Synthesis and reactivity of high-valent copper complexes and the design of copper

monooxygenase model complexes

A Dissertation
SUBMITTED TO THE FACULTY OF THE
UNIVERSITY OF MINNESOTA
BY

Caitlin J. Bouchey

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

William B. Tolman, Advisor

February 2022



© Caitlin J. Bouchey, 2022



Acknowledgements

| would like to start by thanking my advisor, Bill Tolman. Bill provided me with
many experiences to grow as a person and a scientist. Under Bill’s tutelage, I was able to
travel across the world to share my science and move a lab across the Midwest. Bill crafted
a group dynamic in which I was able to find true and lasting friendship and I’ll always be
grateful for that. Thank you, Bill, for your mentorship and your support.

Speaking of the Tolman group, | am tremendously grateful to have had such
wonderful, collaborative, and enjoyable colleagues. Truly, our group dynamic was my
favorite part of graduate school. Dr. Hussnain Sajjad, Dr. Mahesh Krishnan, Dr. Appie
Peterson, Dr. Dimitar Shopov, Prof. Megan Fieser, Emma Zhong, Peter Koetting, Tedd
Wiessner, Dr. Wen Wu, Dr. Evanta Kabir, Dr. Leon Lillie, Dr. Justin Barry, thank you for
many lengthy lab conversations, a tremendous amount of help with my research, and an
abundance of fun outside of the lab. | am very thankful to the undergraduates that | was
privileged enough to mentor: Yilenda Dong, Jack Klein, Dylan Bodner, and Aaron Gruen.
And thank you to my mentor at Michigan State University, Dr. Tanner McDaniel. 1
wouldn’t have succeeded in the lab without the training | received from him in my
undergraduate research.

| would like to give special appreciation to my friends that contributed to my life in
graduate school in significant ways. Dr. Courtney Elwell and Prof. Annie Luke, you two
came into my life when I never knew | needed you. You both are so motivating, inspiring
caring, and entertaining. | always have the best time of my life with you two and | am so
grateful to know we’ll keep having those times in the future. When | needed a family the
most, the following five people (and a doggie) stepped up and took me in. Prof. Wilson
Bailey, Cecily Ferguson, and India, our times spent together are amongst my most precious
memories. Dr. Yanay Popowski, Adi Popowski, and Ben Popowski, | will be forever
indebted to your generosity. To all these friends, thank you, | love you, and | miss you!

My family means the whole world to me. I owe everything to my mom, dad, Leigh,
and Mike. These four have always had the utmost faith and trust in me to accomplish my
goals, but that faith and trust are the only reasons I’ve been able to accomplish all that I

have. Thank you for being the support system | need: you know, four parents are definitely



better than two. Madison and Campbell, my sisters, are two of my favorite people in this
world. My heart wasn’t whole until they entered in my life. My brothers, Cameron, Alec,
Carson, and Justin couldn’t be more different from each other. However, they do have one
thing in common: driving my competitive spirit. Thank you, my brothers, because that
spirit was necessary to get me through graduate school. I wouldn’t have been able to finish
this dissertation if it wasn’t for y’all. My nieces and nephews, Braeden, Karter, Zander,
and Millie simultaneously make me want to graduate, get a job, and be a role model for
them AND make me want to quit everything just to spend all my time with them. | love
you four with all my heart. The love my grandparents have for me makes me feel so special
that | can only hope that | make them as proud. The unwavering love and support from my
aunts, uncles, and cousins mean so much to me. Thank you all. 15 years of friendship with
me deserves to be praised and | want David, Derek, and Ike to know how much it means
to me. Thank you, guys, for always picking up right where we left off. And the Beaumier
family, they have made me feel so loved over the past 8 years. | appreciate everything they
have ever done for me and all our time together. | am so happy to have them in my life.
Mr. Peanutbutter, I love you Mr. Man. You make my heart swell every time | look
at or even think about you. Thank you for being the sweetest boy with the loudest bark.
Finally, Evan, you are my patient, intelligent, funny, kind, loving life partner. Thank you
for helping me check in my glassware to my organic chemistry lab drawer all those years
ago. Seriously, without that interaction | wouldn’t be here right now. You have profoundly
impacted my life. I knew from the beginning you were the one | wanted to spend my life
with because you always made me want to be better: a better scientist, a better daughter, a
better friend, a better fantasy football player, a better person. Everything is better when I’'m

with you. I can’t wait to marry you.



Dedicated to my mom, dad, Leigh, Mike, and Evan



Abstract

Copper plays a vital role in various enzymatic and catalytic transformations.
Specifically, copper-oxygen and high-valent copper species are implicated as intermediates
in oxidations by metalloenzymes and catalysts. In order to study the nature and the role of
copper in these transformations, copper model complexes have been sought after and
investigated for their properties and reactivities. This thesis describes several such copper
model complexes. Chapter 1 outlines the biological precedence of copper-oxygen
complexes in a monooxygenase enzyme and a class of copper complexes that mimic the
monooxygenase active site. Additionally, the literature relevant to high-valent copper
complexes discussed herein is reviewed. In chapter 2, the development of two biomimetic,
monoanionic ligands and their copper complexes is discussed. The characterization of the
ligands and complexes and efforts to access copper-oxygen complexes bearing the
monoanionic ligands are shown. Chapter 3 details the generation of a new high-valent
copper-nitrite complex and its oxidative proton-coupled electron transfer (PCET) and
anaerobic phenol nitration reactivity. Mechanistic considerations for the unusual anaerobic
phenol nitration are made. Lastly, chapter 4 describes the synthesis and characterization of
two copper-amidate complexes and the generation of their high-valent counterparts. The
PCET reactivity of the high-valent copper-amidate complexes are contrasted with each
other and previous high-valent copper-oxygen complexes. The results from the projects
described herein provide insights into copper coordination chemistry, electronic structure,

and reactivity, which helps augment the knowledge of copper enzymes and catalysts.
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Introduction
1.1 Introduction

Nature evolved to use metal ions to perform vital transformations.* Metalloproteins
are a class of proteins where metal ions in specific chemical environments aid in specific
functions. Copper is one such metal ion and metalloproteins containing copper can perform
various transformations, such as electron transfer (ET), binding and reduction of Oz, NO2
, and N0, and oxidation of substrates.> Copper is a choice metal ion for these
transformations because of its ability to access multiple oxidation states. Studies of copper
protein active sites have revealed information about their structures, their mechanisms, and
how they shuttle between oxidation states and there is an ongoing goal to develop a deeper
understanding of these topics.?

A method of learning more about copper protein active sites is to synthesize copper
complexes to mimic active site structures and/or reactivity patterns. For example, lytic
polysaccharide monooxygenase (LPMO), an enzyme that oxidizes polysaccharides, has
been a target for model complexes that mimic the LPMO active site and reactivity.>#
Additionally, the various intermediates proposed in the oxidation mechanism of LPMO
have been investigated by synthesizing and studying the reactivity of discrete Cu-oxygen
complexes. For example, an intermediate proposed to attack strong C—H bonds in
polysaccharides contains the [Cu—OQ]" unit.>® The [Cu—OO]" core has been studied in
many model complexes and those complexes have been reacted with O-H and C-H
substrates to understand their oxidation chemistry.’®

Generating reactive Cu-oxygen complexes and studying the intricate mechanistic
details of their reactivity has been a fruitful route for expanding the knowledge of the
bioinorganic field. To preface Chapter 2, a background on the biological precedence for
Cu-oxygen species will be presented. The copper-containing enzymes, LPMOs, will be
discussed in depth to set precedence for trying to access copper-oxygen complexes
supported by monoanionic ligands. Chapter 2 discusses a project which focuses on
monoanionic ligands, which are differ from the dianionic ligand bis(2,6-
diisopropylphenylcarboxamido)pyridine (L?) that has been used extensively by the

Tolman group. Thus, to put my work into context, the literature on Cu-oxygen complexes
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supported by L (Figure 1.1), mimics for proposed Cu-oxygen species in the LPMO
enzymatic cycle, will be presented. This background knowledge also provides background
on the routes available for accessing synthetic Cu-oxygen complexes. The first Cu-oxygen
complex reviewed is [LCuOQ], and its reactivity and the implications on the LPMO
mechanism will be considered. Additionally, high-valent copper-oxygen complexes
LCUuOOR and LCuOH, motifs that are implicated a models for possible copper-oxygen
cores in the process of O activation at monocopper site, will be examined.

An ongoing goal of the Tolman group is to study ligand perturbations on Cu(lll)
complexes and proton-coupled electron transfer (PCET) reactivity of those complexes. In
Chapters 3 and 4, new LCu(ll1)-X (X = anionic ligand) complexes are presented. To put
this work into perspective, the characterization data for previously studied LCuX
complexes (X =0O0OR, OH, O.CR, F, Cl, and Br) are described in this chapter. Additionally,
the LCuX system (Figure 1.1) has been extended to X ligands that are not necessarily
biomimetic but provide valuable information about PCET chemistry. In particular, the
properties and detailed PCET reactivity of LCuO.CR, LCuF, LCuCl, and LCuBr will be
discussed. Furthermore, Chapters 3 and 4 describe two projects in which the X ligand is
nitrite or amides, respectively. To set the stage for the nitrite work, the enzymes copper
nitrite reductases (CuNIRs) and Cu(l)- and Cu(ll)-nitrite model complexes will be
discussed here. Lastly, an introduction to Chapter 4 will explore the chemistry relevant to
Cu-nitrogen complexes, including C—N coupling reactions and C—H amination reactions.

0 | NG 0]
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|
iPr X iPr
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Figure 1.1. The structure of LCuX
1.2 Lytic polysaccharide monooxygenase

Lytic polysaccharide monooxygenases (LPMQO) are monocopper enzymes that use
molecular oxygen, O, to oxidize recalcitrant polysaccharide substrates, incorporating a
hydroxyl group into the polysaccharide (Figure 1.2). The oxidized products are susceptible

to glycosidic cleavage, resulting in oligomers.>*' LPMOs boost the degradation of
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polysaccharides, such as lignocellulosic biomass, a process useful in biofuel formation.*?
LPMOs are now being added to enzymatic cocktails in biorefineries, reducing costs for the
industrial processes.!® Because of the important applications of LPMOs, they have been
widely studied in order to gain an understanding of their structures and functionality. This
introduction will discuss the LPMO active site, the proposed mechanisms for O activation

at the copper center, and the critical oxidation process for polysaccharide degradation.

OH OH
‘oo
ff\o o HO OH 5 LPMO, O,, 2H*, 2e ;)\O o HO OH 5
o} 0
HO O% -Hy0 HO 0 o
HO K SoH HO o4 H “OH
C1 c4
OH
o HO OH ce?z
~ O P
o HO% 0
HO O H "OH

Figure 1.2. Oxidative cleavage of cellulose by LPMO. Adapted from ref. 9.
1.2.1 LPMO active site

The active sites of LPMOs are located on the periphery of the enzymes (Figure 1.3),
a consequence of the substrate of the enzymes, crystalline polysaccharide.® Many crystal
structures and electron paramagnetic resonance (EPR) spectroscopy studies on LPMOs
reveal a diverse secondary-coordination sphere, differing in H-bonding networks that
control various factors like substrate interactions.** However, a highly conserved binding
motif is found for the copper ions. Across the different classes of LPMOs, a t-shaped
binding motif about the copper is consistently observed and is termed the “histidine brace”
(Figure 1.3). The histidine brace includes two histidine imidazolyl groups, with one

histidine being at the terminus of the protein. A third ligand is the amino terminus —NH.1*
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Figure 1.3. The crystal structure of an LPMO enzyme with 1.5 A resolution and a detailed
depiction of the enzyme active site (structure taken from the Protein Data Bank, data from
ref. 15).

The histidine brace is now recognized as a common framework in oxygen-
activating enzymes,'®’ and is capable of supporting the formation of reactive copper-
oxygen species. The three N-donors of the histidine brace supply sufficient electron density
to the Cu(l) ion to make its reaction with O kinetically and thermodynamically favored.
When dioxygen reacts with LPMO, the histidine brace forces the molecule to bind
equatorially putting the oxygen ligand trans to the amino terminus ligand.}* The
protonation state of the amino terminus is ambiguous but, it has been hypothesized that if
the ligand trans to the oxygen ligand was anionic, it could help stabilize Cu-oxygen species
(vide infra). Furthermore, the pKa of this group could be modulated by H-bonding networks
in the presence of substrate and/or by the generation of high-valent Cu-oxygen complexes
during catalysis.’* Some evidence for the amino terminus being deprotonated has come
from neutron diffraction studies.'® Together, these results provide a rationale for modelling
the LPMO active site with ligands that feature three N-donors in a mer geometry with a
single negative charge.

1.2.2 Proposed mechanisms for LPMO

The resting state of the LPMO enzyme contains the copper ion in the Cu(ll)

oxidation state.® In a cofactor dependent electron transfer,'® the active state, T-shaped

Cu(l), is generated. The Cu(l) center reduces O- to yield a Cu(ll)-superoxide adduct, [Cu—



00]"*, which has been identified in LPMO by XAS and X-ray crystallography.82° From
the Cu(ll)-superoxide adduct, two possible mechanisms have been proposed that differ by
which species performs the arduous task of C—H bond cleavage via a hydrogen-atom
transfer (HAT) step, a type of PCET.®

One proposed mechanism depicts the Cu(ll)-superoxide adduct (S) performing
HAT directly (Figure 1.4, left). The products of this oxidation are a Cu(ll)-hydroperoxide
adduct (HP) and a C-based substrate radical. According to this pathway, the Cu(ll)-
hydroperoxide species (HP) undergoes O—O bond cleavage after introduction of a proton
from the medium and an electron to yield a putative Cu(l1)-oxyl adduct (Ox). The Cu(ll)-
oxyl adduct (Ox) combines with the substrate radical and a proton to yield the hydroxylated
substrate and the T-shaped Cu(1).°

Another proposed mechanism invokes the Cu(ll)-superoxide adduct (S) reacting
with a proton and an electron to yield a Cu(ll)-hydroperoxide adduct (HP) (Figure 1.4,
right). Cleavage of the O-O bond in this adduct upon addition of another proton and
another electron to release water and the Cu(ll)-oxyl species (Ox). The Cu(ll)-oxyl adduct
(Ox) is then suggested to be the species that performs HAT from the substrate. The products
of this reaction are a Cu(ll)-hydroxide adduct (HOx) and the C-based substrate radical,
which combine in a “rebound” step to yield the hydroxylated substrate and the T-shaped
Cu(l) again.® These proposed mechanisms have provided synthetic chemists with Cu-
oxygen cores to target, notably the Cu(ll)-superoxide and the Cu(Il)-oxyl, in studies aimed

at evaluating their properties and reactivity.
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Figure 1.4. Two proposed catalytic cycles for the oxidation of substrate performed by
LPMO. Adapted from ref. 5.

1.2.3 Possible copper-oxygen cores

In addition to the copper-oxygen cores mentioned above, others may be considered.
When Cu(l) binds O to form the Cu(ll)-superoxide adduct, a series of cascading proton
and electron transfers can occur, either separately or in a coupled fashion (PCET). So, when
thinking about which copper-oxygen cores to study synthetically, we can map out the
species that would form after discrete proton and electron transfers from the Cu(ll)-

superoxide core (Figure 1.5).
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Figure 1.5. Proposed intermediates for O activation at a monocopper site. Proton transfers
(vertical arrows), electron transfers (horizontal arrows), and proton-coupled electron
transfers (diagonal arrows) are indicated. Two formulaic representations of the Cu
complexes are shown, formal oxidations states (upper blue formulation) and core with
overall charge (lower black formulation). Boxes A and B emphasize square schemes that
are discussed more in depth in text. Adapted from ref. 21.

Thus, each set of proton and electron transfers can be pictured in a “square scheme”
that depicts electron transfers occurring horizontally, proton transfers vertically, and
proton-coupled electron transfer diagonally. For example, an electron can be transferred to
the Cu(Il)-superoxide adduct to form a Cu(ll)-peroxide adduct. Subsequently, a proton can
be transferred to the Cu(ll)-peroxide adduct to form a Cu(ll)-hydroperoxide species.
Alternatively, a proton can be transferred to the Cu(ll)-superoxide adduct first to form a
Cu(l)-hydroperoxide species, which an electron transfer would transform to the product
Cu(ll)-hydroperoxide. The diagonal transformation represents a direct proton-coupled

electron transfer from the Cu(ll)-superoxide adduct to the Cu(ll)-hydroperoxide product.



The Cu-hydroperoxide species are the final species with the O—O bond intact along
the Cu-mediated reduction of O path that ultimately releases water (one of the byproducts
of LPMO oxidations). For example, a proton transfer to the Cu(ll)-hydroperoxide adduct
releases water and yields a Cu(l11)-oxyl adduct. An electron transfer to this species would
result in a Cu(ll)-oxyl species, one of the proposed species to perform HAT in the
previously discussed LPMO mechanisms. The Cu(Il1)-oxyl core has only been observed in
gas phase and is thought to be very reactive.?> Computational studies have suggested that
the Cu(ll)-oxyl species is a potent oxidant for polysaccharide C—H bonds.® However,
because of its innate reactivity it is difficult to study in discrete synthetic molecules.

After O-O scission, another copper-oxygen species relevant to oxidation reactions
is revealed, the Cu(lll)-hydroxide adduct. The Cu(ll1)-hydroxide species can be viewed as
a “masked Cu(I)-oxyl” as it is the protonated form of the Cu(Il)-oxyl core. As seen in
Figure 1.5, the Cu(lll)-hydroxide adduct also has an associated square scheme,
representing its potential for oxidation reactions. The Cu(lll)-hydroxide core has been
shown to be a potent oxidant?>-?> and is discussed in depth in section 1.3.3. Ultimately, the
square scheme treatment reveals several biologically relevant copper-oxygen cores to
study: [Cu—OQ]*, [Cu—OOH]" and [Cu—OOH]?** (or [Cu—OOR]* and [Cu—-OOR]?*"), and
[Cu-OH]?.

1.3 Pyridine dicarboxamide copper complexes

The molecule bis(2,6-diisopropylphenylcarboxamido)pyridine (H.L) can be
doubly deprotonated to yield a dianionic pincer ligand, L?. The anionic carboxamide
groups are highly electron donating and can support electron deficient metal centers, such
as Cu(lll). The large amount of negative charge can also be delocalized into the
carboxamide m-system to bind a metal ion that is not as electron deficient, such as Cu(ll).
However, a disadvantage of L% is its lesser ability to support electron rich metals, such as
Cu(l). The ligand also contains two flanking aryl groups with steric bulk installed as
isopropyl groups in the 2- and 6- positions. The flanking aryl rings provide enough steric
influence to prevent dimerization of two copper complexes. The steric bulk also helps
enforce a square planar orientation about the copper ion, inhibiting the binding of a fifth
ligand.



A Cu(ll) complex of L? may be prepared by reacting HzL with 2 eq. of NaOMe
and Cu(OTf)2 in methanol. After dissolving the initially formed species MeCN and
recrystallization from MeCN/toluene, LCuMeCN forms.?® It is a suitable starting material
for some [LCuX] complexes. Other [LCuX] may be generated from protonolysis reactions
with [LCuOH], which can be synthesized by reacting LCuMeCN with a hydroxide salt in

ethereal solvents.?
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Figure 1.6. General syntheses for LCuMeCN and [M][LCuX] complexes.?326-31
1.3.1 [LCuOO]- complexes

A [Cu-OO0]" adduct is implicated as an HAT-active species in a proposed
mechanism for LPMO oxidation. Therefore, model complexes containing a [Cu—OO]" core
have been synthesized to understand the propensity for HAT by the core. There are many
1:1 Cu:0O2 adducts in the literature that are typically formed by reacting Oz with a Cu(l)
complex at low temperature in inert conditions.” When Cu(l) binds O the electronic
structure of the resulting product can exist on a spectrum where the extremes are formulated
as a Cu(ll)-superoxide and a Cu(lll)-peroxide (Figure 1.7). The O2 ligand can also bind
end-on, m?, or side-on, n? (Figure 1.7). The electronic structure of the complex can be
determined by the nature of the O—O bond. X-ray crystallography and/or resonance Raman
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have been used to examine the bond length/energy of the O-O bond to understand how

much electron density has been transferred from the Cu(l).’

[Cu'Og]*
O
Cu-0 cu”
\O u \é
[CU\II02]+
[CuOO]* n'-end-on n?-side-on

Figure 1.7. The two extreme electronic structures for 1:1 Cu/O2 complexes and the
possible binding motifs for dioxygen ligands to Cu.

However, thus far, a Cu(l) complex supported by the ligand L? has not been
reported, presumably because of the 2- charge of the ligand. Therefore, a route using Cu(ll)
and superoxide salts were used to generate a Cu(ll)-superoxide supported by L. In 2010,
the first report of the generation of [K(18-crown-6)][LCuOQ] by reacting LCuMeCN with
KO in the presence of 18-crown-6 in 1:1 DMF/THF mixtures at -80 °C was reported.?®
Unfortunately, this method was problematic in investigating the reactivity of [LCuOO]
because the limited solubility of KO, requiring the use of DMF, rendered the metastability
of the complex poor and controlling the stoichiometry of the superoxide salt difficult.

In 2019, an alternative method for generating [LCuOO] was reported using
Kryptofix 222 (Krypt) as the phase transfer agent rather than 18-crown-6, which eliminated
that need for DMF as a solvent and allowed for better control of the stoichiometry of
KO2:LCuMeCN.*? The new method granted the reexamination of the nucleophilic
reactivity of [LCuOQ] and mechanistic studies of the reactions between [LCuOOQO] and
phenols.?%%2

The 2010 report described a dark blue solution with a characteristic UV-vis peak at
627 nm (e ~ 1700 Mt cm™) developed when LCuMeCN was added to a slurry of KO2/18-
crown-6 in 1:1 THF/DMF at -80 °C. This peak was assigned by time-dependent density
functional theory (TD-DFT) as a ligand-to-metal charge transfer (LMCT) from the end-on
superoxide =* orbital to an antibonding orbital with components from the Cu(ll) dxo-y2

orbital and the four ligand c-donors.?® The nature of the superoxide ligand was explored
10



with resonance Raman using an excitation wavelength to irradiate the LMCT of [LCuOO]
. An isotopically sensitive peak at 1104 cm™ (A160-180 = 60 cm™*) was identified, which is
a result consistent with a superoxide ligand.”?® The EPR spectrum of [LCuOO] was found
to be silent, a result consistent with either an S =1 or S = 0 complex. The triplet S = 1 state
was corroborated experimentally, by the absence of peaks in the *H NMR spectrum of the
complex, and computationally.?®

In 2019, different experimental conditions to generate [LCuOQ] were reported. An
MeCN solution of 1:1 KO2/Krypt was added to a THF solution of LCuMeCN at -80 °C to
generate [K(Krypt)][LCuOO], which exhibited the same UV-vis, resonance Raman, and
EPR spectra as [K(18-crown-6)][LCuOQ]. The clean generation of [K(Krypt)][LCuOO]
was demonstrated by titration experiments of the MeCN solution of 1:1 KO2/Krypt to a
THF solution of LCuMeCN, indicating only 1 eq. of K(Krypt)O2 was needed to fully form
[K(Krypt)][LCuOQ]. Additionally, the new method increased the stability of [LCuOO]
significantly: no decay > 1 day for [K(Krypt)][LCuOQ] (-80 °C in 19:1 THF/MeCN) vs
decay in a few hours for [K(18-crown-6)][LCuOQ] (-80 °C in 1:1 THF/DMF).*?

Examination of the reactions of the Cu(ll)-superoxide with O—H substrates was
enabled after the clean generation of [LCuOO] was discovered. [K(Krypt)][LCuOO]
reacted with TEMPO-H at -80 °C to yield TEMPOe+ and [LCuOOH]", determined by EPR
and UV-vis spectroscopy and the independent generation of [LCuOOH].
[K(Krypt)][LCuOO] was also treated with p-substituted phenols (*ArOH) at -60 °C, and a
Hammett plot revealed a mechanistic dichotomy (Figure 1.18). When [K(Krypt)][LCuOQ]
was reacted with p-substituted phenols with electron-donating substituents (X = NMex,
OMe, tBu, Me), a faster rate with increasing op was observed, and a concerted proton-
electron transfer (CPET) pathway was proposed (Figure 1.9). When p-substituted phenols
with electron-withdrawing substituents (X = Cl, CF3, NO2) were used, a faster rate with
increasing op was also observed, and a PT/ET mechanism was proposed (Figure 1.9).
However, the p-substituted phenols near the mechanistic crossover point (X = tBu, Me, H)
most likely operate by both mechanisms as the thermodynamic driving forces for either
mechanism appear to be similar at the crossover point. The identification of [LCuOQ]
operating via a PT/ET mechanism points to the basic nature of the complex.?
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Figure 1.8. Hammett plot of log(kx®MS°/knPMSO) vs o, for *ArOH, (X = NMez, OMe, tBu,
Me , H, Cl, CFs, and NO,). Separate linear fits are shown for X = NMe,, OMe, tBu, and
Me (slope p = —2.5, R? = 0.97) and for X = Me, H, Cl, CFs, and NO (slope p = 2.0, R? =
0.96). Reprinted with permission from ref. 21. Copyright 2019 American Chemical
Society.

X= NOZ, CF3, Cl
PT ET
LCu'"0O" + XArOH g LCU""OOH——>LCu'(S) + HO,-
XArO" X N
A
CPET ET (b) OI'O
(HAT) XArO- V2
X = NMe,, OMe XArOH
< LCU'"OOH — LCU"OAr + H,0,

Figure 1.9. Proposed mechanisms for reactions with phenols with electron-donating
substituents (top PT/ET route) and with electron-withdrawing substituents (bottom CPET

route). Reprinted with permission from ref. 21. Copyright 2019 American Chemical
Society.

The PCET reactions of [LCuOO] with substrates can be described by a square
scheme. The steps depicted by a square scheme can be understood by thermodynamic
values associated with the steps. The horizontal electron transfers can be described with
the E1» of the redox couples represented and the vertical proton transfers can be described
with the pKa values of the acid/base pairs. These values can be used in equation 1.1 to
calculate the bond dissociation enthalpy (BDE) of the bond being formed in the square
scheme. Equation 1.1 shows that a more basic and/or more oxidizing complex results in a

stronger bond, or a more thermodynamically favored species.?*

12



BDEo 1= 1.37pKa + 23.06E1/2 + CH Eq. 1.1

To fill out some of the thermodynamic values in the square scheme for [LCuOO]
(Figure 1.10), the E1/2 of the [LCUOOH]Y couple was measured. This oxidation potential
was determined to be -215 mV vs Fc”* (THF, 25 °C) by cyclic voltammetry (CV)
experiments of in situ generated [LCUOOH] from [LCuOH] and H20,. Unfortunately, the
pKa of LCuOOH could not be measured directly. However, by assuming that the
mechanistic crossover point is where the thermodynamic driving force of PCET and PT
are equal enable estimation using Equations 1.2 — 1.6 of a pKa value of ~ 19. These data
led to an estimated BDE of the O—H bond in [LCuOOH] of ~ 87 kcal mol .2

cu'-0, e cu'-0%
[CuO,]* [CuOy]
pKa ~ 19 /BT H*
kcal/mol
Cu'”-OOl; . Cu'-O0OH
CuOOH]+* H
[ ] E1/2 = '0215V [CUOOH]

Figure 1.10. Square scheme for [LCuOO]- with associated thermodynamic values.
Reprinted with permission from ref. 21. Copyright 2019 American Chemical Society.

AGcpet = BDEmearo-H - BDEcuoo-H Eqg. 1.2
BDEcuoo-H=1.37 pKa + 23.06E12 + CH Eqg. 1.3
AGcpeT = 25.18 - 1.37pKacuoo-H) Eq. 1.4
AGpt =2.303RT (pKamearo-H) - PKa(cuoo-H) Eqg. 1.5
AGer = 18.43 — 0.975pKacu00-+) Eq. 1.6

1.3.2 LCuOOR complexes

The [Cu-OOH]*"?* cores are proposed intermediates in the oxidation of
polysaccharides by LPMO, but due to difficulties encountered in attempts to cleanly
generate the complexes [LCUOOH]™, [CuOOR]*'?* species were studied as models. The
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studies of the oxidized complexes also contributed to our collective knowledge of Cu(lll)
complexes, aiding in the characterization of new Cu(lll) species, like the ones in Chapters
3 and 4. The complexes [NBus][LCUOOR] (R = tBu, Cumyl) were synthesized via
protonolysis reactions between the respective HOOR materials and [NBus][LCuOH]. The
one electron products, LCuOOR (Figure 1.11), were characterized and the reactivity of

LCuOOCumyl complexes with O—H substrates was explored.?
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LCuOOiBu LCuOOCumyl
Figure 1.11. The structures of LCUOOR complexes.

The oxidized complexes LCuOOR (R = tBu, cumyl) were generated with the
addition of FCBAIF4 since the E1, values were found to be -154 mV and -205 mV vs. F¢%*
for [LCuOOtBu]™ and [LCuOOCumyl]™, respectively. The formation of the LCUOOR
species was monitored by UV-vis spectroscopy, revealing three intense absorption features
each between about 500 and 800 nm. TD-DFT was used to assign these transitions as
LMCTs, specifically L aryl = to Cu dxo.y2 transitions. Maximum absorption features for
LCuOOCumyl were reached when 1 eq. of FCBArF24 and the features could be reversibly
generated with subsequent additions of FcBArFz4 and Fc*.28

EPR spectra of LCuOOtBu and LCuOOCumyl exhibited no signal, consistent with
either S=0 (Cu"" or Cu'"-ligand radical antiferromagnetically coupled) or S =1 (Cu'-ligand
radical ferromagnetically coupled). The resonance Raman spectrum of LCuOOCumyl
shows an isotopically sensitive peak at 831 cm™ (Aiso-180 = 18 cm™), supporting the
retention of the alkylperoxide ligand in the oxidized species. The collective UV-vis data,
EPR and resonance Raman spectra, and computations support the formal Cu(l1l) oxidation
state for the LCUOOR complexes.?

LCuOOCumyl was treated with a suite of O—H and C—H substrates but only reacted
appreciably with substrates containing weak O-H bonds (TEMPO-H and 4-
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dimethylaminophenol or "Me2ArOH). LCuOOCumyl reacted with TEMPO-H (k2 = 2.4 M-
1'sh in THF at -80 °C and yielded TEMPOe-, consistent with a PCET reaction.
LCuOOCumyl reacted with "M&2ArOH in THF at -80 °C and yielded LCuOAr\Me2 3
species designated as a Cu(ll)-phenoxyl radical. The overall reaction represents a proton
transfer and ligand exchange, although the exact mechanism for the reaction was not
determined.
1.3.3 LCuOH complexes

As previously discussed, the [Cu—OH]?* core is a proposed intermediate in LPMO
oxidation chemistry and may be considered as a protonated version of the highly reactive
[Cu—O]" core. Accessing the [Cu-OH]?* species in a discrete molecule would allow us to
understand the viability of the core in LPMO and oxidation catalysis and to study PCET
reactivity in detail. In 2011, the generation of LCuOH and its reactivity with 9,10-
dihydroanthracene (DHA) in acetone at -80 °C was reported.?® After this initial report,
several journal articles detailing derivatives of LCuOH varying in the supporting ligand
(YL),%%3 and the detailed mechanistic nuances of its PCET reactivity have been
published.?42°

The complex LCUOH (E12 = -76 mV vs Fc”* in acetone) was generated using
FcBArF24. UV-vis spectroscopy experiments revealed a new highly absorbing peak at 540
nm that fully formed after addition of 1 eq. of FCBArF24 and that could be bleached with
the addition of Fc*. UV-vis spectra were generated by TD-DFT for all possible electronic
structures, singlet LCu(111)-OH, singlet LCu(Il)—+OH, and triplet LCu(IT)-*OH, and it was
found that the calculations for singlet LCu(ll)-OH were most consistent with the
experimental data.?®

X-ray absorption spectroscopy (XAS) was performed on samples of
[NBu4][LCuOH] and LCuOH to further understand the electronic structure of the oxidized
product. The Cu k-edge data had a difference of 1.7 eV in the pre-edge positions of the two
complexes and a difference of 1.1 eV in the rising edge energies of the two complexes.
These results indicate a metal-based oxidation and a total increase of effective nuclear
charge on the metal center. Furthermore, the extended X-ray absorption fine structure
(EXAFS) data revealed a 0.1 A shortening of the bond lengths between the Cu ions and
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the primary ligand sphere atoms, typical results for a 1-electron oxidation at Cu. The bond
contractions are consistent with DFT results.?

Resonance Raman spectroscopy revealed an isotopically sensitive peak at 633 cm”
! (A160-180 = 18 cm™) for frozen CH,Cl, samples of LCUOH. This peak was identified as a
v(Cu-0), which was confirmed by DFT calculations. Since a crystal structure of LCuUOH
was elusive, a normalized Badger’s rule, an equation relating vibrational frequencies to
bond lengths, was used to estimate a Cu—O bond length of 1.80 A.*® The estimates from
the resonance Raman experiments and DFT calculations were ultimately confirmed by
recent X-ray structural data of a variant of LCUOH, “M*LCuOH (methoxy-substituted
pyridine in L%).%

Finally, a relatively small reorganization energy, A, for the [LCUOH]™ couple was
calculated to be 0.95 eV, only slightly larger than type 1 Cu proteins known to facilitate
electron transfers. Both inner sphere and outer sphere contributions are included in this
value and the outer sphere reorganization accounts for just over half of the value. The
calculated A is consistent with minimal structural change from the Cu(ll) to Cu(lll) state,
consistent with the proposed minimal contraction of the Cu—O/N bonds.3®

Initial studies of the reaction between LCuOH and DHA (Scheme 1.1) in acetone
at -80 °C indicated the formation of anthracene, confirmed by UV-vis spectroscopy and
gas chromatography-mass spectrometry (GC-MS), and LCuOH2, confirmed by UV-vis
spectroscopy. The reaction proceeded with second-order Kinetics at relatively fast rates (k2
= 1.1 M? s1) with a kinetic isotope effect (KIE) at -70 °C of 44, signifying C—H bond
cleavage in the rate-determining step. Temperature dependent KIE experiments were
performed allowing the KIE at 25 °C to be calculated as 29, indicating possible tunneling
components during hydrogen atom abstraction.?®> LCuOH was also found to react with
various other C—H bonds (-25 °C, 1,2-difluorobenzene), ranging from DHA (BDE = 76.3
kcal mol™) to cyclohexane (BDE = 99.8 kcal mol™?).2*

Scheme 1.1. The reaction between LCuOH and DHA.
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The BDE of the O—H bond in LCuOH> was sought after to aid in understanding the
fast HAT kinetics of LCuOH, requiring the determination of some of the thermodynamic
values in the square scheme (Figure 1.12). The Ei. of the [LCuOH]” couple was
remeasured in THF as -74 mV vs Fc”*. The pKa of LCuOH, was measured through UV-
vis titrations as 18.8 + 1.8. The BDE of LCuOH- was calculated to be 90 + 3 kcal mol?, a
value higher than most BDEs of O-H bonds formed through HAA reactions of various
metal-oxo/hydroxo complexes. The thermodynamic values suggest that although LCuOH

is a poor oxidant, the high basicity of LCuOH accounts for its fast HAT rates.?*

B cu'-oH E2=-0074V 5 oh

[CuOH]2* [CuOH]*
pKa ~12 ~90 pKa ~ 19
kcal/mol
Cu'"-OH, Cu'-OH,
CuOH 3+ = H 2+
[CUORI™ £ 0345y [CUOM:

Figure 1.12. Square scheme for LCuOH with associated thermodynamic values. Reprinted
with permission from ref. 21. Copyright 2019 American Chemical Society.

LLCuOH was reacted with a series of p-substituted phenols (*ArOH, X = NMex,
OMe, Me, H, CI, CFs, NO2) and monitored by low-temperature stopped flow UV-vis
spectroscopy. Linear free energy relationships revealed that the reaction of LCuOH with
most phenols follows a similar mechanism. However, a different mechanism appears to
occur between the reaction of LCUOH and the most acidic phenol, N°?ArOH, as apparent
in the phenol pKa vs log k plot (Figure 1.13). The results suggest that the HAA reaction of
LCuOH and most phenols follows a CPET mechanism and the reaction between LCuOH
and N92ArOH follows a PT/ET mechanism.?®
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Figure 1.13. Log(komso) Vs *ArOH pKa plot for [CuOO]* (red circles, —60 °C) and
[CUOH]?* (blue squares, —80 °C) cores. The red and blue lines are fits to the data for all X
except NMe; (red, R? = 0.992, slope = —0.22) or NO; (blue, R? = 0.811, slope = 1.1).
Reprinted with permission from ref. 21. Copyright 2019 American Chemical Society.

When an H-atom is abstracted from a substrate, the overall transformation involves
a proton and an electron, but where they travel to can differ. When the proton and electron
travel from one place to another together, this is called a hydrogen atom transfer (HAT).
When the proton and electron travel together from one site to two different sites, the
reaction is termed concerted proton-coupled electron transfer (cPCET). Computations of
the reactions between LCuOH and DHA and 2,6-di-t-butylphenol (2,6-DTBP) were
performed to determine mechanistic details of these reactions. Looking at electronic
structures of the reactants along the reaction coordinate revealed the change in dipole
moment for the reaction between LCuOH and DHA to be relatively small and between
LCuOH and 2,6-DTBP to be relatively large (Figure 1.14). A small change in dipole
moment suggests a HAT mechanism, the DHA reaction, and a large change in dipole
moment suggests a cCPCET mechanism, the 2,6-DTBP reaction. These mechanisms are
further corroborated by intrinsic bond orbital analysis, which depicted the proton and
electron both travel from DHA to the hydroxyl ligand (Figure 1.15). However, the proton
and electron travel from 2,6-DTBP to separate locations: the proton travels to the hydroxyl

ligand and the electron travels to the Cu ion (Figure 1.15).%’
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Figure 1.14. The total dipole moment as the HAA reaction proceeds for LCuOH with 2,6-
DTBP (solid line) and DHA (dashed line). Reprinted with permission from ref. 30.
Copyright 2019 American Chemical Society.

ol el

N—Cu”' N—Cu''-N
@H \® @/ngj>®
H
H Bu

Figure 1.15. Representation of the proton and electron transfers during the HAA reactions
of LCuOH with DHA (a) and 2,6-DTBP (b). Reprinted with permission from ref. 30.
Copyright 2019 American Chemical Society.

Modifications of the L? ligand were performed to study the effects on the
thermodyanamic values and HAT Kinetics of the [Cu—~OH]?* core. For example, electron-
withdrawing -NO- substituents were added to the para position of the flanking aryl rings
and the pyridine ring was reduced to a piperidine group and the N was methylated (Figure
1.16). The formally Cu(l1l) complexes were generated using 1 eq. of suitable oxidant and
the UV-vis spectra for N2LCuOH and PPeL.CuOH were found to be similar to that of

LCuOH, supporting similar formulations for the new complexes.3*
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Figure 1.16. Cu-hydroxide complexes explored for effects of electronic ligand
perturbations.®*

The reactions of N2.CuOH and PPMe|_CuOH with C—H substrates showed that the
complexes were also potent at HAA. Of note, the ko values of the reactions between
NO2|_CuOH, LCuOH, and "PMe_CuOH with DHA (-25 °C, DFB) were found to be 346(52),
50(8), and 25(4) M s, respectively. This trend correlates with the BDEs found for the
O-H bonds formed in the HAA reactions. The O—H BDEs in YLCuOH, were found to be
88 + 3, 90 + 3, and 91 + 3 kcal mol* for N92_CuOH;, LCuOH,, and "PMe|_CuOH,,
respectively. The electronic modifications resulted in only slight differences in
thermodynamic values and a more pronounced HAA rate difference for N°2LCuOH.
Ultimately, clear trends were difficult to discern between the three complexes because of
varying degrees of tunnelling contributions in the HAA reactions.>*

The overall charge of the Cu—OH complex was perturbed as well by installing -
NMes" or -SO3" groups to the para position of the flanking aryl rings (Figure 1.17). When
the respective Cu(ll)-hydroxide complexes were oxidized by 1 electron, typical Cu(lll)
UV-vis features were observed for the dianionic [S°®LCuOH]* and dicationic
[NMe3_LCuOH]?* complexes. Interestingly, the BDE values of the O—-H bonds that were
measured for the charged Cu(ll)-aqua complexes were found to be nearly identical to each
other: 91.5 kcal mol? for [S°°LCuOH][K(18-crown-6)]2 and 91 kcal mol? for
[NMe3|_CuOH][BArF24]2. However, a large difference was found in the second-order rate
constants for the reactions between the complexes and DHA (-25 °C, DFB): 2.8(7) M1 st
for [\Me3_CuOH][BATrF24]2 and 400(22) M st for [S*°LCuOH][K(18-crown-6)]2 (~150
times faster). The slow HAA kinetics observed for [NMSLCuOH][BArF24]2 were explained
by the steric crowding of the bulky [BArF24] anions that are associated with the Cu(lll)

complex. This conclusion was corroborated by reacting [NMeLCuOH][BArF24]2 with 1,4-
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cylcohexadiene (CHD), similar C-H BDE to DHA but overall a smaller substrate, in
identical conditions and the rate was found to be 10 times faster with CHD than the rate
with DHA. %

& —I[K (18-crown-6)], & —I(BArF24

N‘CU’N N‘CU’N
iPr OH lPr iPr OH lPr
05S S04 MesN NMe3
[SO3LCuOH][K(18-crown-6)], [NMe3|_ CuOH][BArF 4],

Figure 1.17. Cu-hydroxide complexes explored for charge effects.®®

1.3.4 LCuO2CR complexes

While the LCuX system provides an apt platform for studying copper-oxygen
complexes that are closely biomimetic, the system has been extended to X ligands that are
not necessarily ligands expected in biological oxidations. The exploration of X ligands
provides information of the generality of the LCuX chemistry in oxidation processes. One
X ligand of note that was studied was m-chlorobenzoate (mMCBA). The complex
[NBus][LCumCBA] was synthesized via the protonolysis reaction between m-
chlorobenzoic acid and LCumCBA was prepared by a 1-electron oxidation. The reactions
between LCumCBA and C-H and O-H substrates were studied experimentally and
computationally, which revealed mechanistic nuances of the oxidations.3” Furthermore,
other LCuO2CR complexes (Figure 1.18) were generated, and the electronic influences of
the carboxylate ligands on the properties of the complexes and their reactivities were
examined.®!
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CgH4(m-Cl), CgH4(NOy), CgFs

LCuO,CR

Figure 1.18. Structure of LCuO2CR complexes.
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Notably, cyclic voltammogram experiments revealed the oxidation potential of the
[LCumCBA]™ couple as 157 mV vs Fc”*. The addition of 1 eq. of [AcFc][BArF24] to THF
solutions of [NBus][LCumCBA] at -80 °C generated two new highly absorbing features at
650 and 830 nm. These features were assigned as LMCTSs from the amide and flanking aryl
n-system to the Cu dxzy2 orbital. As expected for oxidized copper species, the EPR
spectrum was silent. The experimental and computational data, along with precedence, are
taken as confirmation for the assignment of the Cu(l11) state for LCumCBA.%

The PCET reactivity of LCumCBA was probed using two substrates, 2,4,6-tri-t-
butylphenol (TTBP) and DHA. The reaction between LCumCBA and TTBP in THF at -80
°C yielded LCuTHF, as determined by UV-vis spectroscopy, and the TTBP phenoxyl
radical, which was identified by EPR spectroscopy. The products of the reaction are
consistent with a PCET reaction, and the second-order rate constant was calculated to be 3
x 10 M1st, When LCumCBA was treated with DHA in DFB at -25 °C, the PCET product
of anthracene was detected by GC-MS, and the second-order rate constant was calculated
as 1.1 x 10 M1 s1.3 DFT was used to understand which O-atom is the preferred site for
HAA since both atoms could be the reactive site because of conjugation. Free energies of
activation were calculated for the HAA at either site and suggested the distal carbonyl O-
atom is the preferred site for HAA from TTBP and DHA by 8.7 and 4.5 kcal mol?,
respectively.®’

The mechanism of HAA by LCumCBA was studied in detail computationally by
looking at the electronic structures along the reaction coordinate. The change in the dipole
moment over the reaction coordinate reveal the separation of the proton and electron from
each other is relatively large along the reactions of LCumCBA and TTBP and DHA,
implicating cPCET mechanisms with both substrates (Figure 1.19). An understanding of
the mechanisms was further developed by intrinsic bond orbital analysis, which depicted
the proton transfer occurred from the substrates to the carboxylate ligand and electron
transfer occurred from the substrates to the Cu metal through the flanking aryl =-system
(Figure 1.20). Furthermore, proton-coupled electron transfers can occur with the proton
and electron transferring together (synchronous), the proton transfer character can
dominate early in the transition state (basic asynchronous), or the electron transfer
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character can dominate early in the transition state (oxidative asynchronous). The
asynchronicity factor of the reactions revealed the reactions to be oxidative asynchronous,
in accordance with the high oxidation potential measured for [LCumCBA], and could be,
in part, responsible for its HAA reactivity since asynchronous PCET reactions are known
to have accelerated rates compared to synchronous reactions.®’

s 3/Ar2OH|
=== 3/DHA |

=
e

Figure 1.19. The total dipole moment as the HAA reaction proceeds for LCumCBA with
2,6-DTBP (solid line) and DHA (dashed line). Reprinted with permission from ref. 30.
Copyright 2019 American Chemical Society.

(c) =

Figure 1.20. Representation of the proton and electron transfers during the HAA reactions
of LCuOH with DHA. Reprinted with permission from ref. 30. Copyright 2019 American
Chemical Society.

Previously, ligand perturbation experiments for the LCuOH complexes were borne
out through functionalizing the L ligand. However, the carboxylate ligands allowed for
electronic modifications on the fourth ligand. Various substituted benzoates and acetate
were explored and their Cu(l11) complexes displayed typical Cu(l11) spectroscopic features.
Several interesting trends were observed. Firstly, the oxidation potentials of the
[LCuO2CR]™ couples (THF, vs Fc”*) were found to be smaller with increasing RCOzH
aqueous pKa values (Figure 1.21), depicting the trade-off between the oxidation potential

of the complex and its basicity.
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Figure 1.21. Plot of Ey; for the [LCuO,CR]%" couple (THF) vs the pKa. of RCOH
(aqueous). The red line is a linear fit to the data (R? = 0.91). Reprinted with permission
from ref. 31. Copyright 2019 American Chemical Society.

Additionally, the position of the lowest energy LMCT peak in the Cu(lll)-
carboxylate UV-vis spectra was dependent on the RCO2H aqueous pKa values (Figure
1.22). This trend is consistent with a more acidic RCO2H resulting in a more electron-
withdrawing ligand and a more electrophilic Cu center. Lastly, the second-order rate
constants of the reactions between LCuO2CR and TTBP (-80 °C, THF) increased with
higher E12 values for the [LCuO2CR]%" couples (THF, vs Fc”*) (Figure 1.23). These results

are consistent with faster HAA rates for the complexes that are more oxidizing.%
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Figure 1.22. Plot of vmax for the lowest energy feature in the UV-vis spectra for LCuO.CR
complexes (THF) vs the pKa of RCO2H (aqueous). The red line is a linear fit to the data

(R? = 0.96). Reprinted with permission from ref. 31. Copyright 2019 American Chemical
Society.

0.004

logk

-1.004

-2.00

0.15 0.20 0.25 0.30
B [LCu(OZCR)]O" (V vs. Fe/Fc)

Figure 1.23. Plot of logk. for the reactions between LCuO2CR complexes and TTBP (-80
°C, THF) vs the E1s for the [LCuO2CR]%" couple (THF). The red line is a linear fit to the

data (R? = 0.90). Reprinted with permission from ref. 31. Copyright 2019 American
Chemical Society.
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1.3.5 LCuX (X = halides) complexes

LCuX (X = F, Cl, and Br) were sought after to explore C(sp®)-H halogenation.
Cu(ll) chloride and bromide salts are known to induce C(sp®)-H halogenation but Cu(ll)
fluoride salts are not.2” However, the [Cu-F]** moiety was hypothesized to have the ability
to perform C(sp%)—H fluorination because of reports of hole-type character on the ligands
of oxidized copper species, i.e. copper nitrene complexes.®®* The [NBus][LCuX] (X = F,
Cl, and Br) complexes were synthesized by reacting the corresponding [NBu4][X] salt with
LCuMeCN. LCuX (X = F, CI, and Br), were accessed using a potent oxidizing agent and
were characterized using spectroscopic techniques and X-ray crystallography. The
hydrogen-atom abstraction (HAA) and radical capture (RC) reactivity of the LCuX (X =
F, Cl, and Br) complexes were explored along with the ability of LCuF to perform C(sp®)-
H fluorination.?’

The oxidation potentials of the [LCuX]™ (X = F, Cl, and Br) couples were
measured as 465 mV for X = F and 525 mV for both X = Cl and Br (vs Ag/AgNOQOs in
CH2Cly). Therefore, a stronger oxidant like [NArz]PFs was needed to generate the LCuX
(X =F, Cl, and Br) species. The oxidized species exhibit at least two highly absorbing UV-
vis peaks each between 400 and 1000 nm (CHCl, -80 °C) that red-shift with decreasing
donor strengths of the X ligand. TD-DFT identified these transitions, in accordance with
the previously discussed Cu(lll) complexes, to LMCTSs from halide orbitals to the Cu dy.-
y2 orbital.?’

The thermal stabilities of the LCuX complexes were relatively high so the
complexes were examined using *H NMR spectroscopy, a technique usually not used with
Cu(l) complexes because the spectra start to broaden out with traces of paramagnetic
Cu(ll). However, the *H NMR spectra of the thermally stable LCu-halide complexes
exhibited sharp resonances in the 0 — 9 ppm range, signifying an S = 0 ground state. X-ray
crystallography was also a viable technique for the LCuX complexes because of their
stabilities. The crystal structures established the generation of LCuX complexes as there
were no counterions present in the structures. Additionally, the Cu(lll) metal centers

displayed square planar geometries, the same geometry as seen in the Cu(ll) complexes,
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again substantiating the low reorganization energy from the Cu(ll) to Cu(lll) in LCuX
complexes.?’36

The electronic structures of the Cu(ll1)-halide complexes were probed with XAS,
looking at the Cu K-edge. The rising edge shift from the Cu(ll) complexes to the oxidized
species was found to be 1.4 eV for all the Cu-halides, confirming the species is oxidized.?’
However, the exact electronic structures, Cu(ll1)-X" character or Cu(ll)-Xe character, is
disputed by the differing interpretations of CASSFC calculations and XAS rising edge
shifts.2"40

A hypothetical mechanism for C(sp)—H fluorination by LCuF was determined to
be subsequent HAA/RC reactions, so those processes were investigated. The HAA
reactivity of LCuX (X = F, Cl, and Br) was researched using the substrate DHA. It was
found that LCuF (k2 = 6.7 x 10"t M s reacts with DHA in CHCl at -30 °C much faster
(200 times) than LCuClI (k2 = 2.3 x 10° M s1) and LCuBr (k2 = 3.0 x 10° M s') under
the same conditions. The rapid rate of HAA reactivity by LCuF must be of consequence of
the higher basicity of LCuF since LCuCl and LCuBr are more oxidizing species than LCuF.
This concept is again illustrated when you compare the HAT rates of LCuF with DHA (k2
=6.7x 101 M1 s CH.CI; at -30 °C) to LCuOH with DHA (k2 = 24 M s, acetone at -
30 °C) and the pK, of F~ (15) to the pK, of OH" in DMSO (30).%’

The propensity for LCuX (X = F, Cl, and Br) to do RC was investigated by using
substrates that are carbon-based radical precursors. The Cu(ll)- and Cu(lll)-halides were
reacted with azobis(isobutyronitrile) (AIBN) in CH2Cl, at 80 °C. The Cu(ll) complexes did
not react with AIBN but the Cu(lll) complexes yielded the 2-haloisobutyronitriles in
modest yields. Additionally, the Cu(lll)-halides were reacted with Gomberg’s dimer,
which is in equilibrium with the trityl radical in solution, in CH2Cl. at -80 °C and produced
the triphenylmethyl halide products in good yields (Figure 1.24). The rates of the RC
reactions with the trityl radical were similar for all the Cu(l1l) complexes but differences
appear in the reaction pathways (Figure 1.24). LCuF reacts with the trityl radical directly,
or synchronously, where the UV-vis traces of the reactions of LCuCl and LCuBr with the

trityl radical reveal an intermediate, the triphenylmethane cation. Therefore, it was
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concluded that LCuCl and LCuBr react with the trityl radical in a stepwise fashion, an

electron transfer followed by halide transfer.?’
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Figure 1.24. LCuX reactivity with Gomberg’s dimer. Reprinted with permission from ref.
27. Copyright 2020 American Chemical Society.

The capability of LCuF to perform HAA and RC set precedence for LCuF to
perform C(sp®)—H fluorination. A variety of C(sp®)—H substrates were treated with 2 eq. of
LCuF, necessary stoichiometry to induce HAA and RC, to yield fluorinated products. The
substrate scope included a-ether, allylic, and benzylic C—H containing molecules, all
formed in low to moderate yields. This report was the first to demonstrate that LCuX
complexes are capable of “rebound” reactions, a pivotal step in LPMO oxidations.?’

1.4 Copper-nitrite chemistry

Copper-nitrite complexes have been studied as mimics for the enzymes copper
nitrite reductases (CuNIRs).** CuNIRs, enzymes critical in the biogeochemical nitrogen
cycle (Figure 1.25), catalyze the one electron reduction of nitrite to NO.*4? The structure
and function of CuNIRs are well known and the field has been bolstered by model

complexes as discussed in the following sections.
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Figure 1.25. Biogeochemical nitrogen cycle. Adapted from ref. 42,

1.4.1 Copper nitrite reductase enzymes (CuNIRS)

The biogeochemical nitrogen cycle represents the redox chemistry of inorganic
nitrogen on Earth (Figure 1.25), which directly impacts the available nitrogen for living
organisms. Overall, atmospheric dinitrogen, N, is transformed to ammonia, NHs, by
nitrogen fixation, which is the source of bioavailable nitrogen. Ammonia undergoes
nitrification to yield nitrite, NO2", (or nitrate, NO3") which is converted back to N, via
denitrification. The first step in denitrification is the transformation of NO2™ to NO, a step
mediated by bacterial nitrite reductases. Two types of nitrite reductases are known, multi-
heme and copper.*?

X-ray structures of CuNIRs reveal the enzyme is a trimer with two Cu sites in each
monomer. One Cu site is a type 1 Cu, which is responsible for the highly absorbing, low
energy UV-vis spectroscopic features that give the enzymes their blue or green color. This
site is bound to two histidine residues, a methionine, and a cysteine (Figure 1.26). The
cysteine ligand gives rise to the previously mentioned UV-vis features, characterized as a
S(Cys) to Cu charge transfer. This Cu site performs an electron transfer in the reduction of
nitrite. The second Cu site is a type 2 Cu site bound to three histidine residues and a water
(in the absence of substrate) to form a distorted tetrahedral geometry about the Cu (Figure
1.26). This Cu site is the binding site for nitrite, as observed in X-ray structures of oxidized
CuNIR crystals grown in the presence of nitrite.***2 The nitrite ion is bound to the type 2
Cu(Il) through both O atoms in an asymmetric fashion (Figure 1.27). The Cu-O bond
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distances differ from structure to structure,**? but recent high-resolution data revealed
lengths of 1.98(2) A and 2.13(6) A in one structure and 2.13(2) A and 2.22(5) A in
another.*® Structures of substrate-bound reduced CuNIR enzymes have been reported also
showing asymmetric binding of nitrite to Cu(l) through the two O atoms,* a stark
difference to common Cu(l)-nitrite model complexes (vide infra).**44#" Lastly, the
structures reveal conserved H-bonding networks, which can aid in the proton-assisted

nitrite reduction.*?48
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Figure 1.26. Type 1 and Type 2 Cu coordination environments in CuNIR enzymes.

Adapted from ref. 49.
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Figure 1.27. Nitrite-bound type 2 Cu(ll) in a CuNIR enzyme. PDB: 1SJM. Reprinted with
permission from ref. 50. Copyright 2004 American Association for the Advancement of
Science.

The overall reaction for CuNIR enzymes is a one-electron, two-proton reduction of

NOz to NO and H20.**%? Many mechanisms have been proposed based on structures

obtained from CuNIR enzymes and model complexes and these have been reviewed.** One

commonly proposed mechanism (Figure 1.28) for this reaction begins with the type 2

Cu(Il) site binding NO2, forming a Cu(ll)-nitrite adduct. An electron from the type 1 Cu
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complex reduces the type 2 site forming a Cu(l)-nitrite species that subsequent proton-
transfer transforms to a Cu(l)-HNO; adduct. N-O bond cleavage in the Cu(l)-HNO> adduct
is facilitated by a proton transfer, releasing NO regenerating the water-ligated type 2
Cu(11).4+42 Other proposed mechanisms differ in when the electron transfer occurs (before
or after nitrite coordination) and whether NO is bound to the Cu after the N-O bond

cleavage step since NO bound CuNIR adducts have been observed.*!
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Figure 1.28. Proposed mechanism for CuNIR mediated reduction of nitrite. Adapted from
ref. 41.

1.4.2 Model Cu-nitrite complexes

Model complexes for CuNIR have included Cu(l)- and Cu(ll)-nitrite complexes.
The supporting ligands for these complexes vary widely but the nitrite binding tends to be
N-bound for Cu(l) and N- or O-bound for Cu(ll). Nitrite has multiple coordination modes:
nt-NO2, n'-ONO, and n%-ONO and all have been observed in Cu-nitrite complexes
(Figure 1.29). The reactivity of the Cu-nitrite complexes typically mimics that of CuNIR,
NO release, but oxygen-atom transfer, proton-coupled electron transfer, and nitrosation of

nucleophiles have all been explored as well.

O /N—O /o\
Cu—N Cu-0 Cu_ N

bo) 0)
n'-NO, n'-ONO n?-ONO

Figure 1.29. Possible coordination modes of nitrite to copper.
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In one example, a Cu(l)-nitrite complex supported by an isopropyl-substituted
TACN ligand (TACN = 1,4,7-triisopropyl-1,4,7-triazacyclononane) showed the NO2
ligand coordinated through its N atom. This nitrite coordination mode was found in other
Cu(l)-nitrite structures where the range of Cu—N bond lengths is 1.883 — 2.087 A 444651 At
least two Cu(l)-nitrite complexes, supported by phosphine ligands, contain a n?>-ONO
bound nitrite ligand in their structures.>>>® There are numerous Cu(ll)-nitrite complexes
that have been synthesized, characterized, and previously reviewed.** All three binding
modes of nitrite have been observed in Cu(ll)-nitrite complexes.*! The bond lengths for
n!-ONO bound Cu(ll)-nitrites are outlined in Chapter 3, Section 3.2.1.

As Cu(l)-nitrite complexes are proposed key intermediates in the reduction of NO2
by CuNIR, reactions of synthetic Cu(l)-nitrite complexes were examined to understand if
the complexes could act as functional mimics of CuNIR. When P*TACN-Cu(l)-NO2 was
reacted with 2 eq. of acetic acid, NO and P*TACN-Cu(O2CCHs), were detected (Scheme
1.2).4" Other Cu(l)-nitrite complexes were also found to similarly release NO,%652-5¢
supporting the notion that synthetic Cu(l)-nitrite complexes are functional models of
CuNIR and that a Cu(l)-nitrite adduct is a viable intermediate in the CuNIR mechanism.
Another example of a CuNIR model reaction used a Cu(l) complex with a tripodal ligand
containing aryl hydroxyl groups in proximity of the open coordination site of the Cu
(Figure 1.30). When the complex was treated with nitrite, NO and a new Cu(ll)-aqua
complex with the doubly oxidized tripodal ligand were detected.® This is a unique example
of nitrite reduction by a Cu(l) site via a proton and electron transfer facilitated by the
proton-responsive ligand.

Scheme 1.2. Reaction of P*TACN-Cu(l)-NO2 with 2 eq. of acetic acid*’

XN XN
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Figure 1.30. Ligand-assisted nitrite reduction reactivity of a Cu(l)-nitrite complex.
Reprinted with permission from ref. 60. Copyright 2015 Royal Society of Chemistry.

Diverse reactivity of Cu(ll)-nitrite complexes has been reported (Figure 1.31).
Cu(I)-nitrite complexes have shown oxygen atom transfer reactivity with substrates such
as phosphines and isocyanides.>%! Additionally, reaction of a Cu(ll)-nitrite complex with
nucleophiles resulted in nitrosated products via a nucleophilic attack by the substrate on
the nitrite ion in the complex.263  Another Cu(ll)-nitrite complex with a tripodal ligand
containing a cryptand cap was found to react with phenols to form NO, a Cu(l1)-hydroxide
adduct, and the oxidized phenol products. The reaction products and kinetic isotope effect
experiments indicated this reaction proceeds via a PCET pathway. Lastly, when the
cryptand-capped Cu(ll)-nitrite complex was protonated then treated with phenol, the
oxidized phenol product and, interestingly, the nitrated phenol were observed. This was a
unique example of phenol nitration by a Cu(Il)-nitrite complex.%*
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Figure 1.31. Examples of Cu(ll)-nitrite reactivity.
1.5  Copper-nitrogen complexes

C—N bond formation is an invaluable transformation in synthetic chemistry for
making natural products,®% pharmaceuticals,®®°® commodity chemicals,”® and
materials.”""?> Copper has been identified as a metal suitable for multiple routes to form C—
N bonds, which often include copper-nitrogen complexes delivering the N-unit. These
routes include C-N bond coupling and C-H amination reactions. C-N bond coupling
reactions often invoke Cu-amide intermediates” and C—H amination reactions often invoke
Cu nitrenoid intermediates.”* These intermediates have been studied extensively and will
be discussed in this introduction.
1.5.1 Copper-amide species and C—N coupling reactions

Copper mediated C-N bond coupling reactions are facile and convenient
transformations that have become commonly used synthetic tools. Two examples are
Chan-Evans-Lam coupling reactions (Scheme 1.3 top), where Cu(ll) salts couple
arylboronic acids and nucleophiles (C—H, N-H, S—H, and P-H),” and Ullmann coupling
reactions (Scheme 1.2 bottom), which use Cu(0), Cu(l), or Cu(ll) sources to couple aryl
halides and nucleophiles (C—H, N-H, O—H, S—H, and P—H).”® Many mechanisms have been

considered for the two reactions”™’’ but a common mechanism proposed involves the
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Cu(D/Cu(ID/Cu(l) oxidation states in an oxidative addition-reductive elimination cycle.
Notably, Cu(ll)- and Cu(lll)-amide species are proposed intermediates in this mechanism
when considering N-H nucleophiles.””” The oxidative addition-reductive elimination
cycle, Cu(ll)-amide complexes, and an example of modelling the proposed Cu(lll)-amide
intermediate are outlined in Chapter 4, Section 4.1.

Scheme 1.3. General reactions for Chan-Evans-Lam coupling reactions (top) and Ullmann
coupling reactions (bottom)

HO.__OH
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1.5.2 Copper nitrenoid species and C—H amination reactions

Copper(l) complexes have been shown to oxidize C—H substrates in the presence
of nitrene sources (Scheme 1.4). Nitrene sources (“NR”) include iminoiodinanes and
azides, among others.’” It is proposed that the nitrene source oxidizes the Cu(l) and forms
a transient copper nitrenoid species. The electronic structure of these species is not entirely
clear.”® Examples of dicopper bridged nitrenoids have been observed’#"®82 (proposed to
be in equilibrium with a mononuclear nitrenoid through reactivity)’®® and a recent
example of a Cu(l)-inverted nitrene has been isolated.”® Formally, the transient copper
nitrenoid species is proposed to react with relatively weak C—H bonds via a hydrogen atom
abstraction and radical rebound pathway to form the products, the aminated substrate and
the Cu(l) starting material. Mechanistic work has shown this transformation to occur
stepwise rather than concerted.”

Scheme 1.4. A general depiction of the oxidation of R—H substrates in the presence of
nitrene sources and Cu(l).

cu'
R-H + "NR" ——> R-NHR' + Cul
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1.6 Research objectives

A guiding principle for my projects is to investigate how ligand perturbations
impact copper complexes and their reactivity. In the second chapter of my dissertation, |
discuss the development of monoanionic ligands as alternatives to L% for the synthesis of
biomimetic copper-oxygen complexes. The monoanionic ligands discussed in Chapter 2
mimic the active site of LPMO more closely than L%. The synthesis and characterization
of Cu(l) and Cu(ll) complexes bearing the new monoanionic ligands are discussed. The
attempts at accessing Cu-oxygen complexes are also detailed.

The third chapter of my dissertation features the synthesis and characterization of
a new [LCuX] complex, [LCUNOz]". The 1-electron oxidation of [LCUNO:] to LCuNO>
is described and the evidence for the formulation of LCu(l11)-NO: is elaborated. Many
Cu(I)-nitrite complexes have been studied in the past; however, the Cu(l11)-nitrite adduct
in Chapter 3 is the first example of its type. The reactivity of LCuNO: with phenols is also
explored. We found that LCuNO: can perform PCET with 2,4,6-tri-t-butylphenol and can
perform unusual anaerobic phenol nitration with 2,4-di-t-butylphenol. Mechanistic
hypotheses for phenol nitration are deliberated.

In the fourth chapter of this dissertation, the LCuX system is extended to X =
amides. Two different ligands were explored, N-methylbenzamide and acetanilide. The
synthesis and characterization of the Cu(ll) compounds, the 1-electron oxidation of the
Cu(Il) compounds, and the PCET reactivity with 2,4,6-tri-t-butylphenol are all discussed.
All these aspects are compared with the results of studies from copper-oxygen complexes.
Together, the results of the studies described herein provide important fundamental insights
into (a) the copper coordination chemistry of monoanionic ligands that mimic the active
site of LPMO and (b) electronic structure, bonding, and reactivity of oxidized, formally
Cu(l) complexes with nitrite and amide ligands. This knowledge will inform efforts to
understand oxidation catalysis and possible pathways for organic transformations that use

copper catalysts.
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Chapter 2
Cu complexes supported by monoanionic N,N’,N”’ ligands: Modeling the tridentate
ligand set of LPMO
2.1 Introduction

In the subject area of challenging substrate oxidations, lytic polysaccharide
monooxygenase (LPMOQ) is an important biological example of a catalyst capable of
activating dioxygen to cleave strong C—H bonds, in this case those in cellulose and
associated polymers to yield short chain oligomers.2>848" While the structure of LPMO
and its active site is well known,® the precise mechanism of oxygen activation and
subsequent oxidation of the cellulose substrate and how the structural motif of the active
site of LPMO supports these processes remains the subject of extensive research efforts.

It is known that the active site of LPMO contains a mononuclear copper center with
three conserved coordinating groups: two histidine residues and a more unusual third
group, the amine terminus of the protein chain (Figure 2.1). This terminus belongs to one
of the coordinating histidine residues, thereby forming a metalacyclic moiety dubbed the
“histidine brace”.}* The enzyme is unreactive when the Cu center is in the +2 oxidation
state, but upon reduction to Cu(l) the active site can react with Oz to generate oxidizing
species.?® As is typically the case with metalloenzymes, the protonation state of the ligands
is ambiguous, although neutral or monoanionic environments are usually proposed.®8
Specifically, the deprotonated amino terminus, which has been observed in neutron
diffraction studies,® yields a monoanionic ligand set about the Cu ion placing the anionic
site trans to the oxygen binding site. This electronic environment would stabilize highly
oxidized species that are proposed as intermediates in LPMO.* Even though the specific
Cu species responsible for the proposed rate-determining step of hydrogen atom transfer
(HAT) from saccharide substrates is unknown, several Cu-oxygen cores have been
implicated, such as [Cu-OO]*, [Cu-OHJ?*, and [Cu-O]*.5°%8# These cores have been
studied in model complexes, in the gas-phase, and/or computationally and have been
shown to be competent at HAT from various O—-H and C—H bonds.>%1-2
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Figure 2.1. Active site of lytic polysaccharide monooxygenase (LPMQO) enzymes, showing
only the conserved ligands.

We have previously demonstrated that formally Cu(l11)-OH species using a family
of dianionic pyridine dicarboxamide pincer ligands (Figure 2.2) can be prepared, and that
they perform rapid proton-coupled electron transfer (PCET) reactions.?>2>2%34 However,
due to the very strongly donating nature of these ligands, which is proposed to be required
for accessing the high oxidation state, Cu(l) complexes of this ligand appear not to be
accessible. As a result, it is not possible to use O directly to produce reactive oxidizing
species, a reaction that is a cornerstone of many bioinorganic processes.® Instead,
introduction of free superoxide to the Cu(ll) complexes of the ligand is required to produce
[Cu—OO0]" species.?1?532 These systems are not closely biomimetic with regard to LPMO,
which can access Cu(l) and does not have a highly anionic ligand environment. To achieve
a more biomimetic system, we sought to design ligands that placed a carboxamido group
in the central position with flanking neutral N donors. We hypothesized this donor set
would sufficiently decrease the overall donor strength, which would allow us to access to
the Cu(l) state, enabling reactions with O, to be observed while potentially retaining the

accessibility of the formally Cu(lll) state.

| X
o) ~ (@) R R
Pr N Pr Pr ﬁ/ Pr Pr | iPr
f N - -N f % N N f % N- N f
iPr Pr Pr iPr iPr Pr

R =Me, Bu
Pyridine dicarboxamide p-diketiminate anilido-imine

Figure 2.2. Previously studied ligands for Cu-oxygen chemistry.
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In support of this hypothesis, many mononuclear Cu-O> adducts that are formed by
the reaction of Cu(l) complexes with dioxygen feature monoanionic bidentate supporting
ligands, although these are typically bidentate, such as B-diketiminates or anilido-imines
(Figure 2.2).7%% These adducts typically exist as transient species or side-on species with
properties intermediate between Cu(ll)-superoxo and Cu(lll)-peroxo moieties that are
unreactive with hydrocarbon substrates.”%%° We suspected that adding a third arm to a
similar ligand motif could force the formation of biomimetic end-on copper-dioxygen
species by blocking the extra coordination position of the Cu center.

Thus inspired, we designed two novel N,N’,N’” ligands that provide a ligand donor
environment more in line with the active site of LPMO, employing a central amide group
within a tridentate framework. These ligands, HL' and HL? (Figure 2.3) feature the
pyridine carboxamide fragment paired with a substituted pyrazolyl group. This design
places the amide in the middle position similar to what is present in LPMO, from where it

could, in principle, promote back-bonding to dioxygen via the trans effect.

e

=
HL"
n=1:R=Me
n=2:R=iPr

Figure 2.3. Ligands studied in this work.

As described in the following discussion, we succeeded in synthesizing the target
ligands and exploring their copper coordination chemistry. Ultimately, however, we faced
several issues with these systems which thwarted our main goal of generating reactive
copper-oxygen species. Nonetheless, we believe that the development of new ligands and
complexes is significant. Specifically, the literature examples of Cu complexes with
monoanionic N,N’,N’’ ligands employing a central anionic group are fairly limited,>*%*
and further modification of the ligand scaffolds presented here could yield future successes

with copper-oxygen chemistry.
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2.2 Synthesis and characterization of HL! and HL?

The pyridine-carboxamide-pyrazole proligands HL* and HL? were synthesized in
three steps according to Scheme 2.1. A previous report detailed the synthesis of 2-
aminophenyl-1H-pyrazole and the installation of the group to various aroyl moieties.*®!
We mimicked these syntheses to access HL* and HL? by using 3,5-disubstituted pyrazoles,
instead of unsubstituted pyrazole, and 2-picolinic acid, instead of other aryl carboxylic
acids. In the syntheses of HL! and HL?, the first step yielded the 2-nitrophenyl-1H-3,5-
disubstituted pyrazoles via a nucleophilic aromatic substitution of 1-fluoro-2-nitrobenzene
with NaH and the 3,5-disubstituted pyrazoles in dry THF. The reactions proceeded at room
temperature for 2 h each at which point they were quenched, and an aqueous wash removed
the salt byproducts. Column chromatography was necessary to isolate the 2-nitrophenyl-
1H-3,5-disubstituted pyrazoles away from the 1-fluoro-2-nitrobenzene, resulting in modest
isolated yields of 73% for 2-nitrophenyl-1H-3-5-dimethylpyrazole and 66% for 2-
nitrophenyl-1H-3-5-diisopropylpyrazole. The following data confirmed that the 2-
nitrophenyl-1H-3,5-disubstituted pyrazoles were successfully synthesized and isolated: the
'H NMR spectra (Figures 2.4 and 2.5) did not contain the pyrazole N-H protons, the H
NMR spectra show the methyl group resonances were in an asymmetric environment, *C
NMR spectroscopy revealed 11 resonances for 2-nitrophenyl-1H-3-5-dimethylpyrazole
(Figure 2.6) and 13 resonances for 2-nitrophenyl-1H-3-5-diisopropylpyrazole (Figure 2.7),
and the elemental analysis results were within 0.5% of the theoretical values for the

compounds.
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Scheme 2.1. Syntheses of HL! and HL?2.
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Figure 2.4. *H NMR spectrum of 2-nitrophenyl-1H-3-5-dimethylpyrazole.
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Figure 2.5. *H NMR spectrum of 2-nitrophenyl-1H-3-5-dimethylpyrazole.
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Figure 2.6. 3C NMR spectrum of 2-nitrophenyl-1H-3-5-dimethylpyrazole.

11T I I

l—

H

T T T T T T T T T T T T T T T T T /T T T
OISO MO IS OIS IO I TD IS 10O 9 @O &S & =20 5 D
Lo

Vi

Figure 2.7. 3C NMR spectrum of 2-nitrophenyl-1H-3-5-diisopropylpyrazole.
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Next, the 2-nitrophenyl-1H-3,5-disubstituted pyrazoles were reduced to 2-
aminophenyl-1H-3,5-disubstituted pyrazoles via palladium-catalyzed hydrogenation in
ethanol. While 100 psi H2 was used overnight for the synthesis of 2-aminophenyl-1H-3,5-
diisopropylpyrazole, we found 24 h under atmospheric pressures of H. yielded 2-
aminophenyl-1H-3,5-dimethylpyrazole in similar vyields, forgoing the need for a
pressurized reaction vessel (note: A safety shield should be placed in front of pressurized
systems). The heterogeneous reaction mixtures were filtered through celite to remove the
Pd/C (note: Residual Pd/C should be wetted with water after filtration to prevent ignition
of the solid). Removing the ethanol thoroughly from the filtrates afforded the clean
products in high yields: 2-aminophenyl-1H-3,5-dimethylpyrazole as a brown solid in 95%
yield and 2-aminophenyl-1H-3,5-diisopropylpyrazole as a white solid in 93% yield. The
following data indicated the successful syntheses of the 2-aminophenyl-1H-3,5-
disubstituted pyrazoles: the 'H NMR spectra (Figures 2.8 and 2.9) contained new
resonances associated with the aniline N-H protons, the *H NMR spectra showed an
upfield shift of the aromatic resonances, the methyl group resonances in the 'H NMR
spectra remained asymmetric, *C NMR spectroscopy revealed 11 resonances for 2-
aminophenyl-1H-3-5-dimethylpyrazole (Figure 2.10) and 13 resonances for 2-
aminophenyl-1H-3-5-diisopropylpyrazole (Figure 2.11), and the elemental analysis results
were within 0.5% of the theoretical values for the compounds.
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Figure 2.8. 'H NMR spectrum of 2-aminophenyl-1H-3-5-dimethylpyrazole.
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Figure 2.9. *H NMR spectrum of 2-aminophenyl-1H-3-5-diisopropylpyrazole.
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Figure 2.11. 3C NMR spectrum of 2-aminophenyl-1H-3-5-diisopropylpyrazole.
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Lastly, in the third step, picolinic acid was first transformed to the acyl chloride in
situ using oxalyl chloride and DMF in CH2Cl.. After removal of excess oxalyl chloride
(note: the excess oxalyl chloride was collected in an external trap to be quenched with a
saturated aqueous solution of sodium bicarbonate), the 2-aminophenyl-1H-3,5-
disubstituted pyrazoles were reacted with the acyl chloride in the presence of triethylamine
in CH2Cl,. After aqueous washes, column chromatography yielded the proligands HL* and
HL?Zin 85% and 71% yields, respectively. HL? was a white solid while HL! was initially
yielded as an orange oil that, interestingly, spontaneously solidified into a brown solid
months after it was synthesized. Nevertheless, several pieces of data confirmed the
successful synthesis and isolation of clean compounds: the *H NMR spectra (Figures 2.12
and 2.13) revealed amide N—H protons at the most downfield resonances, new resonances
in the *H NMR spectra from the pyridine rings were observed at consistent integral ratios,
the methyl group resonances in the *H NMR spectra remained asymmetric, the 13C NMR
spectra had resonances consistent with amide carbonyl shifts and at different values than
the picolinic acid carboxylic acid carbon, 3C NMR spectroscopy revealed 17 resonances
for HL! (Figure 2.14) and 19 resonances for HL? (Figure 2.15), and the elemental analysis
results were within 0.5% of the theoretical values for the compounds. With confidence in
the attainment and purity of HL! and HL?, we sought to use the proligands to prepare

copper complexes.
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Figure 2.13. *H NMR spectrum of HL2,
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Figure 2.14. 3C NMR spectrum of HL™.
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Figure 2.15. 3C NMR spectrum of HL2
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2.3 Synthesis and characterization of (L?Cu):

Since the active site of LPMO uses a Cu(l) center to reduce oxygen, we sought to
synthesize a mononuclear Cu(l) complex by reacting HL? with KHMDS and
Cu(MeCN)4OTf in MeCN(Scheme 2.2). After addition of the reagents, an orange powder
precipitated out of solution and was isolated, rinsed with MeCN, and dried in vacuo
resulting in 33% vyield of the product. Orange crystalline blocks were obtained from a
THF/pentane vapor diffusion. The resulting compound was characterized by 'H and 3C
NMR spectroscopy, UV-visible spectroscopy, cyclic voltammetry, elemental analysis, and
X-ray diffraction. The *H NMR spectrum (Figure 2.16) of the new species depicted a loss
of the amide N—H peak and an upfield shift relative to the spectrum of HL? for all peaks,
indicating deprotonation and coordination to the copper ion. The *H NMR spectrum also
shows a splitting of the isopropyl methyl resonances into four doublets, where the
proligands only have two doublets. The 3C NMR spectrum of the complex displays 21
resonances (Figure 2.16), consistent with all four methyl groups in HL? being magnetically
inequivalent. The UV-vis spectrum of the orange product (Figure 2.18) has features at 426
nm (¢ = 16490 M cm™) and 592 nm (g = 1365 M cm™). Combined, the data support

coordination of the ligand to Cu(l).
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Scheme 2.2. Metalation of HL2 with Cu(l).

KHMDS, Cu(NCCHg3),OTf
MeCN, r.t., 10 min

- HMDS

- KOTf
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Figure 2.16. 'H NMR spectra overlay of HL2 (black, middle) and (L2Cu): (gray, top) and
13C NMR spectrum of (L2Cu)2 (THF-d®).
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The X-ray crystal structure (Figure 2.17) revealed that instead of being
mononuclear, the compound is a dimer, (L2Cu)2, where each ligand bridges the two copper
ions in a (k!, x?) fashion. The Cu(l) ions adopt distorted trigonal planar geometries. The
Cu-N lengths are typical for Cu(l) complexes with N,N,N ligands, 02114126127 and the Cu—
Cu distance is 2.7509(7) A, which is too long for significant bonding interactions between
the two metals.®? The complex contains an inversion center between the two coppers and
two ligands resulting in a symmetric dimer. There is another molecule of (L2Cu)z in the
solid-state unit cell that adopts the same dimer configuration but with slightly different

bond lengths.

Figure 2.17. X-ray crystal structure of (L2Cu)2 with the THF molecules and H atoms
omitted for clarity. Atoms are shown as 30% thermal ellipsoids. Selected bond distances
(A) and angles (deg): Cul-N1, 1.909(2); Cu1-N3, 1.935(2); Cul-N4, 2.151(2); N1-Cul-
N3, 155.79(9); N1-Cul-N4, 118.13(9); N3—-Cul-N4, 81.90(9).

Although the solid-state structure shows the formation of a dimer for the 1:1
Cu(1)/L2 complex, it is not clear if the dimeric structure is retained in solution. The NMR
solution-state data is consistent with both the monomer in Scheme 2.2 and (L2Cu)2, since

the symmetry of the solid-state dimer structure would result in only one set of ligand
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resonances. Cu(l) complexes, like tris(pyrazolyl)hydroborate Cu(l) complexes, have been
shown to crystallize as dimers but the solution-state data suggests the dimers can dissociate
in solution to monomeric units.*** Furthermore, Cu(l) dimers can be used to react with
and activate small molecules.*>!® Thus, in an attempt to access and stabilize a 1:1:1
L?/Cu/O; adduct, we bubbled gaseous O into a THF solution of (L2Cu)zat -80 °C for 2
min. There were no apparent changes in the spectrum, indicating no reaction with Oz at this
temperature (Figure 2.18). Additionally, no spectral changes were observed upon warming
the solution in the presence of O.. The lack of reactivity of the Cu(l) complex contrasts
with the reactivity of other species supported by tridentate monoanionic N-donor

ligands,**®1%" the reasons for which are unknown.
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Figure 2.18. UV-vis spectrum of (L2Cu)2 (black) and the spectrum produced after
bubbling O2(g) into a THF solution of (L2Cu)2 for 2 min (blue).

Cyclic voltammetry experiments revealed an irreversible oxidation event at 170
mV vs Fc/Fc™at 100 mV st in THF (Figure 2.19). We found that when cycling past this
oxidation event, another irreversible reduction event occurs on the reducing sweep at -83
mV vs Fc%*. However, this reduction event is not observed when performing the reductive
sweep without first undergoing oxidation. This is suggestive of a highly hysteretic Cu(l/I1)

redox process whereby oxidation generates a Cu(ll) complex that undergoes a chemical
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transformation to a species that is then reduced at the low potential. We speculate that this
species may be a monomeric Cu(ll) compound on the basis of observed formation of such
complexes in synthetic reactions (vide infra). The lack of Oz reactivity and reversible redox
chemistry for (L?Cu)2 led us to synthesize Cu(ll) complexes containing "L* and -L?, which

provide alternative routes to accessing copper-oxygen complexes.

——
/
— 100 mV/s
—— 1000 mV/s
-1I.5 | —1I.0 . —0|.5 . O!O . 0!5 . 1!0

Potential (V) vs. Fc/Fc*
Figure 2.19. Cyclic voltammogram of (L2Cu)2. Conditions: 2 mM [Cu dimer], 0.3 M

TBAP, THF, 25 °C, glassy-carbon working electrode.
2.4 Synthesis and characterization of Cu(ll) complexes bearing L* and L?
2.4.1 Synthesis and characterization of L"CuCl (n =1 and 2)

We reacted HL! and HL? with multiple Cu(ll) sources to access mononuclear
copper complexes. Deprotonation of HL! and HL? with KHMDS and reaction with
anhydrous CuCl. in THF yielded dark green solutions (Scheme 2.3). The THF and HMDS
byproduct were removed in vacuo, successive filtrations using CH.Cl, and then MeCN
were performed, and the green oily materials were triturated with diethyl ether. A green
powder was afforded for L*CuCl after purification in 31% yield and a green/brown powder
for L2CuCl was afforded in 60% yield. The complexes, L!CuCl and L2CuCl, were
characterized by UV-vis and EPR spectroscopy, elemental analysis, and X-ray
crystallography.
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Scheme 2.3. Syntheses of L'CuCl and L?CuClI.
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Crystalline complexes that were suitable for X-ray diffraction were attained using
MeCN/diethyl ether layering for L'CuCl and by a CH2Cl./heptane layering for L°CuCl.
The structures (Figure 2.20) revealed that the products, L'CuCl and L?CuCl, were 1:1:1
L™ Cu:Cl (n = 1 and 2) species. In the solid state, L?CuCl exists as a dimer composed of
two L2CuCl units where the CI from one unit has a weak interaction in the axial position
of the Cu in the other unit (2.7025(9) A and 2.7464(9) A), a motif seen in other Cu(ll)-
halide complexes supported by tridentate ligands.!?1:122138-143 On the other hand, L'CuCl
does not exhibit the same phenomenon, remaining monomeric in the solid state, as seen in
other Cu(I1)-halide complexes with tridentate ligands.10::112125144145 The hond lengths are
comparable between the two complexes, but all the bond lengths were slightly shorter in
L1CuCl. The geometry index value, ta, describes a 4-coordinate atom on a spectrum from
0, square planar, to 1, tetrahedral, based on the equation: [360° — (o + B)]/[360° —
2(109.5°)] where o and B are the largest angles about the central atom.2*® The t4 values of
the metal centers are 0.37 and 0.31 for L*CuCl and L?CuCl, respectively, indicating a

moderate deviation from a square planar geometry.
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Figure 2.20. X-ray crystal structures of L'CuCl (top left) and L>CuClI (top right) and a
representation of the solid-state electrostatic dimer of L?CuCl (bottom). H atoms are
omitted for clarity, and all non-H atoms are shown as 30% thermal ellipsoids. Selected
bond distances (A) and angles (deg) for LCuCl: Cul-N1, 1.9909(16); Cul-N3,
1.9341(15); Cul-N4, 1.9999(17); Cul-CI1, 2.2059(5); N1-Cul-N4, 149.41(7); N3—Cul-
Cl1, 158.01(5). Selected bond distances (A) and angles (deg) for L2CuCl: Cul-N1,
2.032(3); Cul-N3, 1.947(3); Cul-N4, 2.030(3); Cul-ClI1, 2.2701(9); Cul-Cl2, 2.7025(9);
N1-Cul-N4, 144.64(12); N3—-Cul-ClI1, 171.00(9).

L1CuCl and L?CuCl were also characterized by EPR spectroscopy (THF, X-band,
30 K, Figure 2.21) which showed signals typical for tetragonal, monomeric Cu(ll)
complexes. While the solid-state structure of L>?CuCl depicted a dimer, the EPR spectrum
of L2CuCl was indicative of a mononuclear species in frozen solution. Both EPR spectra
show Cu hyperfine and N superhyperfine splitting. Simulations of the EPR spectra were
performed and the resulting parameters can be seen in Table 2.1. The UV-vis spectrum of

LCuCl in MeCN (Figure 2.22) has low absorbing peaks at 463 nm (s = 358 M! cm™),
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604 nm (e = 152 M cm™), and 775 nm (e = 198 M cm™), and the UV-vis spectrum of
L2CuCl in MeCN has similar peaks at 458 nm (e = 325 M cm™), 606 nm (¢ = 105 M
cm™), and 815 nm (¢ = 177 M cm™). The low absorbing peaks are typical for d-d
transitions in Cu(Il) complexes. Elemental analysis results for L!CuCl were within 0.5%
for H and N but were too high in C by 1.8%. Unfortunately, including different solvents
into the fit did not agree with the H and N values. The high C composition is inconsistent
with contamination by CuCl> and at this juncture we do not know the source of the analysis
discrepancy. The elemental analysis results for L2CuCl were within 0.5% of the theoretical
values, indicating high purity of the complex. Ultimately, we demonstrated that
mononuclear Cu(ll) complexes containing "L* and "L? could be synthesized, confirming the

desired tridentate coordination of the ligands yielding typical Cu(ll) complex structures.
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Figure 2.21. (top) Continuous wave X-band EPR spectrum of 1 mM L!CuCl in THF at 30
K (black) and the simulation of L'CuCl (red). Parameters: 30 K; microwave frequency
9.38 GHz; microwave power 0.0002 mW; modulation amplitude 9.8 G; modulation
frequency 100 kHz. Parameters from the simulation are listed in Table 2.1. (bottom)
Continuous wave X-band EPR spectrum of 1 mM L2CuCl in THF at 30 K (black) and the
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simulation of L?CuCl (red). Parameters: 30 K; microwave frequency 9.38 GHz;
microwave power 0.0002 mW; modulation amplitude 9.8 G; modulation frequency 100
kHz. Parameters from the simulation are listed in Table 2.1.

Table 2.1. Simulated g-values and hyperfine/superhyperfine parameters (MHz) for Cu, N,
N2 N3, and Cl nuclei for L1CuCl and L2CuCl in THF at 30 K.

Compound L*CuCl L2CuCl
O 2.105 2.100
9y 2.152 2.135
g: 2.285 2.285

A, 45 55
ACY, 45 55
A%, 495 480
AN 45 40
AY, 45 45
AN, 30 30
AN, 45 50
ANZ 45 55
ANZ, 40 40
AN, 45 40
AN, 45 35
A, 30 30
A 45 45
A% 45 45
AY, 30 30
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Figure 2.22. UV-vis spectra of L'CuCl (black) and L?CuCl (blue) in MeCN at room
temperature.

2.4.2 Synthesis and characterization of [L"CuMeCN][SbF¢] (n =1 and 2)

While the chloro complexes are stable and useful for structural assessment, we
sought compounds that could more readily convert to various copper-oxygen species by
virtue of a labile ligand such as MeCN. To this end, we deprotonated HL! and HL? with
KHMDS in MeCN and then added [Cu(MeCN)s][SbFe]> to the solutions (Scheme 2.4),
resulting in dark green reaction mixtures. We isolated green powders in quantitative yields
after removing the MeCN and HMDS byproduct in vacuo and precipitating the product
from concentrated MeCN solutions with diethyl ether, leaving the salt byproduct in
solution. The resulting green products were characterized by EPR and UV-vis
spectroscopy, elemental analysis, and high-resolution electrospray ionization-mass
spectrometry (HR ESI-MS), and on this basis we tentatively propose the following
formulations: [L'CuMeCN][SbFe] and [L?CuMeCN][SbFs]. The EPR spectra (Figure
2.23) reveal the unpaired spins are localized on the Cu(ll) ions, as evidenced by the
hyperfine interactions in the gparanier region of the axial signal, but superhyperfine splitting

from the N atoms is not apparent. The simulated parameters can be seen in Table 2.2.
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Scheme 2.4. Syntheses of [L!CuMeCN][SbFs] and [L2CuMeCN][SbFe].

2 3
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Figure 2.23. (top) Continuous wave X-band EPR spectrum of 1 mM [L'CuMeCN][SbFs]
in 1:4 MeCN/THF at 30 K (black) and the simulation of [L!CuMeCN][SbFe] (red).

Parameters: 30 K; microwave frequency 9.38 GHz; microwave power 0.0002 mW;
modulation amplitude 9.8 G; modulation frequency 100 kHz. Parameters from the
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simulation are listed in Table 2.2. (bottom) Continuous wave X-band EPR spectrum of 1
mM [L2CuMeCN][SbFe] in 1:4 MeCN/THF at 30 K (black) and the simulation of
[L2CuMeCN][SbFs] (red). Parameters: 30 K; microwave frequency 9.38 GHz; microwave
power 0.0002 mW; modulation amplitude 9.8 G; modulation frequency 100 kHz.
Parameters from the simulation are listed in Table 2.2.

Table 2.2. Simulated g-values and hyperfine/superhyperfine parameters (MHz) for Cu, N,
N2, and N* nuclei for [L'CuMeCN][SbFs] and [L2CuMeCN][SbFe] in 1:4 MeCN/THF at

30 K.

Compound [L'CuMeCN][SbFs] [L?’CuMeCN][SbFs]
Ox 2.080 2.080
Qy 2.150 2.150
9 2.305 2.298

A, 55 55
A%, 55 55
A, 480 480
AN, 40 40
AY, 45 45
AN, 30 30
ANZ 50 50
AN2 55 55
AN, 40 40
AN, 30 30
AN 35 35
AN, 30 30

The UV-vis spectrum of [L'*CuMeCN][SbFs] in MeCN shows peaks at 466 nm (&
=390 Mt cm™?) and 731 nm (¢ = 220 M cm™) and similar peaks were observed in the
[L2CuMeCN][SbFs] UV-vis spectrum in MeCN at 462 nm (¢ = 255 M cm™) and 752 nm
(e = 122 Mt cm™) (Figure 2.24). These low absorbing peaks are consistent with d-d
transitions typical in Cu(ll) complexes although they are different than the features found
for L!CuCl and L?CucCl, indicating the fourth ligand perturbing the electronics of the
metal center. Elemental analysis results were inconsistent with the proposed structure and
could not be fit to a combination of metals, ligands, solvents, and contaminants, possibly
due to a variety of ligands being present in the fourth coordination site of the copper (i.e.
other solvents or a carbonyl from a neighboring molecule), or additional solvent
coordination on the fifth position. High resolution ESI-MS data were collected for

acetonitrile solutions of the complexes and yielded masses in positive mode that may be
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assigned to 1:1 L"/Cu (n = 1 and 2) species with no bound acetonitrile. Unfortunately,
crystal structures of [L"CuMeCN][SbFs] (n = 1 and 2) were never realized despite
exhaustive efforts to grow crystals suitable for X-ray diffraction and micro-crystal electron
diffraction. Additionally, these starting materials never yielded tractable copper-oxygen
species, such as LCu(I)OH, when treating the compounds with NBusOH under an inert
atmosphere, and LCu(I)OO (vide infra), methods known to work for pyridine
dicarboxamide copper complexes. Ultimately, the nature of the species formed in solution

was never certain, so alternative syntheses to discrete species were explored.
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Figure 2.24. UV-vis spectra of [L'CuMeCN][SbFe] (black) and [L2CuMeCN][ShFs]
(blue) in MeCN at room temperature.

2.4.3 Synthesis and characterization of L"CuOAc (n =1 and 2)

A different synthetic route, we reacted HL! and HL? with Cu(OAc)2-H20 in the
presence of 3 A molecular sieves in MeCN (Scheme 2.5) resulting in vibrant green-blue
solutions. The former reaction yielded green crystalline plates isolated in 85% yield after
filtering the reaction mixture and removing the solvent in vacuo and recrystallizing the
material from a THF/diethyl ether vapor diffusion. In the case of the latter reaction, the
product mixture was filtered, and the solvent was removed in vacuo. Trituration of the
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green oil with hexanes and removal of the solvent produced a green-blue solid in 77%
yield. Crystalline blue blocks of the material were afforded after a THF/diethyl ether vapor
diffusion. Both products were characterized by X-ray crystallography, EPR and UV-vis
spectroscopy, and elemental analysis, which showed them to be L'CuOAc and L?CuOAc.
The X-ray crystal structures (Figure 2.25) show acetate ligands bound to the copper in
monodentate fashion with a weak interaction from the second carboxylate oxygen in the
axial position of the copper. This interaction differs between the two complexes (Cu-O3
lengths 2.611(5) A for L!CuOAc and 2.3310(19) A for L2CuOAc). The geometric
parameter, s, of the metal center is about equal for each complex: 0.33 for L'CuOAc and
0.36 for L2CuOAc. All other bond lengths in the two compounds are similar.

Scheme 2.5. Syntheses of L'CuOAc and L°CuOAc.
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Figure 2.25. X-ray crystal structures of L!CuOAc (left) and L2CuOAc (right). H atoms
are omitted for clarity, and all non-H atoms are shown as 30% thermal ellipsoids. Selected
bond distances (A) and angles (deg) for L:CuOAc: Cul-N1, 2.018(6); Cul-N3, 1.923(6);
Cul-N4, 2.015(6); Cul-02, 1.921(5); Cul-03, 2.611(5); N1-Cul-N4, 146.1(3); N3-
Cul-02, 166.8(3). Selected bond distances (A) and angles (deg) for L2CuCl: Cul-N1,
2.044(2); Cul-N3, 1.914(2); Cul-N4, 2.002(2); Cul-02, 1.9500(17); Cul-0s3,
2.3296(18); N1-Cul-N4, 141.48(8); N3-Cul-02, 167.67(8).

The solid-state structures resemble those of other Cu(ll)-acetate complexes
supported by tridentate ligands,107:110.113.117,120.124,125.128,147,148 The Cy—N distances found for
L"CuOAc (n = 1 and 2) are similar to previously published structures and the Cu—02
bond lengths of 1.920 and 1.9492 A are within the range of the known Cu-
O(proximal)OCHs bond lengths (1.92 - 2.08 A). The Cu—O(distal)OCHs lengths of
2.611(5) and 2.3310(19) A are also within or very similar to the range found for the
previously reported Cu(ll)-acetate structures (2.37 - 2.85 A).

The complexes were also characterized by EPR spectroscopy (Figure 2.26). As with
the previously discussed Cu(ll) complexes, the EPR spectra of L'CuOAc and L2CuOAc
reveal axial signals that are indicative of a tetragonal Cu(ll) complex. Cu hyperfine and N
superhyperfine couplings are observed in both spectra. The spectra were simulated and the
parameters can be seen in Table 2.3. The UV-vis spectra for L1CuOAc and L?CuQAc in
MeCN (Figure 2.27) have peaks at 694 nm (g = 208 Mt cm™) and 694 nm (g = 292 M1
cm™), respectively. Again, these features are typical for d-d transitions of Cu(I1) complexes
but different than the features found for L*CuCl, L2CuCl, and [L*CuMeCN][SbF¢], and

70



[L2CuMeCN][SbFs]. Elemental analysis results for LICUOAc were consistent with the
structure determined by X-ray diffraction, indicating high purity. The elemental analysis
results for L2CuOAc showed the C composition was 1% higher than the theoretical value.
The experimental C, H, and N values could not be fit to added solvents, acetic acid, or
Cu(OAc),. Additionally, the solid-state structure of L?CuOAc did not contain any
molecules other than the desired molecule, so we concluded the sample was suitable for

further experiments.
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Figure 2.26. (top) Continuous wave X-band EPR spectrum of 1 mM L'CuOAc in THF at
30 K (black) and the simulation of L!CuOAc (red). Parameters: 30 K; microwave
frequency 9.38 GHz; microwave power 0.0002 mW; modulation amplitude 9.8 G;
modulation frequency 100 kHz. Parameters from the simulation are listed in Table 2.3.
(bottom) Continuous wave X-band EPR spectrum of 1 mM L2CuOAc in THF at 30 K
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(black) and the simulation of L2CuOAc (red). Parameters: 30 K; microwave frequency
9.38 GHz; microwave power 0.0002 mW; modulation amplitude 9.8 G; modulation
frequency 100 kHz. Parameters from the simulation are listed in Table 2.3.

Table 2.3. Simulated g-values and hyperfine/superhyperfine parameters (MHz) for Cu, N*,

N2, and N3 nuclei for L1CuOAc and L2CuOAc in THF at 30 K.

Compound L!CuOAc L2CuOAc
O 2.075 2.075
Oy 2.162 2.160
g 2.300 2.300

A 55 55
ACY, 55 55
A%, 445 410
AN 40 40
AY, 45 45
AN, 30 30
AN, 50 45
ANZ 55 55
ANZ, 40 40
AN 30 35
AN, 35 35
AN, 30 30
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Figure 2.27. UV-vis spectra of LXCuOAc (black) and L?CuOAc (blue) in MeCN at room
temperature.
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2.5  Electrochemistry of Cu complexes

We investigated the accessibility of additional oxidation states in the six Cu(ll)
complexes, L'CuCl, L?CuCl, and [L!CuMeCN][SbF¢], [L?CuMeCN][SbF¢], L'CuOAc,
and L?CuOAc with cyclic voltammetry (0.3 M tetrabutylammonium hexafluorophosphate
as the supporting electrolyte, MeCN, glassy-carbon working electrode, Figure 2.28). No
reversible oxidation or reduction events were observed for any of the compounds, with
several irregular irreversible oxidative features at or beyond 1 V vs. Fc%*, most consistent
with oxidative degradation of the compounds. We therefore conclude that highly oxidized
Cu complexes supported by "L!and "L2 were not feasible species to access and observe due
to their apparent instabilities. Irreversible reductive features are observed below 0 V vs.
Fc*/Fc; based on our Cu(l) metalation experiments, we suspect that these most likely
correspond to Cu(l) reduction accompanied by extensive coordinative rearrangement to

form dimeric or polymeric aggregates like (L?Cu)a.
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Figure 2.28. Cyclic voltammograms collected of L'CuCl (top left), L2CuCl (top right),
[L'CuMeCN][SbFs] (middle left), [L2CuMeCN][SbFs] (middle right), L*CuOAc
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(bottom right), and L?CuOAc (bottom left). Conditions: 2 mM [Cu], 0.3 M TBAP, MeCN,
25 °C, glassy-carbon working electrode, 100 mV/s scan rate.
2.6 Superoxide reactivity of [L"CuMeCN][SbFs] (n =1 and 2)

Since neither mononuclear Cu(l) nor Cu(lll) states were accessible for reactivity
studies, we sought to produce mononuclear Cu(ll)-oxygen species, specifically, copper-
superoxide complexes. In a method analogous to that used in previous work with Cu(ll)
pyridine dicarboxamide systems, we reacted [L"CuMeCN][SbFs] (n = 1 and 2) in THF
with [K(Krypt)][O2] in 4:1 THF/MeCN at -80 °C.?132 However, we did not observe the
formation of new spectroscopic features upon addition of the superoxide salt to the Cu(ll)
complexes under these conditions (Figures 2.29 and 2.30). Therefore, we concluded

controlled formation of Cu-oxygen species supported by "L* and "L? was not practical.
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Figure 2.29. UV-vis spectra of the titration of [K(Krypt)][O2] in 4:1 THF/MeCN into
[L'CuMeCN][SbFs] in THF at -80 °C.
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Figure 2.30. UV-vis spectra of the titration of [K(Krypt)][O2] in 4:1 THF:MeCN into
[L!CuMeCN][ShFe] in THF at -80 °C.

2.7  Summary and conclusions

We prepared two new monoanionic N,N’,N”’ ligands with central amide groups to
develop more structurally and electronically similar analogues to the LPMO active site. A
Cu(l) dimer ligated by "L? was isolated from an attempt to synthesize a mononuclear Cu(l)
complex. Yet, observation of a 1:1 Cu/O, complex was sought after by reacting (L?Cu)2
with Oz but with no success. The ligands afforded a number of tetragonal Cu(ll) complexes
in which a variety of neutral or anionic ligands fourth ligands were employed, leading to
mononuclear or dinuclear species. We found that the ligands bind in a tridentate fashion,
but either to one metal ion or two. In the mononuclear complexes, there exists a fourth
ligand that binds monodentate with, in the case for the carboxylate complexes, an
additional weak interaction to the carboxylate. The challenges we faced with both obtaining
copper-oxygen species as well as oxidizing them to a formally Cu(lll) state prevented us
from studying substrate oxidation reactivity with [CuUOR]?*-type species. While we had

hoped that the lower donor strength of these ligands would lend access to O.-reactive Cu(l)
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species, the lack of which is a major drawback of the pyridine dicarboxamide ligand
framework, we observed a tendency to form unreactive clusters. We speculate this may be
due to a steric insufficiency or high flexibility in the explored ligands. Bulkier
modifications to these frameworks could alleviate this issue and are targets for further
investigation. Nonetheless, the ligands presented in this work give access to a relatively
unexplored coordination environment for Cu and could be useful in other lines of
coordination chemistry research.

2.8 Experimental section

2.8.1 Materials and methods

All air-sensitive manipulations were carried out in a dinitrogen-filled glovebox or
under argon using Schlenk techniques. All reagents and solvents were purchased from
commercial vendors and used as received unless otherwise noted. Tetrahydrofuran,
dichloromethane, acetonitrile, pentane, diethyl ether, and heptane were passed through
activated alumina columns and used directly or plumbed into a glovebox. Tetrahydrofuran,
dichloromethane, and acetonitrile were stored over activated 3 A molecular sieves in a
dinitrogen-filled glovebox and, prior to use in spectroscopy and cyclic voltammetry
experiments, filtered using a 25 mm diameter, 0.2 mm hydrophobic
polytetrafluoroethylene (PTFE) syringe filter. 3,5-diisopropylpyrazole was either made
according to the previously published synthesis*® or purchased from Tokyo Chemical
Industry Co., Ltd. and used without further purification. KHMDS was purchased from
Sigma-Aldrich and was recrystallized from toluene at -35 °C, filtered, and dried in vacuo
before use. Cu(MeCN),OTf*? and [Cu(MeCN)s][ShFs].*>! were synthesized according to
the previously published procedures. 3,5-dimethylpyrazole, 1-fluoro-2-nitrobenzene,
picolinic acid, and anhydrous CuCl, were purchased from Sigma-Aldrich and used without
further purification.

UV-vis spectra were collected using a HP8453 (190 — 1100 nm) diode array
spectrophotometer equipped with a Unisoku low-temperature UV-vis cell holder. EPR
spectra were collected on frozen 1 mM samples with a CW Elexsys E500 EPR
spectrometer using X band (9.38 GHz) radiation at 35 dB and 30 K with the following

conditions: microwave power, 0.0002 mW; modulation amplitude, 9.6 G; and modulation

78



frequency, 100 kHz. NMR spectra were collected on a Bruker Avance |11 HD nanobay AX-
400, a Bruker Avance 111 HD-500, or an Agilent DD2 (500 MHZz) spectrometer. Deuterated
tetrahydrofuran was purchased from Cambridge Isotopes Laboratories, degassed, and dried
over 3 A molecular sieves prior to use. Cyclic voltammograms were recorded using an EC
Epsilon potentiostat from BASI, a glassy carbon working electrode, and a Ag wire
pseudoreference electrode. All cyclic voltammograms were performed in THF or MeCN
with 0.3 M tetrabutylammonium hexafluorophosphate (TBAP) electrolyte, which was
recrystallized several times from ethanol and dried under high vacuum before use and were
internally referenced to the ferrocene/ferrocenium (Fc/Fc*) couple. The spectra were
converted vs. the standard Fc/Fc* couple using standard conversion factors.'>? Elemental
analysis was performed by the CENTC Elemental Analysis Facility (University of
Rochester). ESI-HR-MS data is supplied by instruments funded by NIH grant
8P41GM103422.

For X-ray crystallography experiments, crystals were placed onto the tip of a
MiTeGen cryoloop and mounted on a Bruker D8 VENTURE diffractometer equipped with
a Photon 111 CMOS. The data collections were carried out using Mo Ka source using
normal parabolic mirrors as monochromators at 173 K. Structure solutions were performed
with SHELXT?®? using ShelXle® as a graphical interface. The structures were refined
against F2 on all data by full-matrix-least-squares with SHELXL.%®
2.8.2 Experimental procedures

Synthesis of 3,5-dimethyl-1-(2-nitrophenyl)-1H-pyrazole. The following
preparation was adapted from a previously published synthesis.!®! Under an argon
atmosphere, a flame-dried 500 mL Schlenk flask containing dry THF (100 mL) was
charged with NaH (60% in mineral oil, 1.931 g, 48.3 mmol) then cooled to 0 °C using an
ice bath. The slurry was stirred while a solution of 3,5-dimethylpyrazole (5.00 g, 52.0
mmol) in dry THF (100 mL) was added dropwise via an addition funnel over 30 min. After
the addition was complete, a solution of 1-fluoro-2-nitrobenzene (5.49 mL, 7.339 g, 52.0
mmol) in dry THF (100 mL) was added dropwise via an addition funnel over 30 min. The
ice bath was removed, and the orange solution was allowed to stir at rt for 2 h under argon.

The reaction was transferred to a separatory funnel and slowly quenched with a saturated
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aqueous NH4CI solution (100 mL). After separation of the phases, the aqueous layer was
extracted with ethyl acetate (2 x 200 mL). The organic layers were combined, washed with
brine (50 mL), dried with Na2SO4, decanted, and the solvents were removed in vacuo. The
resulting orange residue was purified via column chromatography on silica gel (50%
CHCl, 50% ethyl acetate) affording the pure product as an orange oil (8.209 g, 73%
yield). *H NMR (500 MHz, CDCls) & (ppm):7.93 (dd, J = 8.1, 1.5 Hz, 1H), 7.66 (td, J =
7.8, 1.5Hz, 1H), 7.53 (td, J = 7.8, 1.4 Hz, 1H), 7.45 (dd, J = 7.9, 1.4 Hz, 1H), 5.99 (s, 1H),
2.21 (s, 3H), 2.15 (s, 3H). *C NMR (500 MHz, CDCls) & (ppm): 150.67, 146.59, 141.09,
133.37,133.29, 129.67, 129.34, 125.25, 107.00, 13.64, 11.49. Anal. Calcd for C11H11N30z:
C60.82, H5.1, N 19.34. Found: C 60.57, H 5.15, N 19.02.

Synthesis of 3,5-diisopropyl-1-(2-nitrophenyl)-1H-pyrazole. The following
preparation was adapted from a previously published synthesis.’3! Under an argon
atmosphere, a flame-dried 500 mL Schlenk flask containing dry THF (100 mL) was
charged with NaH (60% in mineral oil, 3.941 g, 104.5 mmol) then cooled to 0 °C using an
ice bath. The slurry was stirred while a solution of 3,5-diisopropylpyrazole (10.00 g, 65.7
mmol) in dry THF (100 mL) was added dropwise via an addition funnel over 30 min. After
the addition was complete, a solution of 1-fluoro-2-nitrobenzene (6.93 mL, 9.268 g, 65.7
mmol) in dry THF (100 mL) was added dropwise via an addition funnel over 30 min. The
ice bath was removed, and the orange solution was allowed to stir at rt for 2 h under argon.
The reaction was transferred to a separatory funnel and slowly quenched with a saturated
aqueous NH4CI solution (150 mL). After separation of the phases, the aqueous layer was
extracted with ethyl acetate (2 x 200 mL). The organic layers were combined, washed with
brine (50 mL), dried with Na2SO4, decanted, and the solvents were removed in vacuo. The
resulting orange residue was purified via column chromatography on silica gel (80%
hexanes, 20% ethyl acetate) affording the pure product as an orange oil (10.735 g, 66%
yield). '"H NMR (400 MHz, CDCls) & (ppm): 7.97 (dd, J = 8.1, 1.5 Hz, 1H), 7.68 (td, J =
7.7,1.2 Hz, 1H), 7.56 (td, J = 7.9, 1.2 Hz, 1H), 7.51 (dd, J = 8.0, 1.2 Hz, 1H), 6.06 (s, 1H),
2.94 (sept, J = 6.9 Hz, 1H), 2.81 (sept, J = 6.9 Hz, 1H), 1.25 (d, J = 6.9 Hz, 6H), 1.18 (d, J
= 6.9 Hz, 6H). 3C NMR (500 MHz, CDCls) & (ppm): 161.04, 151.91, 146.90, 133.77,
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133.09, 129.60, 129.32, 125.35, 100.39, 28.09, 25.77, 22.85, 22.80. Anal. Calcd for
C1sH19N302: C 65.91, H 7.01, N 15.37. Found: C 66.09, H 7.23, N 15.27.

Synthesis of 2-(3,5-dimethyl-1H-pyrazol-1-yl)aniline. The following preparation
was adapted from a previously published synthesis.'*! Under argon, a Schlenk flask was
charged with 3,5-dimethyl-1-(2-nitrophenyl)-1H-pyrazole (8.097 g, 37.3 mmol), 10 wt%
Pd/C (0.282 g, 0.265 mmol), and 200 proof ethanol (50 mL). The flask was flushed with
H> then stirred at rt for 24 h under a balloon of Hy, refilling the H> balloon when deflated.
The reaction mixture was filtered through celite and the solids were washed with ethanol
(50 mL). Note: Residual Pd/C should be wetted with water after filtration to prevent
ignition of the solid. Solvent was removed in vacuo yielding the pure product as a brown
solid (6.609 g, 95% vyield). *H NMR (400 MHz, CDCls) § (ppm): 7.13 (ddd, J = 8.1, 7.3,
1.6 Hz, 1H), 7.04 (dd, J = 7.6, 1.6 Hz, 1H), 6.78 — 6.68 (m, 2H), 5.95 (s, 1H), 3.77 (s, 2H),
2.26 (s, 3H), 2.11 (s, 3H). *C NMR (500 MHz, CDCls) & (ppm): 149.52, 143.52, 140.85,
129.52, 127.68, 125.62, 118.15, 116.73, 105.75, 13.75, 11.62. Anal. Calcd for C11H13Na:
C 70.56, H 7.00, N 22.44. Found: C 70.56, H 7.09, N 22.37.

Synthesis of 2-(3,5-diisopropyl-1H-pyrazol-1-yl)aniline. The following
preparation was adapted from a previously published synthesis.*** Under argon, a Fisher
Porter tube was charged with 3,5-diisopropyl-1-(2-nitrophenyl)-1H-pyrazole (2.264 g, 8.28
mmol), 10 wt% Pd/C (0.063 g, 0.059 mmol), and 200 proof ethanol (15 mL). The system
was sealed and flushed with Ha through 3 pressurization/vent cycles then pressurized once
more to 100 psi H2 and stirred at rt overnight. The vessel was repressurized once during
the reaction. Note: A safety shield should be placed in front of the Fisher Porter tube during
this reaction. Residual pressure in the vessel was vented before filtering the reaction
mixture through celite and washing the solids with ethanol (15 mL). Note: Residual Pd/C
should be wetted with water after filtration to prevent ignition of the solid. Solvent was
removed in vacuo to yield the product as a white solid (1.876 g, 93% yield). *H NMR (400
MHz, CDCls): 84 7.18 (ddd, J = 8.1, 7.3, 1.5 Hz, 1H), 7.11 (dd, J = 7.8, 1.5 Hz, 1H), 6.78
(m, 2H), 6.02 (s, 1H), 3.83 (s, 2H), 3.00 (sept, J = 6.9 Hz, 1H), 2.83 (sept, J = 6.9 Hz, 1H),
1.29 (d, J = 6.9 Hz, 6H), 1.14 (d, J = 6.9 Hz, 6H). 3C NMR (500 MHz, CDCls) & (ppm):
160.08, 151.75, 144.00, 129.66, 128.00, 126.01, 118.15, 116.74, 99.02, 28.15, 25.60,
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23.01, 22.82. Anal. Calcd for C15H2:N3: C 74.03, H 8.70, N 17.27. Found: C 74.54, H 8.93,
N 17.40.

Synthesis of N-(2-(3,5-dimethyl-1H-pyrazol-1-yl)phenyl)picolinamide (HL?Y).
The following preparation was adapted from a previously published synthesis.**! In a 250
mL Schlenk flask under argon, a solution of picolinic acid (3.117 g, 25.3 mmol) in CH2Cl;
(35 mL) was cooled to 0 °C using an ice bath. With stirring, DMF (5 drops) was added
dropwise to the solution, followed by another dropwise addition of oxalyl chloride (2.96
mL, 34.5 mmol). The purple solution was brought to rt and stirred for 1 h. The solvent and
excess oxalyl chloride were removed in vacuo to yield the acid chloride as a dark
black/brown oily solid. Note: the excess oxalyl chloride was collected in an external trap
to be quenched with a saturated aqueous solution of sodium bicarbonate. To the same flask
under argon, the acid chloride was dissolved in CH2Cl, (35 mL) and cooled back to 0 °C
using an ice bath. A solution of 2-(3,5-dimethyl-1H-pyrazol-1-yl)aniline (4.310 g, 23.0
mmol) in CH2Cl (35 mL) was added to the flask, followed by the addition of triethylamine
(3.53 mL, 25.3 mmol). The flask was removed from the ice bath and the reaction was
stirred at rt for 12 h. The reaction mixture was filtered into a separatory funnel and washed
with a saturated aqueous ammonium chloride solution (2 x 20 mL) and brine (30 mL). The
organic layer was dried with Na>SOs, decanted, then concentrated in vacuo. The crude
product was purified by via column chromatography on silica gel (90% hexanes, 10% ethyl
acetate;) affording the pure product as an yellow/orange oil (5.686 g, 85% vyield). Over a
few months, the oil solidified into a brown solid. *H NMR (400 MHz, CDCls): 84 11.11 (s,
1H), 8.69 (dd, J = 8.3, 1.4 Hz, 1H), 8.52 (ddd, J = 4.8, 1.7, 1.0 Hz, 1H), 8.21 (dt, J = 7.9,
1.1 Hz, 1H), 7.83 (td, J = 7.7, 1.7 Hz, 1H), 7.45 (ddd, J = 8.6, 7.6, 1.6 Hz, 1H), 7.40 (ddd,
J=7.6,4.7,12Hz 1H),7.28 (dd, J=7.9, 1.6 Hz, 1H), 7.19 (td, J = 7.7, 1.4 Hz, 1H), 6.06
(s, 1H), 2.43 (s, 3H), 2.19 (s, 3H). 3C NMR (500 MHz, CDCls3) & (ppm): 162.65, 150.31,
150.13, 148.28, 141.24, 137.48, 134.46, 129.22, 129.19, 126.52, 126.38, 123.75, 122.46,
121.89, 106.71, 13.72, 12.01. Anal. Calcd for C17H16N4O: C 69.85, H 5.52, N 19.17.
Found: C 69.64, H 5.52, N 19.17.

Synthesis  of  N-(2-(3,5-diisopropyl-1H-pyrazol-1-yl)phenyl)picolinamide
(HL?). The following preparation was adapted from a previously published synthesis.**! In
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a 100 mL Schlenk flask under argon, a solution of picolinic acid (2.230 g, 18.1 mmol) in
CHCl> (25 mL) was cooled to 0 °C using an ice bath. With stirring, DMF (5 drops) was
added dropwise to the solution, followed by another dropwise addition of oxalyl chloride
(2.11 mL, 24.7 mmol). The purple solution was brought to rt and stirred for 1 h. The solvent
and excess oxalyl chloride were removed in vacuo to yield the acid chloride as a dark
black/brown oily solid. Note: the excess oxalyl chloride was collected in an external trap
to be quenched with a saturated aqueous solution of sodium bicarbonate. To the same flask
under argon, the acid chloride was dissolved in CH2Cl> (25 mL) and cooled back to 0 °C
using an ice bath. A solution of 2-(3,5-diisopropyl-1H-pyrazol-1-yl)aniline (4.000 g, 16.4
mmol) in CH2Cl (25 mL) was added to the flask, followed by the addition of triethylamine
(2.52 mL, 18.1 mmol). The flask was removed from the ice bath and the reaction was
stirred at rt for 12 h. The reaction mixture was filtered into a separatory funnel and washed
with a saturated aqueous ammonium chloride solution (2 x 10 mL) and brine (20 mL). The
organic layer was dried with Na>SOs, decanted, then concentrated in vacuo. The crude
product was purified by via column chromatography on silica gel (90% hexanes, 10% ethyl
acetate) affording the pure product as a white solid (4.050 g, 71% vyield). *H NMR (400
MHz, CDCls): 61 10.58 (s, 1H), 8.69 (dd, J = 8.3, 1.4 Hz, 1H), 8.46 (ddd, J=4.8, 1.8, 1.0
Hz, 1H), 8.22 (dt, J =7.9, 1.1 Hz, 1H), 7.83 (tt, J = 7.7, 1.7 Hz, 1H), 7.47 (td, J=7.9, 15
Hz, 1H), 7.39 (ddt, J = 7.6, 4.8, 1.4 Hz, 1H), 7.33 (dd, J = 7.8, 1.6 Hz, 1H), 7.19 (td, J =
7.6, 1.3 Hz, 1H), 6.10 (s, 1H), 3.12 (sept, J = 7.0 Hz, 1H), 2.85 (sept, J = 6.8 Hz, 1H), 1.40
(d,J=7.0 Hz, 6H), 1.09 (d, J = 6.9 Hz, 6H). 3C NMR (500 MHz, CDClIs) & (ppm): 162.61,
160.77, 152.30, 149.96, 148.10, 137.42, 135.17, 129.68, 129.58, 127.23, 126.40, 123.89,
122.47,121.94,99.92, 28.32, 25.62, 22.95, 22.83. Anal. Calcd for C21H24N4O: C 72.39, H
6.94, N 16.08. Found: C 72.41, H 7.20, N 15.95.

Synthesis of (L?Cu)2. In a glovebox, a solution of KHMDS (32 mg, 0.16 mmol) in
MeCN (3 mL) was added dropwise to a solution of HL? (50 mg, 0.14 mmol) in MeCN (2
mL) in a 20 mL scintillation vial while stirring. After complete addition of the base, a
solution of Cu(MeCN)4OTf in MeCN (2 mL) was added dropwise to the vial with stirring,
and a bright orange powder started to precipitate from the solution. After 10 min of stirring,
the MeCN was decanted from the vial. The solid was rinsed with MeCN (2 x 3 mL),
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decanted, and dried in vacuo to afford the pure compound (39 mg, 33%). X-ray quality
crystals (orange blocks) were formed upon slow diffusion of pentane into a concentrated
THF solution of (L2Cu'), at -35 °C. *H NMR (400 MHz, THF-ds): 61 7.80 (app d, J=7.8
Hz, 1H), 7.57 (app t, J = 7.6 Hz, 1H), 7.45 (app d, J = 7.6 Hz, 1H), 7.32 — 7.11 (m, 4H),
7.01 (app t, J = 6.0 Hz, 1H), 5.91 (s, 1H), 3.27 (sept, J = 6.9 Hz, 1H), 3.09 (sept, J = 6.7
Hz, 1H), 1.38 (overlapping doublets, J = 6.8 Hz, 6H), 1.17 (d, J = 6.9 Hz, 3H), 0.47 (d, J
= 6.9 Hz, 3H). C NMR (500 MHz, THF-d8) & (ppm): 166.47, 160.30, 155.27, 154.97,
152.93, 147.35, 137.85, 134.45, 130.23, 129.87, 128.06, 124.88, 123.24, 122.07, 97.65,
30.81, 30.39, 27.63, 24.50, 23.48, 22.67. UV-vis (THF, -80 °C) [Amax, nm (g, Mt cm™)]:
426 (16490), 592 (1365). Anal. Calcd for Cs2H46Cu2NsO2: C 61.37, H 5.64, N 13.63.
Found: C 60.83, H 5.62, N 13.29.

Synthesis of L'CuCl. In a glovebox, a 50 mL Schlenk flask was charged with a
solution of HL! (111.2 mg, 0.38 mmol) in THF (4 mL). A solution of KHMDS (75.9 mg,
0.38 mmol) in THF (4 mL) was added dropwise to the flask with stirring. After complete
addition of the base, a slurry of anhydrous CuCl> (49.1 mg, 0.37 mmol) in THF (4 mL) was
added to the flask with stirring, producing a dark green reaction mixture. After stirring at
rt for 30 min, the solvent and HMDS byproduct were removed in vacuo. CH2Cl, (5 mL)
was added to the flask, and the solution was filtered into a 20 mL scintillation vial using a
25 mm diameter, 0.2 mm hydrophobic PTFE syringe filter. The solvent was removed in
vacuo. MeCN (5 mL) was used to dissolve the product and then filtered into a 20 mL
scintillation vial using a 25 mm diameter, 0.2 mm hydrophobic PTFE syringe filter. The
solvent was removed in vacuo and the resulting green oil was triturated with diethyl ether
(2 x 5 mL) resulting in a green powder (44.6 mg, 31%). Crystalline material of the title
product was obtained by dissolving the green oil in a minimum amount of MeCN and
layering with diethyl ether at rt, which afforded dark green plates that were suitable for X-
ray diffraction. UV-vis (MeCN, 25 °C) [Amax, NM (¢, Mt cm™)]: 463 (358), 604 (152), 775
(198). Anal. Calcd for C17H15CuN4OCI: C 52.31, H 3.87, N 14.35. Found: C 54.18, H 4.13,
N 14.61.

Synthesis of L2CuCl. In a glovebox, a 50 mL Schlenk flask was charged with a
solution of HL? (95.1 mg, 0.27 mmol) in THF (4 mL). A solution of KHMDS (54.4 mg,
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0.27 mmol) in THF (4 mL) was added dropwise to the flask with stirring. After complete
addition of the base, a slurry of anhydrous CuCl> (35.2 mg, 0.26 mmol) in THF (4 mL) was
added to the flask with stirring, producing a dark green reaction mixture. After stirring at
rt for 30 min, the solvent and HMDS byproduct were removed in vacuo. CH>Cl> (5 mL)
was added to the flask, and the solution was filtered into a 20 mL scintillation vial using a
25 mm diameter, 0.2 mm hydrophobic PTFE syringe filter. The solvent was removed in
vacuo. MeCN (5 mL) was used to dissolve the product and then filtered into a 20 mL
scintillation vial using a 25 mm diameter, 0.2 mm hydrophobic PTFE syringe filter. The
solvent was removed in vacuo and the resulting green oil was triturated with diethyl ether
(2 x 5 mL) resulting in a green/brown powder (70.0 mg, 60%). Crystalline material of the
title product was obtained by dissolving the green oil in a minimum amount of CH>Cl> and
layering with heptane at -20 °C, which resulted in an oil that was subsequently allowed to
sit at rt overnight resulting in dark green plates that were suitable for X-ray diffraction.
UV-vis (MeCN, 25 °C) [Amax, Nm (g, Mt cm™)]: 458 (325), 606 (105), 815 (177). Anal.
Calcd for C21H23CuN4OCI: C 56.50, H 5.19, N 12.55. Found: C 57.02, H 5.24, N 12.53.

Synthesis of [L'Cu(MeCN)][SbFs]. In a glovebox, a 50 mL Schlenk flask was
charged with a solution of HL! (50 mg, 0.17 mmol) in MeCN (4 mL). A solution of
KHMDS (34 mg, 0.17 mmol) in MeCN (4 mL) was added dropwise to the flask with
stirring. After complete addition of the base, a solution of [Cu(MeCN)s][SbFe]2 (122 mg,
0.16 mmol) in MeCN (4 mL) was added dropwise to the flask with stirring, producing a
dark green reaction mixture. After stirring at rt for 30 min, the solvent and HMDS
byproduct were removed in vacuo. The title product was obtained as a green solid after
precipitating the compound out of MeCN (0.5 mL) with diethyl ether (10 mL) several
times, decanting the liquid, and drying the solid in vacuo (108 mg, 104%). UV-vis (MeCN,
25 °C) [kmax, nm (g, Mt cm™)]: 466 (390), 731 (220). HR-MS (ESI, acetonitrile, positive
ion) m/z: [L'*Cu+SbFe+H]* Calcd For [C17H16CuUN4OSbFe]* (without acetonitrile) 591.96;
Found 591.9591. Anal. Calcd for C190H18CuNsOSbFe (with acetonitrile): C 36.13, H 2.87,
N 11.09. Found: C 38.18, H 3.32, N 10.77.

Synthesis of [L2Cu(MeCN)][SbFs]. In a glovebox, a 50 mL Schlenk flask was
charged with a solution of HL? (50 mg, 0.14 mmol) in MeCN (4 mL). A solution of
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KHMDS (29 mg, 0.14 mmol) in MeCN (4 mL) was added dropwise to the flask with
stirring. After complete addition of the base, a solution of [Cu(MeCN)s][SbFe]2 (102 mg,
0.14 mmol) in MeCN (4 mL) was added dropwise to the flask with stirring, producing a
dark green reaction mixture. After stirring at rt for 30 min, the solvent and HMDS
byproduct were removed in vacuo. The title product was obtained as a green solid after
precipitating the compound out of MeCN (0.5 mL) with diethyl ether (10 mL) several
times, decanting the liquid, and drying the solid in vacuo (89 mg, 94%). UV-vis (MeCN,
25 °C) [kmax, nm (g, Mt cm™)]: 462 (255), 752 (122). HR-MS (ESI, acetonitrile, positive
ion) m/z: [L2Cu+SbFe+H]* Calcd For [C21H24aCuN4OSbFs]* (without acetonitrile) 648.02;
Found 648.0219. [L2Cu]* Calcd For [C21H23CuN4O]* (without acetonitrile) 410.12; Found
410.1185. Anal. Calcd for C23H26CuNsOSbFs (without acetonitrile): C 40.17, H 3.81, N
10.18. Found: C 41.73, H 4.17, N 9.98.

Synthesis of LCuOAc. A solution of HL! (100 mg, 0.34 mmol) in anhydrous
MeCN (3 mL) was added dropwise into a 20 mL scintillation vial containing
Cu(OAC)22H20 (74 mg, 0.37 mmol), anhydrous MeCN (3 mL), and 3 A molecular sieves
(500 mg). The reaction was stirred for 2 h at rt, resulting in a green-blue solution, which
was filtered into a clean 20 mL scintillation vial using a 25 mm diameter, 0.2 mm
hydrophobic PTFE syringe filter. The solvent was removed in vacuo. Crystalline material
of the title product was obtained by vapor diffusion of anhydrous diethyl ether into a
concentrated dry THF solution of L!CuOAc at rt, which afforded green plate crystals that
were suitable for X-ray diffraction (120 mg, 85%). UV-vis (MeCN, 25 °C) [Amax, nM (g,
M cm™)]: 694 (208). Anal. Calcd for C19H18CuN4O3: C 55.13, H 4.38, N 13.54. Found:
C55.01, H 4.36, N 13.36.

Synthesis of L2CuOAc. A solution of HL? (100 mg, 0.29 mmol) in anhydrous
MeCN (4 mL) was added dropwise into a 20 mL scintillation vial containing
Cu(OAC)2+H20 (62.5 mg, 0.31 mmol), anhydrous MeCN (2 mL), and 3 A molecular sieves
(1 cm). The reaction was stirred for 2 h at rt, resulting in a green-blue solution, which was
filtered into a clean 20 mL scintillation vial using a 25 mm diameter, 0.2 mm hydrophobic
PTFE syringe filter. The solvent was removed in vacuo. The green oil was allowed to stir

in hexanes (5 mL) overnight, which was then decanted, and was then triturated with
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hexanes (2 x 5 mL). The residual solvent was removed in vacuo yielding a green-blue solid
(103.4 mg, 77%). Crystalline material of the title product was obtained by vapor diffusion
of anhydrous diethyl ether into a concentrated dry THF solution of L2CuOAc at rt, which
afforded blue block crystals that were suitable for X-ray diffraction. UV-vis (MeCN, 25
°C) [Amax, "M (g, Mt cm™)]: 694 (292). Anal. Calcd for C23H26CuN4Os: C 58.77, H 5.58,
N 11.92. Found: C 59.77, H 5.85, N 11.76.
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Chapter 3
Involvement of a formally Cu(l11) nitrite complex in PCET and nitration of phenols?
&The results presented in this chapter were previously published in:
Bouchey, C. J.; Tolman, W. B. Involvement of a Formally Copper(I11) Nitrite Complex in
Proton-Coupled Electron Transfer and Nitration of Phenols. Inorg. Chem. 2022, Article
ASAP,
3.1 Introduction

Copper-nitrite complexes have been studied extensively as models for the active
sites of the copper-containing nitrite reductases (CuNIRs),%?* key enzymes in global
denitrification and mammalian and plant signaling pathways.'®® These model complexes
contain Cu(l) or Cu(ll), often in coordination geometries relevant to the CuNIR active site,
and they typically reduce NO2™ to NO, a reaction also performed by the enzymes. It has
been proposed for CuNIR that the one-electron reduction of NO2 to NO involves an initial
proton transfer facilitated by neighboring amino acid residues.*?48167-169 |nspired by this
notion, recent work has probed the ability of Cu(ll)-nitrite complexes to perform proton-
coupled electron transfer (PCET).49.525456-59.160-162 Notaply, PCET was invoked in a
reaction of a Cu(ll)-nitrite complex with 2,4-di-t-butylphenol (DTBP) that underwent
subsequent nitration, an unusual anaerobic transformation.*®? Such a process is relevant to
tyrosine nitration, which normally occurs via attack by peroxynitrite.170-172

Considering that higher oxidation state species generally exhibit enhanced PCET
reactivity,>”®> we sought to prepare a complex with a [CuNO2]?>* core (formally
containing Cu(lll)) that would represent a rare example of a high valent metal-nitrite
species.1’6-178 Specifically, previous success in using the hindered dianionic ligand bis(2,6-
diisopropylphenylcarboxamido)pyridine (L%) to prepare reactive complexes with cores
[CuX]?* (X = OR,%32529.3334 gR 40 OOR,?® O,CR,%%" F, CI, and Br?’) led us to target
LCuNO:z. Herein, we describe the successful generation and spectroscopic characterization
of this novel high valent metal-nitrite species, as well as preliminary studies of PCET

reactivity with phenolic substrates that results in an unusual anaerobic nitration.
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3.2  Synthesis and characterization of [M][LCuNO2] (M = NBu4* or PPN*)
Addition of the corresponding nitrite salt [M][NO] to LCu(MeCN) in THF resulted
in the formation of the Cu(Il) complexes [M][LCuNO:] (M = NBu4" or PPN™), which were
isolated as powder blue solids and characterized by elemental analysis, UV-vis and EPR
spectroscopy, and X-ray crystallography for M = PPN* (Scheme 3.1). Elemental analysis
of [PPN][LCuNO:?] revealed the expected CHN composition, implying high purity of the
sample. However, the elemental composition of the sample containing [NBus][LCuNO>]
fit when one eq. of water was included in the molecular formula. The introduction of water
to the sample could have occurred upon sample shipping/handling to the elemental analysis
facilities since the crystalline material, which was used for elemental analysis and
spectroscopy experiments, displayed identical spectroscopic (UV-vis, EPR) markers to
[PPN][LCuUNO:]. If water persisted in the spectroscopic experiments, we would have
expected to see different molar absorptivity values in the Cu(ll) UV-vis spectra (vide infra)
and possibly a contamination of [LCuOH] . Additionally, the reagents used in the synthesis
of [NBu4][LCuNO2] are anhydrous and the synthesis was performed in an inert glovebox.
Therefore, we concluded that the purity of [NBus][LCuNO2] was sufficient for further

experiments.

X —| M+ X
E1,2—+180 mv
iPr (vs. Fc /Fc) iPr ipr
f N\Cu” —N E N‘Cu‘” N f
,' O iPr Pr
[M][LCuNOz] LCuNOz

M = PPN* or BuyN*

Scheme 3.1. Copper complexes discussed in this work, with formal oxidation states
indicated. Reprinted with permission from ref. 179. Copyright 2022, American Chemical
Society.

3.2.1 X-ray crystallography of [PPN][LCuNO-]

High quality crystals could not be obtained for [NBus][LCuNO:]; however, navy
blue/gray crystalline plates of [PPN][LCuNO2], grown from THF/diethyl ether vapor
diffusion, resulted in a high resolution crystal structure. The X-ray structure of
[PPN][LCuUNO2] shows nitrite bound strongly to the Cu ion through one oxygen atom
(Cul-03 = 1.9667(13) A) with an additional weak interaction through the second oxygen
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atom (Cul-O4 = 2.4622(14) A; Figure 3.1). This binding geometry is similar to that
observed for carboxylate ligands in the series [NBu4][LCu(O2CR)],**" and the N-O bond
distances are comparable to those in other complexes containing Cu'(n!-ONO)
cores,4:57:58,157,160-162,61,180-185 The Cy jon adopts a square planar geometry (t4 = 0.16),14
and the Cul-N1, —N2, and —N3 bond lengths are similar to those in previously reported

[LCuX] complexes.?232527-31,33,40

Figure 3.1. X-ray crystal structure of [PPN][LCuNO2] with the PPN cation and H atoms
omitted for clarity. All non-hydrogen atoms are shown as 30% thermal ellipsoids. Selected
bond distances (A) and angles (deg): Cul-03, 1.9667(13); Cul-04, 2.4622(14); Cul-N1,
1.9987(13); Cul-N2, 1.9242(14); Cul-N3, 1.9985(13); N1-Cul-N3, 160.25(6); N1-
Cul-N2, 80.26(5); N2-Cul-N3, 80.48(6); N2-Cul-03, 178.01(6). Reprinted with
permission from ref. 179. Copyright 2022, American Chemical Society.

3.2.2 EPR and UV-vis spectroscopy for [M][LCuNO2] (M = NBus* or PPN*)

The X-band EPR spectra for [M][LCuNO:] (M = NBus* or PPN™) in THF at 30 K
are nearly identical and exhibit typical signals for S = % square-planar Cu(ll) complexes
(Figures 3.2). Spectral parameters were estimated by simulation, with the best match to the
17-line experimental superhyperfine pattern resulting when only 3 nitrogen atoms were
included (Table 3.1). From these results and the similarity of the spectrum to those of other
[LCuX] complexes,?27-31333440we conclude that little spin density is present on the nitrite
N atom and that the superhyperfine coupling arises from interactions with the N atoms of
LZ. The UV-vis spectra for [M][LCuNO;] (M = NBus* or PPN*) in THF show typical d-d
transitions (Amax ~586 nm, & ~ 480 M~tcm™; Figure 3.3).
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Figure 3.2. Continuous wave X-band EPR spectrum of 1 mM [NBus][LCuNO?] in THF at
30 K (black), 1 mM [PPN][LCuNO2] in THF at 30 K (red), and the simulation of
[LCuUNO2] (blue). Parameters: 30 K; microwave frequency 9.38 GHz; microwave power
0.0002 mW; modulation amplitude 9.8 G; modulation frequency 100 kHz. Parameters from
the simulation are listed in Table 3.1. Reprinted with permission from ref. 179. Copyright
2022, American Chemical Society.

Table 3.1. Simulated g-values and hyperfine/superhyperfine parameters (MHz) for Cu,
NPyridine and Na™ide nyclei for [PPN][LCuNO2] in THF at 30 K.

PPN][LCuNO;]
Ox dy [oF A% TASY, | A%, AP, [ A [ A, [ A | AR | AR
209|211 )226| 55 60 595 33 50 40 48 50 40
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Figure 3.3. Overlay of the UV-vis spectra of [NBus][LCuNO2] (black) and
[PPN][LCuNO2] (red) in THF at -80 °C. Reprinted with permission from ref. 179.
Copyright 2022, American Chemical Society.

3.2.3 Electrochemistry of [NBus][LCuNO;]

Cyclic voltammetry for [NBus][LCUNO:] in THF (0.3 M [NBu4][PFs]) revealed a
pseudoreversible wave with E1z = +180 mV vs. Fc/Fc* (linear plot of ipa vs. vY2, Figure
3.4). This oxidation potential is similar to those measured for the [LCu(O2.CR)]™ series
(range = 150 - 298 mV)®! and 347 mV higher than that for [LCUOH]7,? all which track
inversely with the basicity of the anionic “X” ligands (greater basicity, lower potential;
Table 3.2).
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Figure 3.4. (Left) Cyclic voltammogram collected of [NBus][LCuNO-]. Conditions: 2 mM
[LCUNO2], 0.3 M TBAP, THF, 25 °C, glassy-carbon working electrode, 100 mV/s scan
rate. (Right) Anodic current response as a function of the square root of the scan rate.
Reprinted with permission from ref. 179. Copyright 2022, American Chemical Society.

Table 3.2. Cyclic voltammetry data? for [LCuX]™

Complex Eiz(mV)  Ref.
[LCuSPh] -251 40
[LCuSH] -209 40
[LCuOOtBu] -205 28
[LCUOH] -167 29
[LCuOOCMe,Ph] -154 28
[LCUOCHCFs] 37 29
[LCuO,CCHjs] 150 3
[LCuO,CCsH4(OMe)] 151 31
[LCUOzCCeHs]' 169 sl
[LCUNO,] 180 this work
[LCuO,CCesH4(CD] 228 3031
[LCuO2CCsH4(NO)T 239 3
[LCuO,CCeFs] 298 3

aMeasured in THF with TBAP as the supporting electrolyte using a glassy-carbon electrode

3.3  Synthesis and characterization of LCuUNO:?

Addition of 1 eq. of [AcFc][BArF24] to a solution of [NBus][LCuNO2] in THF at -
80 °C resulted in immediate development of a deep Prussian blue color and the appearance
of intense features at 478 (e = 5350 Mtcm™), 655 (e = 9170 M*cm™), and 816 (e = 7180
M-1em™) nm in the UV-vis spectrum (Figure 3.5 a). Variation of the amount of [AcFc]*
between 0.2-1.8 eq. showed attainment of maximum absorbance for the new features when

1 eqg. of [AcFc]® was added (Figure 3.5 b and 3.6). Also, addition of 1 eq. of
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decamethylferrocene (Fc*) bleached the solution to yield the spectrum of [LCuNO2], a

process that could be repeated (2x) (Figure 3.7). Taken together, the evidence supports

reversible 1-electron oxidation of [NBus][LCuNO3].
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Figure 3.5. (a) Overlay of UV-vis spectra of [NBus][LCuNO2] (blue) and the species
generated upon addition of 1 eq. of [AcFc][BArF24] to [NBus][LCuNO?] (red). Conditions:
-80 °C in THF. (b) Plot of corresponding molar absorptivity values at A = 655 nm vs.
equivalents of [AcFc][BArF24] added to [NBus][LCuNO-] at -80 °C in THF. Reprinted
with permission from ref. 179. Copyright 2022, American Chemical Society.
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Figure 3.6. Overlay of UV-vis spectra upon addition of incremental equivalents of
[AcFc][BArF24] to [NBus][LCUuNO?] at -80 °C in THF. Reprinted with permission from
ref. 179. Copyright 2022, American Chemical Society.
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Figure 3.7. UV-vis chemical oxidation/reduction titration where up to 3 eq. of
[AcFc][BArF24] and Fc* were added to [NBus][LCUNO?] in THF at -80 °C (*denotes Fc**
signal). Reprinted with permission from ref. 179. Copyright 2022, American Chemical
Society.

The new UV-vis features that appear upon oxidation of [NBus][LCuNO:] are
similar to those seen for other LCuX complexes, and bear particular resemblance to those
found for the LCuO,CR series.! These features were assigned using TD-DFT to Ligand-
to-Metal Charge Transfers (LMCTs) involving N-aryl 1 — Cu d and N-amide = — Cu d
transitions.>® Consistent with these assignments, the energy of these transitions is inversely
proportional to the electron withdrawing characteristics of the carboxylate ligand. Thus,
for example, LCuO2CCeFs, with the most electron withdrawing carboxylate and the lowest
carboxylic acid aqueous pKa of 1.48,1% yields the most electrophilic Cu ion and the lowest
energy feature at 866 nm, whereas LCuO2CCHz with its absorption feature at 809 nm has
the least electrophilic Cu ion in the series with a carboxylic acid aqueous pKa of 4.8.3! The
lowest energy peak for the product of 1-electron oxidation of [NBus][LCuNO2] has Amax =
816 nm, intermediate in the LCuO.CR series, consistent with the nitrous acid aqueous pKa
of 3.16, and in line with an analogous LMCT assignment.' Finally, a peak at 634 cm™
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was observed in the resonance Raman spectrum of LCuNO: (Aex = 660 nm), which we
assign as v(Cu-0) based on nearly identical peaks present in previously measured spectra
for LCuX with X = O-based ligands (Figure 3.8).282%% Taken together, the UV-vis and
resonance Raman spectra and titration/stoichiometry/reversibility data support formation
of LCuNO? upon 1-electron oxidation of [NBus][LCuNO2].

—LCuNO, 2 mM
634 ——LCuNO, 4 mM
660 754 .
H 691
560 ‘ 660 I 760 . 860

Raman Shift (cm™)

Figure 3.8. Resonance Raman spectra ( Aex = 660 nm) of frozen LCuNO2 samples in THF
(2 mM, black and 4 mM, red). Peaks with concentration dependence are labelled (* denotes
solvent). Reprinted with permission from ref. 179. Copyright 2022, American Chemical
Society.

3.4  PCET reactivity of LCUNO:?

Treatment of LCuNO: with 2,4,6-tri-t-butylphenol (TTBP, 50 eq.) in THF at -80
°C led to decay of the absorptions associated with LCuNO.>. This decay was monitored
over ~40 min and a global fit of the decay spectra to a second order reaction model using
ReactLab Kinetics'® yielded a k. of 1(1) x 10"t M1 s, The UV-vis spectrum of the product
solution (Figure 3.9) indicated formation of the 2,4,6-tri-t-butylphenoxyl radical
(characteristic peaks around 400 and 660 nm)*®1% and LCu(THF) (d-d transition at 570
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nm).% The radical was also identified by EPR spectroscopy and from integration a yield of
61% was determined (Figure 3.10). In a separate experiment designed to detect possible
coproduct NO, a solution of TTBP (50 eq.) was added to a solution of LCuNO> at -40 °C
and allowed to warm to room temperature in the presence of a solution of CoTPP (TPP =
5,10,15,20-tetraphenyl-21H,23H-porphine) 562163177 Sypsequent analysis of the latter
solution by UV-vis spectroscopy revealed formation of (NO)CoTPP in an amount
corresponding to ~15% yield of NO from the PCET reaction (Figure 3.11). We presume
that HNO: also forms in the PCET reaction, but decays via unidentified processes, which
might also lead to NO. Interpreted as a control experiment, we attempted to detect NO
formation from the decay of LCuNO: (albeit in the presence of phosphine that was added
in an unrelated experiment) in THF at -40 °C for 2 h. The starting material LCuNO>
decayed, and NO formation was not detected, so we concluded the presence of phenol is
necessary for the formation of NO. An alternative PCET pathway (analogous to one
identified previously in a reaction of a Cu(ll)-NO, complex)*®? would involve initial
formation of NO and LCu'""OH, but the latter would be expected to react further with TTBP
and generate an additional equivalent of the phenoxyl radical (Scheme 3.2). The observed
low yield of the radical and the low yield of NO argues against this pathway being the

dominant HAT step.1%%192
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Figure 3.9. (Left column) Triplicate UV-vis spectra as a function of time for the reactions
of LCuNO: (red) with TTBP (50 eq.) in THF at -80 °C. The product spectrum (blue) is
assigned as LCuTHF and the phenoxyl radical of TTBP. (Right column) Plots of
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absorbance vs. time at representative wavelengths (A =383, 403, 477, 655 and 820 nm) for
the respective decay plots in the right column. The plots contain an overlay of experimental
(scatter plots) and calculated (lines) data to represent the accuracy of the fit from ReactLab
Kinetics, which was used to calculate the k2 value discussed in the text. Reprinted with
permission from ref. 179. Copyright 2022, American Chemical Society.
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Figure 3.10. Continuous wave X-band (9.38 GHz) EPR spectrum of the products of the
reaction between 0.1 mM LCuNO; and 50 eq. of TTBP in THF at 30 K. Reprinted with
permission from ref. 179. Copyright 2022, American Chemical Society.
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Figure 3.11. UV-vis spectrum and Gaussian fits of the CH2Cl> solution containing CoTPP
after exposure to the headspace of the reaction between LCuNO and TTBP. Reprinted
with permission from ref. 179. Copyright 2022, American Chemical Society.
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Scheme 3.2. An alternative mechanism of the PCET reaction of LCUNOzand TTBP where
LCuNO:? abstracts an H-atom from TTBP resulting in O—N bond cleavage to give products
LCuOH, the phenoxyl radical, and NO. LCuOH is known to quickly react with TTBP so
this mechanism would result in two eq. of the phenoxyl radical product in the presence of

excess TTBP. Reprinted with permission from ref. 179. Copyright 2022, American
Chemical Society.

The rate constant found for the reaction of TTBP with LCuNO: is similar to the

rate constant for the reaction with LCuO2CCg¢H4(CI) under the same conditions (k2 = 3(1)
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x 101 M1 s1), but it is ~100 times smaller than that for the reaction with LCUOH (k2 = 2(1)
x 10 M s1).30 These rate constants are in line with thermodynamic considerations,
particularly Ex, and pKa values. Thus, the [LCUNO2]™ E/; of 180 mV vs. Fc/Fc* and the
pKa of HNO; of 3.16%% fall close to the corresponding E1/. and carboxylic acid pKa values
for the series [LCuO2CR]™, and the former E values correlate with the log k. values for
reaction with TTBP (Figure 3.12).3! These relationships support similar driving forces for
the PCET reactions. Likewise, the greater basicity of LCuOH that results in formation of a
stronger O-H bond underlies its faster PCET reactions.?*

LCUO,CCGFs@
0.0 4
o 00 LCuO,CCH,(Ch)e®
‘§, @LCuO,CCH,(NO,)
LCuO,CC,H,(OMe
-1.0 1 ®
[ ]
®LCuO,CC,H,
-1.5 4
@LCuO,CCH,
1 ' I i I ' 1
0.15 0.20 0.25 0.30

E,, [LCuX]” (V vs. Fc/Fc™)

Figure 3.12. Plot of Ei for the [LCuX]% couple in THF vs the log ko values for the
reactions between LCuX and TTBP at -80 °C in THF. Figure reproduced from reference
31 Reprinted with permission from ref. 179. Copyright 2022, American Chemical Society.

3.5  Nitration reactivity of LCUNO:?

UV-vis monitoring of the reactions between LCuNO: and varying amounts of 2,4-
di-t-butylphenol (DTBP) (1 — 60 eq.) in THF at -40 °C resulted in ti2 values of 613, 318,
252, and 176 s in the presence of 1, 20, 40, and 60 eq. of substrate, respectively (Figure
3.13). While the trend in ty. values indicate a dependence of the rate on the DTBP
concentration, the decay data could not be fit to simple kinetic models (i.e., pseudo-first

order; Figure 3.13 ¢, f, i, and I). These findings suggest a more complicated reaction occurs
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with DTBP compared to TTBP. Product analysis was performed in attempt to understand
the results from the kinetic experiments. A peak at 570 nm in the final UV-vis spectrum
suggests formation of LCu(THF). To identify the organic products, reactions were
performed on larger scale (2.67 mM) at -40 °C in THF using 0.5 or 1 eq. DTBP for 2 h or
10 eq. DTBP for 1 h, and the residues were analyzed by *H NMR spectroscopy (Figure
3.14-3.16). Two products were identified: the coupled bisphenol product, 3,3',5,5'-tetra-t-
butyl-[1,1'-biphenyl]-2,2'-diol, and 2,4-di-t-butyl-6-nitrophenol (Scheme 3.3). The yields
of the bisphenol and 2,4-di-t-butyl-6-nitrophenol and the amount of unreacted DTBP
varied with differing equivalents of DTBP (Table 3.3). The data show that the yield of
nitrated product and the conversion of substrate increase in the reactions with fewer
equivalents of DTBP used. We interpret these results (greater nitration when LCuNO: is
in excess) to indicate that nitration involves multiple equivalents of LCuNO-.

103



b 104
2.0
20 a 054
3
b 0.0
= 154
2 15 8 18 =
< 05
8 9 g
3 § 1.0 ERLE
5 10 * 1 @
2 £ 4
2 3 8.5
<
05 0.5 204
25
0.0 T T T T T J 0.0 30
400 500 600 700 800 900 1000 1100 0 1000 1500 2000 0 1000 1500 2000
Wavelength (nm) Time (s) Time {s)
2-
d e f oo
204
0 054
= 0.04
=)
= E 13 T 05
@ v 2
o el =
e © @
g 1 @ 2 g
8 3 2
o 104
3 g 8 -5
< £ £
2
g -204
054
254
3.0
o T T T 0.0
400 600 800 1000 o 400 600 800 1000 1200 1400 0 a0 6o 800 1000 1200 1400
Wavelength (nm) Time (s) Time {s)
20+ 104
20 054
E 154 0.0
—_ [T23 —
515+ @ 8 s
< c
@ =
g 2 104 5 104
[ e 2
-3
£ 1.0 a &
3 5 T 15
< 4
< s+ 204
0.5
25
0.04+— T T T T T T 0.0 T T T T T 3.0
400 500 600 700 800 G0 1000 1100 0 200 400 800 800 1000 0 200 400 800 800 1000
Wavelength (nm} Time (s) Time (s)
i k ., [
24
£ "
5 £ 15
z B 3
g © & -1
£ 9 £
8 % 104 g
5 1 3 8
o 8 5
o 2 £ 2
< 2 -
k)
< s
34
0+ T T T T Sl 0.0
400 600 800 1000 0 mng o EUD 1una
Wavelength {nm) Time ¢ 5) Time (s)

Figure 3.13. (a, d, g, j) UV-vis spectra as a function of time for the reaction between LCuNO; (red)
and DTBP (a, d, g, j: 1 eq., 20 eq. 40 eq. 60 eq.) in THF at -40 °C. The product spectrum (blue) is
assigned as LCuTHF. (b, e, h, k) Plot of absorbance vs. time at 655 nm for the reaction between
LCuNO; and DTBP in THF at -40 °C (b, e, h, k: 1 eq., 20 eqg. 40 eq. 60 eq.: t1» = 613, 318, 252,
176 s). (c, f, i, I) Plot of In(absorbance) vs. time at 655 nm (black) and a linear fit (red) for the
reaction between LCuUNO2 and DTBP (c, f, i, I: 1 eq., 20 eq. 40 eq. 60 eqg.) in THF at -40 °C.
Reprinted with permission from ref. 179. Copyright 2022, American Chemical Society.
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Figure 3.14. Representative *H NMR spectrum of the products from the reaction between

LCuNO: and 10 eqg. of DTBP. Reprinted with permission from ref. 179. Copyright 2022,
American Chemical Society.
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Figure 3.15. Representative *H NMR spectrum of the products from the reaction between

LCuUNO2 and 1 eq. of DTBP. Reprinted with permission from ref. 179. Copyright 2022,
American Chemical Society.
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Figure 3.16. Representative *H NMR spectrum of the products from the reaction between
LCuNO: and 0.5 eq. of DTBP. Reprinted with permission from ref. 179. Copyright 2022,

American Chemical Society.
Y@Y
iPr iPr
f N\Culll -N f

OH
tBu
ne THF, -41 °C, x h
a warm to r.t.
tBu
tBu
OH
Bu NO, OH O
tBu
+ tBu
OH
tBu
tBu
nitrated phenol bisphenol

+ unreacted phenol

Scheme 3.3. The observed reactants and products when LCuNO: is reacted with DTBP.
Reprinted with permission from ref. 179. Copyright 2022, American Chemical Society.
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Table 3.3. Results from product analysis of the reactions between LCuNO? and various
equivalents of DTBP.?

nitrated bisphenol % % of mass % phenol
equivalents phenol % yield® unreacted  balance®  converted?
yield phenol (%)

10 0.5 8.2 94 102.7 8.5

0.7 8.8 95 104.5 9.1

1 15 42 45 102 56

17 43 42 102 59

0.5 48 26 30 104 71

46 24 28 98 71

3All data were from H NMR spectrum integrations using the integration of the
trimethoxybenzene peak at 6.09 ppm (3 protons) as a standard. All values are based on
DTBP loading. ®Values take into consideration that 2 moles of DTBP are required to form
1 mole of bisphenol. “Mass balance values over 100% are due to standard error in *H NMR
integration values. YCalculated by the equation: (nitrated phenol % yield + bisphenol %
yield)/mass balance.

The product 2,4-di-t-butyl-6-nitrophenol could be formed from the reaction
between LCuNO; and DTBP via multiple possible mechanisms. LCuNO: could abstract
an H-atom from DTBP resulting in a [LCUHNO.] adduct (which presumably decays to
LCuTHF and HNO3) and the phenoxyl radical of DTBP, which could react with another
equivalent of LCUNOz in a ‘rebound’ type of reaction to form LCuTHF and nitrated phenol
product (Scheme 3.4, path A). There is precedence to support the “rebound” pathway given
that LCuF was reported to functionalize substrates via hydrogen-atom abstraction and
radical capture, or “rebound”.?” Conversely, multiple pathways where free NO- is liberated
are possible (Scheme 3.4), and free NO2 has been studied for its oxidation and nitration
chemistry with DTBP.1% If LCuNO; does disproportionate into LCuTHF and free NO,
then this is an unusual transformation of mildly oxidizing nitrite to NO>. The results of the
stoichiometry experiments are taken as evidence for Scheme 3.4, path A being the
predominant nitration mechanism, because the dependence of the nitrated product yield on
stoichiometry of LCuNO:2 suggests that limiting consumption of LCuNO. by PCET favors

nitration.
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LCuNO: could be involved in the generation of the phenoxyl radical of DTBP via
a nucleophilic attack of the phenol on the nitrite ligand of LCUNO, as seen for a Cu''-NO>
compound previously (Scheme 3.5).52%2 The products of the nucleophilic attack would be
O-nitrosated DTBP and LCu"'OH, which would react with another equivalent of DTBP to
form the bisphenol. The O-nitrosated DTBP would then release NO and the phenoxyl
radical of DTBP, which could then combine to form 2,4-di-t-butyl-6-nitrophenol.®® The
stoichiometry experiments do not support this nitration mechanism because it does not use
more than 1 eq. of LCuNO: to nitrate the phenol. However, we cannot rule out nucleophilic
attack of the phenol on LCuNO: to form the phenoxyl radical of DTBP, which then could

react with another equivalent of LCUNO: via the “rebound” mechanism.
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Scheme 3.5. An alternative mechanism for nitration of DTBP by LCuNO: involving
nucleophilic attack of the phenol on the nitrite ligand of LCuNO,. Reprinted with
permission from ref. 179. Copyright 2022, American Chemical Society.

Alternatively, the [LCuHNO?] adduct could functionalize DTBP directly, resulting
in the nitrated phenol product of DTBP (Scheme 3.4, path B). This mechanism is consistent
with the stoichiometry experiments and there is literature precedence for the involvement
of a nitrous acid adduct, [COHNO,]?*** nitrating DTBP. However, we view this
mechanism unlikely for [LCUHNO?] since one of the products would be an unprecedented
{CuNO}* complex.

Yet another pathway to generate 2,4-di-t-butyl-6-nitrophenol from LCuNO2 and
DTBP would involve one electron oxidation of DTBP by LCuNO., with the resulting
cation radical phenol species reacting with free nitrite, as proposed for the protonated
cryptand-capped tripodal Cu'-NO, compound.®? We performed reactions between
LCuUNO2 and DTBP (THF, -40 °C) in the presence of excess nitrite (10 eq.) and observed
almost instantaneous decay of the complex, and organic product analysis revealed no PCET
product or nitrated phenol from these reactions. We currently do not understand why excess
nitrite facilitates the decay of LCuNO.. We rule this pathway out because the reported Eox
of DTBP is 1.03 V vs. F¢/Fc* (converted from 1.43 V vs. SCE),'* which is about 800 mV
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higher than the E1/ found for the [LCUNO,]"° couple. As discussed for the protonated
cryptand-capped tripodal Cu''-NO, compound, phenol nitration typically occurs via O2-
dependent pathways through metal-peroxynitrite species. The reactions of the compounds
LCuNO; and the protonated cryptand-capped tripodal Cu''-NO, species are two recent
examples of phenol nitration that occur through uncommon anaerobic pathways. 62
3.6 Summary and conclusions

The Cu(ll)-nitrite starting materials, [M][LCuNO2] (M = NBus* or PPN™) were
prepared, characterized by UV-vis and EPR spectroscopy, CHN analysis, and X-ray
crystallography. Electrochemical and chemical oxidations of [LCuNO2]" revealed a
reversible one-electron oxidation to an intriguing [CuNO2]?* core, and LCuNO2 was
characterized low temperatures by UV-vis and resonance Raman spectroscopies. To our
knowledge, this complex is a unique example of a high-valent copper-nitrite complex. The
reaction between LCuNO: and TTBP revealed that LCuNO> can abstract H-atoms from
O-H substrates at rates comparable to LCuO,CR complexes.®! Interestingly, the reaction
between LCuNO> and DTBP yielded not only the expected PCET product but the ortho-
nitrated phenol as well. Although there are multiple possible mechanisms that could result
in the nitrated phenol, the detection of the nitrated product indicates LCuNO: (or a
derivative) can functionalize substrates, a type of transformation that has only been
demonstrated by X = halides for LCuX complexes.?” These results provide an alternative
pathway of understanding Cu-mediated oxidation and nitration chemistry.
3.7 Experimental section
3.7.1 Materials and methods

Metal complexes were synthesized and handled under a dinitrogen atmosphere in a
Vacuum Atmospheres glovebox or an argon atmosphere using Schlenk techniques. All
reagents and solvents were purchased from commercial sources unless otherwise noted.
Tetrahydrofuran, acetonitrile, diethyl ether, dichloromethane, and pentane were passed
through activated alumina columns and plumbed directly into a glovebox. Tetrahydrofuran
and dichloromethane were stored over activated 3 A molecular sieves in a dinitrogen-filled
glovebox and, prior to use in spectroscopy and cyclic voltammetry experiments, filtered

using a 25 mm diameter, 0.2 mm hydrophobic polytetrafluoroethylene (PTFE) syringe
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filter. Dry acetone was purchased from Sigma-Aldrich and used without purification. 2,4,6-
tri-t-butylphenol (TTBP) and 2,4-di-t-butylphenol (DTBP) were recrystallized several
times from saturated pentane solutions at -30 °C prior to use. LCu(MeCN)? and acetyl
ferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate  ([AcFc][BArF2])** were
synthesized according to the published procedures. Bis(triphenylphosphine)iminium
chloride (PPNCI), AgNO2, [NBus][NO2], Fc*, Fc, [NO][SbFe], and trimethoxybenzene
were purchased from Sigma-Aldrich and CoTPP was purchased from Strem Chemicals,
and all were used without further purification.

UV-vis spectra were collected on a HP8453 (190 — 1100 nm) diode array
spectrophotometer equipped with a Unisoku low-temperature UV-vis cell holder. EPR data
were collected on frozen 1 mM samples with a CW Elexsys E500 EPR spectrometer using
X-band (9.38 GHz) radiation at 35 dB and at 30 K. The microwave power, modulation
amplitude, and modulation frequency were 0.0002 mW, 9.8 G, and 100 kHz, respectively.
EPR spectral simulations were performed using the EasySpin EPR simulation package, v.
5.1, in Matlab.'® NMR spectra were collected on a Varian Unity Inova (500 MHz)
spectrometer. Deuterated chloroform (CDCIs) was purchased from Cambridge Isotopes
Laboratories, degassed, and dried over 3 A molecular sieves prior to use. Cyclic
voltammograms were recorded using an EC Epsilon potentiostat from BASI, a glassy
carbon working electrode, a Pt counter electrode, and a Ag wire pseudoreference electrode.
All cyclic voltammograms were performed in THF with 0.3 M tetrabutylammonium
hexafluorophosphate (TBAP) electrolyte, which was recrystallized several times from
ethanol and dried under high-vacuum before use, and were internally referenced to the
ferrocene/ferrocenium (Fc/Fc*) couple. The spectra were converted vs. the standard Fc/Fc*
couple using standard conversion factors.’®* Elemental Analysis was performed by the
CENTC Elemental Analysis Facility (University of Rochester).

For X-ray crystallography experiments, crystals were placed onto the tip of a
MiTeGen cryoloop and mounted on a Bruker D8 VENTURE diffactometer equipped with
a Photon 111 CMOS. The data collections were carried out using Mo Ka source using
normal parabolic mirrors as monochromators at 173 K. Structure solutions were performed

with SHELXT® using ShelXle!™ as a graphical interface. The structures were refined
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against F2 on all data by full-matrix-least-squares with SHELXL.*® The CCSD deposition
number is: 2125948.

Resonance Raman spectra were obtained by collecting the collimated Raman
scattering using a Plano convex lens (f = 10 cm, placed at an appropriate distance) through
appropriate long-pass edge filter (Semrock). The spectra were collected by an Andor
Shamrock 500i monochromator (SR-5001-A) with an Andor Newton 920 thermo-electric
cooled CCD detector (DU920P-BU), which was cooled to -90 °C before collection. Data
collection was interfaced with Andor Solis (s) software. Spectral data was collected on
frozen samples at 77 K in EPR tubes using 135° backscattering geometry. Excitation at
660 nm was provided by a Cobolt Flamenco 660 nm 100 mW laser. Raman shifts were
externally referenced to indene and internally referenced to solvent. Each spectrum was an
accumulation of 450 spectra with 4 s acquisition times, resulting in 30 min collections. All
spectra were baseline corrected using a multi-point correction within the software
Spectragryph.t%’

3.7.2 Experimental procedures

Synthesis of [PPN][LCuNO:2]. A solution of PPNCI (1.696 g, 2.95 mmol) in anhydrous
acetonitrile (5 mL) was added to 20 mL scintillation vial, covered in aluminum foil,
containing AgNO:> (0.500 g, 3.25 mmol) and acetonitrile (5 mL) and stirred for 1 h. The
solvent was removed in vacuo and the pale orange, oily solid was dissolved in dry acetone
(12 mL). Dry diethyl ether (8 mL) was slowly added down the side of the vial while crystals
began to form. The vial was capped and stored at -30 °C overnight. The next day, the
crystals were filtered, isolated, and residual solvents were removed in vacuo. After 1 week,
the batch of crystals appeared to contain some silver decomposition products, so the batch
was dissolved in CHxCly, filtered through a 25 mm diameter, 0.2 mm hydrophobic
polytetrafluoroethylene (PTFE) syringe filter. LCuMeCN (50.0 mg, 0.085 mmol) was
dissolved in THF (3 mL) in a 20 mL scintillation vial. To this vial, a slurry of [PPN][NO2]
(49.7 mg, 0.085 mmol) in THF (3 x 2 mL) was added quantitatively. After stirring for 1 h,
the solution turned navy blue, and the solvent was removed in vacuo. The blue oil was
triturated with pentane (2 x 5 mL) and the solvent was decanted and the resulting blue

powder was dried in vacuo (83.5 mg, 87%). X-ray quality crystals were grown by
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dissolving the product in THF (1 mL) and using diethyl ether for vapor diffusion at room
temperature over 3 days (navy blue/gray plates). UV-vis (THF, X °C) Amax, nm (g, M cm”
1): 311 (8288), 385 (2509), 586 (454). Anal. calcd (%) for Ce7Hs7CUNsO4P2: C, 71.10; H,
5.97; N, 6.19. Found: C, 70.73; H, 5.91; N, 5.91.

Synthesis of [NBus][LCuNOz2]. LCuMeCN (200.0 mg, 0.340 mmol) was dissolved in
THF (4 mL) in a 20 mL scintillation vial. To this vial, a solution of [NBu][NO2] (98.1 mg,
0.340 mmol) in THF (3 x 2 mL) was added quantitatively. After stirring for 1 h, the solution
turned navy blue and the solvent was removed in vacuo. The oily product was triturated
with pentane (2 x 5 mL) and the solvent was decanted then further removed in vacuo
yielding a powder blue powder (253.0 mg, 89%). UV-vis (THF, -80 °C) Amax, nm (g, M
cm™): 311 (8594), 385 (2614), 586 (470). Anal. calcd (%) for Ca7H7sCuNsOs (as
[NBu4][LCuNO2] e H20): C, 66.13; H, 8.86; N, 8.20. Found: C, 66.58; H, 8.57; N, 8.08.
General procedure for the generation of LCuUNO:2. A solution of [NBus][LCuNO2] in
THF (0.2 mL, 2 mM) was injected into a UV-vis cuvette under Ar containing THF (1.6
mL) at -80 °C, set by the Unisoku low temperature UV-vis cell holder. After stirring and
temperature equilibration (5 min), a UV-vis spectrum was recorded. With stirring, a
solution of [AcFc][BArF2] in THF (0.1 mL, 4 mM) was added to the cuvette (final
concentration of 0.2 mM) and a spectrum was immediately recorded. For titration
experiments, solution of [NBus][LCuNO-] in THF (0.2 mL, 2 mM) was injected into a UV-
vis cuvette under Ar containing THF (1.3 mL) at -80 °C, set by the Unisoku low
temperature UV-vis cell holder. After stirring and temperature equilibration (5 min), a UV-
vis spectrum was recorded. With stirring, aliquots of an [AcFc][BArF24] solution in THF
(0.8 mM) were added in 0.1 mL increments (0.2 eq.), up to 1.8 eq., to the cuvette and a
spectrum was immediately recorded after each injection. A resonance Raman sample was
prepared by cooling an EPR tube under Ar containing a solution of [NBu4][LCuNO?] in
THF (0.4 mL, 4 or 8 mM) and a stir bar to -78 °C in an acetone/dry ice-cold bath. A solution
of [AcFc][BArF24] in THF (0.4 mL, 4 or 8 mM) was slowly added down the side of the
EPR tube and a magnetic stir bar retriever was submerged into the cold bath and used to

thoroughly mix the contents of EPR tube. In rapid succession, the Ar supply and stir bar
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were removed, the outside of the EPR tube was wiped free of acetone and the tube was
dunked into liquid nitrogen to freeze the sample.

General procedure for the reversible oxidation/reduction of [NBu4][LCuNOz2]. A
solution of [NBu4][LCuNO2] in THF (0.2 mL, 2 mM) was injected into a UV-vis cuvette
under Ar containing THF (1.7 mL) at -80 °C, set by the Unisoku low temperature UV-vis
cell holder. After stirring and temperature equilibration (5 min), a UV-vis spectrum was
recorded. With stirring, a solution of [AcFc][BArF24] in THF (0.1 mL, 4 mM) was added
to the cuvette and a spectrum was immediately recorded. An aliquot of a Fc* solution in
THF (0.1 mL, 4 mM) was added to the cuvette with stirring and another spectrum was
immediately recorded. The chemical oxidation and reduction processes were repeated
twice more, and spectra were recorded after each addition of reagent.

General procedure for the reactions between LCuNO2 and phenol. A UV-vis cuvette
under Ar containing THF (1.6 mL) at -80 °C (TTBP) or -40 °C (DTBP), set by the Unisoku
low temperature UV-vis cell holder, was charged with a THF solution of [LCuNO2][NBus]
(0.2 mL, 2mM). The solution was allowed to cool (5 min) with stirring and a continuous
collection of spectra was initiated. Quickly after, a THF solution of [AcFc][BArF24] (0.1
mL, 4 mM) was injected into the cuvette. When the new features were fully formed, a THF
solution of phenol (0.1 mL, various eq.) was quickly added, and the decay was observed
until no further changes were observed. The kz values for the reactions between LCuNO:
and TTBP (50 eq.) were calculated by using ReactLab Kinetics'® using the known
concentrations. EPR product analysis and quantification of the phenoxyl radical from the
reaction between LCuNO2and TTBP were carried out by adding THF (0.3 mL) and a THF
solution of [LCUNO2][NBu4] (0.1 mL, 0.6 mM) to an EPR tube containing a stir bar in the
glovebox. The EPR tube was sealed with a septum cap, removed from the glovebox, and
put under Ar on a Schlenk line. The tube was cooled to -78 °C in an acetone/dry ice-cold
bath for 15 min when a THF solution of [AcFc][BArF24] (0.1 mL, 0.6 mM) was slowly
added down the side of the tube. A magnetic stir bar retriever was dunked into the cold
bath and used to mix the solution. A THF solution of TTBP (0.1 mL, 30 mM, 50 eq.) was
then slowly added down the side of the tube and the magnetic stir bar retriever was once

again used to mix the solution. The reaction was allowed to proceed for 15 mins then frozen
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by, in rapid succession, removing the Ar flow, septum cap, and magnetic stir bar, wiping
off the acetone from the outside of the tube, and dunking the tube into liquid nitrogen. The
yield of the phenoxyl radical was calculated by finding the relative intensities of the double
integration spectra for the reaction (0.1 mM in Cu, 5 mM in TTBP), TEMPO- (0.1 mM),
and [PPN][LCuNO2] (1 mM) and using them in the following equation: [(intensity of
reaction spectrum - spectrum - [intensity of [PPN][LCuNO2] spectrum/10])/(intensity of
TEMPO-)]*100. The yield of NO released from the reaction between LCuNO> and TTBP
(50 eq.) was found by placing a 1-dram vial inside a 20 mL vial that could be equipped
with a cap containing a pierceable septum. THF (1.6 mL) was added to the inner 1-dram
vial and a CH2Cl. solution of CoTPP (0.2 mM, 2 mL) was added to the outer vial. The 2-
vial setup and THF solutions of [NBus][LCuNO:], [AcFc][BArF24], and TTBP were
cooled to -40 °C in a cold-well using an acetonitrile/dry ice-cold bath for 15 min. At -40
°C, the THF solutions of [NBus][LCuNO2] (2 mM, 0.2 mL) and [AcFc][BArF24] (4 mM,
0.1 mL) were syringed into the inner 1-dram vial to generate LCUNO.. The 2-vial setup
was capped with a pierceable septum cap and the THF solution of TTBP (50 eg., 200 mM,
0.1 mL) was spiked into the inner 1-dram vial. The reaction setup was allowed to come to
room temperature for 1 h. An aliquot of the CH2Cl. solution of CoTPP in the outer vial
was diluted with CHxCI> (final concentration of 5 uM) and a room temperature UV-vis
spectrum was recorded. The resulting spectrum was compared to pure CoTPP and
(NO)CoTPP, which was generated via the same 2-vial setup using Fc and [NO][SbF¢] (50
eq.) in the inner 1-dram vial, using the Gaussian fitting function in Origin 2021b. The
reactions between LCuNO: and various equivalents of DTBP (1 — 60 eq.) were analyzed
using the natural log of the absorbance at a single wavelength (655 nm) over time. These
plots were fit to a linear decay to attempt to derive pseudo-first order kobs values for the
various equivalents. The fits were found to be inappropriate because the data deviates from
linearity due to more complicated kinetics occurring.

General procedure for organic product analysis of the reactions between LCuNO:?
and DTBP. THF solutions of [NBus][LCuNO2], [AcFc][BArF2], DTBP, a clean 20 mL
scintillation vial were cooled for 10 minutes in a -41 °C coldwell generated by an

acetonitrile/dry ice bath. The 20 mL scintillation vial was charged with the THF solution
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of [NBus][LCuNO2] (8 mM, 1 mL) followed by the THF solution of [AcFc][BArF.4] (8
mM, 1 mL) to generate LCuNO>. Then, the THF solution of DTBP (80 mM, 1 mL for 10
ed.; 8 mM, 1 mL for 1 eq.; 4 mM, 1 mL for 0.5 eq.) was immediately injected into the vial
and the reaction was allowed to proceed in the coldwell for an allotted time (1 h when 10
eq. employed; 2 h when either 1 eq. or 0.5 eg. employed). The reaction mixture was brought
to room temperature when the solvent was removed in vacuo. The residue was dissolved
in CH2Cl> (1 mL) and the solution was run through a 3-inch silica plug in a pipette. The
vial and plug were rinsed with CH2Cl> (2 x 1 mL). A THF solution of trimethoxybenzene
(8 mM, 1 mL) was added to the resulting CH2Cl. solution and the solvent was removed in
vacuo. The residue was dissolved in CDCls (1 mL) and a quantitative *H NMR spectrum

was obtained.
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Chapter 4
Exploration of high-valent Cu-amide complexes
4.1 Introduction

A myriad of pyridine-dicarboxamide copper-oxygen complexes have been
synthesized and studied as mimics for enzyme active sites and for their proton-coupled
electron transfer (PCET) reactivity.?1:23-26.28.293334198 The pyridine-dicarboxamide ligand,
bis(2,6-diisopropylphenylcarboxamido)pyridine (L), has been shown to stabilize the
Cu(ll1) oxidation state sufficiently enough to characterize over 10 different examples of
Cu(ll) complexes in situ.242830.31.333440 \we sought to extend the LCuX system to
nitrogen-bound X ligands, amides or -NRR’ (Figure 4.1), to understand if these species are
accessible, as they are often proposed intermediates in copper-mediated

transformations,”*19%2% and to compare them to the oxygen-based complexes.
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@) z (0]
iPr 'T‘ iPr
@ N\Cu/%@
I
iPr N /Pr
R R

Figure 4.1. Target structure for LCuNRR’ complexes.

Cu-amide complexes have been implicated as intermediates in chemical
transformations, particularly C—N bond formation reactions.’#%2%° Two common C-N
bond forming reactions that use Cu are Ullmann couplings and Chan-Evans-Lam
couplings.”7® Both types of reactions have been extensively studied and mechanisms have
been proposed that include Cu(ll) to Cu(lll) transformations via disproportionation of two
Cu(Il) adducts (Scheme 4.1). The Cu(ll1) complexes, bound to both coupling partners and
one being an amide, are then proposed to undergo reductive elimination to yield the
product.?%
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Scheme 4.1. Proposed catalytic cycle for Chan-Evans-Lam couplings. Adapted from ref.
202.

Cu (II)(OAc)
Oxidative turnover Transmetalation
L XsCu( II )(NHRy) ArB(OH),
HX + XB(OH), + % O \%/
L,Cu(l) [LoXCu(ll)(Ar)(NHRy)]
ArNR, /\L X,Culll)
[LpaXCu(l)(Ar)(NRo)] L, XCu(l) + HX
Reductive elimination Cu(lll)}-amide Disproportionation

Cu(l11) complexes have rarely been studied for their ability to perform C—N bond
formation.?®® An organometallic Cu(l11) complex was synthesized and reported to react
with nitrogen nucleophiles to form C—N bonds (Scheme 2.2).2%° The complex featured a
square planar Cu(l11) with a Cu—C(aryl) bond, a good model for proposed intermediates in
coupling reactions. When reacted with amides, conversion to the amidated ligand was
observed. One of the proposed mechanisms for this transformation involves an unobserved
Cu(lIm(aryl)(amide) species that undergoes reductive elimination to yield the product.
However, isolated and characterized Cu(lll)-amide complexes, outside of the ancillary
ligand, have not been reported, to the best of our knowledge.

Scheme 2.2. C-N bond coupling reaction performed by an aryl-Cu(l11) complex.?®

J2cio,

HN—Cu""—NH +RZNH — NRZNH * CuCIO,4 + HCIO,
|

&/N\) &/ \)

L T

With the goal of trying to generate Cu(ll1)-amide complexes, we selected nitrogen-

based ligands for the [CuNRR’]* core that had diminished basicity to prevent reduction of
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Cu(Il) and resembled putative intermediates in C—N bond forming reactions. The usage of
amidate moieties (deprotonated amides) fulfill these design criteria along with featuring a
carbonyl as an a-substituent that could partake in HAA reactivity, as seen for the carbonyl
O atoms in the LCuO2CR complexes. LCu-amidate complexes can be directly compared
to the structures, spectroscopic properties, and HAA reactivity with the previously reported
LCuO2CR complexes because of the shared functionality. Therefore, initial synthetic
efforts focused on the preparation of complexes featuring N-methylbenzamide,
N(Me)COPh, and acetanilide, N(Ph)COMe, substituted X ligands (Figure 4.2).
Additionally, since LCuX complexes and high-valent Cu-nitrogen species are known to
perform HAA, the LCuNRR’ complexes were tested for their propensity toward HAA

reactions and compared to the previously published reactions.
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LCuN(Me)COPh LCuN(Ph)COMe
Cu(lll)-N-methylbenzamide Cu(lll)-acetanilide

Figure 4.2. Target LCu-amidate complexes
4.2  Synthesis and characterization of [NBu4][LCuN(Me)COPh] and
[NBu4][LCuN(Ph)COMe]
4.2.1 Synthesis of [NBus][LCuN(Me)COPh] and [NBu4][LCuN(Ph)COMe]
Protonolysis of [NBu4][LCuOH] with the corresponding amine, N-
methylbenzamide or acetanilide, in the presence of 3 A molecular sieves in THF yielded
[NBus][LCuN(Me)COPh] (77%) and [NBus][LCuN(Ph)COMe] (84%), which were
isolated as green powders after removing the THF and triturating with pentane (Scheme
4.3). Both complexes were characterized by UV-vis and EPR spectroscopy and elemental
analysis. The elemental analysis results revealed that both complexes, having the same
elemental composition, were within 0.5% of the theoretical values of C = 71.56%, H =
9.12%, N = 7.45%, indicating high bulk purity. [NBus][LCuN(Me)COPh] was

characterized by X-ray crystallography but [NBus][LCuN(Ph)COMe] did not yield high-
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quality crystals. Therefore, [K(Krypt)][LCuN(Ph)COMe] was synthesized in hopes of
obtaining diffraction quality crystals of the [LCuN(Ph)COMe] core. We first generated
[K]IN(Ph)COMe] in situ by reacting KHMDS with acetanilide in THF. LCuMeCN was
added to the THF solution and the green reaction mixture was stirred for 30 min before the
solvent and HMDS byproduct were removed in vacuo. One equivalent of Krypt was added
to a concentrated THF solution of the green oily product and recrystallized by a vapor
diffusion of pentane in the THF solution at room temperature, resulting in green crystalline
needles that were of suitable quality for X-ray diffraction.

Scheme 4.3. Syntheses of [NBus][LCuN(Me)COPh] and [NBus][LCuN(Ph)COMe]

X —| NBu, N T NBu,

Pr Pr 3 A molecular sieves Pr Pr
N‘Cu’N N‘Cu—’N
THF, rt, 3 h
Pr iPr -H,0 i iPr

[NBu4][LCuN(Me)COPh]
Cu(ll)-N-methylbenzamide

X j NBuy N —| NBu,

Pr Pr 3 A molecular sieves Pr

N~Cu~N + pn \f N~Cu/N
THF, rt,3h
iPr iPr -H,0 Pr N iPr

[NBu4][LCuN(Ph)COMe]
Cu(ll)-acetanilide

4.2.2 X-ray crystallography of [NBus][LCuN(Me)COPh] and
[K(Krypt)][LCuN(Ph)COMe]

Multichroic, dark crystalline blocks of [NBus][LCuN(Me)COPh] and green
needles of [K(Krypt)][LCuN(Ph)COMe], both grown from THF/pentane vapor diffusions,
yielded high-quality solid-state structures (Figure 4.3). Both structures contain distorted
square planar Cu(ll) ions with 14 values of 0.21 and 0.23 for [NBus][LCuN(Me)COPh] and
[K(Krypt)][LCuN(Ph)COMEe], respectively. The bond distances from the Cu center to the

pyridine dicarboxamide ligand in the two complexes are essentially identical and are
comparable to other [LCuX]" structures.?>27-29.31.37.40 The .NRR” ligands are bound in a «*
fashion through the central amide-N and have similar bond lengths: for
[NBu4][LCuN(Me)COPh] Cul-N4 is 1.918(3) A and for [K(Krypt)][LCuN(Ph)COMe]
Cul-N4 is 1.938(3) A. These bond lengths are on the shorter side of the reported C-N
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bond length range, 1.912 A to 2.039 A, in Cu(ll)-amide complexes 2328203
206,29,31,33,34,40,92.127.147  Analogously to the binding motif found in the structures of
[LCUNOz] and [LCuO2CRY], there is a weak interaction between the carbonyl-O atom and
the Cu center: for [NBusJ[LCuN(Me)COPh] Cul-O3 is 2.683(3) A and for
[K(Krypt)][LCuN(Ph)COMe] Cul-03 is 2.654(4) A. Both structures also reveal trigonal
planar geometries of the N atoms on the amidate ligands, X(£N) = 359.6° in
[NBug][LCuN(Me)COPh] and X(«N) = 359.72° in [K(Krypt)][LCuN(Ph)COMe],
indicative of sp? character on the N atoms with a filled p-orbital in the Cu dxz-y2 plane. Of
note, the w-aryl plane of the amide ligand in [K(Krypt)][LCuN(Ph)COMe] is twisted
almost orthogonally to the arylamido arms of the pyridine dicarboxamide ligand and out
of the N trigonal plane. This angle results in the aryl ring being out of conjugation with the
amide, which is different from what is observed in [NBus][LCuN(Me)COPh] and the
[LCuO2CATr] complexes.03t

Figure 4.3. X-ray crystal structures of [NBus][LCuN(Me)COPh] and
[K(Krypt)][LCuN(Ph)COMe]. H atoms and counter ions are omitted for clarity, and all
non-H atoms are shown as 30% thermal ellipsoids. Selected bond distances (A) and angles
(deg) for [NBus][LCuN(Me)COPh]: Cul-N1, 2.020(3); Cul-N2, 1.931(3); Cul—-N3,
2.036(3); Cul-N4, 1.918(3); Cul-03, 2.683(3); N1-Cul-N3, 156.99(11); N2—Cul-N4,
174.11(12).  Selected  bond  distances (A) and angles  (deg) for
[K(Krypt)][LCuN(Ph)COMe]: Cul-N1, 2.037(4); Cul-N2, 1.938(4); Cul-N3, 2.028(4);
Cul-N4, 1.959(4); Cul-0O3, 2.654(4); N1-Cul-N3, 156.99(17); N2-Cul-N4,
170.71(17).
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423 UV-vis and EPR spectroscopy of [NBus][LCuN(Me)COPh] and
[NBus][LCuN(Ph)COMe]

[NBus][LCuN(Me)COPh] and [NBus][LCuN(Ph)COMe] display low absorbing,
low energy peaks at 663 nm (e =443 M cm™) and 711 nm (g = 397 Mt cm™), respectively
(Figure 4.4). These features are assigned as d-d transitions, typical for square planar, d°
Cu(Il) complexes. These values are red-shifted from most LCuX complexes (Table 4.1,
except [LCuOOtBu] and [LCuOOCumyl]), consistent with a weaker ligand field and a
stabilization of the Cu dx2-y2 orbital. Both EPR spectra for [NBus][LCuN(Me)COPh] and
[NBu4][LCuN(Ph)COMe] show rhombic signals that are typical for S = %2 tetragonal Cu(ll)
complexes (Figure 4.5). Spectral simulations (Table 4.2) were performed on the spectra
and good fits required inclusion of superhyperfine coupling to 4 N atoms, consistent with

spin density delocalized to all four N-donor ligands.
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Figure 4.4, UV-vis spectra of [NBus][LCuN(Me)COPh]  (left) and
[NBus][LCuN(Ph)COMe] (right). Conditions: THF at -80 °C.
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Table 4.1. UV-vis d-d peaks for [NBu4][LCuX] complexes.

-X ligand in UV-vis peak  Ref.
[NBu4][LCuX] (nm)

-SH 559? 40

-ONO 5862 Chapter 3
-OH 597° 24
-02CCqFs 598° 3t
-02CCsH4(NO>) 600° 81
-0,CCsHa(CI) 6102 30
-0,CCeHs 615P 31
-02CCgH4(OMe) 618" 31
-0,CCHjs 619° 8t

-Br 625° 21

-Cl 635° 21

-F 655° 2t
-N(Me)COPh 6632 This work
-O0tBu 694° 28
-0O0Cumyl 6982 28
-N(Ph)COMe 7112 This work

@ Measured in THF at -80 °C. ® Measured in THF at room temperature. ¢ Measured in
CHCI; at room temperature.
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Figure 4.5. (top) Continuous wave X-band EPR spectrum of 1 mM
[NBus][LCuN(Me)COPh] in THF at 30 K (black) and the simulation of
[LCuN(Me)COPh] (red). Parameters: 30 K; microwave frequency 9.38 GHz; microwave
power 0.0002 mW; modulation amplitude 9.8 G; modulation frequency 100 kHz.
Parameters from the simulation are listed in Table 4.2. (bottom) Continuous wave X-band
EPR spectrum of 1 mM [NBus][LCuN(Ph)COMe] in THF at 30 K (black) and the
simulation of [LCuN(Ph)COMe] (red). Parameters: 30 K; microwave frequency 9.38
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GHz; microwave power 0.0002 mW; modulation amplitude 9.8 G; modulation frequency
100 kHz. Parameters from the simulation are listed in Table 4.2.

Table 4.2. Simulated g-values and hyperfine/superhyperfine parameters (MHz) for Cu,
Npyridine - \L-amide - gngd  NX@Mide  nuclei for  [NBus][LCuN(Me)COPh]  and
[NBu4][LCuN(Ph)COMe] in THF at 30 K.

Compound [NBus][LCuN(Me)COPh] [NBus][LCUN(Ph)COMe]
Ox 2.082 2.095
9y 2.102 2.113
9 2.262 2.267

A 10 55
Ay 35 60
A, 550 515
APYy 35 45
AP, 30 50
A, 40 30
A-E, 30 40
AL2my 35 55
ALam, 40 50
AR 35 40
AT, 30 45
AXam, 40 30

4.2.4 Electrochemistry of [NBus][LCuN(Me)COPh] and [NBus][LCuN(Ph)COMe]

Cyclic solutions  of
[NBu4][LCuN(Me)COPh] (Figure 4.6, 2 mM [Cu], 300 mM [NBu4][PFs], glassy-carbon
working electrode) and [NBus][LCuN(Ph)COMe] (Figure 4.7, 1 mM [Cu], 200 mM

[NBus][PFe], Pt working electrode) to determine if Cu'""" couples were accessible. Both

voltammetry (CV) was performed on THF

complexes displayed waves that exhibite linear current variation with increasing scan rate,
although the cathodic peaks are diminished at moderate scan rates (=250 mV s™) for
[NBu4][LCuN(Me)COPh]. Therefore, the oxidation of [NBu4][LCuN(Me)COPh] is
characterized as psuedoreversible while that of [NBus][LCuN(Ph)COMe] is reversible.
[NBus][LCuN(Me)COPh] displayed an Eiz of 23 mV vs. Fc® in THF and
[NBus][LCuN(Ph)COMe] displayed an E12 of 92 mV vs. Fc*in THF. These potentials
fall in the range of measured potentials for [LCuX] complexes (select values in Table 4.3).

Previously, a trend between the basicity of the O-based ligand (aqueous pKa values) and

125



the E1/2 of [LCuO2R]™ complexes was found (more basic ligand, lower potential).3* The

trend is also apparent between [LCuOR] complexes and the ligand pKa values in DMSO

(Table 4.3). However, the trend does not seem to uphold with the N-based ligands since
[NBu4][LCuN(Ph)COMe] contains the more basic ligand but the higher potential (pKa of
acetanilide = 21.5 in DMSO; pKa of N-methylbenzamide between 24.5 and 27.5 in

DMS0).2%° More Cu(Il)-amide complexes would have to be synthesized and analyzed to

understand if there is a true trend here. The CV experiments helped us determine that the

Cu(l11) formal oxidation state could be accessed at moderate potentials, so we attempted

to generate the LCuNRR’ complexes chemically.

Fc* Ege

LCuN(Me)COPh E,,,

LCuN(Me)COPh E,,,

Current (A)

Fe* Eye

T T T T T T T 1
4.0 08 -06 04 02 00 0.2 0.4 0.6
Potential (V)

7.50E-6

5.00E-6

2.50E-6

0.00E+0 1

-2.50E-6 4

Figure 4.6. (Left) Cyclic voltammogram collected of [NBus][LCuN(Me)COPh].
Conditions: 2 mM [Cu], 0.3 M TBAP, THF, 25 °C, glassy-carbon working electrode, 100
mV/s scan rate. (Right) Anodic and cathodic current response as a function of the square

root of the scan rate.
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Figure 4.7. (Left) Cyclic voltammogram collected of [NBus][LCuN(Ph)COMe].
Conditions: 1 mM [Cu], 0.2 M TBAP, THF, 25 °C, Pt working electrode, 100 mV/s scan
rate. (Right) Anodic and cathodic current response as a function of the square root of the
scan rate.

Table 4.3. Cyclic voltammetry data for [LCuX]”°and pKa (DMSO) data for the associated
ligands

Complex Ew2 (MVin THF)?  Ref. pKa of ligand  Ref.
(DMSO)
[LCUOH] -167 29 31.4 207
[LCUOCH,CF3] 37 29 235 208
[LCUO2CCHa] 150 31 12.6 209
[LCUO2CCsHs] 169 31 11.1 210
[LCuO2CCsH4(NO2)T 239 81 9.1 211
[LCUN(Me)COPh] 23 This work 245275 20
[LCuN(Ph)COMe] 92 This work 21.5 200

4.3  Generation and characterization of LCuN(Me)COPh and LCuN(Ph)COMe
The chemical oxidant [AcFc][BArF24] (270 mV vs. Fc%* in CH2Cl2)?2 was chosen
as an oxidant for [NBus][LCuN(Me)COPh] and [NBu4][LCuN(Ph)COMe] based on the
observed Ei» values. When 1 eq. of [AcFc][BArF24] was added to THF solutions of the
complexes at -80 °C, new features in the UV-vis spectrum appeared. The oxidation of
[NBus][LCuN(Me)COPh] gave way to a dark purple solution with intense features at 412
(e = 4245 Mt cm) and 595 (e = 8944 Mt cm™) nm with a shoulder at 716 (¢ = 6136 M
cm™) nm (Figure 4.8). The oxidation of [NBus][LCuN(Ph)COMe] yielded a dark gray

127



solution with intense features across the visible spectrum at 478 (¢ = 8556 M cm™), 645
(e = 9595 Mt cm™), and 734 (¢ = 9094 Mt cm™) nm (Figure 4.9). A titration of [AcFc]*
to THF solutions of both complexes at -80 °C revealed maximum absorbances of the new
features when 1 eq. of [AcFc]® was added (Figures 4.8 and 4.9). Additionally, the new
features bleached when 1 eq. of Fc* was added to the new species and regenerated again
when another equivalent of [AcFc]* was added, a process that could be repeated (~2 times,
Figures 4.10 and 4.11). Thus, the UV-vis titration data for [NBus][LCuN(Me)COPh] and
[NBu4][LCuN(Ph)COMe] with [AcFc]" revealed that a 1-electron oxidation is required for
the generation of the new species. However, when the second and third eq. of [AcFc]™ was
added to [NBus][LCuN(Me)COPh] in the chemical oxidation/reduction titration
experiments, there was less of the oxidized species present than in the re-oxidation of
[NBu4][LCuN(Ph)COMe], indicative of some instability or decomposition processes for
the former oxidized complex. These experiments corroborate the cyclic voltammetry

experiments, showing [NBus][LCuN(Me)COPh] to have a quasi-reversible oxidation.

—— [NBu,J[LCuN(Me)COPh]
——0.2 eq. [AcFc]”
0.4 eq. [AcFc]”
——0.6 eq. [AcFc]” 10000 -
0.8 eq. [AcFc]*
—— 1.0 eq. [AcFc]*
1.2 eq. [AcFc]”
—— 1.4 eq. [AcFc]”
—— 1.6 eq. [AcFc]”
—— 1.8 eq. [AcFc]*
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Figure 4.8. (right) Overlay of UV-vis spectra upon addition of incremental equivalents of
[AcFc][BArF24] to [NBus][LCuN(Me)COPh] at -80 °C in THF. (left) Plot of corresponding
molar absorptivity values at A = 595 nm vs. equivalents of [AcFc][BArF24] added to
[NBus][LCuN(Me)COPh] at -80 °C in THF.
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Figure 4.9. (right) Overlay of UV-vis spectra upon addition of incremental equivalents of
[AcFc][BArF24] to [NBus][LCuN(Ph)COMe] at -80 °C in THF. (left) Plot of corresponding
molar absorptivity values at A = 595 nm vs. equivalents of [AcFc][BArF.4] added to

[NBus][LCuN(Ph)COMe] at -80 °C in THF.
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Figure 4.10. UV-vis chemical oxidation/reduction titration where up to 3 eq. of
[AcFc][BArF24] and Fc* were added to [NBus][LCuN(Me)COPh] in THF at -80 °C
(*denotes Fc** signal).
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Figure 4.11. UV-vis chemical oxidation/reduction titration where up to 3 eq. of
[AcFc][BArF24] and Fc* were added to [NBus][LCuN(Ph)COMe] in THF at -80 °C
(*denotes Fc** signal).

The new intense features that appear after the oxidations of
[NBus][LCuN(Me)COPh] and [NBus][LCuN(Ph)COMe] are analogous to the features
found for LCuOR complexes that have been assigned by TD-DFT as Ligand to Metal
Charge Transfer (LMCT) transitions from the arylamido arms of the pyridine
dicarboxamide ligands to the Cu d-orbitals. Thus, by analogy to the [LCuOR] systems, we
assign the 1-electron oxidation products of [NBus][LCuN(Me)COPh] and
[NBus][LCuN(Ph)COMe] as LCuN(Me)COPh and LCuN(Ph)COMe, respectively,
formally Cu(l1l) products.

The pyridine dicarboxamide ligand allowed a platform for accessing Cu(ll1)-amide
species for the first time, to our knowledge. With the abundance of characterization data
known for LCuX complexes, we were able to recognize and understand the LCuNRR’
species. For example, the presence of the high-absorbing UV-vis peaks that are
characteristic for LCuX complexes helps us assign the formal Cu(lll) oxidation state in
LCuNRR’. Additionally, the Cu(Ill)-amide species that are proposed for C—N bond
forming reactions are square planar Cu species with three overall anionic donor

ligands,2%°2%2 similar electronic environments found in the LCUNRR’ complexes. Thus, the
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LCuNRR’ complexes support the possibility of Cu(III)-amide species as intermediates in
Cu catalysis.
4.4 PCET reactivity of LCuN(Me)COPh and LCuN(Ph)COMe

As previously discussed, LCUOR species act as potent PCET reagents, and we
sought to determine if LCuNRR’ species could also perform PCET reactions and to
compare those reactions to analogous ones with LCUOR complexes. Reacting
LCuN(Me)COPh with TTBP in THF at -80 °C resulted in the decay of the UV-vis features
of LCuN(Me)COPh over ~25 min (Figure 4.12). The decay spectra were fit to a second
order reaction model using a global-fitting program, ReactLab Kinetics, and a k2 value of
3(1) x 10"t M st was determined (from triplicate runs). LCuN(Ph)COMe was also reacted
with TTBP in THF at -80 °C and a rapid decay of the UV-vis features of LCuN(Ph)COMe
was observed. A global fit of the decay spectra over 25 seconds to a second order reaction
model yielded a k value of 5(1) x 10! M s (>150 times faster decay, from triplicate runs).
However, the fitted data does not overlay with the experimental data particularly well
(relatively large residuals). We believe this is due to the speed of the reaction relative to
the collection rate. A much faster sampling time could help improve the fits to the
experimental data, requiring a stop-flow instrument. While stop-flow experiments for the
reaction are ongoing, we can estimate the lower boundary of the second-order rate constant
for the reaction between LCuN(Ph)COMe and TTBP to be 5(1) x 10: M s, Two products
of the reactions were identified as the 2,4,6-tri-t-butylphenoxyl radical (UV-vis peaks
around 400 and 660 nm) and LCu(THF) (UV-vis peak at 570 nm), expected and typical
products of a PCET reaction involving LCuX and TTBP in THF.
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Figure 4.12. (Left column) Triplicate UV-vis spectra as a function of time for the reactions
of LCuN(Me)COPh (red) with TTBP (50 eq.) in THF at -80 °C. The product spectrum
(blue) is assigned as LCUTHF and the phenoxyl radical of TTBP. (Right column) Plots of
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absorbance vs. time at representative wavelengths (A = 383, 403, 595, 735, and 1000 nm)
for the respective decay plots in the right column. The plots contain an overlay of
experimental (scatter plots) and calculated (lines) data to represent the accuracy of the fit
from ReactLab Kinetics, which was used to calculate the k> value discussed in the text.
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Figure 4.13. (Left column) Triplicate UV-vis spectra as a function of time for the reactions
of LCuN(Ph)COMe (red) with TTBP (50 eg.) in THF at -80 °C. The product spectrum
(blue) is assigned as LCUTHF and the phenoxyl radical of TTBP. (Right column) Plots of
absorbance vs. time at representative wavelengths (A = 365, 382, 475, 645, and 1000 nm)
for the respective decay plots in the right column. The plots contain an overlay of
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experimental (scatter plots) and calculated (lines) data to represent the accuracy of the fit
from ReactLab Kinetics, which was used to calculate the k> value discussed in the text.

The reaction rates reveal that LCuN(Ph)COMe reacts about 150 times faster with
TTBP than LCuN(Me)COPh. The second order rate constant for the reaction between
LCuN(Me)COPh and TTBP resembles the rate constants found for LCuO2CCsHa4(ClI) (0.3
M1 51,3031 | CuO,CCeH4(NO2) (0.23 Mt s 3 and LCuNO; (0.1 M s, Chapter 3). On
the other hand, the rate constant calculated for the reaction between LCuN(Me)COPh and
TTBP resembles the rate constant found for LCUOH (20 M s1).3° The basis for the large
difference in rate constants is unknown. One factor could be the dearomatization of the aryl
ring from the amide-N in LCuN(Ph)COMe that would make the reaction highly favorable
upon rearomatization of acetanilide, although we are unsure if the angle observed in the
solid state of [LCuN(Ph)COMe] persists in solution and in the Cu(lll) state. Previously,
the reaction between LCuO2CC4H4(Cl) and TTBP was investigated in silico to understand
which O atom in the carboxylate ligand was the reactive site and it was discovered that the
distal-O atom was the reactive site, favored by 8.7 kcal mol over the proximal-O atom.*
Similarly, the LCuNRR’ complexes have multiple sites in which the hydrogen atom could
be transferred to, the carbonyl-O and the amide-N. Given the drastic disparities in the rate
constants for the two complexes, the H-atom acceptor site may differ between the two
complexes. Perhaps, since LCuN(Me)COPh has similar rate constants as the LCuO.CR
complexes, the reaction proceeds according to the findings for LCuO2CC4Ha4(Cl) , through
the distal carbonyl-O. Likewise, given that the second order rate constants for the reactions
between TTBP and LCuOH and LCuN(Ph)COMe are similar, the H-atom acceptor site
could be the atom bound to the Cu. Furthermore, high-valent Cu-nitrogen complexes are
known to be highly reactive with R-H substrates via HAA, although the resulting products
react further and complicate studying the HAA step.”” LCuN(Me)COPh and
LCuN(Ph)COMe give way to studying HAA chemistry in detail easily since the products
of HAA via LCuNRR’ yield stable products (LCu(II) adducts and HNRR”).
45  Summary and conclusions

We synthesized and characterized two [NBu4][LCuNRR’] complexes,
[NBu4][LCuN(Me)COPh] and [NBus][LCuN(Ph)COMe]. While
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[NBu4][LCuN(Me)COPh] yielded X-ray quality crystals, [K(Krypt)][LCuN(Ph)COMe]
was synthesized for accessing high quality crystals containing [LCuN(Ph)COMe]". The X-
ray structure of [LCuN(Ph)COMe] showed the -N(Ph)COMe ligand with the aryl ring
twisted out of the trigonal plane of the N, a unique feature and the consequences of which
are still unknown. The two Cu(ll) complexes were oxidized by one electron to yield
LCuN(Me)COPh and LCuN(Ph)COMie, assigned as formally Cu(l11) species. The Cu(lll)-
amidate complexes were characterized by UV-vis, becoming the first characterized
Cu(ll)-amidate complexes (outside of other LCuX complexes, L containing two
amidates), and bear resemblance to LCuX complexes. The successful generation of
Cu(lIn-amidates helps support the hypothesis that Cu(ll1)-amidate species are accessible
intermediates in Cu mediated C-N bond coupling reactions. Additionally,
LCuN(Me)COPh and LCuN(Ph)COMe were both found to react with TTBP yielding
PCET products. The second order rate constants uncover a large difference in PCET
reactivity of the two complexes with LCuN(Ph)COMe reacting with TTBP magnitudes
faster than LCuN(Me)COPh. However, the underlying reason for the large difference is
still unknown and could be subject to further experimental and computational studies.
4.6  Experimental section
4.6.1 Materials and methods

Metal complexes were synthesized and handled under a dinitrogen atmosphere in a
Vacuum Atmospheres glovebox or an argon atmosphere using Schlenk techniques. All
reagents and solvents were purchased from commercial sources unless otherwise noted.
Tetrahydrofuran and pentane were passed through activated alumina columns and plumbed
directly into a glovebox. Tetrahydrofuran was stored over activated 3 A molecular sieves
in a dinitrogen-filled glovebox and, prior to use in spectroscopy and cyclic voltammetry
experiments, filtered wusing a 25 mm diameter, 0.2 mm hydrophobic
polytetrafluoroethylene (PTFE) syringe filter. 2,4,6-tri-t-butylphenol (TTBP) was
recrystallized several times from saturated pentane solutions at -30 °C prior to use.
KHMDS was recrystallized from saturated toluene solutions at -30 °C prior to use.
LCu(MeCN)?® and acetyl ferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
([AcFc][BArF24])** were synthesized according to the published procedures. N-
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methylbenzamide, acetanilide, Kryptofix 222, Fc*, and Fc were purchased from Sigma-
Aldrich and were used without further purification.

UV-vis spectra were collected on a HP8453 (190 — 1100 nm) diode array
spectrophotometer equipped with a Unisoku low-temperature UV-vis cell holder. EPR data
were collected on frozen 1 mM samples with a CW Elexsys E500 EPR spectrometer using
X-band (9.38 GHz) radiation at 35 dB and at 30 K. The microwave power, modulation
amplitude, and modulation frequency were 0.0002 mW, 9.8 G, and 100 kHz, respectively.
Cyclic voltammograms were recorded using an EC Epsilon potentiostat from BASI, a
glassy carbon working electrode or a Pt working electrode, a Pt counter electrode, and a
Ag wire pseudoreference electrode. All cyclic voltammograms were performed in THF
with 0.3 or 0.2 M tetrabutylammonium hexafluorophosphate (TBAP) electrolyte, which
was recrystallized several times from ethanol and dried under high-vacuum before use, and
were internally referenced to the ferrocene/ferrocenium (Fc/Fc*) couple. The spectra were
converted vs. the standard Fc/Fc* couple using standard conversion factors.*®? Elemental
Analysis was performed by the CENTC Elemental Analysis Facility (University of
Rochester).

For X-ray crystallography experiments, crystals were placed onto the tip of a
MiTeGen cryoloop and mounted on a Bruker D8 VENTURE diffactometer equipped with
a Photon 111 CMOS. The data collections were carried out using Mo Ka source using
normal parabolic mirrors as monochromators at 173 K. Structure solutions were performed
with SHELXT®® using ShelXle!™ as a graphical interface. The structures were refined
against F2 on all data by full-matrix-least-squares with SHELXL.%®
4.6.2 Experimental procedures
Synthesis of [NBu4][LCuN(Me)COPh]. A scintillation vial was charged with a stir bar,
[NBus][LCuOH] (100 mg, 0.124 mmol), 1 cm of 3 A molecular sieves, and THF (2 mL).
N-methylbenzamide (17 mg, 0.124 mmol) was dissolved in THF (3 mL) and added
dropwise to the reaction vial. The reaction was stirred for 3 h at room temperature then
filtered using a 25 mm diameter, 0.2 mm hydrophobic polytetrafluoroethylene (PTFE)
syringe filter. The solvent was removed in vacuo yielding a dark green oil. The oil was
triturated with pentane (5 mL) and the pentane was decanted (x 3) to yield a gray-green
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powder (89 mg, 0.095 mmol, 77%). X-ray quality crystals were obtained by dissolving the
oil in minimal THF and vapor diffusion of pentane at -35 °C for 3 days, which yielded an
oil that grew multichroic, dark, blocky crystals after sitting at room temperature overnight.
UV-vis (THF, -80 °C) Amax, Nm (g, M1 cm™): 663 (443). Anal. calcd (%) for
CseHssCuNs03: C, 71.56; H, 9.12; N, 7.45. Found: C, 71.11; H, 8.64; N, 7.24.

Synthesis of [NBu4][LCuN(Ph)COMe]. A scintillation vial was charged with a stir bar,
[NBu4][LCUuOH] (102 mg, 0.124 mmol), 1 cm of 3 A molecular sieves, and THF (2 mL).
Acetanilide (17 mg, 0.124 mmol) was dissolved in THF (3 mL) and added dropwise to the
reaction vial. The reaction was stirred for 3 h at room temperature then filtered using a 25
mm diameter, 0.2 mm hydrophobic polytetrafluoroethylene (PTFE) syringe filter. The solvent
was removed in vacuo yielding an emerald oil. The oil was triturated with pentane and the
pentane (5 mL) was decanted (x 3) to yield a pale green powder (98 mg, 0.104 mmol, 84%).
Crystals of [NBu4][LCuN(Ph)COMe] were obtained through a THF/pentane vapor
diffusion at -35 °C and were subjected to X-ray diffraction but yielded a low quality
structure. However, we obtained a high quality structure of [K(Krypt)][LCuN(Ph)COMe],
allowing inspection of the [LCuN(Ph)COMe]™ unit. [K(Krypt)][LCuN(Ph)COMe] was
synthesized by deprotonating acetanilide with KHMDS (1 eq.) in THF and adding that
mixture to LCuMeCN (1 eq.) in THF. The green solution was stirred for 30 min and the
solvent was removed in vacuo. Kryptofix 222 (1 eq.) in minimal THF was added to the Cu
complex and a pentane vapor diffusion at room temperature resulted in green needles. UV-
vis (THF, -80 °C) Amax, Nm (g, Mt cm™): 711 (397). Anal. calcd (%) for CssHssCuNsOs:
C, 71.56; H, 9.12; N, 7.45. Found: C, 71.58; H, 8.97; N, 7.53.

General procedure for the generation of LCuNRR’. A solution of [NBus][LCuNRR’]
in THF (0.1 mL, 2 mM) was injected into a UV-vis cuvette under Ar containing THF (1.7
mL) at -80 °C, set by the Unisoku low temperature UV-vis cell holder. After stirring and
temperature equilibration (5 min), a UV-vis spectrum was recorded. With stirring, a
solution of [AcFc][BArF2] in THF (0.1 mL, 2 mM) was added to the cuvette (final
concentration of 0.1 mM) and a spectrum was immediately recorded. For titration
experiments, solution of [NBus][LCuNRR’] in THF (0.1 mL, 2 mM) was injected into a
UV-vis cuvette under Ar containing THF (1.4 mL) at -80 °C, set by the Unisoku low
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temperature UV-vis cell holder. After stirring and temperature equilibration (5 min), a UV-
vis spectrum was recorded. With stirring, aliquots of an [AcFc][BArF24] solution in THF
(0.4 mM) were added in 0.1 mL increments (0.2 eq.), up to 1.8 eq., to the cuvette and a
spectrum was immediately recorded after each injection.

General procedure for the reversible oxidation/reduction of [NBus][LCuNRR’]. A
solution of [NBu4][LCuNRR’] in THF (0.1 mL, 2 mM) was injected into a UV-vis cuvette
under Ar containing THF (1.8 mL) at -80 °C, set by the Unisoku low temperature UV-vis
cell holder. After stirring and temperature equilibration (5 min), a UV-vis spectrum was
recorded. With stirring, a solution of [AcFc][BArF24] in THF (0.1 mL, 2 mM) was added
to the cuvette and a spectrum was immediately recorded. An aliquot of a Fc* solution in
THF (0.1 mL, 2 mM) was added to the cuvette with stirring and another spectrum was
immediately recorded. The chemical oxidation and reduction processes were repeated
twice more, and spectra were recorded after each addition of reagent.

General procedure for the reactions between LCuNRR’ and TTBP. A UV-vis cuvette
under Ar containing THF (1.6 mL) at -80 °C, set by the Unisoku low temperature UV-vis
cell holder, was charged with a THF solution of [NBus][LCuNRR’] (0.2 mL, 2mM). The
solution was allowed to cool (5 min) with stirring and a continuous collection of spectra
was initiated. Quickly after, a THF solution of [AcFc][BArF24] (0.1 mL, 2 mM) was
injected into the cuvette. When the new features were fully formed, a THF solution of
TTBP (0.1 mL, 100 mM, 50 eq.) was quickly added, and the decay was observed until no
further changes were observed. The k. values for the reactions between LCuNRR’ and

TTBP were calculated by using ReactLab Kinetics!® using the known concentrations.
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In addition to my main projects in Chapters 2, 3, and 4, | collected various pieces
of data that contributed to the results of several publications.?®31:3237.213-215 Eor these
projects, | collected X-ray crystal structures, resonance Raman spectra, Kinetic runs via
UV-visible and stopped-flow UV-visible spectroscopy, and product yields via gas
chromatography-mass spectrometry. The results and conclusions from these data are
briefly described herein.

A.l  X-ray crystallography

There are several projects in the Tolman group that are funded by the Center of
Sustainable Polymers, a National Science Foundation center, that explore the development
of aluminum-based catalysts for ring-opening polymerization reactions of bio-renewable
resources. Of specific interest to our group, we have designed catalysts that have been used
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to glean mechanistic details into the initiation steps of polymerization reactions, which are
ring-opening nucleophilic attacks from the [Al-X]?* units (X = CI, O'Pr, OBn) on cyclic
monomers (lactide or cyclic anhydrides).?*>2!* | collected and solved a crystal structure of
L3AICI (Figure A.1, L3 = tetradentate bipyridine-bis(phenoxide) ligand) which was found
to be an active catalyst for the ring-opening copolymerization of epoxides and cyclic
anhydrides.?'® The crystal structure revealed two crystallographically distinct molecules of
L3AICI in the unit cell with geometric parameters for 5-coordinate atoms, ts, about the Al
atoms of 0.14 and 0.18. A tsvalue is calculated by the equation (a - 3)/60, where a is the
largest valence angle about the central atom and 3 is the second largest valence angle about
the central atom. A value closer to 0 indicates square pyramidal character, where a value
closer to 1 indicates trigonal bipyramidal character.?!® The calculated values of the
molecules of L3AICI indicate square pyramidal character about the Al atoms. Two level B
alerts were generated in the CheckCif for this crystal structure: the first alert indicated there
was unaccounted electron density and the second alert indicated there was a large Ueq for
two carbon atoms. Both alerts arise from small components of disorder that were not
modeled and do not impact the structure or analysis. The alerts are due to a disordered
chlorine atom in a CH2Cl> molecule and a disordered t-butyl substituent on the ligand,

respectively.?*3

Figure A.1. Representation of the X-ray crystal structure of L2AICI, showing non-
hydrogen atoms for one of two molecules in the unit cell as 50% ellipsoids. Selected
interatomic distances (A) and angles (deg): Al2-CI2, 2.174(2); Al2-03, 1.767(3); Al2—
04, 1.792(3); Al2-N4, 2.020(4); AI2-N3, 2.031(4); 03-Al2-04, 91.01(14); O3-Al2-N4,
155.4(2); O4-Al2-N4, 87.5(1); O3-Al2-N3, 88.2(1); O4-Al2-N3, 144.6(2); N4-Al2—N3,
79.1(1); O3-AI2-CI2, 105.9(1); O4-Al2-Cl2, 111.1(1); N4-AI2-CI2, 97.6(1); N3-Al2—
Cl2, 103.1(2). Reprinted with permission from ref. 213. Copyright 2020 Royal Society of
Chemistry.
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| also collected and helped solve three structures of Al complexes that resulted from
reactions where Al-O'Pr complexes were used to ring-open cyclic anhydrides. The crystal
structures revealed the products to be L3AI(0CPMA-OPr) (o = open, CPMA = carbic
anhydride) and L*AI(0CPCA-OPr) (L* = 'BuSalph, Salph = NN'-0-
phenylenebis[salicylideneimine], CPCA = 2-methyl-norborn-5-ene-2,3-dicarboxylic acid-
anhydride) as seen in Figure A.2. and L*Al(0CHCA-O'Pr) (CHCA = 3-methyl-
bicyclo[2.2.2]oct-5-ene-2,3-dicarboxylic anhydride) as seen in Figure A.3. The quality of
the data for these complexes was poor due to various issues with diffraction resolution,
disorder, and/or twinning. Specifically, the crystal quality for L*Al(0CPMA-O'Pr) was
poor and diffracted weakly at resolutions greater than 1.5 A. The quality of the data led us
to analyze this structure only for connectivity purposes. The refinement required the SWAT
instruction to model solvent disorder. The crystal containing L*Al(0CPCA-O'Pr) was a
pseudo-merohedral twin containing 1 molecule of L*AI(0CPCA-O'Pr) and 1 molecule of
the starting material, L*AIO'Pr, in the asymmetric unit. The crystal was disordered in a
solvent molecule, the supporting salph ligand, and in the starting material, L*AIO'Pr. The
structure also has low C—C bond precision due to low resolution data. The various issues
with the crystal led us to only analyze the connectivity and did not enable us to distinguish
between the enantiomers formed upon anhydride ring-opening. The crystal was refined as
a two-component inversion twin. PLATON SQUEEZE?!" was used to model the diffused
solvent molecule contribution. EADP, DFIX, SADI, SIMU, and RIGU restraints were used
to model disordered atoms. The crystal containing L*Al(0CHCA-O'Pr) was also a pseudo-
merohedral twin containing 1 molecule of L*AI(0CHCA-O'Pr) and 1 molecule of the
starting material, L*AlO'Pr, in the asymmetric unit. The crystal was similarly disordered in
a solvent molecule, the supporting salph ligand, and in the starting material, L*AIO'Pr. The
structure also has low C—C bond precision due to low resolution data. The various issues
with the crystal led us to only analyze the connectivity and did not enable us to distinguish
between the enantiomers formed upon anhydride ring-opening. The crystal was refined as
a two-component inversion twin. PLATON SQUEEZE?' was used to model the diffused
solvent molecule contribution. EADP, DFIX, SAME, and SADI restraints were used to

model disordered atoms.?*?
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Nevertheless, the connectivity details provided key conclusions to the project. The
crystals revealed the ring-opened anhydrides bound to the Al atoms through a carboxylate
O-atom, and the isopropoxide units were bound to carbonyl C-atoms from the ring-opened
anhydrides, confirming nucleophilic attack from the isopropoxide units on the anhydrides.
The structures show that the complexes with CPCA and CHCA contain the more sterically
hindered carbonyl proximal to the Al center, consistent with nucleophilic attack of the
isopropoxide ligand at the less sterically hindered carbonyl. Overall, the crystal structures
provided key information on regio- and stereochemical details in the copolymerization

213

mechanism of epoxides and cyclic anhydrides.
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Figure A.2. Ball-and-stick representation of the X-ray crystal structures of (top)
L3AlI(0CPMA-O'Pr) and (bottom) L*Al(0CPCA-O'Pr), showing all non-hydrogen atoms as
isotropic spheres. Reprinted with permission from ref. 213. Copyright 2020 Royal Society
of Chemistry.
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Figure A.3. Representation of the X-ray crystal structure of L*Al(0CHCA-O'Pr), showing
all nonhydrogen atoms as isotropic spheres (green = Al, blue = N, red = O, gray = C).
Reprinted with permission from ref. 213. Copyright 2020 Royal Society of Chemistry.

In a separate project investigating the stereocontrol of polymerization reactions of
rac-lactide (LA), an Al complex, L°AIOBn (L° = ethylenediamine backbone with flanking
indole groups connected at the 2-position), was used to ring-open rac-lactide and the
resulting complex was crystallized.?'* | collected and solved the crystal structure of the
product, which was revealed to be L°Al(0LA-OBn) (Figure A.4). The crystals were
comprised of a pair of enantiomers contained in each unit cell, P-; space group, with the
two molecules about the inversion center inherent to the space group. The lactide ligand
was bound to the Al atom via two O atoms in the lactide unit, one being an alkoxide-O,
rendering the geometry of the Al atom octahedral. This structure was a breakthrough in the
field as it was a rare example of a high-quality structure of ring-opened lactide bound to a
metal complex. Ultimately, the structure revealed the stereochemistry of the initiation of
rac-lactide by L°AIOBnN providing mechanistic information on the synthesis of sustainable

polymers.?4
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Figure A.4. X-ray crystal structure of L°AlI(0LA-OBn). Only a single enantiomer is shown
but the other enantiomer is present in the unit cell. All atoms are shown as 50% ellipsoids
and hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (deg):
(@) Al1-01, 1.804(2); AlI1-N1, 1.932(3); Al1-N2, 2.058(5); AI1-N3, 2.054(1); Al1-N4,
1.945(0); N3-Al1-N1, 160.070(6); N3-Al1-01, 99.876(5); N3-Al1-02, 88.536(1); N3—
Al1-N2, 79.984(0); N3-Al1-N4, 80.830(1); N2-Al1-N4, 100.140(0); O2-Al1-01,
81.204(6); N2-Al1-02, 84.416(7); N4-Al1-01, 94.002(8); N4-Al1-02, 167.451(7); N1-
Al1-N4, 102.280(5), N1-Al1-N2, 80.091(8); N1-Al1-0O2, 89.986(1); N1-Al1-O1,
99.531(4). Reprinted with permission from ref. 214. Copyright 2020 American Chemical
Society.
A.2  Resonance Raman spectroscopy

During my time in the Tolman group, | acted as the resonance Raman
spectroscopist for multiple years, in which | was able to build and use a new resonance
Raman lab. The spectra | collected contributed to the characterization data of multiple
complexes, which are described below. In 2019, a new method was found to generate
[LCuOQ] (L = bis(2,6-diisopropylphenylcarboxamido)pyridine): preforming a soluble
superoxide salt, K(Krypt)Oz, then adding the superoxide solution to LCuMeCN.*? Frozen
resonance Raman samples containing the complex generated by the new method in MeCN
were made in order to confirm the nature of species and ensure the spectrum matched the
data collected for the species generated by the previously published method.?®® The

spectrum (Figure A.5) revealed a signal at 1102 cm™ assigned as v(O—0) (kex = 660 nm)
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based on precedence of the previously found isotopically sensitive feature v(O-0) =1104
cm™? (A160-180 = 60 cm™, dex = 647.1 nm).322% This data helped confirm that the new
method yielded the intended species, [LCuOO], so reactivity experiments of the

biomimetic complex could commence.3?
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Figure A.5. Resonance Raman spectrum of [K(Krypt)][LCuOO] in MeCN (10 mM). Laser
excitation at 660 nm at 77 K (* denotes solvent). Reprinted with permission from ref. 32.
Copyright 2019 American Chemical Society.

Investigation of structural data on LCuOR complexes was undertaken to gain a
deeper understanding of the oxidized species.?® Thus, ligand perturbations of L% and the R
group were made to enhance the stability of the complexes, which would make available
the use of structural characterization techniques, like X-ray crystallography and NMR
spectroscopy, that were thwarted previously. The complexes ®“LL.CuOH, LCuCH,CFs, and
OMe|_ CuCH2CF3 (°MeL = L with a para methoxy substituent on the pyridine ring) were
accessed via the 1-electron oxidation of their Cu(ll) percursors.?® | collected resonance
Raman spectra on frozen samples of °“eLCuOH, LCuOCH,CFs, “M*LL.CuOCHCF3 and

LCuOH (for comparison purposes) to identify v(Cu—O) signals. Previously, an isotopically
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sensitive feature at 633 cm™ (A160-180 = 26 cm™, Aex = 515 nm) was found in the resonance
Raman spectra of LCu®*80H.% This feature was assigned as a v(Cu—O) signal based on
the energy and calculated isotope shift. | recollected this spectrum in THF (Figure A.6) and
found the v(Cu-O) signal at 634 cm™ (kex = 561 nm). The spectra that | collected for
OMe|_CuOH (Figure A.7), LCUOCH,CF; (Figure A.8), and “M*LCuOCH.CF; (Figure A.9)
displayed nearly identical features at 634 cm™ (Aex = 561 nm) (overlay can be seen in Figure
A.10) that we assigned as v(Cu-0) by analogy. These results were also verified by DFT
calculated spectra. Additionally, the spectra of °eLCuOH, LCuOCH,CFs, and
OMe|_CuOCH.CF; displayed more overall signals between 400 and 1000 cm* than LCuOH,
which DFT calculations accounted for. The calculated spectrum of LCuOH only contains
one v(Cu-0) signal and four v(Cu—N) signals. Comparatively, the calculated spectra of
OMe|_ CuOH, LCuOCH,CFs3, and °¢L.CuOCH,CFs contain multiple v(Cu—O) signals and
similar amounts of v(Cu—N) signals.?® Generally, the resonance Raman spectra contribute

to the characterization data known for Cu(l11) complexes in the literature.
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Figure A.6. Resonance Raman spectrum of LCuOH (5 mM in THF, Aex = 561 nm) at 77
K. v(Cu-0) signal is assigned as 634 cm™. Asterisks indicate solvent peaks. Reprinted with
permission from ref. 29. Copyright 2021 American Chemical Society.
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Figure A.7. Resonance Raman spectrum of L°M*CuOH (4.4 mM in THF, Lex = 561 nm) at
77 K. v(Cu-0) signal is assigned as 634 cm™. Asterisks indicate solvent peaks. Reprinted
with permission from ref. 29. Copyright 2021 American Chemical Society.
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Figure A.8. Resonance Raman spectrum of LCUOCH2CF3 (4 mM in THF, Aex = 561 nm)
at 77 K. v(Cu-O) signal is assigned as 634 cm™. Asterisks indicate solvent peaks.
Reprinted with permission from ref. 29. Copyright 2021 American Chemical Society.
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Figure A.9. Resonance Raman spectrum of LOMeCuOCH.CFs (4 mM in THF, e = 561
nm) at 77 K. v(Cu-O) signal is assigned as 634 cm™. Asterisks indicate solvent peaks.
Reprinted with permission from ref. 29. Copyright 2021 American Chemical Society.
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Figure A.10. Overlay of LCUOR resonance Raman spectra between 550 — 750 cm™ (THF,
77 K, kex = 561 nm). Signals attributed to v(Cu-O) for each complex at 634 cm™. Asterisks
indicate solvent peaks. Reprinted with permission from ref. 29. Copyright 2021 American
Chemical Society.

Recently, our group published on attempts to generate a multicopper oxygen core
that models the proposed “Peroxy Intermediate” (PI) in the mechanism for O2 reduction by
multicopper oxidases.?*> The proposed Pl core contains a n':n:n2-peroxide bound to one
Cu(l) and two Cu(ll) ions. Reacting a Cu(ll)-superoxide complex with a dicopper(l)
complex could theoretically provide a modular route to accessing a PI model. Thus,
[K(Krypt)][LCuOO] was reacted with the dicopper(l) complex
[(TPBN)Cu2(MeCN):2]J[PFe]2  ([TPBN = N,N,N',N'-tetrakis-(2-pyridylmethyl)-1,4-
diaminobutane]) at low temperatures and generation of new UV-vis features were
observed. However, a UV-vis titration study revealed only % of an eq. of
[(TPBN)Cu2(MeCN)2][PFe]2 reacts with 1 eq. of [K(Krypt)][LCuOQ], inconsistent with a
tricopper complex and consistent with 1:1 Cu(ll)-superoxide/Cu(l) adduct. A control
experiment for observing a 1:1 Cu(l1)-superoxide/Cu(l) adduct was performed by reacting
[K(Krypt)][LCuOQ] with the monocopper(l) complex [(BPMA)Cu(MeCN)][PFs] (BPMA

171



= N,N-bis(2-pyridylmethyl)-methyl-amine) at low temperatures and was also monitored by
UV-vis spectroscopy, resulting in a new UV-vis active species.?® To gain insight into the
nature of the oxygen ligand in the new species, | ran resonance Raman spectroscopy on
frozen samples of the new species and the isotopically labeled species. The spectrum for
the product of the reaction between [K(Krypt)][LCuOO] and
[(TPBN)Cuz2(MeCN)2][PFs]2 revealed two isotopically sensitive features at 771 cm™ (Asso-
180 = 40 cm™) and 562 cm™ (A1s0-180 = 22 cm'Y), assigned as v(O—0) and v(Cu—O) signals,
respectively, by their energies and calculated isotope shifts (Figure A.11 (a)). The spectrum
for the product of the control reaction between [K(Krypt)][LCuOO] and
[(BPMA)Cu(MeCN)][PFe] also revealed two isotopically sensitive features at 787 cm™
(A160-180 = 44 cm™) and 559 cm™ (As0-180 = 30 cmY), assigned as v(O-0) and v(Cu-O)
signals, respectively, as well by their energies and calculated isotope shifts (Figure A.11
(b)). The energy of the v(O-0) signals for both complexes were found to be different than
the starting material, [K(Krypt)][LCuOO] v(O-O) =1104 cm™3 and categorize the
oxygen ligands as peroxide ligands. Furthermore, both signals fall below the range of
known n'n!-peroxide Raman signals (797 — 849 cm™) and fall in between the ranges
known for n:n2-peroxide (790 — 839 cm™) and n%mn?-peroxide Raman signals (714765
cm?). Thus, the products for the reactions between [K(Krypt)][LCuOO] and
[(TPBN)Cu2(MeCN),][PFe]2 and [(BPMA)Cu(MeCN)][PF¢] are identified as n'n*-
peroxides with n? bonding to the (TBPN)Cu(I1)/(BPMA)Cu(ll) units and an n bonding to
the LCu(I1) units, where a second weak interaction to the LCu(Il) units is possible.?’® In
brief, the resonance Raman spectra of the products were integral in determining the nature
of the species and confirming the modular reactions are viable synthetic routes to new

copper-oxygen species.
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Figure A.11. Resonance Raman spectra of frozen solutions (3:1 THF/MeCN, 8 mM, 77
K, Lex = 515 nm) of the products of the reaction between [K(Krypt)][LCuOO] (*¢0, red;
180, black; difference °0-'%0, blue) with (a) [(TPBN)Cuz(MeCN);][PFs]. and (b)

[(BPMA)Cu(MeCN)][PFs]. Reprinted with permission from ref. 215. Copyright 2021
Elsevier.
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A.3  Experiments performed to augment LCuO2CR PCET chemistry

In 2019, our group published on the reactive species LCuO2CR, generated by 1-
electron oxidations of the corresponding Cu(ll) complexes.3*" In these publications, the
mechanistic details of the proton-coupled electron transfer (PCET) chemistry of
LCumCBA (mCBA = meta-chlorobenzoate) with O-H and C-H substrates were
investigated.®” | performed multiple experiments to supplement the results and bolster the
conclusions. Firstly, | quantified the anthracene formed from the HAA reaction between
LCumCBA and 10 eq. of dihydroanthracene (DHA) in 1,2-difluorobenzene (DFB) at -25
°C. GC-MS integrations from the reaction were compared to a standard chromatogram of
DHA in order to account for anthracene contamination in the starting material. After this
correction, the results indicated that of the 10 eq. of DHA added, 0.6 eq. of DHA were
converted to anthracene, a 60% yield of anthracene.®

Furthermore, | was able to collect kinetic isotope effects (KIEs) for the reactions
between LCumCBA and TEMPO-H and DHA. Previously, my colleague monitored the
reaction between LCumCBA and TEMPO-H in THF at -80 °C using stopped-flow UV-vis
spectroscopy (k2 =5.8(2) x 103 M1 s1). I synthesized TEMPO-D, quantified the deuterium
incorporation (95.3%, Figure A.12), and monitored the reaction between LCumCBA and
TEMPO-D (25 eq.) via stopped-flow UV-vis spectroscopy (Figure A.13). A global
analysis on triplicate kinetic runs was performed using ReactLab Kinetics, taking into
consideration the 4.7% TEMPO-H, producing a second-order rate constant of 2.2(5) x 103
M st and a normal KIE of 2.6. In order to calculate the KIE for the reaction between
LCumCBA and DHA, | monitored the reactions between LCumCBA and DHA (500 eq.)
and LCumCBA and DHA-ds (500 eq.) in DFB at -25 °C using benchtop UV-vis
spectroscopy. A global analysis was applied to one kinetic run for each reaction using
ReactLab Kinetics. Second-order rate constants for the reactions between LCumCBA and
DHA and LCumCBA and DHA-ds were calculated to be 3.2 x 102 M s and 5.2 x 10*
M s, respectively, revealing a KIE of 62.3" Both KIE results indicate HAA takes place
in the rate determining step.
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Figure A.12. *H NMR spectrum of 95.3% incorporated TEMPO-D. Reprinted with
permission from ref. 30. Copyright 2019 American Chemical Society.
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Figure A.13. Representative UV-vis spectra and decay traces of LCumCBA with 25 eq.
TEMPO-D (95.3% incorporation) in THF at —80 °C; (left) overlay of experimental UV-
vis spectra from t = 0 (black) to t = 1.65 s (red); (right) experimental decay trace at 650 nm
(black circles) overlaid with a calculated decay trace at 650 nm (red line). Reprinted with
permission from ref. 30. Copyright 2019 American Chemical Society.

Lastly, ligand perturbations of LCuO2CR by way of the carboxylate ligands were
made and the impacts of the perturbations on reactivity with substrates were investigated.3!
Considering the second-order rate constants for the reactions between LCuO2CR and 2,4,6-
tri-t-butylphenol in THF at -80 °C, linear relationships were found when plotting the E1,
values of the LCuO2CR™ couples vs log(kz) and the H-O,CR pKa values (H20) vs

log(k2).3! However, the same relationship was not observed when plotting the E1/, values
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of the LCuO,CR™ couples vs log(kz) of the reactions between LCuO.CR and DHA in DFB
at -25 °C. A hypothesis proffered was that steric effects confound a relationship between
electronic influences induced by the carboxylate ligand and the rate of reactions with
DHA.3 To test this hypothesis, | reacted 1,4-cyclohexadiene (CHD, 200 eq.), a less
sterically crowded C—H substrate with a similar BDE to DHA, with LCumCBA in DFB at
-25 °C and monitored the reactions using UV-vis spectroscopy. Three kinetic runs were
examined and contained an apparent induction period. However, they were fit to a second-
order reaction model anyway using the global fitting software, Reactlab Kinetics, and a k2
of 4.6 x 102 M s was calculated. This rate constant was about 2 times smaller than the
rate constant found for the reaction between LCumCBA and DHA under the same
conditions, k» = 1.1 x 10t M1 1. Considering only steric effects in the two reactions, we
would expect the rate constant for CHD to be larger than for DHA. Thus, it was concluded
that steric effects are not likely the cause for a lack of trend between electronic influences
induced by the carboxylate ligands and the rate of reactions with DHA.3! The experiments
| performed for these two projects provided further details on PCET reactions of
LCuO2CR, which contributes to the deeper understanding of oxidation reactions in general.
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Figure A.14. Overlay of the UV-vis spectra for the reaction of LCumCBA with 200 eq. of
CHD in DFB at —25 °C (inset: UV-vis decay trace at 675 nm). Reprinted with permission
from ref. 31. Copyright 2019 American Chemical Society.

A4 Experimental methods

X-ray diffraction measurements were collected with Mo Ka or Cu Ka source and a Bruker
X8 diffractometer equipped with a Kappa Apex Il CCD using a graphite monochromator
and an Oxford Cryostream LT device. Apex Ill and SAINT software packages were used
for data collection and data integration.?*® Structure solutions were performed with
SHELXT®3 or SHELXS' using OLEX?' or ShelXle®™* as graphical interfaces. The
structures were refined against F2 on all data by full matrix least squares with SHELXL.%®
Resonance Raman spectra were obtained by collecting the collimated Raman scattering
using a Plano convex lenses (f = 10 cm or f = 12 cm, placed at an appropriate distance)
through a long-pass edge filter (Semrock). The spectra were collected by an Andor
Shamrock SR-500i monochromator with a Newton 920 thermo-electrically cooled CCD
detector (DU920-BU) (cooled to -90 °C before collection) interfaced with Solis S software
or by an Acton AM506 monochromator with a Princeton Instruments liquid N2-cooled
(LN-1100PB) CCD detector (cooled to -120 °C before collection) and ST-1385 controller
interfaced with Winspec software. The spectra were obtained on frozen samples at 77 K
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using a 135° backscattering geometry. Excitation at 515 nm, 561 nm, or 660 nm was
provided by a Cobolt Jive 150 mW laser, a Cobolt Fandango 50 mW laser, or a Cobolt
Flamenco 100 mW laser, respectively. Raman shifts were externally referenced to indene
and internally referenced to solvent. Each spectrum was an accumulation of 450 spectra
with 4s acquisition times or an accumulation of 900 spectra with 2s acquisition times,
resulting in 30 min collections. Spectra were baseline corrected using a multipoint
correction process using Origin (2018b) or SpectraGryph.'®” The GC/MS experiments
were conducted with an Agilent Technologies 7890A GC system containing an HP-5 ms
column (30 m x 0.25 mm) and detected by a 5975C VL MSD. The method used in the
experiment consisted of an initial temperature of 80 °C held for 2 mins, then a 20 °C/min
ramp to 200 °C, held for 2 min, followed by a 20 °C/min ramp to 300 °C, and held for 2
min. DHA and anthracene eluted at 9.5 and 10.6 mins, respectively. TEMPO-D was
obtained by stirring TEMPO-H in CH3OD (Sigma-Aldrich, 99.5 atom % D) for 3 hours
and the solvent was removed in vacuo. This process was repeated once more, twice total.
Stopped-flow measurements were performed at —80°C in THF using a TgK CryoStopped-
Flow instrument equipped with a Xenon lamp and photodiode array detector in double
mixing mode. In a typical experiment, 0.4 mM solutions of [NBus][LCumCBA] and
acetylferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate ([AcFc][BArF24]) in
THF were initially mixed by syringes A and B, respectively, for 1 second leading to
quantitative formation of LCumCBA; this was verified independently by single mixing
measurements. Finally, a 5.0 mM solution of TEMPO-D in THF was co-injected via
syringe C. Thus, the concentrations of LCumCBA and TEMPO-D before reacting were
0.1 mM and 2.5 mM, respectively. Spectra were recorded every 3.4 ms during the reaction
and the cell pathlength was 10 mm. The rate constant for the reaction between LCumCBA
and TEMPO-D was obtained by global analysis of the data (400 — 800 nm) using ReactLab
Kinetics.'® The 95.3% deuterium incorporation was accounted for when fitting the data by
indicating there was 4.7% (0.1175 mM) of TEMPO-H in the mixture that undergoes a
second order reaction with LCumCBA at a rate constant of 5.8(2) x 10° Mt s . With this
correction applied, the rate constant for the second order reaction between TEMPO-D and

LCumCBA, obtained by global analysis of three separate data sets, is 2.2(5) x 103 Mt s,
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affording kn/kp = 2.6. UV-vis spectra were collected on a HP8453 (190 - 1100 nm) diode
array spectrophotometer. Low temperature UV-vis experiments were performed using a
Unisoku low-temperature UV-vis cell holder. The substrate ds-dihydroanthracene was
synthesized by a published procedure.??® A reaction between LCumCBA and 500 eq. of
DHA was performed by cooling a UV-vis cuvette under Ar and containing a stir bar and
DFB (1.8 mL) to -25 °C. A solution of [NBus][LCumCBA] in DFB (0.05 mL, 4 mM) was
added to the cuvette. Continuous collection of the UV-vis spectrum was initiated as soon
as an aliquot of [AcFc][BArF24] in DFB (0.05 mL, 4mM) was injected into the cuvette.
When the growth of the UV-vis signal attributed to LCumCBA was complete, a DHA
solution in DFB (0.1 mL, 1 M) was added to the cuvette and the collection of the spectra
continued until full decay of the signal from LCumCBA was observed. The same procedure
was adopted for monitoring the reaction between LCumCBA and 500 eq. of ds-DHA
except for the following changes: the cuvette contained 1.6 mL of DFB when cooled, 0.1
mL of a 4 mM DFB solution of [NBu4][LCumCBA], 0.1 mL of a 4 mM DFB solution of
[AcFc][BArF24], and 0.2 mL of a 1 M DFB ds-DHA were used for the reaction, and the
collection of the spectra was stopped before full decay of the UV-vis signal of LCumCBA.
The self-decay of LCumCBA in DFB at -25 °C was also collected by the same procedure
as described above but without the addition of substrate. The self-decay of LCUumCBA in
these conditions was found to have a ko of 1 x 10* s and was accounted for when
calculating the k2 values for the reactions between LCumCBA and DHA and ds-DHA. The
kinetics obtained from these reactions were fit to a second order reaction model using
global analysis of the data (350 - 850 nm) using ReactLab Kinetics.'® The k. values were
calculated to be 3.2 x 102 M-1 s and 5.2 x 10 M s for the reaction between LCUmCBA
and DHA and the reaction between LCumCBA and ds-DHA, respectively, affording kn/kp
= 62. 1,4-Cyclohexadiene (CHD) was purchased from Sigma-Aldrich and dried over
MgSOs, degassed by three freeze-pump-thaw cycles, and vacuum transferred. The CHD
was then brought into a nitrogen-filled glovebox, stored over activated 3 A molecular
sieves, and filtered using a 25 mm diameter, 0.2 mm hydrophobic polytetrafluoroethylene
(PTFE) syringe filter before use. A reaction between LCumCBA and 200 eq. of CHD was

performed by cooling a UV-vis cuvette under Ar and containing a stir bar and DFB (1.8

179



mL) to —25 °C. A solution of [NBus][LCumCBA] in DFB (0.05 mL, 8 mM) was added to
the cuvette. An aliquot of [AcFc][BArF24] in DFB (0.05 mL, 8 mM) was injected into the
cuvette. Continuous collection of the UV-vis spectrum was initiated as soon as a CHD
solution in DFB (0.1 mL, 800 mM) was added to the cuvette. The collection of the spectra
continued until full decay of the signal from LCumCBA was observed. The experiment
was repeated two more times under the same conditions. The kinetics obtained from this
reaction were analyzed by a global analysis (350 - 850 nm) of the data using ReactLab

Kinetics.1® The average k» value was calculated to be 4.6 x 102 M?* s,
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