

b/A 15.1833(3) 16.528(2)

c/A 16.3588(4) 27.587(3)

a/° 116.9220(10) 90

B/° 94.0350(10) 90

y/° 107.9520(10) 90

Volume/A® 2928.37(11) 3953.6(8)

Z 2 8

peaicg/cm® 1.433 2.069

p/mm?t 0.919 4.304

F(000) 1300.0 2328.0

Crystal size/mm?® 0.459 x 0.083 x 0.057 0.185 x 0.169 x 0.059
Radiation MoKa (A =0.71073) MoKa (A =0.71073)
20 range fi)r data 5.006 to 50.06 4.924 10 52.696
collection/

Index ranges

-17<h<17,-18<k <18, -
19<1<19

-10<h <10, -20 <k <20, -
34<1<34

Reflections collected 58691 46872

Independent reflections 10323 [Rint = 0.0293, Rsigma | 4172 [Rint = 0.0347, Rsigma =
= 0.0220] 0.0153]

g)ata/restralnts/parameter 10323/0/759 4172/0/239

Goodness-of-fit on F? 1.070 1.153

Final R indexes [[>=2c

(]

R1=0.0367, wR2 = 0.0828

R1=0.0376, wR2 = 0.0824

Final R indexes [all data]

R1 =0.0448, wR, = 0.0861

R1 = 0.0488, wR2 = 0.0926

Largest diff. peak/hole /
e A

0.35/-0.41

1.31/-1.06
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Table 8. Structure refinement parameters for complexes 9-10.

collection/°

Identification code 9 10
Empirical formula CesH37Cu2N25032 C42H27CuN1702,
Formula weight 1807.27 1185.34
Temperature/K 273.15 233.15
Crystal system triclinic triclinic
Space group P-1 P-1
alA 16.480(6) 12.6690(4)
b/A 16.668(6) 14.1098(5)
c/A 22.481(8) 14.6712(4)
a/° 76.090(9) 94.424(3)
B/° 74.621(9) 91.343(2)
y/° 69.582(9) 105.558(3)
Volume/A® 5505(3) 2516.30(14)
Z 2 2
pcalcglcm3 1.090 1.564
p/mm?t 0.460 0.535
F(000) 1832.0 1206.0
Crystal size/mm?® 0.552 x 0.332 x X9 %
0.252 L
Radiation MoKa (A = MoKa (A=
0.71073) 0.71073)
20 range for data 5.64 t0 53.078 4.252 10 61.284

Index ranges

-20<h<20,-20<

-17<h<18,-20<

k<20, 28<1<28 | 5=2020=1=
Reflections collected 125088 45807
Independent reflections 22602 [Rint = 14590 [Rint =

00576, Rsigma = 00656, Rsigma =

0.0614] 0.0971]
Data/restraints/parameters | 22602/90/1124 14590/4/749
Goodness-of-fit on F? 1.042 0.999

Final R indexes [[>=2c

(0]

R1=0.0534, wR; =
0.1427

R1 =0.0806, wR:
=0.2153

Final R indexes [all data]

Ri1=0.1016, wR: =
0.1611

R1=0.1535, wR:
= 0.2501

Largest diff. peak/hole / e
A3

0.38/-0.34

1.38/-0.63
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2.3 Results and discussion

The study conducted has shown the ability of bulky substituted pyrazoles to stabilize a
variety of copper dimers with different bridging motifs, p-O, p-OH, p-OMe, etc., and
oxidation states, Cu' and Cu". The plasticity of copper is evident by the large number of
complexes that can be produced by simply varying the copper source and the solvent

system, a characteristic that is highly desirable in catalytic oxidations.

2.3.1 Structural characterization

2.3.1.1 Pyrazole ligands

While pyrazole ligands tend to coordinate in monodentate fashion, once deprotonated by
a base (OH, EtsN in the present study), they typically bind in bidentate mode. This strategy
allows the expansion of the nuclearity of the complexes it binds to form dinuclear,
trinuclear, etc. For the scope of this project, dimers are of interest due to their ability to
form oxygen bridges with bent geometry. Further substitution via electron
withdrawing/donating substituents on the pyrazole ligands enables the fine-tuning of the
redox and spectroscopic properties of the products. The choice of bulky peripheral ligands
in the complexes stems from their ability to prevent the formation of trimers due to steric
hindrance and push the formation of dimers (Figure 20). Pyrazolato compounds of Cu(l)
are mostly trinuclear, where Cu ions have a linear coordination geometry and the
pyrazolato ligands are (approximately) coplanar [110]. In this work, however, the presence
of bulky dinitrophenyl substituents at the 3 and 5-positions sterically prevents the
formation of triangular Cu-pyrazolato rings. This is however, not the first time it has been

observed, dinculear compounds have been reported containing chelating groups at the 3-
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and 5- positions [111]. In the present case, such chelating ligands are absent. 2,2’-bipy was

used instead as an auxiliary ligand.

NO,

I\ H“L N\_x X=Cl, Br

NO,

Figure 20. Bulky ligands of interest: 2,2’-bipy, PNpzH and 4-X-3,5-Ph,-pzH.

The versatility of pyrazole ligands allows the fine tuning of the electronic properties of the
complexes synthesized, to this end the substitution of more/less electronic withdrawing
groups and the effects on the structural and electronic properties of the complexes can be
mapped out. 3,5-Bis(2,4- dinitrophenyl)-4-nitro-1-H-pyrazole.acetonemonosolvate,
C15H7N7010.C3HsO, PNpzH-O=C(CHj3), was prepared by a reported procedure [112]. The
halogenation of 3,5-diphenyl-pyrazole to produce 4-X-3,5-Ph,-pyrazole, 4-X-pzH (X=ClI,
Br), was investigated and a variety of copper(ll) containing dinuclear complexes were
produced and characterized. The ligand 4-chloro-3,5-Ph,-pyrazole (4-CI-3,5-Phz-pzH) and
4-Br-3,5-Phz-pyrazole (4-Br-3,5-Ph,-pzH) were prepared using a known synthesis by Zhao
et al., using 3,5-diphenyl-pyrazole and water [113]. Product yields were over 90%; this
made the synthesis of chloro- and bromo- halogenated pyrazoles viable, as well as the
PNpzH ligand (Scheme 7). Motifs ranging from p-OH, p-O, u-OMe, and p-(02SMez) were

obtained and studied. Figure A. 1 shows the FTIR spectrum of the PNpzH ligand.
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1
Conc. HNO;

3,5-diphenyl-1H-pyrazole » 3,5-Bis(2,4-dinitrophenyl)-4-nitro-1-H-pyrazole
Conc. H,SOy4
PNpzH Yield: 95%
110°C, 2 d
NO, O,N
NO,
O,N NO,
HN——N
(2) . . .
_ N-X-succinimide ‘
3,5-diphenyl-1H-pyrazole » 4-X-3,5-diphenyl-1-H-pyrazole
H,0 |
4-X-3,5-Ph,-pzH Yield: 80%
60°C, 1d X=Cl, Br
X
HN——N

Scheme 7. Reaction conditions for the synthesis of (1) PNpzH and (2) 4-X-3,5-Ph,-pzH.
Synthetic procedures adapted from references [112] and [113].

2.3.1.2: Copper(l) dimers: Complexes 1, 2.

Complex 1 can be synthesized from the bulky pyrazole, PNpzH, which prevents the
formation of higher nucleararity structures, however, unlike complex 2, without the
addition of an auxiliary neutral ligand, the complex is capped by solvent molecules which
are easily displaced with incoming ligands, such as in the case of complex 2. 1, while
unremarkable on its own, can be used as a starting material to produce the more valuable
complex 2, which can undergo oxidation to various Cu" species. Scheme 8 shows the

synthetic procedure for complex 1 and Figure 21 the line drawing. Scheme 9 shows the
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synthetic procedure for complex 2, Figure 43 the red crystals of 2 under the microscope,

and Figure 22 shows the line drawing of the complex.

MeCN I
Cul + PNpzH + 2 ExN ——— 3 [Cu',(u-PNpz),(MeCN), ]
24 h

Scheme 8. Reaction conditions for the synthesis of complex 1.

NO,

NO,

O,N

Figure 21. Line drawing of complex 1.
MeCN
Cul + PNpzH + 2,2-bipy + 2 Et3N(MeOH)T> [Cul,(u-PNpz),(bipy),]

Scheme 9. Reaction conditions for the synthesis of complex 2.
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NO,

O,N

Figure 22. Line drawing of complex 2.

!H-NMR performed on complex 2 shows overlapping PNpz- and bipy peaks in the aromatic
region (Figure 23). No broad N-H, O-H, peaks were detected, nor paramagnetically shifted
peaks. Figure 24 shows the FTIR spectrum of complex 2. Figure 28 shows the UV-Vis

spectrum of complex 2.
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Figure 23. *H-NMR spectrum (400 MHz, ds-DMSO, ppm) of complex 2.

FTIR, Complex 2
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Figure 24. FTIR spectrum (4 cm™ resolution, ATR, crystalline sample) of complex 2.
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2.3.1.3: Copper(11) dimers with unique bridging ligand: Complexes 3, 4.

Reacting complex 2 with DMSO produces a species that is bridged by p2-OSMez?
(Scheme 10). Figure 25 shows the line drawing of the complex. DMSO is known to be a
coordinating ligand, however in this case, the DMSO has addressed an O (from
atmospheric O,) to form an 0,SMe,? species, while the metal centers are oxidized from
Cu'; to Cu',. The crystal structure of the 3 shows the bridging p2-02SMez to be in a seesaw
configure with a lone pair on the S-atom as opposed to a tetrahedral geometry which is
indicative of dimethyl sulfone. Oxidation of DMSO to methyl sulfonyl methane (MSM)
typically involves the use of ozone or hydroxyl radicals, however in the present case,
neither have been employed. [114] [115]. The serendipitous discovery that 2 can mediate
the transfer of O? originally alerted us to the possibility of employing this dinuclear

complex as an oxidation/oxygenation catalyst.

MeOH
Cu(OH), + PNpzH + 2,2-bipy + DMSO ————3 [Cu'',(1t,-DMSO,)(1-PNpz),(bipy), ]
24h

Scheme 10. Reaction conditions for the synthesis of 3.
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NO,

O,N

Figure 25. Line drawing of complex 3.

A literature search for p2-0O.SMe>? specifically returned no results. Extensive research has
been conducted on the catalytic oxidation of dialkyl and diaryl sulfides to their
corresponding sulfoxides, both in homogenous and heterogenous systems [116] [117].
Catalytic oxidation to their corresponding sulfones, especially with respect to their kinetic
and mechanistic studies, however, is scarce with only a few papers focusing on these
compounds [118] [119] [120]. Examples of similar bridging ligands include p2-O2SPh,
H2-O2SMez, and H2-O2SeMe. (compounds la-4a’) [121]. Table 9 compares select
parameters of selenones and sulfones complexes with the one reported in this study. The
rhodium complexes presented are polymeric, contain a neutral Me,SO> ligand, and the
sulfur atoms are in tetrahedral (T4) geometry. What makes our complex so unique is that
the bridging ligand is in fact a charged, Me>SO,* species, and the geometry around the

sulfur atom, Cay supports this assignment. Table 10 shows a comparison of the free ligand.
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Table 9. Comparison of complex 3 with selected complexes of sulfones and selenones from
the literature. Rhodium complexes are polymeric, with neutral Me,SO- bridging ligands.

Reference | Motif M-M M-O M-O-S(Se) | O-S(Se)-O | O-S(Se)-C
[121]-1a | Rha(pe- 2.3951(9) | 2.287(4), | 130.3(3), 116.6(3) 108.3(3),
02SMe») 2.307(4) | 139.9(3) 106.7(3)
[121]-2a | Rha(pe- 2.3947(9) | 2.301(4), | 127.2(2), 116.9(2) 108.0(3),
02SPhy) 2.290(4) | 163.9(3) 107.7(3)
[121]-2b | Rha(p- 2.3973(4) | 2.306(2) | 132.07(13) | 118.53(13) | 107.84(14),
02SPhy) 106.33(13)
[121]-3b | Rha(p- 2.4104(7) | 2.272(3) | 127.2(2) 112.1(2) 110.2(2),
02SMe») 104.1(2)
[121]-4a | Rhy(p- 2.4045(4) | 2.265(2) | 125.05(11) | 118.38(14) | 107.10(12),
0,SeMey) 109.98(17)
[121]-4a’ | Rha(p2- 2.3988(6) | 2.243(3), | 120.36(12), | 113.46(13) | 109.00(17),
02SPhy) 2.266(2) | 142.30(15) 107.13(16)
This Cuz(pe- 3.617(2) | 1.894(1), | 142.2(7), 114.3(7) 123.5(9),
work | O2.DMS) 1.896(9) | 138.1(7) 92.4(1)
(complex
3)

Table 10. Comparison of free Me,SO- to the coordinated Me2SO2% in this work.

Molecule Bond (A) Free Ligand Coordinated Ligand
Angle (°) (Complex 3)

M628022'
Dimethyl Sulfone S=0 1.446(3) 1.376(1), 1.445(1)
o S-C 1.765(5) 1.780(3), 1.312(1)

\\ /O 0O-S-0 117.3(2) 114.3(7)

H C/S C-S-0 108.5(1) 92.4(1), 123.5(9)
® CHs C-S-C 104.8(2) 97.3(1)
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Asno counterion was found, the species is determined to be a neutral Cu''; complex, with
a bridging (Me2S0,)? ligand. *H-NMR spectrum reveals the presence of a paramagnetic
species with broad peaks between 30-60 ppm (Figure 26). Figure 27 shows the FTIR
spectrum of the complex. Compared to the IR of complex 2, several new peaks appear
between 1000-800 cm™ denoting the (Me.SO2)* bridge. Free DMSO contains an S=0O
frequency at 1400 cm™ while free Me;SO, shows an S=O at ~1300cm™, in the Rh
compounds, this has shifted towards ~1140 cm™, and ~1100 cm™ in complex 3.The UV-
Vis spectrum of complex 3 shows a shift compared to complex 2 in the aromatic region

(Figure 28).

1.00
1.01
34

1

2.61

Figure 26. 'H-NMR spectrum (400 MHz, ds-DMSO, ppm) of complex 3.
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FTIR, Complex 3
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Figure 27. FTIR spectrum (4 cm™ resolution, ATR, crystalline sample) of complex 3.
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Figure 28. UV-Vis spectrum of complexes 2 and 3 (1 mM/MeCN, quartz cuvette).
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Next in the series is the triple pyrazole bridged complex 4, which can be made by using
complex 2 as a starting material and reacting with benzoic acid copper(ll) and excess
PNpzH (Scheme 11). Figure 29 shows the line drawing of the complex. The benzoate is
able to displace the auxiliary bipy ligands and a third bridging pyrazole is introduced into
the system, the total charge of the system remains ambiguous, as no counterion was
detected by SCXRD. The triply-bridged motif is unprecedented in Cu chemistry, except
for copper(I) MOF’s and polymers [122]. However, a firm determination of the oxidation
state of the two Cu centers cannot be made without magnetic susceptibility measurements
and/or an EPR spectrum. There are two possible interpretations based on the structural data
alone: (a) this is a mixed-valent Cu''Cu'" species, or (b) it is a Cu'"', species with an invisible

(to X-rays) H* somewhere on the ligands, possibly protonating one of the -NO2 groups.

1) MeCN

24 h
[Cu',] + PNpzH + Cu(C¢HsCO,), + EtzN W [Cuy(u-PNpz)3(0,CH5C),]

Scheme 11. Reaction conditions for the synthesis of complex 4.
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O,N

Figure 29. Line Drawing of complex 4.

2.3.1.4: Copper(11) dimers with halogenated pyrazoles: Complexes 5-8.

In order to investigate the electrochemical properties of the bridging pyrazole ligand,
several complexes were synthesized starting from the halogenated 4-X-3,5-Phz-pzH. The
first in the series is complex 5, using the brominated pyrazole, synthesis of a complex
similar to 1 and/or 2 was expected, however this was not the case. The resulting complex
was a copper(ll) dimer with a similar skeleton to complex 2, however, two non-bridging
pz ligands coordinated to the Cu centers resulting in an inert system incapable of cycling
between the Cu'' and Cu' states (Scheme 12). Figure 30 shows the line drawing of complex

5.

MeCN
Cu(OH), + 4-Br-3,5-Ph,-pzH + 2,2-bipyT> [Cu'",(1-4-Br-3,5-Phy-pz),(4-Br-3,5-Phy-pz),(bipy), ]

Scheme 12. Reaction conditions for the synthesis of complex 5.
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Figure 30. Line Drawing of Complex 5.
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Figure 31. FTIR spectrum (4 cm™ resolution, ATR, crystalline sample) of complex 5.
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As the brominated pz did not produce the intended results, the more electronegative
chlorinated analogue, 4-CI-3,5-Phz-pzH was synthesized and employed. With the hopes of
generating a catalytically active, oxo/hydroxo species, synthetic procedures of 2 were
adapted to suit the new pz (Scheme 13). The resulting complex 6 was a welcomed surprise
as it showed that synthesis of -oxo/hydroxo bridged copper(Il) dimers was indeed possible
with halogenated bulky pyrazoles. Complex 6 is structurally similar to the catalytically
active species, complex 9, however, some key differences lead to a stable, catalytically
inert species. Assignment of the O-atom bridge is likely a hydroxo-bridge based on
catalytic inertness, bond angle, and lack of secondary sphere interactions. Figure 32 shows

the line drawing of the cationic portion of complex 6.

MeCN/DCM
Cul + 4-CI-3,5-Phy-pzH + 2,2-bipy + Et;N T’ [Cu'(u-OH)(p1-4-C1-3,5-Phy-pz),(bipy), ]I

Scheme 13. Reaction conditions for the synthesis of complex 6.

Figure 32. Line drawing of complex 6, showing the cation portion.
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Complex 6, while important for establishing the importance of the secondary sphere
effects, and their likely link towards catalytic oxidation, was itself inert, and as such the
reaction conditions were modified in hopes of producing an active species. As in the case
of the previous structure, an I counterion is present which is unable to mediate reactivity
of the hydroxo bridging ligand, thus by employing a different starting material, that would
avoid a halogen counterion altogether, it was our hope to produce a structural analogue of
the Cu'2/Cu''; couple. By swapping out Cul for Cu(OH),, and changing the solvent system,
complex 7 was afforded (Scheme 14). Complex 7, is again a structural analogue of
complexes 6 and 9, with the difference being that it is methoxy bridged. Complex 7
contains a total charge of +1 on the cationic proportion, with the -1 charge being supplied
by an interstitial [pz/MeOH]" couple. At this time no methoxy-transfer chemistry has been
shown by complex 7, however it should not be ruled out without further studies. Figure 33
Shows the line drawing for complex 7. Figure 34 shows the FTIR of 7, which has been
supportive in location of the Cu-O bond frequencies of more important Cu-oxo and Cu-

hydroxo species.

DCM/MeOH
Cu(OH), + 4-C1-3,5-Ph,-pzH + 2,2-bipy ? [Cul,(1-OMe)(11-4-Cl-3,5-Ph,-pz),(bipy),]”

Scheme 14. Reaction conditions for the synthesis of complex 7.

65



Figure 33. Line drawing of the cation portion of complex 7.

FTIR. Complex 7

12
10
8
g
a
1313 e
2
1128 1K E
=
478 z
<
=
a8 4
1444
3566 2
764
700
0
3900 3400 2900 2400 1900 1400 900 400

‘Wavenumber (cmt)

Figure 34. FTIR spectrum (4 cm™ resolution, ATR, crystalline sample) of complex 7.
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Complex 8 is the last in the halogenated series, which highlights the flexibility and
plasticity of copper complexes, as simplifying changing the order of the reagents, the
solvent system, and/or the crystallization method, a host of new complexes are achievable.
Scheme 15 shows the synthetic procedure employed, where MeOH is used to produce a
methoxy bridged complex, however, unlike the previous one, only pz is bridging in this
case, the other replaced by a p-1 (Figure 35). Complex 8, has not shown any catalytic
activity thus far, but it is useful in establishing the importance of secondary sphere

interactions (absent in this case) and the malleability of copper(ll) dimers.

DCM/MeOH
2 Cul + 4-C1-3,5-Ph,-pzH +2 (2,2-bipy) + Et;N T} [Cu'ly(u-OMe)(u-T)(u-4-Cl-3,5-Phy-pz)(bipy), ]1;

Scheme 15. Reaction conditions for the synthesis of complex 8.

Figure 35. Line Drawing of complex 8; I3 counterion has been omitted.
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2.3.1.5: Copper(11) dimers with catalytic properties: Complexes 9-10*.

The most important complex in this series is complex 9, with its unique secondary sphere
interactions with a PNpz~ molecule. Complex 9 can be synthezied by using crystals of
complex 2, or in a one pot synthesis using Cu(OH). (Scheme 16). Figure 36 shows the line
drawing of the cationic portion of the complex. The complex’s coordination environment
mimics that of biological metalloproteins whose chemistry is affected by interactions with
species in their secondary coordination sphere. The complex features a bridging O-atom,
with hydrogen bonding to a PNpz- molecule which imparts partial stability onto the
complex. Crystallographically ambiguous, the more favorable assignment is p-
OH...PNpz, rather than p-O...HPNpz, based on structural comparison with similar
complexes whose molecular formula is unambiguously determined by crystallography (A
summary of the motifs synthesized, and their properties is shown in Table 11. By
comparing the parameters of motifs in this work, to those of similar complexes in the
literature, a plot summarizing Cu-Cu distances vs Cu-O-Cu angles can be used to represent
the correlation between these parameters and the assignment of oxo vs. hydroxo species
(Figure 57). What makes the catalytically active complex 9 unique is that it falls
somewhere in-between an oxo/hydroxo species, where the resting state is more closely
related to a hydroxo complex with a SSI to the anion, and when deprotonated, it results in
a reactive, bent-oxo species. Scheme 18-Scheme 20 shows the summary of complexes

synthesized in this work.

Table 11). The latter form, involving a bent Cu-O-Cu, is expected to be unstable and

reactive. Examples of reactive copper(ll) oxo complexes are not uncommon, however they
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typically require a supporting zeolite, high temperatures/pressures, or coreductants. The
critical role of the secondary sphere interactions is highlighted by the fact that the similar
complex 6, differing only in the peripheral substitution of the bridging pyrazolato ligands,

does not show any of the catalytic activity of 9 (vide infra, Chapter 3).

MeCN

2Cu(OH), + 3PNpzH + 2(2,2-bipy) T> [Cu'"(u-OH)(u-PNpz),(bipy),]PNpz

Scheme 16. Reaction conditions for the synthesis of 9.

NO, ®

O,N

Figure 36. Line Drawing of the complex cation of 9.

Figure 37 shows the FTIR spectrum of complex 9. In order to further investigate the
bridging ligand of 9, labeled O was employed. The complex was synthesized using
method A and substituting EtsN for NaO®H. The peak at 472 cm™ was shifted and

broadened to 464 cm™, as expected of the isotopic shift of O vs O (Figure 38). Typical
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Vcu-o expected for oxo-bridged species range from 400 to 700 cm™, and 700 to 950 cm™
for hydroxo-bridged species. The h-bonded nature of 9 likely accounts for the shift towards
higher energy as compared to both oxo and hydroxo species. Figure 39 shows the UV-Vis

spectrum of complex 9.
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Figure 37. FTIR spectrum (4 cm™ resolution, Csl pellet) of complex 9.
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Figure 38. FTIR spectrum (4 cm™ resolution, Csl pellet) of O labeled experiment.
Complex 9 (dark yellow) vs 9-O® (dark blue).
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Figure 39. UV-Vis of complex 9 (1 mM in MeCN, quartz cuvette). Inset showing UV
region (~10 mM in MeCN).
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A secondary monomeric complex, 10, co-crystallizes in the form of deep blue, rigid plate-
like crystals, alongside the crystals of complex 9. The blue crystals are typically removed
as an undesired product by washing with methanol, in which they are highly soluble. Once
dissolved in methanol, the deep blue crystals produce a dark green solution, however the
green plate crystals of 9 are insoluble in methanol. Scheme 17 shows the optimized
synthesis of the complex, Figure 40 shows the line drawing of the complex. Complex 10
i1s a monomeric copper(Il) center, with one chelating bipy, two monodentate PNpz’s, and
one coordinated H20. A hydrogen bonded water molecule exists in the lattice much like in
that of complex 9. So far it has not been shown possible to form complex 9 from 10, nor

has any catalytic activity been detected thus far.

) MeCN I .
Cu(OH), + 2PNpzH + (2,2-bipy) h4> [Cu"(OH,)(PNpz),(bipy)].H,O
3

Scheme 17. Reaction conditions for the synthesis of complex 10.

NO,

O,N

NO,

O,N

Figure 40. Line Drawing of complex 10.
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2.3.2 Crystal structural descriptions

2.3.2.1: Copper(l) dimers: Complexes 1, 2.

Complex 1 crystallizes in the monoclinic P21/c space group with half the molecule in the
asymmetric unit. The Cu(l) centers sit 3.372(1) A apart, coordinated acetonitrile groups are
at Cu-N distances of 1.933(4)/1.933(4) A for Culand Cu2. Cu—N distances of bridging
pyrazolato ligands are: 1.971(3) & 1.999(1) A for Cul; 1.999(1) & 1.971(3) A for Cu2.

Figure 41 shows the crystal structure of the complex.

@ @

Figure 41. Ball and stick representation of complex 1. H-atoms omitted for clarity.

Complex 2 crystallizes in the orthorhombic Pccn space group with half the molecule in the
asymmetric unit. The Cu(l) centers sit 3.409(1) A apart. 2,2’-bipy N-atoms are closer to
the Cu centers, at 2.098(5) and 2.036(4) for Cul and 2.098(5) and 2.036(4) A for Cu2.
Cu—N distances of bridging pyrazolato ligands are: 1.963(4) & 1.975(4) A for Cul;
1.963(4) & 1.975(4) A for Cu2. Figure 42 shows the crystal structure of the two complexes.

Figure 43 shows the crystals under a microscope.
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Figure 43. Red crystals of complex 2 under a microscope.

2.3.2.2: Copper(11) dimers with unique bridging ligand: Complexes 3, 4.

Complex 3 crystallizes in the monoclinic C2/c space group with a full molecule in the
asymmetric unit. The Cu(ll) centers are 3.617(2) A apart. Bipy N-atoms are 2.043(9) and
1.986(1) A for Cul and 2.028(1) and 2.012(1) A for Cu2. Cu—N distances of bridging
pyrazolato ligands are: 2.095(9), 2.074(9) A for Cul and 2.064(9), 2.136(1) A for Cu2. The

Bridging oxygens distances are 1.896(9) A for Cul—O1 and for 1.894(1) A Cu2—02.
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Figure 44 shows the crystal structure. Figure 45 shows the crystals of complex 3 under a

microscope.

Figure 44. Ball and stick representation of complex 3 (left); The 2,4-dinitrophenyl groups
of the bridging PNpz" ligans have been omitted for clarity. Bipy rings and phenyl groups
have been omitted to highlight the bridging (DMSO,)? ligand (right).

Figure 45. Crystals of complex 3 under a microscope.

Complex 4 crystallizes in the monoclinic C2/c space group with half the molecule in the
asymmetric unit. The Cu centers are 3.298(1) A apart. Benzoate O-atoms are 2.090(4) and
19.69(5) A for Cul and 2.090(4) and 1.969(5) A for Cu2. Cu—N distances of bridging

pyrazolato ligands are: 1.963(5), 2.129(4), 2.012(5) A for Cul and 1.963(5), 2.012(5),
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2.129(4) A for Cu2. Figure 46 shows the crystal structure. Figure 47 shows the crystals

under a microscope.

Figure 46. Ball and stick representation of complex 4. The 2,4-dinitrophenyl groups on
the bridging PNpz “ligands have been omitted for clarity (left). Close up of the triple
bridged-nature of the complex, resembling a propeller (right).

Figure 47. Turquoise flower crystals of complex 4.

2.3.2.3: Copper(11) dimers with halogenated pyrazoles: Complexes 5-8.
Complex 5 crystallizes in the monoclinic P21/n space group with half the molecule in the

asymmetric unit. The Cu(II) centers sit 3.860(6) A apart. 2,2’-bipy N-atoms are closer to
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the Cu centers, at 2.024(2) and 2.095(2) for Cul and 2.095(2) and 2024(2) A for Cu2. Cu—
N distances of bridging pyrazolato ligands are: 2.221(2) & 2.017(1) A for Cul; 2.017(1) A
& 2.221(2) A for Cu2. The Cu—N distances of the auxiliary pyrazoles are: 1.986(2) A for

Cul; 1.986(2) A for Cu2. Figure 48 shows the crystal structure.

Figure 48. Ball and stick representation of complex 5; H-atoms and the phenyl rings on
the 4-Br-3,5-Ph2-pz ligands have been omitted for clarity.

Complex 6 crystallizes in the monoclinic C2/c space group with the whole molecule in the
asymmetric unit. The Cu(II) centers sit 2.978(3) A apart. 2,2’-bipy N-atoms are closer to
the Cu centers, at 2.057(6) and 2.000(7) for Cul and 2.050(9) and 1.979(8) A for Cu2.
Cu—N distances of bridging pyrazolato ligands are: 2.070(7) & 2.076(7) A for Cul;
2.075(8) A & 2.067(7) A for Cu2. The Cu—O distances are: 1.917(7) and 1.943(8) A. The
Cu-O-Cu bond angle is 101.0(4)°. Figure 49 shows the crystal structure for the complex.

There is an I” counterion. Figure 50 shows the crystals under a microscope.
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Figure 49. Ball and stick representation of complex 6; H-atoms omitted for clarity.

Figure 50. Light green crystals of complex 6.

The crystals of complex 7 are long green needles in shape and tend to crystallize as clusters
in the triclinic P-1 space group with the whole molecule in the asymmetric unit. The Cu
centers are in an N4O trigonal bipyramidal arrangement with N2O making the trigonal

plane. The Cu(lI) centers sit 2.978(4) A apart. 2,2°-bipy N-atoms are closer to the Cu
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centers, at 2.093(2) and 1.989(1) for Cul and 2.112(2) and 1.978(1) A for Cu2. Cu—N
distances of bridging pyrazolato ligands are: 2.069(1) & 2.065(1) A for Cul; 2.079(2) A &
2.079(1) A for Cu2. The Cu—O distances are: 1.950(1) and 1.944(1) A. The p-OMe sits
1.255(1) A from the Cu—Cu bond. The Cu-O-Cu bond angle is 99.72(7)°. There is also a
hydrogen bond between the pyrazolate and a methanol solvent with a distance of 2.764(3)
A for the N—O bond. Figure 51 shows the crystal structure for the complex. Figure 52

shows the crystals of 7 under a microscope.

Figure 51. Ball and stick representation of the cationic portion of complex 7. H-atoms
are omitted for clarity on the structure, pyrazolate/methanol counterion has been
omitted.
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Figure 52. Green crystals of complex 7.

Complex 8 crystallizes in the orthorhombic Pnma space group with half the molecule in
the asymmetric unit. The Cu(II) centers sit 2.980(1) A apart. 2,2’-bipy N-atoms are closer
to the Cu centers, at 2.008(4) and 1.999(4) for Cul and 1.999(4) and 2.008(4) A for Cu2.
Cu—N distances of bridging pyrazolato ligand are 2.003(4) A for Cul and 2.003(4) A for
Cu2. The Cu—O distances are: 1.944(3) and 1.944(3) A. The Cu—I distances are: 2.880(8)
and 2.880(8) A. The p-OMe sits 1.249(5) A from the Cu—Cu bond plane, and the p-I,
2.465(1). The Cu-O-Cu bond angle is 100.06(6)°, and 62.29(2)° for Cu-I1-Cu. Figure 53

shows the crystal structure for the complex.
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Figure 53. Ball and stick representation of the cationic portion of complex 8. H-atoms
and I3 counterion are omitted for clarity.

2.3.2.4: Copper(Il) dimers with catalytic properties: Complexes 9-10*.

Complex 9 crystallizes in the triclinic P-1 space group with the whole molecule in the
asymmetric unit. The Cu centers are in an N4O trigonal bipyramidal arrangement with N.O
making up the trigonal plane. The Cu(Il) centers sit 3.0034(2) A apart. 2,2’-bipy N-atoms
are closer to the Cu centers, at 2.048(3) and 1.985(3) for Cul and 1.988(2) and 2.030(2) A
for Cu2. Cu—N distances of bridging pyrazolato ligands are: 2.122(2) & 2.054(2) A for
Cul; 2.065(2) & 2.115(2) A for Cu2. The Cu—O distances are: 1.929(2) and 1.929(2) A.
The p-O(H) sits 1.192(2) A from the Cu—Cu plane. The Cu-O-Cu bond angle is
103.69(1)°. The crystal structure shows an H-bonded O-N distance of 2.797(4) A with the
counterion which resembles the environment of multinuclear copper metalloproteins with
protein residues. Figure 54 shows the crystal structure. Figure 55 shows the crystals of 9

under a microscope.
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O-N:2.797 A

Figure 54. Ball and stick representation of the cationic portion of complex 9; H-atoms,
and pyrazolate counterion are omitted for clarity (top). H-bonded interaction of complex
cation with PNpz™ counterion; chelating bipy ligands omitted for clarity (bottom).
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Figure 55. Crystals of complex 9 under the microscope.

Complex 10 crystallizes in the triclinic P-1 space group with the whole molecule in the
asymmetric unit. Cu—N distances of the pyrazolates are 1.997(2) and 1.990(2) A; 2.039(2)
and 2.018(2) A for the nitrogen atoms of the bipy ligand. The Cu—O distances of the
coordinated H.O are 2.210(2) A with a hydrogen bond between the coordinated H.O and
a second free H,O molecule of 2.776 A. Figure 56 shows the crystal structure of the

complex.

Figure 56. Ball and stick representation of complex 10. Phenyl rings on the PNpz
ligands have been omitted for clarity, hydrogen atoms on the coordinated water molecule
have been explicitly shown.
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2.3.3: Summary

A summary of the motifs synthesized, and their properties is shown in Table 11. By
comparing the parameters of motifs in this work, to those of similar complexes in the
literature, a plot summarizing Cu-Cu distances vs Cu-O-Cu angles can be used to represent
the correlation between these parameters and the assignment of oxo vs. hydroxo species
(Figure 57). What makes the catalytically active complex 9 unique is that it falls
somewhere in-between an oxo/hydroxo species, where the resting state is more closely
related to a hydroxo complex with a SSI to the anion, and when deprotonated, it results in
a reactive, bent-oxo species. Scheme 18-Scheme 20 shows the summary of complexes

synthesized in this work.

Table 11. Comparison of select interatomic distance (&) and angles (°) for the dimeric
complexes with a Cuz(u-pz)2 skeleton in this study.

Entry | Motif Cu-Cu | Cu-O Cu-O-Cu | Cu-N (pyrazole)
1 Cuz 3.372(1) | N/A N/A 1.971(4)-1.999(3)
2 Cu 3.409(1) | N/A N/A 1.963(4)-1.975(4)
3 Cuz(u-O2DMS) | 3.617(2) | 1.894(1), | N/A 2.064(9)-2.136(1)
1.896(9)

4 Cu2(p-PNpz)s 3.295(3) | N/A N/A 1.963(8)-2.139(1)

5 Cuz 3.860(6) | N/A N/A 2.018(2)-2.221(2)

6 Cuz(u-OH) 2.978(3) | 1.943(8), | 100.94(2) | 2.069(7)-2.078(7)
1.917(7)

7 Cuz(u-OMe) 2.978(4) | 1.951(2), | 99.72(7) | 2.065(1)-2.079(2)
1.944(2)

8 Cuz(u-OMe) 2.980(1) | 1.944(2). | 100.06(6) | 2.003(4)-2.003(4)
1.944(2)

9 Cuz(u-OH) 3.034(1) | 1.929(2), | 103.69(1) | 2.054(2)-2.122(2)
1.929(2)
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Cu-Cu distances vs Cu-O-Cu angles
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Figure 57. Comparison of oxo vs. hydroxo species. Data plotted from Table 3 (literature
search) and Table 11 (this work).

NO,

PNpzH (1) MeCN Complex (2) Cu', Complex

Scheme 18. Summary of complexes synthesized in this study from the PNpzH ligand.
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PNpzH | H0

(9) [Cu",OH] Catalyst

Scheme 19. Summary of complexes synthesized from complex 2 as a starting material.
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o:\@oe‘” (8) Cu'',-OMe-I Complex

(6) Cu'')-OH Complex

Scheme 20. Summary of complexes synthesized from the 4-Cl-3,5-Phz-pzH starting
material.
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2.4.1: Cyclic voltammetry

CV experiments conducted on the PNpzH ligand shows two reversible reduction events
with E12 = -1.32/-1.57 V (vs. Fc*/Fc, Figure 58). The two reduction processes of the Cu';
complex 2 at approximately the same redox potential (-1.32 V and -1.58 V, Figure 60), but
now with different current intensities and larger separation between forward and reverse
waves, are tentatively assigned to the same ligand-based processes as for free PNpzH. The
Cu''; complex 9 also shows two unequal reduction processes, now cathodically shifted to
-1.62 V and -1.87 V (Figure 61), tentatively assigned to PNpz-based processes. In addition
to reductions, complex 2 shows oxidation processes at -0.31 V, -0.05 V (irreversible) and
0.23 V, tentatively assigned to Cu-based oxidations (Figure 59). Further electrochemical
and spectroscopic studies are required in order to properly probe and assign the

electrochemical processes of PNpzH, 2 and 9.

CV, PNpzH Ligand
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Figure 58. CV voltammogram of the PNpzH ligand (1 mM) in 0.5 M TBAPFs/MeCN,
glassy carbon working electrode), vs. Fc*/Fc, 100 mV scan rate.
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Figure 59. CV voltammogram of complex 2 (1 mM) in 0.5 M TBAPFs/MeCN, glassy
carbon working electrode, vs. Fc*/Fc), showing Cu-based oxidations, 100 mV scan rate.
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Figure 60. CV voltammogram of complex 2 (1 mM) in 0.5 M TBAPFs/MeCN, glassy
carbon working electrode, vs. Fc*/Fc), showing ligand-based reductions, 100 mV scan
rate.
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CV, Complex 9
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Figure 61. CV voltammogram of complex 9 (1 mM) in 0.5 M TBAPF¢/MeCN, glassy
carbon working electrode), vs. Fc*/Fc, showing ligand-based reductions, 100 mV scan
rate.
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Chapter 3: Catalytic oxidation and O-atom transfer studies

3.1: Introduction

Complex 9 was first discovered to be catalytically active by layering of its MeCN solution
over toluene (for crystal growth), which resulted in the dark green solution to turn to a red
color. The deep red crystals grown from this solution were characterized by SCXRD,
matching the unit cell of 2. Once redissolved in MeCN, the red solution of 2 was set to
crystallize by layering over H>O, where the color once again changed from red to green
with deep green crystals of 9 (by unit cell determination) afforded within a week. To further
investigate interconversion of 2 and 9, three qualitative experiments were conducted: (i)
To a solution of 9 was added PhsP (1:100 stoichiometric excess) in MeCN; within 24 h, a
green to red color change was observed, and the presence of PhsPO was confirmed by IR
(Scheme 21(i)). (ii) The second experiment involved solution of 9 and catechol (1:100
stochiometric excess) in MeCN, where another green to red color change was observed,
and the oxidation product, benzoquinone, was confirmed by GC/MS (Scheme 21(ii)). (iii)
A 100-fold molar excess of DHA was added to a 10 mL MeCN solution of 9 in sealed flask
(i.e., finite oxygen supply) and the reaction was allowed to proceed under stirring at room
temperature. Analogous experiments using the similar complexes 6 and 7 instead of 9 did
not produce evidence of cycling between the Cu' and Cu'" states. No further oxidation
products were investigated for at this time, however, it is possible that other oxidation
products, such as the corresponding catechol or ketone, could result as they are typical of
these types of oxidations [123]. The above qualitative experiments suggested that the

presence of the PNpz™ counterion is necessary for the catalytic cycle and the pentanitro
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substitution of the bridging pyrazolato ligands are also a requirement for the oxidizing

properties of compound 9.

(1)
MeCN,
24 h
9 + Ph,P P 2+ Ph;PO
(ii)
MeCN,
24 h
9 + Catechol ——— 32 + 1,2-benzoquinone
(ii1)

MeCN,

24 h
9 + DHA ———— 2 + anthracene

Scheme 21. Reaction conditions for the oxidation of simple substrates. Solvent: MeCN,
substrate concentrations: 1 mM, cat. concentration: 0.01 mM.

Turnover numbers and turnover frequencies define a good catalyst, 9 has shown a
propensity towards alkane oxidation, as evident by cycling from the green Cu'"' state to the
red Cu' state when left in toluene. Quantitative studies involve stoichiometric experiments
to determine TONs and TOFs; Determination of TON are based on known methods and
include monitoring the conversion of substrate to product by GCMS/UV-Vis/NMR and
adding stoichiometric amounts of substrate (DHA, toluene, etc.), to one molar equivalent
of the complex until the reaction stops [124]. Once TON is determined, TOF can be
determined by calculating how fast the catalyst works. The typical progression involves
the use of easier to oxidize substrates, followed by moving towards harder to oxidize

substrates with more complex products (Table 12).
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Table 12. Typical substrate progression for oxidation of hydrocarbons.

Entry Name Structure C-H BDE
(kJ mol™t)
1 9,10-Dihydro- oM 326
Anthracene l l l
H H
2 Toluene @/ 379
3 Cyclohexane /\ 418
4 2,2,4- 431
Trimethyl-
Pentane \/\

5 Methyl- 439
cyclohexane

6 Methane H 439

3.2: Experimental

3.2.1: Materials and instrumentation

All catalysis experiments were performed with commercially available solvents, purified,
and dried according to standard procedures, commercially available substrates (98% pure),
and crystals of complex 9. Products were monitored and confirmed by GC/MS and by GC

with standard references. Reactions were carried out under a fume hood in the open air or



under nitrogen in a closed system, as specified by case. GC/MS experiments were run by
the advanced mass spec facility at Florida International University. GC-only experiments
were run on an Agilent 7890B GC Gas Chromatograph equipped with a PAL DHR

Autosampler and an HP5 30mx 0.32mm x 0.25um column.

3.2.2: Catalytic experiments

3.2.2.1: Oxidation of triphenylphosphine

Method A. A 20 mL scintillation vial is charged with 5.0 mg (0.0028 mmol) complex
9 and 73.40 mg (0.28 mmol) PPhsz and dissolved, under stirring, in 10 mL
MeCN. The vial is capped, and the mixture was stirred for 24 h. The solution
goes from a light green color to a red color. The reaction mixture was
filtered through celite and glass wool to remove unreacted material, and the
filtrate set to rotary evaporate, and placed under vacuum for 24 h. FTIR is

ran on the orange-red powder.

3.2.2.2: Oxidation of catechol

Method A. A 20 mL scintillation vial is charged with 5.0 mg (0.0028 mmol) complex
9 and 30.82 mg (0.28 mmol) CsHa(OH)2 and dissolved, under stirring, in 10
mL MeCN. The vial is capped, and the mixture was stirred for 24 h. The
solution goes from a light green color to a red color. The reaction mixture
was filtered through celite and glass wool to remove unreacted material. A

1 mL aliquot of the sample is taken for GC/MS analysis.
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3.2.2.3: Oxidation of 9,10-dihydroanthracene

Method A.

Method B.

A 20 mL scintillation vial is charged with 5.0 mg (0.0028 mmol) complex
9 and 50.47 mg (0.28 mmol) DHA and dissolved, under stirring, in 10 mL
MeCN. The vial is capped, and the mixture was stirred for 48 h. The solution
goes from a light green color to a red color. The solution is then opened to
atmosphere and allowed to react for an additional 24 h. The reaction mixture
was filtered through celite and glass wool to remove unreacted material. A
1 mL aliquot of the sample is taken for GC/MS analysisatt =48 hand t =

72 h.

A 20 mL scintillation vial is charged with 5.0 mg (0.0028 mmol) complex
9 and 50.47 mg (0.28 mmol) DHA and dissolved, under stirring, in 10 mL
MeCN. The vial is capped, and the mixture was stirred for 24 h. A 1 mL
aliquot of the sample is taken for GC analysisatt =1.5 hand t =24 h. The
reaction mixture was filtered through celite and glass wool to remove

unreacted material before running through the GC instrument.

3.2.2.4: Oxidation of toluene

Method A.

A 20 mL scintillation vial is charged with 5.0 mg (0.0028 mmol) complex
9 and dissolved, under stirring, in 10 mL MeCN/Toluene at 50° C. The vial
is capped, and the mixture was stirred for 24 h under reflux. The solution
goes from a light green color to a cloudy green color. The reaction mixture
was filtered through celite and glass wool to remove unreacted material.

Addition of 10 mg (0.18 mmol) NH4Cl in a separatory funnel result in two
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Method B.

layers, an aqueous and an organic layer. The aqueous layer is removed by
conventional methods and a 1 mL aliquot of the sample is taken for GC/MS

analysis.

A 20 mL scintillation vial is charged with 5.0 mg (0.0028 mmol) complex
9 and dissolved, under stirring, in 10 mL MeCN/Toluene at 50° C. The vial
is capped, and the mixture was stirred for 24 h under reflux. The solution
goes from a light green color to a cloudy green color. The reaction mixture
was filtered through celite and glass wool to remove unreacted material. A

1 mL aliquot of the sample is taken for GC analysis.

3.2.2.5: Oxidation of cyclohexane

Method A.

A 20 mL scintillation vial is charged with 5.0 mg (0.0028 mmol) complex
9 and dissolved, under stirring, in 10 mL MeCN/THF at rt. 2 mL
cyclohexane is added to the solution. The vial is capped, and the mixture
was stirred for 24 h. The solution goes from a light green color to a dark
yellow color. The reaction mixture was filtered through celite and glass
wool to remove unreacted material. A 1 mL aliquot of the sample is taken

for GC/MS analysis.

3.2.2.6: Oxidation of cyclohexene

Method A.

A 20 mL scintillation vial is charged with 5.0 mg (0.0028 mmol) complex
9 and dissolved, under stirring, in 10 mL MeCN/THF at rt. 2 mL
cyclohexene is added to the solution. The vial is capped, and the mixture

was stirred for 24 h. The solution goes from a light green color to a pale-
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yellow color. The reaction mixture was filtered through celite and glass
wool to remove unreacted material. A 1 mL aliquot of the sample is taken

for GC/MS analysis.

3.3: Results and discussion

3.3.1: Oxidations of PPh3 and catechol

Complex 9 has shown a propensity towards alkane oxidation and O-atom transfer
chemistry as evident by the trivial oxidations of catechol and triphenyl phosphine towards
benzoquinone and triphenyl phosphine oxide respectively. Catechol which has a BDE of
348 KJ mol™, was easily converted to the respective quinone and showed proof of concept
that 9 is indeed capable of oxidation reactions analogous to those carried out in Nature by
oxidases [125]. Likewise, the oxidation of triphenyl phosphine to triphenyl phosphine

oxide showed that the catalyst is also capable of oxygenation reactions.

3.3.2: Oxidation of DHA

The oxidation of DHA to anthracene was investigated by reacting complex 9 with excess
DHA in MeCN in a closed environment. As time progressed, the solution went from the
dark green color of the Cu'' species 9 to the red color of the corresponding Cu' (2),
indicating that with no more oxygen available, oxidation has ceased, at this pointa 1 mL
aliquot sample was taken for GC/MS analysis. The flask was then opened to atmosphere,
and the fresh supply of Oz turned the solution from a red to a pale green color, indicating
that the catalyst had been regenerated from the Cu'; species back to the active Cu'',OH
(Figure 62). After the reaction was allowed to progress for a further 24 h, a 1 mL aliquot

was taken for GC analysis, confirming the formation of anthracene (Figure 63). A peak
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matching the retention time and fragmentation pattern for anthracene was detected with a

total of 96.3% certainty, showing that the catalyst is indeed capable of oxidizing DHA.

48 hrs

Exposed to
atmosphere

72 hrs

Figure 62. Color progression of the reaction between complex 9 and substrate(s).
Solvent: MeCN, substrate concentration: 1 mM, cat. concentration: 0.01 mM. The system
was flushed with nitrogen followed by bubbling of the solution with nitrogen for 5 mins
before being sealed off.
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Figure 63. GC retention time for anthracene (1), MS pattern for anthracene (1A).
Solvent: MeCN, substrate concentration: 1 mM, cat. concentration: 0.01 mM.
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The oxidation of DHA to anthracene is a two-electron process which reduces complex 9 to
complex 2. The cycle requires an input of % O, molecule per molecule of DHA. Scheme

22 shows the proposed mechanism for the oxidation of anthracene.

Psz

K CuH OH *
120, Cu Rt Xr + H,0

PszH

H H

SOSREE S OON

H H
Scheme 22. Proposed catalytic cycle of 9, oxidation of DHA to anthracene.

Literature research indicated that anthracene was capable of further oxidations, to the
diguinone product. A second experiment with 100-fold excess of DHA was added to a flask
containing 10 mL of MeCN and 1 equivalent of catalyst. The reaction was stirred at room
temperature open to the atmosphere, with aliquots withdrawn at 1.5 and 24 h for GC

measurements. At 24 hours, the ratio of the compounds detected was 49.94% (A): 26.67%
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(B): 20.32% (D), totaling 96.93%. Scheme 23 shows the progression of oxidation products
for DHA. The presence of products B and D were confirmed by their retention time and
compared to matching standards. Product C was not detected by GC, as it likely undergoes
oxidation quickly towards product D (the oxidation of B is the rate determining step),
however it is an undisputable intermediate, as the reaction of B to D requires a four-electron

transfer.

L0 CCO—= 0> (0
A B C D

Scheme 23. Oxidation products for DHA substrate.

Turn-over-numbers in this reaction are calculated by Equation 1. From A to B, it is a one-
cycle oxidation, from B to C it is a second one cycle-oxidation (two cycles total from A),
and from C to D it is a last one-cycle oxidation (three cycles total from A).

Equation 1

__ Mole (product)

TON
Mole [9]

As the reaction is not as simple as substrate > product(s) the determination of its TON
assumes that the first turnover produces B, a second turnover produces C and a third one
one generates the final product D. This means that the total number of cycles that produced
Binitial can be measured by Ainita — Asinal = ~50.1; the total number of cycles that produced
Cinitial = Binital — Bfinal = (Ainital — Afinal) — Brinal = ~23.4; and as no product C was detected in

the product mixture, Dfinat = Cinitiar = ~23.4. Equation 2 calculates the total TON for this
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catalyst. The termination of the catalytic process is tentatively attributed to catalyst

poisoning.

Equation 2

TON = Mole (A;j—Af)+2(B;—By) — 96.9

Mole [9]

3.3.3: Oxidation of toluene

The oxidation of toluene was revisited in greater detail, where complex 9 was reacted with
toluene and successful oxidation to benzaldehyde and benzyl alcohol was achieved, as
characterized by GCMS. Two peaks matching the retention times and molecular weight
fragmentation patterns for the oxidized substrates were recorded. The peak observed at ~7
min matched benzaldehyde with an 85% certainty, and the peak at ~8.5 min corresponds
to benzyl alcohol with an 87% match based on retention times and mass spectroscopic
fragmentation pattern. Qualitatively, almost four times as much concentration of
benzaldehyde was observed than benzyl alcohol. This implies that toluene is first oxidized
to benzyl alcohol, after which further oxidation to the aldehyde proceeds faster. The even
further oxidation of benzaldehyde to benzoic acid, however, was not detected [126]. As
benzoic acid was not observed, it can be suggested that this system can selectively oxidize
toluene into the corresponding aldehyde, an industrially significant precursor for various
pharmaceuticals. Alternatively, the absence of benzoic acid can be attributed to reaction
with the catalyst, forming (catalytically inert) copper benzoate, which is not detectable by

GC.
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HO H 0}

MeCN MiCN
24 hrs, 60° C 60°C
+ [Cul,OH] ' > + [Cu",OH] ———
A B C

Scheme 24. Oxidation of toluene to benzyl alcohol and benzaldehyde.

The oxidation of toluene to benzyl alcohol and benzaldehyde follows a similar pattern to
the oxidation of DHA, where the substrate is first oxidized to a product that is even more
favorable towards oxidation by the catalyst and can cycle through towards a second
oxidation product. Toluene’s sp® C-H bond is oxygenated to a primary alcohol, which can
then react with the catalyst to undergo a second oxidation to an aldehyde. Equation 1 can
be applied to the oxidation of toluene to produce Equation 3, where substrate A is converted
to product B, and product B is further converted to product C. As almost all of product B

goes to product C (>90%), TON can be easily estimated by doubling the amount of product

C.
Equation 3
TON = Mole (A;—Af)+(B;—By) TON = Mole (2C)
Mole [9] Mole [9]

Scheme 25 shows the proposed mechanism for the oxidation of toluene. When the H-
bonded pyrazole moves from the catalyst, possibly by the introduction of the substrate
[127], the catalyst enters the active state where toluene is oxidized via a two-electron
pathway to benzyl alcohol, as the catalyst is regenerated from the Cu'; species back to the

Cu';OH species by an input of ¥2 O,, a second consecutive two-electron oxidation can
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occur whereby benzyl alcohol is oxidized to its aldehyde counterpart. The overall reaction

is thus toluene and oxygen being converted to benzaldehyde and water.
Psz'

[Cull, OH

1/2 02 C ]O ©/\QH
u
H
PNpZH O/

@)

—

1L
77

OH

(o]
t0 ———— @JI\H +H,0

Scheme 25. Proposed catalytic oxidation scheme for toluene.

3.3.4: Oxidation of cyclohexane

The oxidation of cyclohexane (Scheme 20) proved to be more challenging than the
previous two, due to the low solubility of the catalyst (in cyclohexane) and the
immiscibility of MeCN and cyclohexene. This problem was overcome by the addition of a

small amount of tetrahydrofuran. The sample submitted for GC/MS analysis found peaks

104



that matched cyclohexanol, proving that the complex was indeed capable of oxidation.
However, several other oxidation products were found as well, including some products
that can be attributed to the oxidation of THF. The list of peaks detected by GC/MS
includes: cyclohexanol, cyclohexanone, 1,6-hexanediol, and 4-hydroxybutanoic acid.
Cyclohexanol and cyclohexanone make sense as oxidation products of cyclohexane with
the catalyst exhibiting similar behavior with toluene, however, 1,6-hexanediol and 4-
hydroxybutanoic acid on the other hand, requires significant further investigation, as it is
not only an oxygen transfer, but a C-C cleavage and ring opening event as well, with 4-
hydroxybutanoic acid as a product of the oxidation of the THF solvent. Such ROEs are
typically exclusive to more specialized catalysts of the second and third row transition
metals, such as iridium [128]. The major products are the alcohol and the ketone, with the
ROE’s being the lesser products (<5%). Nevertheless, the successful oxidation of
cyclohexene shows that this catalyst has the potential to oxidize methane, as the bond

dissociation energies for the two are quite similar, with only a difference of 1 kcal/mol.
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1/2 0,

+02 >

Scheme 26. Proposed catalytic oxidation scheme for cyclohexane.

The two major products, cyclohexanol and cyclohexanone, account for 95% of the
oxidation products produced in this reaction (Scheme 27), as such Equation 1 can be

applied to give Equation 4 to determine the TON of the desired products.

OH o
MeCN/THF MiCN/THF
24 hrs, 60° C 60° C
+[Cu,0H] IS, - + [Cu'LOH]
A . .

Scheme 27. Oxidation of cyclohexane to cyclohexanol and cyclohexanone, showing the
two major products, cyclohexanol and cyclohexanone.
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Equation 4

Mole (A;—Af)+(B;—By)

TON =
Mole [9]

3.3.5: Oxidation of cyclohexene

The oxidation of cyclohexene also required THF to facilitate miscibility with complex 9 in
MeCN. The catalyst was indeed able to oxidize cyclohexene, similarly to cyclohexane,
with two products detected by GCMS, cyclohexen-1-ol, and cyclohexanone, both are a
straightforward two-electron oxygenation reaction. However, it is likely that the substrate
is first oxidized to the enol, which can undergo tautomerization to the ketone, as it is the
more thermodynamically stable species, with the presence of the enol being detectable only
by GC. This type of substrate is also known to undergo epoxidation to give cyclohexene
oxide and should not be ruled out as a possible, undetected here, intermediate of the
oxidation process [129]. Scheme 28 shows the proposed catalytic cycle where cyclohexene
is oxidized to cyclohexenol/cyclohexanone as the catalyst is reduced to the [Cu',] state.
Equation 1 can be applied to this reaction to give Equation 5, where it’s a simple A > B +

C TON calculation, as substrate A gives products B and C only.

PNpz”

[Cuﬂzoﬁ]+ @
o
1 X o
120 ¥
’ [Cuy]” @ 55
+

PNpzH

O »—0rC

Scheme 28. Proposed catalytic oxidation scheme for cyclohexene.
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Equation 5

__ Mole(B) + Mole(C)

TON

Mole [9]

3.3.6: Summary

Table 13 shows the substrates employed in this study, in order of increasing BDE’s and

their consecutive oxidation products.

Table 13. Substrates used in this study and oxidation products observed. Products were

monitored by GCMS.

Entry

First Oxidation

Second Oxidation

Third

H H

H H
9,10-Dihydro-

(0]

Oxidation

¢}

Benzoquinone

.

Cyclohexane

=

Cyclohexanol

Cyclohexanone

Anthracene Anthrone
Anthracene
OH H
o
Toluene Benzyl alcohol
Benzaldehyde
OH 0 oA

7

1,6-hexanediol

.

Cyclohexene

OH

=

Cyclohexen-1-ol
(0]

Q

Cyclohexanone
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3.4: Catalytic mechanism

In general, there are two major mechanisms by which catalysis by metal complexes is
initiated: a radical induced mechanism, or through a coordination mechanism [130]. In
order to investigate the possibility of a radical mechanism, a free radical trap, like (2,2,6,6-
tetramethylpiperidin-1-yl)oxidanyl (TEMPO), or the stable aminoxyl radical (best known
as a radical marker for EPR), can be used. TEMPO also plays a crucial role as a radical
scavenger capable of marking radicals in mass spectrometry [131]. By reacting 9 with
substrate and adding in a small amount of TEMPO, a radical reaction should not proceed.
This was not the case in the experiment conducted, as the expected oxidation products were
indeed confirmed by GC/MS. A second experiment was also conducted with the use of
terephthalic acid (TPA) as an OH radical scavenger as proposed by Pintar et. al [132]. By
reacting 9 with substrate and adding in TPA, if OH radicals were indeed being generated,
TPA would become 2-hydroxyterephthalic acid (TPAOH) and can easily be confirmed by
fluorescence spectroscopy. Once again, however, the reaction proceeded towards
completion and no fluorescent compounds were detected. With the results of the two
simple experiments conducted, it was hypothesized that 9 likely proceeds through the
coordination mechanism. Therefore, the following mechanism is hypothesized: In the
resting state, the catalyst is stabilized by the pyrazolato counterion H-bonded to the
hydroxide bridge. The dynamic equilibrium between the p©-OH and reactive pu-O initiates
the process by allowing the activation of a C-H bond via interaction with Cu-O to produce

an intermediate species, followed by O-atom transfer to the substrate and reoxidation of
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the Cu'; by dioxygen. A similar cycle is hypothesized for the subsequent oxidation steps.

The PNpz™ anion serves as a H* storage site during the process (Scheme 29).

(i) (ii)

(O on o

Scheme 29. Working hypothesis for the mechanism of the oxidation of toluene to benzyl
alcohol (i) and benzaldehyde (ii).

3.5: Kinetics studies

Kinetics studies conducted on the 9 with DHA have shone light into the reaction
mechanism and dynamics of the system. A 1 mM solution of DHA in acetonitrile was
charged with 10 uM complex 9 (100:1) under stirring and the UV-Vis absorptions at 264
nm (corresponding to DHA), 364 nm (corresponding to anthracene) and 520 nm (likely
further oxidized products) were recorded every 5 s for 10 min. Figure 64 shows the possible
products, with purpurin and alizarin specifically have absorbance maximums between 500-
600 nm, and are a result of further oxidations of anthraquinone, making them prime

suspects [133].
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Figure 64. Possible oxidation products of anthraquinone, (1), 2-hydroxo-9,10-
anthrquinone, (2) Alizarin, (3) Purpurin.

The absorbance vs. time plots (Figure 65) show the concentrations of A and B decreasing,
as substrates are converted into products, and the first oxidation product undergoes further
oxidation. Under the constraints of the experiment employed, it is likely that some amount
of initial substrate was already converted to anthracene at t = 0, as the initial concentration
of anthracene was not zero. The expected rate law for the reaction is a pseudo-first order
rate law where the rate is dependent on the concentration of substrate, however, the true
rate law for the reaction should be a second order one, dependent on both the concentration

of the substrate and catalyst.

UV-Vis-NIR, Complex 9 + DHA

()

tn

DHA (264 nm)

Absorbance

Anthracene (364 nm)

Products (520 nm)

0 100 200 300 400 500 600
Time (s)

Figure 65.UV-Vis kinetics of the reaction of complex 9 and DHA (1 mM/MeCN DHA,
0.01 mM/MeCN cat., quartz cuvette).
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Stopped-flow spectroscopy can be employed to gain insights into the first few seconds of
the reaction and provide a much more accurate window into the initial rate laws. The
reaction should also be conducted under ideal settings: (1) a pure O2 atmosphere to remove
possible interference from moisture in the air, (2) under dry solvents and high purity
substrate/catalyst, and (3) under different pressure/heat conditions to investigate the

equilibrium of the reaction through Le Chatelier’s principle.

3.6: Conclusions

The substrates in this work include varying degrees of sp hybridization, increasingly higher
BDE’s, and industrial significance. DHA’s two C-H bonds at the 9,10 positions with
BDE’s that are 20% weaker than typical alkane C-H bonds (326 kJ/mol, 78 kcal/mol),
coupled with the relative easiness of characterization of the oxidation products, made it an
ideal starting point to map out the catalytic processes of complex 9. The oxidations of DHA
and its products are industrially significant (as precursors to larger macromolecules) and
have been studied vigorously, providing a font of literature data to analyze. The first
oxidation product, anthracene, was easily detectable by the differences in boiling points,
polarity, and molecular mass in GC/MS experiments. Anthracene, while being a relatively
stable aromatic species, can undergo nucleophilic substitution (O-atom transfer in this
case) to form anthrone, the second oxidation product (319 kJ/mol, 76.4 kcal/mol) [134].
Anthrone, while not detected by GC experiments in this study, is certainly easier to oxidize
to the diquinone product. It is likely that the first oxidation event (DHA - anthracene), is
the rate limiting step. The major conclusions that can be drawn from the catalytic oxidation

of DHA by complex 9 are: (1) oxidation of both aliphatic and aromatic C-H bonds is
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possible, (2) 9 is capable of both oxygenation (O% transfer) and oxidation catalysis, (3)
insights into the kinetics and mechanisms of 9. The second substrate, toluene, is a more
industrially significant application due to (1) the inertness of terminal C-H bonds, and (2)
the pharmaceutical importance of the oxidation products (benzyl alcohol and
benzaldehyde) as starting materials. The major conclusions from the oxidation of toluene
are: (1) complex 9 can tackle more difficult substrates (379 vs 326 kJ/mol; 16% increase
in BDE) at mild conditions, (2) some degree of selectivity is observed as the overoxidation
to benzoic acid was not detected, (3) insights into the mechanism by which the complex
operates. The current working theory is that complexation of the terminal C-atom to one
of the Cu centers leads to an agnostic interaction between the deprotonated bent u-oxo of
the complex and an a-H-atom on the substrate, leads to O transfer to the substrate, and a
reduction of the Cu' centers to Cu'. Lastly, there are the substrates cyclohexane and
cyclohexene, which represent BDEs of 418 and 438 kJ/mol (100, 104 kcal/mol), the
toughest C-H bonds to overcome in this study. The oxidation products included some

fascinating results, where a ROE was observed at low yields to produce 1,6-hexanediol.
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Chapter 4: Copper oxalate complex

4.1: Introduction

Carbon dioxide (CO.) is an abundant, natural product which plays an important role in the
photosynthesis of plants and some microorganisms [135]. Despite the critical role CO-
plays for life on Earth, it also has an adverse effect on climate change and global warming,
with anthropogenic sources such as industrial processes, livestock, and transportation,
linked directly to overall human wellness and nutrition [136]. Reduction of CO- to a more
industrially useful form remains a challenge due to the high thermal and kinetic stability of
the C=0 bond. Figure 66 shows the molecular orbital diagram of CO> containing sp-c
hybridization. In a lab setting, reduction of CO; is typically achievable via electrochemical
reduction in the presence of transition metal catalysts [137]. This requires large amounts
of energy and/or powerful reducing agents, and as such, are not yet an economically

feasible option for largescale efforts.
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Figure 66. Molecular orbital diagram for the formation of CO..

CO2 emissions, specifically with regards to human activity have been a hot topic for debate,
as the accumulation of the greenhouse gas has been a primary driver for climate change
and global warming since the start of the industrial revolution [138]. Removal of CO; is
typically accomplished by three routes: (1) decarbonization, (2) carbon sequestration, and
(3) carbon recycling. Despite the advances achieved in the renewables sector, there remain
significant challenges to reach full decarbonization, especially within the transport sector,
where there currently is no convenient, feasible alternative as of yet. Lastly, while possible
in the energy and transport sector, as much as 12% of global emissions are results of
indirect industrial processes, manufacturing key products; cement, plastics, steel,

ammonia, etc., and while certainly possible to decarbonize (some of) these key industries,
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it is unlikely that net-zero emissions will be reached in the near future [139]. Carbon
sequestration, on the other hand, is a viable strategy to combat non-net-zero emissions from
these types of industrial processes, where the basic principle is the prevention of CO>
release into the atmosphere, typically by storing it underground [140]. Unfortunately, this
area remains largely untapped, as it is currently not a financially viable business model.
The last method, carbon recycling, involves the formal conversion of CO2 to a more
energetic, useful product (i.e., alcohols). This is not an easy endeavor, as CO> exists in the
formal oxidation state of +4, the most oxidized form of carbon, requiring the transfer of
electrons to achieve a more reduced product. In Nature, this is achievable by some
biocatalysts in plant photosynthesis systems and cyanobacteria through a process called
carbon fixation, which has been the source of inspiration for a myriad of biomimetic
synthetic catalysts [141]. Traditionally, CO. hydrogenation has been used to produce
syngas, a mixture of H, and CO, which itself is an important feedstock, and a precursor to
key industrial processes such as the Fischer-Tropsch reaction and the generation of
methane gas via methanation [142]. Recent studies have also looked at the electrochemical
reduction of CO2, which presents several advantages including: (1) combining
electrochemical water splitting and thermal hydrogenation into a single process, (2)
facilitating the formation of products that are not thermally driven, and (3) typically these
reactions can occur at or near room temperatures and ambient pressures [143]. However,
to date, only heterogenous copper containing catalysts have exhibited feasible reactivity
towards CO> to produce more valuable hydrocarbons/alcohols (i.e., ethylene and ethanol),
via electrochemical CO- reduction; and while certainly this field has come a long way since

the 1980’s, there is still much left to unearth. While there has been a vast increase on the
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literature with regards to the reduction of CO- to single carbon species in the past decades,
reductions to multi-carbon species remains vastly underwhelming, with limited examples
reported [144], [145]. Notably, formation of oxalate species from CO> fixation have been
observed by both d and f-block metal complexes, however, these reactions typically require
powerful reducing agents, such as potassium graphite (KCsg) and supporting electrolytes
such as lithium perchlorate (LiCIO4) [146], [147]. As such, the synthesis of a complex

capable of conducting these reactions under milder conditions is desirable.

4.1.1: Carbon fixation by copper-pyrazole complexes

Carbon dioxide has experienced a surge in atmospheric concentrations since the start of the
industrial revolution, as a result of continued reliance on fossil fuels for energy, has
typically been considered an undesirable greenhouse gas [148]. More recently, however, it
has been realized that CO> has the potential to be an inexpensive feedstock chemical that
is an abundant, nontoxic source of renewable C1 building blocks with an executive report
detailing possible applications of the 200+ million tons produced each year from emissions

[149].

4.2: Experimental

4.2.1: Synthesis of [Cu"'2(u-1?,k?-C204)(bipy)212].DMSO (11)

Method A: A 20 mL scintillation vial is charged with 38.0 mg (0.20 mmol) Cul, 100
mg (0.20 mmol) PNpzH, and dissolved under stirring, in 5 mL DMSO. To
the solution, 40 pL (0.40 mmol) of EtsN is added dropwise. The solution
turned from a dark greenish yellow to a dark red color. After stirring for 15

min, 31.0 mg (0.20 mmol) 2,2’-bipy was added. The solution intensifies in
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color to deep red. The reaction mixture is stirred for 24 h, gradually turning
to deep green color. The reaction mixture was filtered through celite and
glass wool to remove unreacted material, and the filtrate is set to slow
diffuse in an Et.O chamber. Dark green, plate-shaped crystals suitable for
SCXRD are obtained after approximately 2 weeks. Yield: 18.5 mg, 20%.

Chemical formula, C13H14CulN2O3S; molecular weight, 462.71 g/mol.

Vco for bound oxalate is 1639 cm™
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4.2.2: Crystal structure data table

Table 14. Crystallographic tables for complex 11.DMSO

Identification code

11

Empirical formula

C13H14CulIN20O3S

Formula weight

462.71

Temperature/K 273.15

Crystal system monoclinic

Space group P2i/c

alA 10.5329(8)

b/A 17.508(1)

c/A 9.3017(7)

a/° 90

B/° 100.602(1)

v/° 90

Volume/A3 1686.0(2)

Z 2

pcalcg/Cm3 1.823

w/mm?t 3.258

F(000) 888.0

Crystal size/mm?® 0.274 x 0.181 x 0.145
Radiation MoKa (A = 0.71073)

20 range for data collection/°

5.026 t0 68.772

Index ranges

-16<h<16,-27<k<27,-14<1<14

Reflections collected

37749

Independent reflections

7085 [Rint = 0.0399, Rsigma = 0.0259]

Data/restraints/parameters

7085/3/203

Goodness-of-fit on F2

1.083

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

R1=0.0472, wR, = 0.1141

Final R indexes [all data]

R:1 =0.0921, wR2 = 0.1530

Largest diff. peak/hole / e A

0.60/-0.98

4.3: Results and discussion

4.3.1: Synthesis and characterization

While attempting to optimize the synthesis of complex 3, which suffers from solvent loss
and disorder at rt, a new complex was formed serendipitously, which features an oxalate

bridge. Scheme 30 shows the synthesis and line drawing of Complex 11. Cul and PNpzH
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were mixed in DMSO solvent and the base, EtsN, was added, while holding off on addition
of the auxiliary ligand, bipy. The reasoning behind this change was to facilitate the
deprotonation and binding of PNpz™ to the Cu center in a manner similar to complex 1.
Afterwards the addition of bipy would complete the reaction, and the desired product,
complex 3 was expected, and set to crystallize in an Et2O chamber where it remained for
weeks. As EtO and DMSO are not miscible, the Et20 simply sat on top of the DMSO,
and slowly evaporated. To our surprise, the green crystals obtained for SCXRD turned out
to be an oxalate-bridged complex. As no other reagents were introduced in the system, it
is speculated that the oxalate bridge came from atmospheric capture of CO>. This, however,
requires significant further investigations as the reduction of CO2 to C,04> is potentially

industrially and environmentally significant.

Stir
DMSO 24 hrs
Cul + PNpzH 4’ 2,2"-bipy 14> [Cu'l, (u-k2,Kk2-C,0 ) (bipy),1,]

Filt

Celite
Crystallization
Slow Vapor Diffusion
Et,0/DMSO

——

Scheme 30. Reaction conditions for the formation of the oxalate evolution complex 11.
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We envision further reaction of 11 with HI, releasing oxalic acid and reducing Cu(ll) to

Cu(l), converting the stoichiometric reduction of CO: into catalytic.

4.3.2: Crystal structural descriptions: Copper(ll) dimer Complex 11.
Complex 11 crystallizes in the P2:1/c space group with one-half the molecule and one-half
interstitial DMSO in the asymmetric unit (Figure 67). The Cu(ll) centers sit 5.1519(1) A

apart. Table 14 shows the crystallographic table for complex 11.

Figure 67. Crystal structure for complex 11, interstitial DMSO molecule has been
omitted.
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Chapter 5: Conclusions and future work

5.1: Conclusions

Of the complexes studied in this project, only complex 9 has been shown to mediate
oxidation/oxygenation transfer chemistry. We believe this is because of the secondary
sphere interactions present in the complex, which are remarkably similar to the interactions
of biological metalloproteins active cores and protein residues. Complex 9 has shown a
propensity and viability towards O% transfer chemistry and alkane oxidations, being able
to carry out reactions analogous to those of both oxygenases and oxidases. Oxidations
performed on increasingly tougher substrates have been successful in achieving both
oxidation products. Comparisons of the topological parameters of the Cu.(u-O) active
center, both with the literature and other complexes in this study, has suggested the
assignment of Cuz(u-OH) as the resting state, and bent Cux(u-O) as the active species.
Work done on similar complexes in this study have solidified the importance of the stability
imparted onto the complex by the hydrogen-bonded counterion enabling the oxide-
hydroxide equilibrium, as none of the other complexes possess such an interaction and to
the best of our knowledge, have led to no catalytic activity. The oxidation of cyclohexane
to 1,6-hexanediol, an important industrial feedstock in the production of polyester,
polyurethane and specialty chemicals. The absence of carboxylic acids in the reaction
product mixture is attributed to either selectivity of the catalyst, or failure to detect this
product. In turn, the failure to detect carboxylic acids can be attributed either to the
experimental method employed (GC-MS), or to coordination of carboxylates to Cu',

poisoning the catalyst. The characterization of the mononuclear aqua-complex 10, formed
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along with 9, suggests that excess water (a product of alkane oxidation) might also
terminate the catalytic cycle by forming 10. Lastly, the oxidation of saturated alkanes with
high C-H bond energies suggests that catalytic oxidation of methane might also be

achievable using compound 9, under appropriate conditions.

5.2: Future work

Future work on this study will apply the synthetic procedures that afforded complex 9 to
produce various other complexes with the same motif, a reactive bent-oxo bridge that is
hydrogen bonded to a liable proton acceptor. For example, by substituting PNpzH with a
4-X-3,5-Phy-pyrazole. Likewise, tuning the electrochemical properties of the complex can
be accomplished by substitution on the diphenyl rings of the pyrazole. A nitrated,
halogenated pyrazole species should be producible in good quantities. Use of substituted
2,2’-bipy ligands may further tune the redox properties. Further studies into the magnetic
properties of the complexes by both EPR and magnetic susceptibility should be
investigated on existing complexes, and any new ones synthesized. Investigation of catalyst
poisoning should also be conducted to determine what causes the death of the catalyst, as
currently no obvious answers have been found. The oxidation of cyclohexene should also
be investigated further as the cyclic alkenes tend to undergo epoxidation upon oxygen
transfer. Further studies include investigation of site selectivity in the oxidation of complex
substrates, such as natural products and pharmaceuticals, and degradation of
organic/synthetic polymers via catalytic oxidation/oxygenation. Lastly, to wrap up this
story, more intensive catalytic and Kinetics studies should be completed on the existing

complex, and any new catalytically active ones produced. Methane oxidation studies in
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heterogenous/homogenous conditions should be explored as well as mechanistic and DFT
studies to elucidate the structure and energy of the transition state. For heterogenous
catalysis, super critical CO2 can be employed, with the catalyst in solution. All in all the
outlook for the project has demonstrated the ability of copper(Il) dimers stabilized by
secondary sphere interactions to successfully mediate biomimetic catalysis with multiple

avenues available to explore and study in more detail.
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Appendix

FTIR, PNPzH Ligand
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Figure A. 1. FTIR spectrum (4 cm™ resolution, ATR, crystalline sample) of the PNpzH

ligand.
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Figure A. 2. DPV voltammogram of complex 2 (1 mM) in 0.5 M TBAPFs/MeCN, glassy
carbon working electrode, vs. Fc*/Fc), showing ligand-based reductions, 100 mV scan
rate.
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Figure A. 3. DPV voltammogram of complex 2 (1 mM) in 0.5 M TBAPF¢/MeCN, glassy
carbon working electrode, vs. Fc*/Fc), showing Cu-based oxidations, 100 mV scan rate.
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Figure A. 4. DPV voltammogram of complex 9 (1 mM) in 0.5 M TBAPFs/MeCN, glassy
carbon working electrode, vs. Fc*/Fc), showing ligand-based reductions, 100 mV scan
rate.
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Figure A. 5. GCMS spectrum for the oxidation of DHA, 1 h, 1:100 ratio. Solution: MeCN, DHA
concentration: 1 mM, catalyst concentration: 0.01 mM. Injected after 1 hr stirring at room
temperature.
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Figure A. 6. GCMS spectrum for the oxidation of DHA, 24 h, 1:100 ratio. Solution: MeCN, DHA

concentration: 1 mM, catalyst concentration: 0.01 mM. Injected after 24 hrs stirring at room
temperature.
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