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Abstract

Metal-catalyzed C—H functionalization has revolutionized the field of synthetic chemistry
with widespread implementation in the synthesis of pharmaceuticals and agrochemicals. In the
past few decades, seminal work from numerous groups across the fields of organic and inorganic
chemistry have demonstrated that noble metals generally serve as the most efficient catalysts.
While these reactions are mechanistically well understood, the noble metal catalysts are often
prohibitively expensive for large scale applications. Recently, base-metal catalysts like nickel and
copper have been shown to functionalize inert C—H bonds in aminoquinoline directed systems.
However, these remain mechanistically less understood than the noble metal analogs. Reactive
high-valent nickel intermediates have been proposed but not isolated nor spectroscopically
observed. Hence, the major focus of this thesis was to synthesize, isolate, and characterize
structurally relevant nickel complexes on the aminoquinoline scaffold and to test their catalytic
relevance.

Chapter 1 describes a general overview of aminoquinoline directed C—H functionalization
reactions with nickel (1) catalysts. This chapter highlights the general mechanistic scenarios for
these reactions in which high-valent (Ni"' and Ni'V) species have been proposed as reactive
intermediates.

Chapter 2 contains experimental details describing attempts to isolate the aminoquinoline
o-alkyl and o-aryl nickelacycle complexes via C—H functionalization. Under certain conditions
formation of the target nickelacycles is observed by NMR spectroscopy, but all attempts at

isolation were unsuccessful owing to poor conversion. Other routes were pursued to isolate these

XiX



nickelacycle complexes, and ultimately a decarbonylation strategy proved successful to isolate a
phosphine bound Ni' species on both the alkyl and aryl scaffolds. Oxidation studies on the isolated
phosphine complexes predominantly lead to ligand-based reactivity i.e., C—P bond formation.

Chapter 3 describes exchange of the phosphine ligands for more oxidatively stable
pyridine ligands, which eliminated ligand-based reactivity upon oxidation. Stoichiometric
oxidation of these pyridine ligated Ni'"' complexes with I, resulted in C(sp*)-N and C(sp?)-1 bond-
forming reactions. Furthermore, these complexes were shown to be catalytically relevant as noted
by turnover under catalytic conditions of the aforementioned bond-forming reactions.

Chapter 4 describes the oxidation of pyridine ligated Ni'"' complexes to form and isolate
high-valent Ni'"' complexes, which have been previously proposed in the literature as reactive
intermediates in C—H functionalization catalysis. Electrochemical studies informed the appropriate
choice of one-electron oxidants for isolation of these Ni'"' complexes. The isolated complexes were
shown to be catalytically inert species under catalytic reaction conditions unlike the previously
isolated Ni'' species in Chapter 3. An aryl-aryl coupling reaction was also discovered from the
isolated Ni'"' complex on the aryl scaffold.

Chapter 5 describes general strategies employed in attempts to isolate Ni'"V complexes with
these aminoquinoline bound nickelacycles. These involve the use of strong two-electron oxidants
and polydentate ligands to access and stabilize Ni'V intermediates. The synthesis, isolation,
characterization of the polydentate Ni'"' complexes is described, and general results from the
oxidation reactions are summarized. Although the isolation of a Ni'V complex was unsuccessful
on this scaffold, based on the findings, some general guiding principles have been proposed as

future directions.
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Chapter 1 Introduction

1.1 C-H Functionalization Reactions

Organic compounds are composed of carbon atoms that are chemically bonded to other
elements to satisfy their chemical valency, with hydrogen being the most prevalent one. Hence,
the selective chemical transformation of these ubiquitous C-H bonds into more functionalized
chemical bonds (i.e., C-H to C—X) is an ongoing research pursuit.! In the past few decades,
chemists from different sub-disciplines ranging from biochemistry to inorganic to organic
chemistry have developed methodologies for the selective functionalization of C—H bonds aided
by catalysts (Scheme 1.1).2 New catalytic methodologies often have a proposed mechanism that
involves the intermediacy of highly reactive intermediates. Thus, there is a significant impetus to
test the feasibility of the proposed reaction model via experimental mechanistic studies, often
targeted at establishing the viability of the proposed reactive intermediates.

Scheme 1.1 C-H Functionalization Reactions
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1.2 Group 10 Metal Catalyzed C—H Functionalization

Seminal work from numerous groups have shown that late transition metal catalysts,
particularly noble metals like platinum and palladium, are efficient at selectively activating and
then functionalizing strong C—H bonds.® One of the major bottlenecks for these reactions being

broadly employed by chemists is the prohibitive expense of the commonly used palladium and



platinum catalysts. Nickel, a group 10 congener to Pd and Pt, is drastically cheaper owing to higher
natural abundance (Figure 1.1). Although numerous palladium and platinum catalyzed C-H
functionalization reactions have been reported in the literature in past few decades, analogous
reports with nickel are recent and few. Hence, the development and mechanistic understanding of
Ni-catalyzed C—H functionalization reactions remain in their infancy. 4°

Figure 1.1 Natural Abundance of Elements®
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Based on the previous studies with palladium and platinum as catalysts, a seemingly simple
substitution to nickel generally fails because: (i) it has not yet been established if the reactions
proceed through similar intermediates, and (ii) the analogously proposed intermediates on nickel
are drastically more reactive than its group congeners as inferred from studies on model systems.’
The higher reactivity of the nickel complexes is associated with a fundamental atomic property,
namely the accessibility of radical nodes, which is based on its elemental position on the periodic
table. This ultimately is responsible for elemental properties like smaller ionic radii, higher

electronegativity, and less covalent bonding in nickel complexes compared to palladium and



platinum analogues (Figure 1.2).2 These factors lead to reduced stability of nickel complexes and
decomposition through multiple deleterious pathways.
Figure 1.2 Comparing Group 10 Organometallic Complexes
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1.3 Pincer Ligands in Catalytic C—H Functionalization with Palladium and Nickel

The generalized mechanistic model for the C—H functionalization reactions involves C-H
cleavage to form a metal-carbon bond (M-C) that subsequently reacts with electrophilic or
oxidative reagents of general type X to form the desired C—X bond of interest (Scheme 1.2).%3

Scheme 1.2 Organometallic Intermediate in Metal Catalyzed C—H Functionalization
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There are two major facets of metal mediated C—H activation: (i) the selectivity for a
specific C—H bond and (ii) the mechanism. The C—H selectivity depends on the inherent electronics
or sterics or a combination of both for the molecule. However, these factors limit (i) the generality
of the C—H activation step, as it ends up being inherently substrate driven and (ii) selectivity, which
IS a major issue in more complex substrates as it leads to an often-intractable mixture of products.
To tackle this problem, chemists have turned to the use of directing groups.?® A directing group is
a chemical moiety attached to the substrate that helps to scaffold the substrate onto the metal
catalyst. This scaffolding controls the site of C—H activation, both aided by thermodynamic and
kinetic factors. The directing group reduces the overall enthalpic and entropic cost of the reaction

by pre-coordination to the metal. This also impacts the kinetics of the C—H activation step because



of the proximity effect. As previously discussed, Ni—C bonds are more reactive than Pd—C or Pt—
C bonds, and one of the common modes of decomposition is through radical homolysis pathways.
The tethering of the hydrocarbyl unit to the ligand of interest significantly reduces these deleterious
decomposition pathways for both thermodynamic as well as kinetic reasons (Scheme 1.3).1°

Scheme 1.3 Ligand Directed and Stabilized Organometallic Intermediates
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Since the late 1990s, the C—H activation community has explored a plethora of directing
groups. The one that has been most extensively employed is the aminoquinoline directing
group.*2 This group was initially pioneered by Daugulis in the context of Pd"-mediated C—H
functionalization reactions and was ultimately extended to other transition metal mediated
reactions. The major benefits of this directing group are three-fold. It is (i) multidentate, (ii) rigid,
and (iii) easily tunable.

The aminoquinoline directing group is a bidentate ligand, and along with hydrocarbyl unit,
the metal templated C—H activated organometallic complex is a meridional tridentate ligand.
Tridentate meridional ligands are commonly referred to as pincer ligands in the inorganic
chemistry literature owing to their similarity with crustacean claws. These ligands have been
employed in a plethora of applications ranging from the synthesis of transition metal complexes
to the isolation and spectroscopic observation of reactive intermediates and even in the design of
tunable and versatile transition metal catalysts (Figure 1.3).13

Figure 1.3 Pincer Ligand Scaffold
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The aminoguinoline moiety is tethered onto the hydrocarbyl unit through an amide bond.
This is a simple and versatile linkage that can be used to generate libraries of chemical compounds.
The quinoline backbone is inherently planar and rigid thus imparting overall structural rigidity to
the scaffold (Scheme 1.4). The steric and electronic properties of quinolines can easily be tuned
by installation of functional groups on the heterocyclic core. Numerous methods have also been
developed for easy removal of this directing group for accessing the functionalized C—X species.
Overall, both of these factors contribute to the practical applicability of the aminoquinoline
directing group.*

Scheme 1.4 Aminoquinoline Directed Metallacycle Formation
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1.4 Nickel Catalyzed C—H Functionalization on the Aminoquinoline Scaffold

\\

In 2013 Chatani first reported a broad substrate scope for nickel catalyzed C—H alkylation
on the aminoquinoline-based substrates using primary alkyl halides.'® This was further extended
by reports from the groups of Ackerman and Sundararaju with more substituted alkyl and allyl
halides as functionalizing reagents.®° Subsequently, C—H arylation reactions on this scaffold were
reported by the groups of Chatani, You, Shi, and Hoover using either aryl electrophiles or aryl
nucleophiles coupled with silver oxidants.'®2° Subsequently, this was expanded to alkynylation,
alkenylation, and annulation methodologies, thereby demonstrating a wide variety of C-H to C-C
bond constructions on this scaffold (Scheme 1.5).172%-22 Qverall, these initial reports highlighted

the viability of the aminoquinoline directing group in nickel catalyzed C—H functionalization.



Scheme 1.5 Aminoquinoline Directed Nickel Catalyzed C—H Carbo-Functionalization
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Inspired from the aforementioned generality of the C—H carbo-functionalization reports on
the aminoquinoline scaffold, it was envisioned to extend this to generate C—heteroatom
(heteroatom = O, N, ClI, I, P) bond-forming reactions. But, only recently in 2016 two concurrent
reports were published by Chatani and Koley on C—H iodination®2* and by Chang in 2021 on C—
H amidation.?>?® These sparse reports in the context of C—heteroatom bond forming reactions is
intriguing and prefaces the challenges involved in the C—heteroatom bond formations. A closer
look at the general mechanistic model for these reaction highlights the key challenges.

The general mechanism of these nickel mediated C—H functionalization reactions involves
initial formation of a nickelacycle intermediate. As discussed previously, the aminoquinoline
pincer scaffold aids in accessing this crucial Ni"'-C intermediate. Both computational studies from
Liu and Musaev as well as H/D exchange studies by Chatani indicate that the C—H bond activation

step at Ni'" is thermodynamically uphill and reversible under most of the catalytic



conditions.’>16242" Hence, experimental probing of reactions steps after the formation of the
nickelacycle by traditional kinetic studies has largely proven futile.

Scheme 1.6 Nickel Catalyzed Aminoquinoline Directed C—H Functionalization
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The Ni"' organometallic intermediate formed then encounters a branching point in the
general mechanism, which is primarily based on the electrophile or oxidant employed in the
reaction. The three pathways invoke the intermediacy of nickel species in three different oxidation
states, Ni"", Ni""", or Ni'"V (Scheme 1.6).2¢ Pathway (a) involves direct C—X bond formation via
either an electrophilic cleavage or a o-bond metathesis step. Pathway (b) involves the intermediacy
of discrete Ni'" intermediates, and pathway (c) generates Ni'V species. Using the redox potentials
of the electrophile or oxidant under consideration, the feasibility of pathway (b) or pathway (c)
can be analyzed. However, that does not provide definitive evidence, as literature reports have
shown that minor changes to reaction conditions can lead to different pathways for organometallic
reactions. Moreover, studies on model systems have shown that Ni'' species are common
intermediates en route to Ni'V (Figure 1.4) owing to the prevalence of facile one-electron redox

events among the first-row transition metals.?®



Figure 1.4 Ni'"""V Catalytic Redox Cycles
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1.5 High-Valent Nickel Intermediates in Aminoquinoline Directed C—H Functionalization

The prevalence of heavier group 10 metals in C—H functionalization reactions is
noteworthy. Nickel is one of the late transition metals in the chemical periodic table and is at the
top of group 10. Nickel has five available oxidation states from 0 to +4.*>" Unlike Pd and Pt, the
+1 and +3 oxidation states are readily accessible at Ni. The inert pair effect primarily stems from
the core atomic properties i.e., the radial wave function which is ultimately responsible for lack of
both radial nodes and relativistic contraction in nickel, thereby leveraging one-electron redox
events in nickel compared to its group congeners.®

As mentioned in section 1.4, three oxidation states of nickel are often invoked in
aminoquinoline directed C—H functionalization reactions. Ni'"" and Ni'V are generally considered
as high-valent oxidation states of the metal, with Ni'' being the most stable one. Considerable effort
has been deployed into the isolation of these high-valent nickel complexes in model systems with
the major focus of the studies being directed towards: (i) the isolation of Ni'" and Ni'V species and
(ii) C—X bond-forming reductive elimination studies. Although Ni'"" and Ni"V complexes are
considered as highly reactive, Chatani, Shi, and others have regularly invoked the feasibility of

these species in proposed catalytic mechanisms (Scheme 1.6).30:31



Hence, there is significant impetus to test the feasibility of the proposed high-valent
intermediates in the context of Ni-catalyzed C—H functionalization reactions. Understanding the
intermediates can allow tuning of: (i) selectivity of bond formations, (ii) choice of electrophiles
and oxidants, and (iii) development of other C—X bond-forming reactions via a mechanism-guided
approach. However, it is often challenging to probe the reactive high-valent species generated
under catalytic conditions via traditional kinetic experiments. This thesis leverages a
decarbonylative strategy to isolate and test the reactivity and catalytic relevance of some of the
Ni' complexes, as described in Chapters 2—3. In Chapter 4, the studies elaborate on efforts to
isolate Ni""' complexes, and Chapter 5 focuses on attempts towards the isolation of Ni'V complexes
on the aminoquinoline scaffold.

Notably, recent computational and spectroscopy studies have established that the metal-
ligand bonding in these high oxidation state complexes lead to higher covalency of the chemical
bond. Thus, there is a significant controversy regarding the “actual” oxidation state at the metal
center based on the electronic structure.®> To reduce ambiguity in the context of this thesis the
semantic references to high-valent nickel complexes have primarily been inferred from routine
electron counting methods as used in organometallic chemistry textbooks and lectures. The exact
nature of the chemical bonding in the high-valent nickel complexes was not investigated. However,

that does not impact the isolation, characterization, and reactivity studies of these catalytically

relevant high-valent nickel complexes on the aminoquinoline scaffold, as per the current common

knowledge in the field.*
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Chapter 2 Synthesis and Reactivity of Phosphine Ligated Ni'' Complexes

Note: Results from section 2.2.1 was published in Roy, P.; Bour, J. R.; Kampf, J. W.; Sanford, M.
S.* Catalytically Relevant Intermediates in the Ni-Catalyzed C(sp?)-H and C(sp®-H
Functionalization of Aminoquinoline Substrates. J. Am. Chem. Soc. 2019, 141, 17382-17387 and
J. Am. Chem. Soc. 2021, 143, 14021.

2.1 Introduction

Over the past decade there has been significant progress in the development of Ni-catalyzed
reactions for the oxidative functionalization of unactivated C—H bonds. The vast majority of these
transformations involve the use of aminoquinoline-based substrates and result in the formation of
new carbon—carbon or carbon—heteroatom bonds (Scheme 2.1).%2

Scheme 2.1 Proposed Pathways for Ni-catalyzed Oxidative Functionalization of C—H Bonds
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Mechanistically, these aminoquinoline-directed C-H functionalization reactions are
proposed to involve initial C—H bond activation at Ni'" centers to form nickelacycles. However, at
the time that this work was initiated (in 2017), the nickelacycle intermediates had neither been
detected spectroscopically nor isolated during catalysis. However, their intermediacy was
supported by computational investigations, experimental H/D exchange studies, kinetic isotope
effect studies, and model systems.® In contrast, considerable debate remains to this day about the
mechanism of the oxidative functionalization step. Various pathways have been proposed,
including (i) direct electrophilic functionalization of the Ni—C bond without a change in oxidation
state at Ni (Scheme 2.1, a), (ii) C—X bond-forming reductive elimination from a Ni'"" intermediate
(Scheme 2.1, b), or (iii) C—X bond-forming reductive elimination from a Ni'V intermediate
(Scheme 2.1, ¢).2®

Several reports by Chatani concluded that the Ni'-mediated C—H activation step is
reversible. This was experimentally probed under catalytic conditions via H/D exchange, using a
substrate in which the proximal C—H bonds were labeled with deuterium on the aminoquinoline
substrate. Quenching of the reaction at shorter times both in the presence and absence of the
oxidant showed exchange of deuterium for hydrogen in the substrate, as analyzed by *H NMR
spectroscopy (Scheme 2.2).459-11

Scheme 2.2 Isotopic H/D Exchange Studies in Ni-catalyzed C-H Functionalization Reactions
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This was further corroborated with computational studies, which reported an energy barrier

of ~21 kcal/mol for the C(sp®)—H activation step.® This report also noted that the barrier for the

formation of the analogous palladacycle was lower by ~2 kcal/mol. Although the barrier for the

C(sp®)-H activation step was comparable for both nickel and palladium, the overall reaction was

endergonic (~2 kcal/mol) for the formation of the nickelacycle whereas it was exergonic (~—7

kcal/mol) for the palladacycle (Figure 2.1).

Figure 2.1 C-H activation at Pd vs. Ni — Computational Studies by Liu®
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The first part of this chapter details our attempts to study the formation and isolation of the

nickelacycle via C-H activation of aminoquinoline substrates. Reaction parameters including

ligand, solvent, temperature, and time were screened for both the aminoquinoline C(sp?) and

C(sp®) substrates. Among the conditions screened, only one reaction showed the formation of a

cyclometalated aminoquinoline species. Based on the color and *H NMR spectrum of the reaction,

the product was tentatively assigned as a nickelacycle species. However, all attempts to isolate

this species failed owing to low conversion.
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Thereafter, inspired by literature reports, a decarbonylative route was pursued for the
isolation of the triethylphosphine-ligated ¢ -alkyl and o-alkyl nickelacycles. These Ni'' complexes
were characterized using a variety of analytical techniques. Oxidative functionalization of these
Ni' complexes was also explored. These studies primarily showed reactivity of the PEts ligand,
but the organic products varied as a function of oxidant (ferrocenium versus Oz versus iodine

versus methyl iodide).
2.2 Result and Discussion

2.2.1 C—H Activation Routes to Nickelacycles

In general, the activation of a sp? C—H bond via a concerted metalation deprotonation
mechanism (like that proposed in Figure 2.1, above) is more facile than that of a sp> C—H bond
because of lower pKa.*2* Thus, our first target was isolation of the cyclometalated o-aryl Ni"
species 2b-MeCN (M = Ni). Notably, analogous palladacycles have been isolated by Chen and
Maiti via C(sp?)—H activation with M = Pd (Scheme 2.3)'>6 following similar procedures reported
by Daugulis for the C(sp®) analog.'"8

Scheme 2.3 Metallacycle — C(sp?)-H Activation with M"

1b-H 2b-MeCN

We first examined the reaction of 1 equiv of 1b-H with 1 equiv of Ni(OAc)2 in MeCN-d3
at temperatures ranging from 25 to 90 °C and times from 1 to 24 h. However, these reactions only
showed the presence of starting material by *H NMR spectroscopy. We next screened reaction

conditions by varying the polarity of the solvent, temperatures up to 160 °C, and reaction times up
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to 30 h. The above reactions mostly showed unconsumed starting material, along with some
paramagnetic broadening, as analyzed by *H NMR spectroscopy. These results are in accord with
previously reported conclusions by Chatani from H/D exchange studies as well as computational
calculations by Musaev that predict an overall endergonic C—H activation step in this system.*°

Scheme 2.4 C-H Activation Route to g-aryl Ni' Complex
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Since the stoichiometric reaction (Scheme 2.3) involves the formation of acid as a by-
product alongside the desired metallacycle product 2b-MeCN, we hypothesized that the addition
of a base would drive the reaction to the right. Acetate bases are commonly used in C—H activation
reactions,?® and quaternary ammonium cations enhance their solubility in organic solvents. Thus,
tetramethylammonium acetate was examined as the base. A series of reactions were conducted
using 1 equiv of 1b-H, 1 equiv of Ni(OAc)2, and 1 equiv of NMesOAc in different solvents. When
this transformation was conducted in DMSO-de there was a color change from pale yellow to
orange along with the formation of a new diamagnetic species in a maximum yield of 12% after
12 h at 160 °C as analyzed by *H NMR spectroscopy. This species was tentatively assigned as the
o-aryl nickelacycle 2b-L (L is likely DMSQO), as it showed chemical shifts akin to that of the
palladacycle isolated by Chen.'® However, attempts to isolate the complex resulted in
decomposition, largely due to the challenges associated with removing DMSO from the reaction
mixture. Although the identity of the nickelacycle was a tentative assignment, it was further
confirmed by comparing this *H NMR spectrum to that of the picoline-bound s-aryl nickelacycle
that was synthesized in Chapter 3.
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Scheme 2.5 C—H Activation Route to o-alkyl Ni'' Complex
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In parallel, we examined analogous conditions for the reaction 1a-H with Ni salts to afford
the corresponding o-alkyl nickelacycle 2a-L. We varied the nickel salt (Ni(OAc)2, Ni(OTf)2, or
NiBr2*DME), solvent (MeCN, toluene, or DMSO), and temperature (up to 160 °C) and also added
exogenous NMesOAc (Scheme 2.5). However, 2a-L was not detected by *H NMR spectroscopy
under any of the conditions examined. This is likely due to the higher barrier for C(sp%)-H
activation, as predicted by Liu (Figure 2.1).% Recently, others have reported that tuning the
substrate and nickel precursor does enable the isolation of analogous aminoquinoline s-alkyl
nickelacycles via C(sp®)-H activation (Figure 2.2). For example, in 2018, Love reported that
changing the amide backbone to a urea moiety increased rigidity, thereby lowering the barrier to
C(sp®)-H bond activation.?* Furthermore, in 2021, Johnson reported that using a pre-formed
organometallic nickel precursor in conjunction with a deprotonated amide substrate significantly

facilitated access to the cyclometalated Ni" o-alkyl complexes (Figure 2.2).22
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Figure 2.2 Literature Reports to g-alkyl Ni'' Complex
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2.2.2 Decarbonylation Routes to Nickelacycles

Since the discovery of the Mond process, the fast and reversible binding of carbon
monoxide (CO) with nickel has been widely explored.?®> Numerous studies have elucidated that
the kinetics and thermodynamics of reversible CO binding and migratory insertion can be tuned
by the ancillary ligands, especially phosphines. Ultimately, the reversible insertion and de-
insertion reaction between CO and nickel-carbon bonds have been widely exploited, ranging from
the synthesis of organometallic complexes to decarbonylative reactions in organic synthesis. 2425

In 2014, Maleckis and Sanford reported the isolation of perfluoroalkyl-ligated Ni'"
complexes via a decarbonylation reaction. This reaction leveraged the strong electrophilic
reactivity of carboxylic acid anhydrides with the nucleophilicity of Ni° precursors, tuned by the
phosphine ligands.?* Subsequently, both catalytic and stoichiometric decarbonylation reactions at
Ni have been developed with the appropriate use of organic nucleophiles. These reactions are
primarily limited by the electrophilicity of the acyl precursor. Thus, reports with weaker

electrophiles such as amides are rare.?’
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Scheme 2.6 Decarbonylation of Phthalimides by Johnson
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In 2011, Johnson reported a Ni°-mediated decarbonylative reaction of N-arylphthalimides
to form o-arylated N-aryl benzamides (Scheme 2.6).% This reaction was proposed to proceed
through a s-aryl nickelacycle. Owing to their structural similarity with the target aminoquinoline
nickelacycle, we proposed a similar decarbonylative approach to access 2-L. A retrosynthetic
analysis of this approach implicates 8-imidoquinoline 1' as the organic electrophile/ligand
precursor in combination with an appropriate Ni° source (Scheme 1.7).

Scheme 2.7 Retrosynthetic Disconnection via Decarbonylation Route
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Preliminary reaction screening involved the use of Ni(COD): as the Ni° precursor and 2-4
equiv of various monodentate phosphines as ligands. In some cases, the formation of new species
was noted by NMR spectroscopy but attempts at isolation failed due to low conversion. We
hypothesized that more nucleophilic nickel sources were needed to facilitate the oxidative addition
reaction, as imides are weak electrophiles. Ultimately, a general route was developed using highly
nucleophilic Ni(PEts)s as the Ni° source and conducting the reactions at 100 °C for 16 h. This
afforded the triethylphosphine (PEts) ligated C(sp?) (2b-PEts) and C(sp®) (2a-PEts) nickelacycles
both in 87% yield (Scheme 2.8). The diamagnetic Ni'"' products were characterized by *H, *C, and
3P NMR spectroscopy. In addition, 2a-PEts was characterized by X-ray crystallography as

discussed below.
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Scheme 2.8 Synthesis of PEts-ligated o-alkyl and o-aryl Ni'' Complex
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Table 2.1 compares the X-ray crystal structure of 2a-PEts to related nickelacycles reported
by Love and Johnson. Minor deviation in bond length (£0.02 A) is observed amongst the nitrogen
atoms bound to the Ni'' center. The Ni''-C bond of 2a-PEts is slightly (0.03 A) longer compared
to those in the other reports. All the complexes are distorted square planar in geometry, but
comparison of the t4 and t'4 structural parameters indicates that 2a-PEts is slightly more distorted
and closer to the seesaw geometry.

Figure 2.3 Comparison of Solid-state Structures of Phosphine-ligated o-alkyl Ni'' complexes on
the Aminoquinoline Pincer Scaffold
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Table 2.1 Comparison of Bond Lengths and Structural Parameters of Phosphine Ligated
s-alkyl Ni'' complexes on the Aminoquinoline Pincer Scaffold

entry Loveetal 2a-PEt; Johnson et al
Ni-P (A) 2.197(5) 2.170 2.175
Ni-Ng(A) 1.968(5) 1.976 1.977
Ni-Na (A) 1.860 1.879 1.877
Ni-C (A) 1.925(5) 1.957 1.934
T4 0.163 0.249 0.142
T's 0.142 0.231 0.123

2.2.3 Oxidative Reactivity Studies of o-alkyl Nickelacycles

Our primary reason for synthesizing aminoquinoline nickelacycles was to attempt to access
high-valent Ni"" and Ni'V analogues. To probe the feasibility of oxidation chemistry, the
electrochemical oxidation of complex 2a-PEts was interrogated via cyclic voltammetry (CV). The
CV in MeCN/NBu4PFs shows a quasi-reversible one electron redox event at approximately -0.15
V versus Ag/Ag*, which was assigned as the Ni'"""" couple. Scan rate dependent CV experiments
showed a minor shift during the oxidative scan. However, a shift of the reduction of peak current
was noted with decreasing scan rates during the reductive scan (Figure 2.3).

Figure 2.4 Scan Rate Dependent CV of 2a-PEts
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The observed redox potential suggests that Ag' or ferrocenium salts should promote the
single electron oxidation of 2a-PEts. Treatment of the Ni"' complex 2a-PEts with 1 equiv of AgBF4
or 1 equiv of ferrocenium tetrafluoroborate (FCBF4) in MeCN-dsz at room temperature led to the
formation of a new diamagnetic species, which confirmed to be the product of C(sp®)—P coupling
between the o-alkyl group of the ligand and the PEts (5a-P). The ferrocenium reaction was
monitored by *H NMR spectroscopy over time, which showed the growth of the product up to a
maximum yield of 70% after 6 h at 25 °C. The organic product 5a-P was characterized based on a
singlet at 38.42 ppm in the *!P{*H} NMR and a diagnostic doublet at 2.55 ppm (J = 13.0 Hz) in
the *H NMR spectrum.

An EPR spectrum of this reaction was recorded after ~2 min, and it showed the presence
of a Ni'"' species, as characterized by a rhombic EPR signal that is consistent with a (S = %) Ni'"
species. Thus, we propose that the C(sp®)—P coupling likely occurs from a transient Ni'"' species
of proposed structure 3a-PEts. Although C(sp®)-P coupling from Ni'"" has not been reported in the
literature, other C—heteroatom bond-forming reductive elimination reactions have been observed
at Ni'"' centers.”2%-32

Figure 2.5 C(sp®)-P coupling with AgBF4 and FcBF4 via putative Ni'"" intermediate at 25 °C
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In 1994 Hillhouse reported that the oxidation of alkyl-amido Ni'' bipyridine complexes
with ferrocenium, Iz, and O leads to C(sp®)-N bond formation.*® They proposed a similar
mechanism to that suggested in Figure 2.4: initial Ni-based single electron oxidation followed by

C—N reductive elimination from the Ni'" center.
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Figure 2.6 Oxidative C(sp®)-N coupling from Ni" by Hillhouse
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Based on this precedent, we next explored I2 and O as oxidants in order to compare their
reactivity to that of FcBF4. When complex 2a-PEtz was exposed to air in DMF-d7 at 25 °C, C(sp®)—
P coupling to form 5a-P was observed in 16% yield after 2 h. However, the yield of 5a-P did not
increase further with time, and no other diamagnetic species were observed by *H or 3P NMR
spectroscopy. As such, the rest of the mass balance of this reaction is ascribed to the formation of
unidentified paramagnetic Ni species.

In contrast, the reaction of 2a-PEts with 1.1 equiv of I> under similar conditions (MeCN-
ds, 25 °C, 24 h) resulted in exclusive formation of a C(sp®)-I bond to generate 5a-1 in 68% yield
as determined by diagnostic singlet peak at 3.62 ppm in the *H NMR spectrum. The identity of
this organic product was confirmed by comparing an authentic sample of 5a-1 with the crude
reaction mixture. No Ni'"" intermediate was detected by EPR spectroscopy in an aliquot extracted
from this reaction mixture after 5 min. This is in marked contrast to the reaction of 2a-PEts with
ferrocenium described above. As such, we hypothesize that this reaction may proceed by a
different mechanism, possibly involving direct electrophilic cleavage of the Ni'-C bond by I»

without a change in oxidation state at Ni
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Scheme 2.9 C(sp®)-I coupling of 2a-PEts with I»
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2.2.4 Methylation Studies of o-alkyl Nickelacycles

Methyl electrophiles such as CHsl are known to undergo oxidative addition at group 10
metal complexes in the +2 oxidation state. Thus, they have frequently been used for the isolation
of high-valent Pd"V, Pt"V, and Ni'V complexes. For example, Klein leveraged this reactivity as a
route to Ni'V products by reacting 5 equiv of CHsl with a Ni'"' phosphine precursor (Figure 2.5).33
Notably, the synthesis involves methylation followed by loss of one trimethylphosphine (PMe3)
as tetramethylphosphonium from the Ni' starting material. Subsequent oxidation addition of CHzl
furnishes the isolable Ni'V species. Notably, this complex undergoes slow C—C bond-forming
reductive elimination between the methyl and acyl ligands, but no PMes ligand-based
decomposition products were reported.3*

Figure 2.7 Literature Reports for High-Valent Ni-CH3z Complexes
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Recently, Tilley used a related analogous approach for the isolation of a Ni''-CHj3 species,
by reacting CHsl with an anionic Ni' precursor.®® The Ni'' complex rapidly decomposed at ambient
temperature over 24 h with exclusive ethane formation. Although a mechanism for ethane
formation was not proposed, a bimetallic mechanism is likely, by analogy to work the work of
Diao.% Interestingly, no ligand-based decomposition product (i.e., N-CHs bond formation) was
observed, despite the fact that amido ligands are strong nucleophiles.

Scheme 2.10 Reaction of Equimolar Ratio of CHsl with 2a-PEtsin MeCN-dz at 25 °C
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Based on these reports, we hypothesized that the reaction of the s-alkyl Ni'' complex 2a-
PEts with CH3l might furnish a Ni'V species, by analogy to the work of Klein. However, instead
the reaction of 2a-PEts with 1 equiv of CHsl in MeCN-ds primarily formed the methylated
phosphine, EtsP-Me", over 24 h at 25 °C. The time course of this reaction is shown in Figure 2.6.
This phosphonium salt was characterized by *H NMR spectroscopy based on a diagnostic doublet
at 1.7 ppm (J = 13.6 Hz) and by *'P{*H} NMR spectroscopy based on a singlet at 37.67 ppm. Its
identity was confirmed by comparing to an independently isolated sample of this product. The
phosphonium salt was formed in 65% vyield after 25 h at 25 °C along with the acetonitrile bound
Ni' complex 2a-MeCN. Traces (<2%) of the methylated c-alkyl ligand 5a-Me were also detected.
This latter product is readily identified based on a characteristic triplet at 0.9 ppm (J = 7.5 Hz) in
the *H NMR spectrum, and its identity was confirmed by comparing to an independently isolated

sample of this product.
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Figure 2.8 Time Evolution for the Formation of EtsP-CHs with CHsl and 2a-PEts at 25 °C

Fl
7 |
Y Ul A

éHg il ) ¥

11 F11000
| [} 1 !
| !
| ¥

{7000
.| "
| 16000

t S000

|
|
i
|

| 4000
| 3000
2000
1000
o

1000

185 180 L75 17 165 160 155 150 145 140 135 130 125 120 L15 L10 105 100 095 090 085 030
¢

To drive the reaction to completion, it was heated to 90 °C for 24 h. This resulted in an
increased yield of 95% for the phosphonium salt, EtsP-CHs". There was also a small increase in
the yield of 5a-Me to 6% at this higher temperature.

Scheme 2.11 Reaction of Equimolar Ratio of CHsl with 2a-PEts in MeCN-ds at 90 °C
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We next sought to probe the reactivity of 2a-MeCN with CHsl. Thus, the reaction was
repeated with an excess (3 equiv) of CHzl at 90 °C for 24 h. This only led to a small increase in
the yield of 5a-Me (to 10%). This result implies that the acetonitrile bound complex 2a-MeCN is
drastically less reactive with CHsl compared to 2a-PEts, at least under these conditions. All
attempts to isolate 2a-MeCN failed, likely due to the lability of the acetonitrile ligand. However,
the EtsP—CHs"* product was isolated from this reaction mixture and confirmed by comparison with

separately synthesized authentic product.
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Scheme 2.12 Proposed Mechanism of PEts Dissociation and Capture with CHzl
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As discussed above, Klein successfully isolated a PMes-ligated Ni'V species using CHsl as
the oxidant and did not observe the formation of MesP—-CHs". Based on this, we believe that
formation of EtsP-CHs" from 2a-PEts is not likely to occur via a high valent Ni-intermediate nor
via electrophilic cleavage of Ni—PEtz bond by CHsl. Instead, the most likely mechanism involves
PEts ligand dissociation followed by an Sn2 reaction between free PEts and CHal. Although no
free PEt; ligand was observed via *H or 3'P NMR spectroscopy we have seen fast ligand exchange
in related systems, suggesting that free phosphine is accessible under these conditions. Future
studies should focus on changing solvent polarity and nucleophilicity to test the viability of this

proposed mechanism.

2.3 Conclusions

Although C—H activation routes were largely unsuccessful, a decarbonylative strategy led
to the isolation of both the C(sp®) and C(sp?) Ni" complexes on the aminoquinoline pincer.
Electrochemical experiments implicated Ag' and ferrocenium salts as viable oxidants for the
formation of a Ni''' complex. Although a transient Ni'"' species was detected by EPR spectroscopy
with both of these oxidants, this putative intermediate underwent facile C(sp)—P bond-forming
reductive elimination. Similar reactivity was also observed using O2 as the oxidant. In contrast,
with iodine, C(sp®-I coupling was observed, and no Ni"' signals were detected by EPR
spectroscopy. Overall, these observations stand in contrast to Hillhouse’s report showing that I,

0., and FcBF; all afford the same product when used to oxidize related Ni'' metallacycles. Instead,
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the PEts-ligated aminoquinoline pincer complexes show divergent reactivity with alkyl ligand-
based electrophilic reactivity with I, versus likely metal-centered oxidation and subsequent P—C
coupling with ferrocenium or Oo.

Reactions of 2a-PEts with CHzsl as the oxidant showed exclusive formation of EtsP—Me*
as the product, demonstrating a third reactivity mode for this system. This reaction could proceed
via (i) an electrophilic Ni—P bond cleavage, (ii) a transient (undetectable) high-valent species, or
(iii) rapid methylation of dissociated PEts ligand. We believe that the final mechanism is most
likely, owing to observed immediate methylation of PEtz on treatment with stoichiometric amount
of CHsl in MeCN-ds at 25 °C, in quantitative yield. Further, experiments will need to be performed
to test this mechanistic proposal by varying the polarity of the solvent, which is likely to impact
the PEts dissociation step.

Although rapid methylation of the PEts ligated complex was observed at 25 °C, negligible
methylation of the tentatively assigned acetonitrile bound Ni'' species generated under these
conditions (2a-MeCN) was observed. All attempts to isolate 2a-MeCN were unsuccessful, but
this strikingly sluggish reactivity prompted us to consider other nitrogen-based supporting ligands
for stabilizing the nickelacycle. In Chapter 3 we move from PEts to picoline-ligated Ni'' complexes

in order to focus on reactivity of the s-alkyl ligand rather than the PEts.
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2.5 Experimental Procedures

2.5.1 General Procedures, Materials and Methods

General Procedures

NMR spectra were recorded on a Varian VNMRS 600 (600 MHz for *H and 151 MHz for 13C).
'H and *C NMR chemical shifts are reported in parts per million (ppm) and are referenced to the
solvent lock. *H NMR quantification was conducted using internal standards as mentioned in the
experimental procedures. Abbreviations used to report NMR peaks: singlet (s); doublet (d); triplet
(t); quartet (q); doublet of doublets (dd); triplet of doublets (td); doublet of triplets (dt); multiplet
(m). GC-FID data were collected on a Shimadzu 17A GC using a Restek Rtx®-5 (crossbond 5%
diphenyl-95% dimethyl polysiloxane; 15 m, 0.25 mm ID, 0.25 pum df) column. High-resolution
mass spectra were recorded on a Micromass AutoSpec Ultima Magnetic Sector mass spectrometer.
Cyclic voltammetry was performed using a CHI600C potentiostat from CH Instruments. EPR
spectra were collected at temperatures mentioned in the experimental procedures using a Bruker
EMX ESR Spectrometer with a nitrogen-cooled cryostat. Elemental analyses were performed by
Midwest Microlab located in Indianapolis. X-ray crystallographic data were obtained on a Rigaku
AFC10K Saturn 944+ CCD-based X-ray diffractometer. Chromatographic separations were
carried out on a Biotage Isolera One system using Sféar Silica HC D (High-capacity Duo 20 pum)
columns (10 g, 25 g, or 50 g cartridges depending on the scale of isolations), as mentioned in the
synthetic procedures.

Acronyms: Dichloromethane (DCM), Tetrahydrofuran (THF), Water in NMR solvent (HDO),
Tetramethylsilane (TMS), Nitromethane (CH3NO>), residual moisture in solvent (HDO).

Note: All *H NMR spectra of nickel complexes and their reactivity studies with iodine (I2) were

recorded on a 600 MHz Varian Vnmrs instrument with a 100% lock efficiency and a relaxation
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delay of 25 s at 25 °C. These specifications are crucial for proper quantification and analysis

uncommonly high T1 relaxation times have been noted for these nickel complexes.

Materials and Methods

All commercial reagents were used as received without further purification unless otherwise noted.
[Ni(PEt3)s] was prepared via literature procedures.l Bis(1,5-cyclooctadiene)nickel(0)
(INi(COD)2]) was purchased from Strem Chemical, 2,2-dimethylsuccinic anhydride and 8-
aminoquinoline from Ark Pharm. Tetramethylammonium acetate (NMesOAc) from TCI America.
Nickel(1l) acetate (Ni(OAc)2), nickel(ll) trifluoromethanesulfonate 96% (Ni(OTf)2), silver(l)
carbonate (Ag2CO:s), triethylphosphine (PEts), triethylamine (EtsN) and acetonitrile (electronic
grade) were purchased from Millipore-Sigma or Aldrich. All deuterated solvents were obtained
from Cambridge Isotope Laboratories and deaerated via a nitrogen sparge prior to storage over
activated 4 A molecular sieves (EMD Millipore). Anhydrous N,N-dimethylformamide and acetone
were purchased from Acros Organics in AcroSeal® bottles. Anhydrous benzene was purchased
from Alfa Aesar and ethanol from VMR international. Pentane (Fisher), diethyl ether (Millipore-
Sigma), tetrahydrofuran (Fisher), and toluene (Fisher) were deaerated via a nitrogen sparge and
further purified using a solvent purification system for usage inside the glovebox. Sodium
carbonate, potassium carbonate, sodium sulfate, hexanes, diethyl ether, ethyl acetate,
dichloromethane, sulfuric acid (Certified ACS Plus) and glacial acetic acid were purchased from
Fisher. Celite was purchased from Aqua Solutions and was dried under vacuum at 150 °C for 24
h for usage inside the glovebox. All glassware used in the glovebox was dried in an oven at 150
°C for at least 6 h and cooled under an inert atmosphere. All experiments and synthetic procedures

were setup inside a nitrogen-filled glovebox unless otherwise mentioned.
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2.5.2 Synthesis and Characterization of Organic Molecules

All synthesis in this subsection was performed outside the glovebox unless otherwise mentioned.
All modified reaction procedures and confirmation of characterization data were referenced

against previous literature reports as cited.

X (@] =

N
| N/ + @CI EtsN (1.2 equiv) - HN (0]
NH, DCM

0° tort,18h

1b-H

1b-H: Benzoyl chloride (0.65 mL, 6 mmol, 1.2 equiv) and then triethylamine (0.9 mL, 6 mmol,
1.2 equiv) were added dropwise to a solution of 8-aminoquinoline (0.72 g, 5 mmol, 1.0 equiv)
dissolved in DCM (10 mL) cooled in an ice bath. The reaction was slowly warmed up to room
temperature and then stirred overnight for 18 h. The reaction was quenched with water (30 mL)
and extracted with DCM (3 x 20 mL). The organic extracts were combined, dried over anhydrous
sodium sulfate, and concentrated under vacuum. The crude product was purified by
chromatography using a Sfar Silica HC D (High-capacity Duo 20 um) 50 g cartridge on a Biotage
Isolera One system (hexanes : DCM, gradient from 80:20 to 10:90). This afforded compound 1b-
H as a white solid (1.10 g, 89% yield) or 1a-Cl as a white solid (1.32 g, 94% yield). The *H NMR

spectra of the products matched those reported in the literature.*®

| X
X ') N/
/ .
N + \~)J\C| Et3N (1 2 eC]UIV) - HN (0]
NH, DCM 1
0°Ctort,18h 1a-H
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la-H: Trimethylacetyl chloride (0.75 mL, 6 mmol, 1.2 equiv) and then triethylamine (0.9 mL, 6
mmol, 1.2 equiv) were added dropwise to a solution of 8-aminoquinoline (0.72 g, 5 mmol, 1.0
equiv) in DCM (10 mL) cooled in an ice bath. The reaction was stirred overnight for 18 h at room
temperature. The reaction was quenched with water (30 mL) and extracted with DCM (3 x 20 mL).
The organic extracts were combined, dried over anhydrous sodium sulfate, and concentrated under
vacuum. The crude product was purified by chromatography using a Sféar Silica HC D (High-
capacity Duo 20 um) 50 g cartridge on a Biotage Isolera One system (hexanes : DCM, gradient
from 80:20 to 10:90). This afforded compound la-H as a pale-yellow oil (0.95 g, 83% yield) or
1a-Cl as a white solid (0.95 g, 73% yield). The *H NMR spectra of the products matched those

reported in the literature.6,7

e} @)
e 0 + HoN AOCOH > N
N/_\ 120 °C, 12 h NT N
0 O
1a’

1a’:8-Aminoquinoline (1.44 g, 10 mmol, 1 equiv) and 2,2-dimethylsuccinic anhydride (1.54 g, 12
mmol, 1.2 equiv) were weighed into a 20 mL vial equipped with an oven-dried magnetic stir-bar.
Glacial acetic acid (10 mL) was added to the vial, which was then sealed with a Teflon-lined screw
cap. The reaction mixture was stirred and heated at 120 °C for 12 h. The reaction mixture slowly
change color from yellow to brown. The reaction was then allowed to cool down to room
temperature, diluted with DCM (30 mL), and neutralized with a saturated aqueous solution of
sodium carbonate. The organic layer was collected, and the aqueous layer was washed with DCM
(2 x 15 mL). The organic extracts were combined, dried over anhydrous sodium sulfate, and
concentrated under vacuum to afford a yellow solid. The crude mixture was purified by
chromatography using a Sfar Silica HC D (High-capacity Duo 20 um) 50 g cartridge on a Biotage
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Isolera One system (hexanes : ethyl acetate, gradient from 95:5 to 80:20). This afforded compound
1a’as a grey solid (2.31 g, 91% yield). The *H NMR spectrum of the product matched that reported

in the literature.®

)

0]

5 . H,N / AcOH ©E:§N
N_\ 120°C, 12 h 8

O (0]

1b’

1b’: 8-Aminoquinoline (1.44 g, 10 mmol, 1 equiv) and phthalic anhydride (1.63 g, 11 mmol, 1.1
equiv) were weighed into a 20 mL vial equipped with an oven-dried magnetic stir-bar. Glacial
acetic acid (10 mL) was added to the vial, which was then sealed with a Teflon-lined screw cap.
The reaction mixture was heated at 120 °C for 12 h. The reaction mixture slowly changed color
from pale yellow to dark yellow. The reaction was then allowed to cool to room temperature,
diluted with DCM (30 mL), and neutralized with a saturated aqueous solution of sodium carbonate.
The organic layer was collected, and the aqueous layer was washed with DCM (2 x 15 mL). The
organic extracts were combined, dried over anhydrous sodium sulfate, and concentrated under
vacuum to afford a yellow solid. The crude mixture was purified by chromatography using a Sfar
Silica HC D (High-capacity Duo 20 um) 50 g cartridge on a Biotage Isolera One system (hexanes
. ethyl acetate, gradient from 95:5 to 80:20). This afforded compound 1b’ as a white solid (2.33 g,

85% yield). The *H NMR spectrum of the product matched that reported in the literature.?

| A O | X
N + Et;N (E: (.:2Mequiv)= N )
NH, HN_ >
O0° tort,6h
5a-Me O
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5a-Me: 2,2-dimethylbutanoyl chloride (0.83 mL, 6 mmol, 1.2 equiv) and then triethylamine (0.9
mL, 6 mmol, 1.2 equiv) were added dropwise to a solution of 8-aminoquinoline (0.72 g, 5 mmol,
1.0 equiv) in DCM (10 mL) cooled in an ice bath. The reaction was stirred overnight for 18 h at
room temperature. The reaction was quenched with water (30 mL) and extracted with DCM (3 x
20 mL). The organic extracts were combined, dried over anhydrous sodium sulfate, and
concentrated under vacuum. The crude product was purified by chromatography using a Sfar Silica
HC D (High-capacity Duo 20 um) 50 g cartridge on a Biotage Isolera One system (hexanes : DCM,
gradient from 80:20 to 10:90). This afforded compound 5a-Me as a pale-yellow oil (1.03 g, 85%

yield). The *H NMR spectra of the products matched those reported in the literature.®’

©
( CHyl (1.1 equiv) (@ !

P i
MeCN-ds, 25 °C, 15 min CH,

This synthesis was performed inside the glovebox as triethylphosphine is a volatile pyrophoric

substance.

Triethylphosphine (5.9 mg, 5.0 mmol 1.0 equiv) was weighed out in a 4 mL vial and to it MeCN-
ds (2.5 mL) was added. To the above mixture a 0.5 mL aliquot from a stock solution of MeCN-d3
(1 mL) containing methyl iodide (17 mg, 12.0 mmol) was added. An aliquot (0.6 mL) from the
above reaction mixture was transferred to an NMR tube and was characterized by H and 3'P NMR
spectroscopy. Some of the 'H NMR peaks were noted to shift significantly with respect to

concentration hence, proper caution was taken for characterization of product.
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2.5.3 Attempted C—H Activation Routes to Isolate Nickelacycle

N : 0O

Ni(OAc), Q—<N

HN (@) > A
MeCN MeCN/N'\N§ + 2 HOAc

1b-H 2b-MeCN

nickelacycle

1b-H (9.9 mg, 0.04 mmol, 1 equiv), nickel(ll) acetate (7.1 mg, 0.04 mmol, 1 equiv) were weighed

into a 4 mL vial. MeCN-ds (0.6 mL) was added, and the resulting mixture was transferred to a J.
Young NMR tube. (Note: the reaction mixture was not homogeneous). The reaction in the J. Young
NMR tube was heated in an oil bath and monitored over time by 1H NMR up to 30 h at 110 °C
during which no significant color change was noted. Analysis by *H NMR spectroscopy only

showed signals consistent starting material as shown below.

rickelacyde_CD3CN_1H
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| = . )
N NiX, Q—<N
l i
HN._ _O solvent, temp, time solvent/N'\N§ +* 2HX
—

H
1b-H

1b-H (9.9 mg, 0.04 mmol, 1 equiv), nickel(ll) acetate (7.1 mg, 0.04 mmol, 1 equiv) or nickel(ll)
acetyl acetonate (10.3 mg, 0.04 mmol, 1 equiv) were weighed into a 4 mL vial. Solvent (0.6 mL)
was added, and the resulting mixture was transferred to a Teflon-lined screw cap NMR tube. (Note:
In general, the reaction mixtures were not homogeneous) The reaction in the NMR tubes were
heated in an oil bath and monitored over time by *H NMR up to 30 h at 110 °C during which no
significant color change was noted for most. Analysis by *H NMR spectroscopy only showed
signals consistent with starting material with occasional paramagnetic broadening in some case as

shown below.
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Z @)
N Q_<
Ni
HN 0 I(OAC)z, NMe4OA§ _"/N + 2 HOA
—Ni'_ c
DMSO-dg, 12 h L NZ

1b-H 2b-L
yield: 12% (brsm)

1b-H (9.9 mg, 0.04 mmol, 1 equiv), nickel(ll) acetate (7.1 mg, 0.04 mmol, 1 equiv), and
tetramethylammonium acetate (5.33 mg, 0.04 mmol, 1 equiv) were weighed into a 4 mL vial.
DMSO-de (0.6 mL) was added, and the resulting mixture was transferred to a J. Young NMR tube.
(Note: the reaction mixture was not homogeneous). The reaction in the J. Young NMR tube was
heated in an oil bath and monitored over time. The reaction was heated for 12 h at 160 °C during
which it changed color from light yellow to orange. Analysis by *H NMR spectroscopy showed
signals consistent with the formation of 2a in 12% vyield with 88% starting material remaining
(yields calculated based on integration of the remaining starting material 1b-H). However,

numerous attempts to isolate clean Ni'' product(s) from this mixture proved unsuccessful.

(@) *H NMR spectrum following the attempted synthesis of 2b-Lvia C—H activation (eq. 3 in
manuscript). (b) Expanded aromatic region of the 'H NMR spectrum from (a). Integrated
resonances correspond to resonances assigned to 2b-L . (¢) Stacked *H NMR spectra from reaction

in eq. 3 (top) and *H NMR spectrum of isolated 2b-L in DMSO-ds (bottom)
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C-H activation route from 1a-H_Eq 2
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- _ 5
N N2 > ‘”}—%N
HN 0 solvent, tgmp, time L/Ni"\ N?
1a'H \K 2a'L ~ !
0y,

-2 HX

la-H (9.9 mg, 0.04 mmol, 1 equiv), nickel(ll) acetate (7.1 mg, 0.04 mmol, 1 equiv) or nickel(Il)
acetyl acetonate (10.3 mg, 0.04 mmol, 1 equiv) or Ni(ll) trifluoromethanesulfonate (10.3 mg, 0.04
mmol, 1 equiv) were weighed into a 4 mL vial. Solvent (0.6 mL) was added, and the resulting
mixture was transferred to a Teflon-lined screw cap NMR tube. (Note: In general, the reaction
mixtures were not homogeneous) The reaction in the NMR tubes were heated in an oil bath and
monitored over time by *H NMR up to 30 h at 110 °C during which no significant color change
was noted for most. Analysis by *H NMR spectroscopy only showed signals consistent with

starting material with occasional paramagnetic broadening in some case as shown below.
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2.5.4 Synthesis and Characterization of Nickel Complexes

PEt,

. Et,0 i9,
Ni(COD), + 4 PEt, 2 > //N\WPEQ

_350 T EtyP
35°C, 18 h 3 PEL,
—CcoD

Triethylphosphine (5.00 g, 42 mmol, 4 equiv) in diethyl ether (10 mL) was added dropwise to a
stirring suspension of bis(1,5-cyclooctadiene)nickel(0) (2.90 g, 10.5 mmol, 1 equiv) in diethyl
ether (10 mL) in a 20 mL vial, at room temperature. The solution changed color from a yellow
suspension to an intermediate dark orange and then to a final homogeneous dark purple solution
with the complete addition of the triethylphosphine in 2—3 mins. The vial was sealed with a Teflon-
lined cap and left inside the glove box freezer at —35 °C for 18 h. Then the vial was brought out
of the freezer and the pale-yellow liquid was decanted out with the help of a glass pipette. The
resulting residue was twice washed with pre-cooled (—35 °C) pentane (5 mL) and filtrate was
decanted off again. The crystalline white solid was dried on a vacuum line from inside the
glovebox to remove trace solvent. This afforded Ni°(PEts)s as a crystalline white solid (3.80 g,

68% yield). The *H and 3P NMR spectra of the product matched that reported in the literature.?

Notes:

1. A further ~5% increase in yield of the reaction could be ascertained with prolonged (36 h)
duration of slow crystallization of white solid from the filtrate after the first decantation
step at —35 °C.

2. Triethylphosphine is a pyrophoric reagent and was handled with proper care only inside

the glovebox.
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3. All solid waste containers were carefully handled while transferring to outside the
glovebox. Depending on the scale of the reaction, trace liquids inside the vacuum trap or

on the vials, glass pipettes and used kimwipes often started smoking in contact with air.

0
<
Y N Ni®(PEts), _
' —NI
| N”_>  benzene, 100°C 16 h EtsP \N:< ;
1a’

- CO. PEL 2a-PEt
- 3

2a-PEts: 3,3-Dimethyl-1-(quinolin-8-yl)pyrrolidine-2,5-dione (1a') (508 mg, 2 mmol, 1 equiv)
and [Ni(PEts)4] (2.125 g, 4 mmol, 2 equiv) were weighed into a 20 mL vial. Anhydrous benzene
(15 mL) was added, and the resulting mixture was stirred vigorously. Over the course of 30 min,
1a’ dissolved, and the solution changed color from purple to dark red-brown. The reaction mixture
was transferred to a 50 mL Schlenk tube, and the reaction vial was washed with an additional 10
mL of anhydrous benzene. The Schlenk tube was sealed and then heated in an oil bath at 100 °C
for 16 h. The reaction turned dark brown-black. The Schlenk tube was brought into a glovebox,
the reaction mixture was transferred to a 100 mL round bottom flask, and the Schlenk tube was
washed with THF (10 mL). The solvent was then removed under vacuum to afford a brown-black
residue. The residue was washed with pentane (2 x 15 mL) and diethyl ether (2 x 5 mL), and the
liquid extracts (which contained a fine black solid) were discarded. The residue was next dissolved
in THF (15 mL), and a 5:2 mixture of pentane: diethyl ether (35 mL) was added to precipitate a
dark red-orange powder. Next this residue was dissolved in THF (15 mL), and the product was
precipitated with pentane (30 mL) (two times). The product 2a-PEts was obtained as an ochre-

yellow powder (702 mg, 87% yield).
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'H NMR (600 MHz, Acetone-de) & 9.07-8.88 (m, 1H), 8.59 (d, J = 4.8 Hz, 1H), 8.38 (d, J = 8.2
Hz, 1H), 7.59-7.39 (m, 2H), 7.29 (d, J = 7.9 Hz, 1H), 1.82 (p, J = 7.6 Hz, 3H), 1.29 (dt, J = 15.4,
7.7 Hz, 5H), 1.14 (s, 2H), 0.85 (d, J = 9.2 Hz, 1H).

3P NMR (243 MHz, Acetone-ds) & 20.19.

13C NMR (151 MHz, Acetone-de)  191.03, 150.57 (d, J = 1.5 Hz), 149.14, 146.44 (d, J = 3.8 Hz),
138.76, 130.28, 129.83, 122.42, 119.05, 117.67, 49.28 (d, J = 3.0 Hz), 30.95, 25.91 (d, J = 24.2

Hz), 16.03 (d, J = 24.8 Hz), 9.05.

Elemental analysis: calculated for C22H17NsNiO, C: 59.59, H: 7.25, N: 6.95; Found: C: 60.21, H:

7.39, N: 7.58

HRMS-electrospray (m/z): [M*] calcd. for C20H29N2NiOP, 402.1371; found, 403.1528 [M+H]
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2b-PEts: 2-(Quinolin-8-yl)isoindoline-1,3-dione (1b") (548 mg, 2 mmol, 1 equiv) and Ni(PEts)s
(2.125 g, 4 mmol, 2 equiv) were weighed into a 20 mL vial. Anhydrous benzene (15 mL) was
added, and the resulting mixture was stirred vigorously. Over the course of 30 min, 1b’ dissolved,
and the solution changed color from purple to dark red-brown. The reaction mixture was
transferred to a 50 mL Schlenk tube, and the reaction vial was washed with an additional 10 mL
of anhydrous benzene. The Schlenk tube was sealed and then heated in an oil bath at 100 °C for
16 h. The reaction turned dark brown-black. The Schlenk tube was brought into a glovebox, the
reaction mixture was transferred to a 100 mL round bottom flask, and the Schlenk tube was washed
with THF (10 mL). The solvent was then removed under vacuum to afford a brown-black residue.
The residue was washed with pentane (2 x 15 mL) and diethyl ether (2 x 5 mL), and the liquid
extracts (which contained a fine black solid) were discarded. The residue was next dissolved in
THF (15 mL), and a 5:2 mixture of pentane: diethyl ether (35 mL) was added to precipitate a dark
red-orange powder. This procedure was repeated three times, first dissolving in acetone (10 mL)
and precipitating with a 5:2 mixture of pentane: diethyl ether (15 mL) and next dissolving in THF
(15 mL) and precipitating with pentane (30 mL) (two times). The product 2b-PEts was obtained

as an ochre-yellow powder (736 mg, 87% vyield).

IH NMR (700 MHz, Benzene-ds) & 9.95 (d, J = 7.8 Hz, 1H), 8.32 (d, J = 7.7 Hz, 1H), 7.76 (d, J =

5.0 Hz, 1H), 7.55 (t, J = 8.1 Hz, 1H), 7.50 (d, J = 8.3 Hz, 1H), 7.16 (t, J = 7.3 Hz, 1H), 7.03 (t, J
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= 7.6 Hz, 1H), 6.92 (d, J = 8.1 Hz, 1H), 6.74 (d, J = 7.7 Hz, 1H), 6.59 (t, J = 6.7 Hz, 1H), 1.54 (q,
J=8.2 Hz, 6H), 1.14 (dt, J = 13.6, 7.6 Hz, 9H).

3P NMR (283 MHz, Benzene-ds) 5 15.31.

13C NMR (176 MHz, Benzene-ds) & 204.78 (d, J = 5.9 Hz), 175.19, 149.82, 149.04, 148.94,
147.99, 146.97, 137.19, 135.44, 131.18, 130.09, 128.82, 123.35, 120.42, 119.31, 114.86, 23.57 —

21.96 (m), 8.43.

HRMS-electrospray (m/z): [M*] calcd. for C22H2sN2NiOP, 422.1058; found, 422.1066 [M+H]
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2.5.5 Reactivity of Nickel Complexes

@
e} Et;;PM
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_

2a-PEt; 5a-P

Complex 2a-PEts (4.0 mg, 10 umol, 1 equiv) was weighed into a 4 mL glass vial and dissolved in
MeCN-ds (0.5 mL) containing tetramethylsilane (0.9 mg, 10 pumol) as an internal standard. The
sample was transferred an NMR tube that was sealed with a Teflon septa-lined screw cap. Traces
of undissolved 2a-PEts was noted in the vial; to correct for any changes in concentration as a
result, an NMR spectrum was recorded at this stage, and the ratio of 2a-PEts : tetramethylsilane
standard was quantified. The NMR tube was transferred back into the glovebox, and ferrocenium
tetrafluoborate (3.0 mg, 11.0 umol, 1.1 equiv) was added. This addition resulted in an immediate
color change from orangish-yellow to dark green. An EPR spectrum of the above reaction mixture
was recorded at 100K in a PrCN glass by transferring an aliquot and diluting in PrCN. The color
faded over the course of the reaction. The yield of 5a-P was quantified by *H NMR spectroscopy
to be 70% after 24 min as determined by relative integration values as based on the internal
standard (TMS). Reaction was monitored by *H and 3P NMR spectroscopy, and these data as

shown .
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Time evolution of *H (doublet at § 2.55 ppm) and P (singlet at § 38.42 ppm) NMR spectra

show formation of product 5a-P on treatment of 2a-PEts with FCBF
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EPR spectrum of putative Ni'" (S = %) species formed during formation of product 5a-P on

treatment of 2a-PEtz with FcBF4
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Complex 2a-PEts (4.0 mg, 10 umol, 1 equiv) was weighed into a 4 mL glass vial and dissolved in
MeCN-ds (0.5 mL) containing tetramethylsilane (0.9 mg, 10 pumol) as an internal standard. The
sample was transferred an NMR tube that was sealed with a Teflon septa-lined screw cap. Traces
of undissolved 2a-PEts was noted in the vial; to correct for any changes in concentration as a
result, an NMR spectrum was recorded at this stage, and the ratio of 2a-PEts : tetramethylsilane
standard was quantified. The NMR screwcap was opened, and the NMR tube was left exposed to
air under ambient conditions inside a laboratory hood. The reaction slowly changed color from the
initial orange to a more brownish orange and finally to a yellowish-brown. The reaction was
monitored *H and 3P NMR spectroscopy as shown in. After 2 h, the complete disappearance of
NMR signals from the starting material was noted along with the formation of diamagnetic signals
attributed to 5a-P and some paramagnetic nickel species as characterized by broad *H NMR
signals. The yield of 5a-P was quantified by *H NMR spectroscopy to be 16% after 2 h as

determined by relative integration values as based on the internal standard (TMS).
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Time evolution of *H (doublet at § 2.50 ppm) and 3P (singlet at § 38.38 ppm) NMR spectra

show formation of product 5a-P on aerobic oxidation of 2a-PEts
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Complex 2a-PEts (4.0 mg, 10 umol, 1 equiv) was weighed into a 4 mL glass vial and dissolved in
MeCN-ds (0.5 mL) containing tetramethylsilane (0.9 mg, 10 pumol) as an internal standard. The
sample was transferred an NMR tube that was sealed with a Teflon septa-lined screw cap. Traces
of undissolved 2a-PEts was noted in the vial; to correct for any changes in concentration as a
result, an NMR spectrum was recorded at this stage, and the ratio of 2a-PEts : tetramethylsilane
standard was quantified. The NMR tube was transferred back into the glovebox, and I, (0.1 mL of
a 0.118 M stock solution in MeCN-ds, 11.8 pmol, 1.18 equiv) was added. This addition resulted
in an immediate color change from orangish-yellow to purplish-red. The NMR tube was
vigorously shaken to ensure immediate and thorough mixing and was then removed from the
glovebox and analyzed by *H NMR spectroscopy.

The yield of 5a-1 was quantified by *H NMR spectroscopy to be 70% (singlet at 3.62 ppm) after
24 min as determined by relative integration values as based on the internal standard (TMS). NMR

data are shown below.
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'H NMR (singlet at § 3.62 ppm) show formation of 5a-1 on treatment of 2a-PEtz with I, and no

signals were observed in the 3P NMR
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Complex 2a-PEts (4.0 mg, 10 umol, 1 equiv) was weighed into a 4 mL glass vial and dissolved in
MeCN-ds (0.5 mL) containing tetramethylsilane (0.9 mg, 10 pumol) as an internal standard. The
sample was transferred an NMR tube that was sealed with a Teflon septa-lined screw cap. Traces
of undissolved 2a-PEts was noted in the vial; to correct for any changes in concentration as a
result, an NMR spectrum was recorded at this stage, and the ratio of 2a-PEts : tetramethylsilane
standard was quantified. The NMR tube was transferred back into the glovebox, and CHzl (0.1 mL
of a0.118 M stock solution in MeCN-dz, 11.8 pmol, 1.18 equiv) was added. This addition resulted
in an immediate color change from orangish-yellow to pale-yellow. The NMR tube was then
removed from the glovebox formation of 5a-Me was tracked and analyzed by 'H NMR

spectroscopy.
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'H NMR spectrum of isolated Ets—CHs" from above reaction
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2.5.6 X-Ray Crystallography Data

X-Ray Crystallographic Data of 2a-PEts

}_JS
WY
N
."/
=

Orange prisms of 2a-PEts were grown from a tetrahydrofuran/pentane solution of the compound

at 22 deg. C. A crystal of dimensions 0.16 x 0.09 x 0.05 mm was mounted on a Rigaku AFC10K
Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device and
Micromax-007HF Cu-target micro-focus rotating anode (I = 1.54187 A) operated at 1.2 KW power
(40 kV, 30 mA). The X-ray intensities were measured at 225(1) K with the detector placed at a
distance 42.00 mm from the crystal. A total of 2028 images were collected with an oscillation
width of 1.0° in w. The exposure times were 1 sec. for the low angle images, 3 sec. for high angle.
Rigaku d*trek images were exported to CrysAlisPro for processing and corrected for absorption.
The integration of the data yielded a total of 30563 reflections to a maximum 2q value of 138.81°
of which 3806 were independent and 3761 were greater than 2s(1). The final cell constants (Table
1) were based on the xyz centroids 22853 reflections above 10s(l). Analysis of the data showed
negligible decay during data collection. The structure was solved and refined with the Bruker
SHELXTL (version 2016/6) software package, using the space group Pna2(1) with Z = 4 for the
formula C20H29N20OPNi. All non-hydrogen atoms were refined anisotropically with the
hydrogen atoms placed in idealized positions. Full matrix least-squares refinement based on F2
converged at R1 = 0.0401 and wR2 = 0.1148 [based on | > 2sigma(l)], R1 = 0.0410 and wR2 =

0.1154 for all data. Additional details are presented in Table 1 and are given as Supporting
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Information in a CIF file. Acknowledgement is made for funding from NSF grant CHE-0840456

for X-ray instrumentation.

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open

Access).

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas,

9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015).

Table 2.2 Crystal Data and Structure Refinement for 2a-PEts

Empirical formula

C20H29N20 P Ni

Formula weight 403.13
Temperature 85(2) K
Wavelength 1.54184 A

Crystal system, space group

Orthorhombic, Pna2(1)

Unit cell dimensions

a=17.56881(9) A alpha=290°
b =9.67658(4) A beta=90°

€c=12.06282(6) A gamma = 90°

Volume

2050.752(18) A3

Z, Calculated density

4,1.306 Mg/m"3

Absorption coefficient 2.166 mm~-1
F(000) 856
Crystal size 0.160 x 0.090 x 0.050 mm
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Theta range for data collection

5.035° to 69.406°

Limiting indices

-18<=h<=20, -11<=k<=11, -14<=I<=14

Reflections collected / unique

30563 / 3806 [R(int) = 0.0239

Completeness to theta = 67.684

99.8%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0. 86719

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3806/1/232

Goodness-of-fit on F*2

1.037

Final R indices [I1>2sigma(l)]

R1=0.0401, wR2 = 0.1148

R indices (all data)

R1=0.0410, wR2 = 0.1154

Absolute structure parameter

-0.013(9)

Extinction coefficient

0.0035(4)

Largest diff. peak and hole

0.620 and -0.452 e.A"-3
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Chapter 3 Synthesis, Reactivity and Catalytic Relevance of Picoline Ligated Ni'' Complexes

Note: This chapter is partly based on work published in Roy, P.; Bour, J. R.; Kampf, J. W.; Sanford,
M. S.* Catalytically Relevant Intermediates in the Ni-Catalyzed C(sp?)-H and C(sp®)-H
Functionalization of Aminoquinoline Substrates. J. Am. Chem. Soc. 2019, 141, 17382-17387 and
J. Am. Chem. Soc. 2021, 143, 14021.

3.1 Introduction

In 2004 Daugulis introduced the aminoquinoline pincer ligand as a directing group for the
palladium-catalyzed oxidative functionalization of unactivated C—H bonds.>? Subsequently, this
directing group has been used in a variety of C—H functionalization reactions catalyzed by other
transition metals to form both carbon—carbon and carbon—heteroatom bonds.® As one example,
nickel, a group congener of palladium, has recently been employed as a catalyst in aminoquinoline-
directed C—H functionalization reactions.* Mechanistically, these reactions are proposed to
proceed through the intermediacy of a cyclometalated Ni'' intermediate, 2-L. Subsequently, this
Ni'' intermediate undergoes oxidatively-induced C-C or C-heteroatom bond formation.
Depending on the oxidant, reactive intermediates in varying oxidation states at the nickel center
have been proposed (Figure 3.1).

Figure 3.1 Ni-Catalyzed Oxidative Functionalization of C-H Bonds

[N'"] 2 ||/N OX|dant—
VL-H L/N' \N? TN

2-L
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When we initiated our studies, this cornerstone Ni'' species had not been isolated nor
spectroscopically observed under catalytic conditions, and its feasibility had only been supported
by kinetic isotope experiments and computational investigations. >~ In 2018, Love isolated a
model complex with connectivity analogous to that of the cyclometalated Ni''—alkyl species, by
swapping the amide unit with a urea core. Although no mechanistic model for oxidative
functionalization was proposed in this system, the feasibility of C(sp®)—C bond formation from 3a
was established using alkyl halides, aryl halides, and aryliodonium salts (Figure 3.2).2

Figure 3.2 C(sp®)-C Bond Formation with Carbon Electrophiles by Love®
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The previous chapter detailed the isolation of a triethylphosphine-ligated cyclometalated
Ni'" complex (2a-PEts) via a decarbonylation reaction. In pursuit of high-valent nickel analogues,
oxidative functionalization studies were conducted at 2a-PEts. However, these predominantly
showed PEts-based reactivity (Figure 3.3). Although mechanistically novel, the observed P-C
coupling reactions precluded (i) probing the catalytic relevance of this complex as well as (ii) the

isolation of high valent nickel complexes.
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Figure 3.3 C(sp®)-P Coupling with One-electron Oxidants via Putative Ni'"' Intermediate
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Previously isolated high-valent nickel complexes have contained nitrogen-based ligands
like pyridines, which are generally inert towards C-N coupling reactions.>'® Thus, we
hypothesized that swapping PEts for a pyridine ligand would potentially enable to detection and/or
isolation of high valent Ni intermediates upon the oxidation of 2. Ligand exchange studies showed
that the PEts ligand could be swapped with 4-picoline in acetone, and subsequent oxidative studies
were performed with the 4-picoline complex (Figure 3.4).

Figure 3.4 Proposal for C-X Coupling from Nitrogen Ligated Ni'' Complex
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As detailed below, the oxidation studies showed a striking difference in reactivity between
the picoline and phosphine complexes for both the c-alkyl and c-aryl nickelacycles. Oxidation
studies of the s-alkyl analogue 2a-pic with I, revealed exclusive C(sp®)-N bond formation to form
a Slactam product, in accord with Chatani’s catalytic report for this bond forming reaction.!
Interestingly, in the same report Chatani also reported a C(sp?)—I bond-forming reaction, which
was similarly observed with our c-aryl nickelacycle 2b-pic. The catalytic relevance of these

complexes was established in the respective C(sp®)-N and C(sp?)-I coupling reactions. Finally,

the reaction of 2a-pic with CHsl showed the formation of the organic product 5a-Me at 90 °C in
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24 h, consistent with reactivity of the Ni'"-C bond. Overall, these results indicate that ligand
exchange of triethylphosphine with picoline suppresses is effective for promoting oxidatively

induced C—X coupling from these Ni'' complexes.
3.2 Results and Discussion

3.2.1 Synthesis of Ni''—picoline Complexes

Our initial attempts to study ligand exchange of PEts for pyridine used 1 equiv of complex
2a-PEts and 1 equiv of pyridine in MeCN-ds at 25 °C. We noted the rapid formation of a new
species (after 15 min at 25 °C) via *H NMR spectroscopy; however, detailed analysis of the
spectrum was difficult owing to overlapping signals. Similar issues were encountered with
substituted pyridines such as 4-picoline. In order to obtain higher resolution NMR spectra,
pyridine-ds was next selected as the ligand. The addition of 1 equiv of pyridine-ds to a solution of
complex 2a-PEts in MeCN-d3; showed the formation of a new diamagnetic species by *H NMR
spectroscopy after 15 min at 25 °C. Notably, a new singlet at 0.95 ppm was observed in the alkyl
region of the *H NMR spectrum, with a concomitant decrease in intensity of the diagnostic doublet
at 0.85 ppm. This new signal was tentatively assigned as the hydrogens associated with the Ni-o-

alkyl group (Figure 3.5).
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Figure 3.5 Reaction of 2-PEts with 1 equiv of Pyridine-ds in MeCN-ds (*H NMR spectra)
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Although this result was promising, an equilibrium mixture of the two complexes was
always observed, even upon the addition of an excess of pyridine-ds. As such, isolation of the
pyridine-ds complex proved to be low yielding, owing to the requirement for repeated
recrystallizations. Recently, Zargarian reported that ligand substitution on Ni'' pincer complexes
in MeCN tends to be complicated by the nucleophilicity of the solvent.'? This report also noted
that several other solvents (e.g., THF and DCM) are also problematic for such ligand exchange
reactions because of low dielectric constants. To address these issues, acetone was chosen as the
solvent, because it is less nucleophilic and more volatile than MeCN but has a comparable
dielectric constant.

Ligand exchange studies in acetone showed that the use of 4-picoline instead of pyridine-
ds led to higher conversion. However, the yield remained moderate owing to incomplete
conversion. Ultimately, this was addressed by conducting the ligand exchange with 4-picoline
under active vacuum to promote removal of the volatile phosphine ligand and thus drive the

reaction to completion (Scheme 3.1). This was feasible because the boiling point of PEts is 20 °C
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lower than that of 4-picoline. Throughout the reaction, additional acetone was added (3 x 10 mL),
and the mixture was placed under dynamic vacuum until full conversion was achieved.
Scheme 3.1 Synthesis of Picoline-ligated Ni"—C(sp®) Complex
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SN > SN
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2a-PEt; - PEt;3 2a-pic
removed under dynamic vacuum 93%

The picoline-ligated complex 2a-pic was isolated in 93% yield as a diamagnetic Ni'
species that was characterized by elemental analysis, NMR spectroscopy, and X-ray
crystallography. The X-ray crystal structure of 2a-pic shows a slightly distorted square planar
nickel center, consistent with other pincer Ni'' complexes. The structure of this complex is similar
to that of its palladium analogue except that the M—C and M—N bonds are ~0.1 A shorter than
those in the corresponding palladacycle.!

Scheme 3.2 Synthesis of Picoline-ligated Ni"-C(sp?) Complex
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An analogous ligand exchange procedure was also effective for the o-aryl nickelacycle 2b-
PEts (Scheme 3.2). The Ni'-picoline product 2b-pic was isolated and characterized by NMR
spectroscopy and X-ray crystallography. It is noteworthy that the isolation protocol for 2b-pic
required at least four sequential recrystallizations to obtain pure material. The X-ray crystal
structure of 2b-pic shows a slightly distorted square planar nickel center, consistent with other

pincer Ni'"' complexes, with analogous traits with 2a-pic and the Pd-analogs isolated by Chen and
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Maiti.*>14 Later, both the decarbonylation and ligand exchange steps were telescoped for isolation
of both the complexes (Scheme 3.3).

Scheme 3.3 Generalized Route to Picoline-ligated Ni"' Aminoquinoline Pincer Complexes

N Ni®(PEts),
Lot > /Nl"/ ?
o N
1 2-pic
- CO, PEt,

3.2.2 lodination Reactivity and Catalytic Relevance of a-alkyl Ni'' complex

The oxidation potentials of 2a-pic and 2b-pic were interrogated using cyclic voltammetry.
A small (~100 mV) positive shift in the Ni'"""" potentials was observed upon changing the PEts
ligand to 4-picoline. In general, higher reversibility of scans was noted based on the ratio of anodic
to cathodic peak current (Figure 3.6, 3.7). For instance, the ia/ic was 1.2 for 2a-pic compared to
2.0 for 2a-PEts at scan rates of 100 mVps. The observed potentials suggest that one-electron
oxidants like Ag' and ferrocenium salts should be capable of oxidizing 2a-pic and 2b-pic to form
Ni'! intermediates.

Figure 3.6 CV Data for 2a-pic
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Figure 3.7 CV Data for 2a-PEts
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Indeed, both 2a-pic and 2b-pic underwent facile one-electron oxidation to form the Ni'"
products 3a-s and 3b-s, respectively. In contrast to the PEts analogue, no coupling with the picoline
ligand (5-pic) was observed (Scheme 3.4). Instead, the Ni'"' pincer complexes of general structure
3-s were not isolated but characterized by EPR spectroscopy, as exemplified in Figure 3.8.

Figure 3.8 EPR Spectrum attributed to (S = %) Ni'"' species on Oxidation of 2a-pic with AgBF4
at 25 °C in MeCN-d3

g value

Attempts to isolate 3-s were unsuccessful, which was attributed to the lability of a solvent

molecule as the ligand. Hence, Ag'-mediated oxidation was carried out in the presence of various

68



added nitrogen-based supporting ligands. The isolation, characterization, reactivity studies and
catalytic relevance of these isolated Ni'"' complexes have been summarized in Chapter 4.

Scheme 3.4 One-electron Oxidation Exclusively Led to Ni'' Complexes

NO

TN O TN O 1728
D 4

T, e _ 4 ¢
S N | . > >N =74 HN
g Ag' or Fc Tl
/C/N/NI \N§ > / \N/Nl \N‘? //// - N‘?
= = 1e” oxidation = sc|> v = C-Ny. coupling =
2-pic 3-solv -[Ni] 5-pic

(isolated Ni" complexes)

The PEt; complex 2a-PEts showed very different results when oxidized with Ag' salts
(which led to C(sp®)-P coupling) as compared to with I, (which led to C(sp®)-I coupling). As such,
we aimed to conduct the same comparison with the picoline-ligated complex 2a-pic. The
stoichiometric reaction of the g-alkyl Ni' complex 2a-pic with I, in DMF-d7 solution at 25 °C
resulted in an immediate color change from orange to purple to yellow. Analysis of the crude
reaction mixture by *H NMR spectroscopy revealed that the Ni' starting material was completely
consumed within 90 min, with concomitant formation of the C(sp®)-N coupled S-lactam product
3a in 65% yield (Scheme 3.5). No intermediates were observed via *H NMR spectroscopy during
the transformation.

Scheme 3.5 C(sp®)-N Coupling from s-alkyl Ni'' complex with I, at 25 °C in DMF-d;

I\E? DMF- d7 N o
25 °C, 90 min 3):
2a-pic 5a-N{ % 65%

Chatani previously reported that an analogous f-lactam product, 5a-N, is formed in the
Ni(OTf).-catalyzed reaction of “'1a-H with I, (Scheme 3.6). This report proposed two possible

mechanisms for the generation of 5a-N.** The first involves C(sp®)-N bond-forming reductive
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elimination from a high valent Ni center. The second involves the generation of a C(sp®)-I bond
and subsequent intramolecular Sn2 cyclization to generate the S-lactam.

Scheme 3.6 Ni-catalyzed C(sp®)-H amidation by Chatani

Cl Cl

| N 10 mol % NiOTf, N
= 25 mol % Ag,CO; =
N | 2 equiv Na,CO- - N
2

+
HN. O DMF, 140 °C, 24 h N o
CHa-H Clsa.N /=

Overall, these results demonstrate that C(sp®)—N bond formation is fast at room temperature

and suggest that the functionalization step is unlikely to be turnover limiting during catalysis.
Furthermore, this 2a-pic closely resembles the putative nickel(Il) intermediate proposed in Ni-
catalyzed C(sp®)—H amidation reaction. Based on the reaction conditions reported by Chatani, the
fourth ligand during catalysis is likely triflate, carbonate, or solvent rather than picoline. To assess
whether 2a-pic can enter the catalytic cycle, we examined this complex as a catalyst for the C(sp%)—
H amidation reaction in Scheme 3.7 and Table 3.1.

Scheme 3.7 Catalytic Competence of g-alkyl Ni'' Complex

Cl

Cl
| A 10 mol % [Ni] | X | X
= 25 mol % Ag,CO3 = =
N . 2 equivNa,CO3 N + N

HN_ _O 2 o N N
. i DMF, 140 °C, 24 h o §/Eo
Ny 4 4
Cl4a-H Clsa.N />~ 5a-N /=

Indeed, use of 10 mol % of 2a-pic as catalyst for the reaction of '1a-H with I, resulted in

47% vyield of ©5a-N along with 7% of 5a-N (derived from the nickelacycle; Scheme 3.7). For

comparison, in our hands the analogous reaction with Ni(OTf); as catalyst afforded €'5a-N in 58%
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yield. These results demonstrate that the o-alkyl Ni'' complex 2a-pic is catalytically competent for
this transformation.

Table 3.1 Catalytic Competence of g-alkyl Ni'' Complex for Intramolecular C(sp®)-H Amidation

entry [Ni] Yield Yield
“5a-N 5a-N
1 Ni(OTf):2 58% -
2 2a-pic 47% 7%

3.2.3 lodination Reactivity and Catalytic Relevance of a-aryl Ni'' complex

The stoichiometric reaction of the g-aryl Ni'' complex 2b-pic with I2 in acetone-ds at 25
°C resulted in an immediate color change from orange to purple to yellow. Analysis of the crude
reaction mixture by *H NMR spectroscopy revealed that the complex was completely consumed
within 1 h, with concomitant formation of the C(sp?)-I coupling product 5b-1 in 20% yield. The
reaction was quenched with D»O to cleave the product from the nickel center, which led to a final
yield of 70% (Scheme 3.8). No intermediates were observed via *H NMR spectroscopy nor EPR
spectroscopy during this transformation.

Scheme 3.8 C(sp?)-I coupling from g-aryl Ni'' complex with I at 25 °C in acetone-ds

— @i;
O Z
N
/ \N/Ni”LN +ly ———— HN.__O
_ N( \ acetone-dg
. 25°C,1h |
2b- ’
. D,0 quench
70%
5b-I

Overall, these results demonstrate that C(sp?)—I bond formation is extremely fast at room
temperature and suggest that the functionalization step is unlikely to be turnover limiting during

catalysis. Furthermore, this complex closely resembles the putative nickelacycle intermediate

71



proposed in Chatani’s Ni-catalyzed C(sp?)-H iodination reaction. Based on the reaction
conditions, the fourth ligand during catalysis is likely triflate, carbonate, or solvent. To assess
whether this complex can enter the catalytic cycle, we examined 2b-pic as a catalyst for the C(sp?)—
H iodination reaction in Scheme 3.9.

Scheme 3.9 Catalytic Competence of g-aryl Ni'' Complex

Cl

[ | [
N/ 10 mol % [Ni] /
2 equiv Na2C03

HN o + 1 HN

toluene
H 120 °C, 24 h
C1b-H Cl5p.|

The use of 10 mol % of 2b-pic afforded 48% vyield of ©'5b-1 along with 0.6% of 5b-I

(derived from 2b-pic; Scheme 3.9). For comparison, in our hands the analogous reaction with
Ni(OTf), afforded ©'5b-1 in 47% yield. These results demonstrate that the o-aryl Ni'' complex is
catalytically competent for this transformation.

Table 3.2 Catalytic Competence of g-aryl Ni' Complex for Intramolecular C(sp?)—H lodination

entry [Ni] Yield Yield
I5b-1 5b-1
1 Ni(OTf) 48% —
2 2b-pic 47% 0.6%

3.2.4 Methylation of s-alkyl Ni'' complex

Scheme 3.10 Reaction of 2a-pic with 5 equiv of CHsl in MeCN-ds at 90 °C

} (O o)
N, CH3l (5 equiv) /l + HN

Ni > =
= N/ ~ = N
N | N\ ) MiCN-d:g ®[}] N@
2a-pic 90 ﬁi 24h CHs 5a-Me
-IN1l 95% 72+10%
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In attempts to isolate Ni'V' complexes, similar methylation studies with CHsl were
performed with 2a-pic as compared to 2a-PEts in Chapter 2. The reaction of 2a-pic with 5 equiv
of CHsl in MeCN-ds showed the formation of methylated 4-picoline, *MéPy—Me*, over 24 h at 90
°C. The methylated 4-picoline salt was characterized by 'H NMR spectroscopy based on a
diagnostic singlet at 4.44 ppm. Its identity was confirmed by comparing to an independently
isolated sample of this product. The pyridinium salt was formed in 95% yield after 24 h at 90 °C
along with the ligand-methylation product 5a-Me in 72+10% vyield'. Notably, the high yield of
this methylated product is in striking contrast to that observed with 2a-PEts in Chapter 2, where
5a-Me was observed in trace yield even with excess (5 equiv) of CHzl, under similar conditions.
This latter product is readily identified based on a characteristic triplet at 0.81 ppm (J = 7.5 Hz) in
the *H NMR spectrum, and its identity was confirmed by comparing to an independently isolated
sample of this product. Overall, this striking difference in reactivity between 2a-PEts and 2a-pic
is likely due to the nature of the supporting ligand. The mechanistic details of this reaction can be
a target of future mechanistic investigations.

Figure 3.9 'H NMR spectrum of reaction of 2a-pic with 5 equiv of CHsl in MeCN-ds at 90 °C
after 24 h
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! The yield of this reaction was quantified using the internal standard of the NMR instrument. Later, studies had
revealed high error bars in estimation of yield via this method as represented by the +10%, as had been noted for
similar reactions of 2a-pic and 2b-pic with .
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3.3 Conclusions

Overall, this chapter describes the synthesis of picoline-ligated Ni' complexes via ligand
exchange reactions. These Ni'" complexes react with I, at room temperature to afford C(sp®)-N
and C(sp?)—I coupled products. Furthermore, these complexes were also shown to be relevant to
catalytic C(sp?)—H and C(sp®)-H functionalization reactions with I, as the oxidant. These studies
suggest that direct electrophilic cleavage of the Ni''—C bond is plausible with I, or the intermediacy
of other high-valent intermediates. Since, these studies did not definitively rule out the reactivity
from higher valent Ni intermediates, the next chapter deals with the isolation and reactivity from
isolated Ni'' complexes. More broadly, this study opens the door for further detailed interrogations
of organometallic intermediates in Ni-catalyzed C—H functionalization reactions on a catalytically

relevant scaffold.
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3.5 Experimental Procedures

3.5.1 General Procedures, Materials and Methods

General Procedures

NMR spectra were recorded on a Varian VNMRS 600 (600 MHz for *H and 151 MHz for 13C).
'H and *C NMR chemical shifts are reported in parts per million (ppm) and are referenced to the
solvent lock. *H NMR quantification was conducted using internal standards as mentioned in the
experimental procedures. Abbreviations used to report NMR peaks: singlet (s); doublet (d); triplet
(t); quartet (q); doublet of doublets (dd); triplet of doublets (td); doublet of triplets (dt); multiplet
(m). GC-FID data were collected on a Shimadzu 17A GC using a Restek Rtx®-5 (crossbond 5%
diphenyl-95% dimethyl polysiloxane; 15 m, 0.25 mm ID, 0.25 pum df) column. High-resolution
mass spectra were recorded on a Micromass AutoSpec Ultima Magnetic Sector mass spectrometer.
Cyclic voltammetry was performed using a CHI600C potentiostat from CH Instruments. EPR
spectra were collected at temperatures mentioned in the experimental procedures using a Bruker
EMX ESR Spectrometer with a nitrogen-cooled cryostat. Elemental analyses were performed by
Midwest Microlab located in Indianapolis. X-ray crystallographic data were obtained on a Rigaku
AFC10K Saturn 944+ CCD-based X-ray diffractometer. Chromatographic separations were
carried out on a Biotage Isolera One system using Sfér Silica HC D (High-capacity Duo 20 pum)
columns (10 g, 25 g, or 50 g cartridges depending on the scale of isolations), as mentioned in the
synthetic procedures.

Acronyms: Dichloromethane (DCM), Tetrahydrofuran (THF), Water in NMR solvent (HDO),
Tetramethylsilane (TMS), Nitromethane (CH3NO>), residual moisture in solvent (HDO)

Note: All *H NMR spectra of nickel complexes and their reactivity studies with iodine (I2) were

recorded on a 600 MHz Varian Vnmrs instrument with a 100% lock efficiency and a relaxation
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delay of 25 s at 25 °C. These specifications are crucial for proper quantification and analysis as
we have noted high T1 relaxation times for the nickel complexes.

Materials and Methods

All commercial reagents were used as received without further purification unless otherwise noted.
[Ni(PEts)s] was prepared via literature procedures.l Bis(1,5-cyclooctadiene)nickel(0)
(INi(COD)2]) was purchased from Strem Chemical, 2,2-dimethylsuccinic anhydride and 8-
aminoquinoline from Ark Pharm. Tetramethylammonium acetate (TMAOAC) from TCI America.
Nickel(Il) acetate (Ni(OAc)2), nickel(ll) trifluoromethanesulfonate 96% (Ni(OTf),), silver(l)
carbonate (Ag>CQOz), triethylphosphine (PEts), triethylamine (EtsN) and acetonitrile (electronic
grade) were purchased from Millipore-Sigma or Aldrich. All deuterated solvents were obtained
from Cambridge Isotope Laboratories and deaerated via a nitrogen sparge prior to storage over
activated 4 A molecular sieves (EMD Millipore). Anhydrous N,N-dimethylformamide and acetone
were purchased from Acros Organics in AcroSeal® bottles. Anhydrous benzene was purchased
from Alfa Aesar and ethanol from VMR international. Pentane (Fisher), diethyl ether (Millipore-
Sigma), tetrahydrofuran (Fisher), and toluene (Fisher) were deaerated via a nitrogen sparge and
further purified using a solvent purification system for usage inside the glovebox. Sodium
carbonate, potassium carbonate, sodium sulfate, hexanes, diethyl ether, ethyl acetate,
dichloromethane, sulfuric acid (Certified ACS Plus) and glacial acetic acid were purchased from
Fisher. Celite was purchased from Aqua Solutions and was dried under vacuum at 150 °C for 24
h for usage inside the glovebox. All glassware used in the glovebox was dried in an oven at 150
°C for at least 6 h and cooled under an inert atmosphere. All experiments and synthetic procedures

were setup inside a nitrogen-filled glovebox unless otherwise mentioned.
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3.5.2 Synthesis and Characterization of Organic Molecules

All synthesis in this subsection was performed outside the glovebox. All modified reaction
procedures and confirmation of characterization data were referenced against previous literature
reports as cited.

X X X
0] X

B z | B
N7 + CI)KE( EtsN (1.2 equiv) N\ # KOH (2 equiv) o~y
NH, . DCM N A EtOH, 80 °C, 2 h \
0°Ctort, 6h 0
e

X = H: 5a-N
X = Cl: ¢'5a-N

5a-N and ©'5a-N: A 1 M solution of 3-chloro-2,2-dimethylpropionyl chloride in DCM (2.2 mL,
2.2 mmol, 1.1 equiv) was slowly added to a solution of 5-chloro-8-aminoquinoline (0.36 g, 2
mmol, 1.0 equiv) or 8-aminoquinoline (0.29 g, 2 mmol, 1.0 equiv) in DCM (10 mL) cooled in an
ice bath. The resulting solution was stirred for 6 h at room temperature. The reaction was quenched
with water (30 mL) and extracted with DCM (3 x 20 mL). The organic extracts were combined,
dried over anhydrous sodium sulfate, concentrated under vacuum. The resulting crude material
was carried forward to the next step without further purification.

The crude product was dissolved in ethanol (3 mL), and potassium hydroxide (0.22 g, 4 mmol, 2.0
equiv) was added in a 4 mL glass vial equipped with a magnetic stir-bar. The vial was sealed with
a Teflon-lined screw cap and heated in a hot plate at 80 °C for 2 h. The reaction was cooled to
room temperature, quenched with water (10 mL), and extracted with diethyl ether (3 x 20 mL).
The organic extracts were combined, dried over anhydrous sodium sulfate, and concentrated under
vacuum. The crude product was purified by chromatography using a Sféar Silica HC D (High-

capacity Duo 20 um) 50 g cartridge on a Biotage Isolera One system (hexanes : DCM, gradient
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from 80:20 to 10:90). This afforded compound 5a-N as a white solid (0.28 g, 63% yield) or “'5a-
N as a white solid (0.36 g, 70% yield). The *H NMR spectra of the products matched those reported

in the literature.”®

X
| X
~
N X
NH, A
0 i |
0 (1 equiv) P
OH i N
SOClI, (10 equiy) Cl EtsN (1.2 equiv) _ HN. _O
| 75°C, 2 h DCM
! 0°Ctort, 18 h !
X = H: 5b-l
X = Cl: ©'5b-I

5b-1 and ©'5b-1: 2-lodobenzoic acid (0.27 g, 2.2 mmol, 1.1 equiv) was weighed out in a 4 mL glass
vial and then dissolved in thionyl chloride (1.60 mL, 22 mmol, 11 equiv). The vial was sealed with
a Teflon-lined screw cap and heated on a hot plate at 75 °C for 2 h. The excess thionyl chloride
was removed under vacuum to afford a tan oil. This crude material was then diluted with DCM (2
mL), and the resulting solution added dropwise to a solution of 5-chloro-8-aminoquinoline (0.36
g, 2 mmol, 1.0 equiv) in DCM (10 mL) cooled in an ice bath. To this mixture, triethylamine (0.45
mL, 3 mmol, 1.5 equiv) was added, and the resulting mixture was stirred overnight for 18 h at
room temperature. The reaction was quenched with water (20 mL) and extracted with DCM (3 x
20 mL). The organic extracts were combined, dried over anhydrous sodium sulfate, and
concentrated under vacuum. The crude product was purified by chromatography using a Sfar Silica
HC D (High-capacity Duo 20 pum) 25 g cartridge on a Biotage Isolera One system (hexanes : DCM,
gradient from 80:20 to 10:90). This afforded compound €'5b-1 as a white solid (0.51 g, 62% yield).

The *H NMR spectra of the products matched those reported in the literature.®
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3.5.3 Synthesis and Characterization of Nickel Complexes

I °N

: O = } EO
WY "y
N (excess) >N
—Ni"Z_ > Sy—Ni"Z
EtsP NZ ™ acetone, 25 °C, 4 h // NZ

2a-PEt; _PEt, 2a-pic

removed under dynamic vacuum
2a-PEts (403 mg) was weighed into a 20 mL vial and dissolved in acetone (10 mL). 4-Picoline
(0.3 mL, 287 mg, 3.1 mmol, 3.1 equiv) was added, the reaction was stirred for 5 min, and the
solvent was slowly removed under vacuum while stirring . This procedure was repeated three times
to afford a dark-red gummy residue. This residue was washed with diethyl ether (3 x 15 mL). The
resulting orange solid was dissolved in acetone (5 mL) and precipitated with a 3:2 mixture of
pentane: diethyl ether (10 mL). This precipitation was repeated twice to afford 2a-pic as a dark
yellow powder (352 mg, 93% vyield from 2a-PEts; 81% overall yield). Complex 2a-pic was
characterized via *H and *3C NMR spectroscopy. A single crystal was obtained by vapor diffusion

of pentane into an acetone solution of 2a-pic.

IH NMR (600 MHz, acetone-ds) 8 9.01 (s, 2H), 8.85 (d, J = 7.8 Hz, 1H), 8.35 (dd, J = 7.8, 2.1 Hz,
1H), 7.44-7.33 (m, 5H), 7.26 (d, J = 8.1 Hz, 1H), 2.45 (s, 3H), 1.12 (s, 6H), 0.94 (s, 2H).

13C NMR (151 MHz, acetone-ds) & 191.40, 152.31, 150.19, 148.89, 146.03, 145.66, 138.17,
130.11, 129.80, 127.12, 122.49, 119.60, 117.23, 48.22, 30.77, 27.71, 21.13.

IH NMR (600 MHz, Benzene-ds) 5 9.86 (d, J = 7.8 Hz, 1H), 8.22 (d, J = 5.7 Hz, 2H), 7.47 (d, J =
8.2 Hz, 1H), 7.35 (t, J = 8.0 Hz, 1H), 6.86 (d, J = 8.0 Hz, 1H), 6.80 (d, J = 4.7 Hz, 1H), 6.39 (dd,
J=8.2,4.8 Hz, 1H), 6.16 (d, J = 5.7 Hz, 2H), 1.81 (s, 6H), 1.55 (s, 3H), 1.34 (s, 2H).

13C NMR (151 MHz, Benzene-ds) § 190.20, 151.14, 149.04, 147.48, 145.51, 143.33, 136.83,

130.39, 129.30, 125.25, 120.68, 120.23, 115.94, 48.32, 30.93, 28.59, 20.39.
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Elemental analysis: calculated for C20H21N3NiO, C: 63.53, H: 5.60, N:11.11; Found: C: 63.87, H:
5.72,N: 11.15

HRMS-electrospray (m/z): [M*] calcd. for C20H2:N3NiO, 377.1038; found, 378.1114 [M+H]

I N
0 = )
N (excess) _N
i - G
- = > N =
EtsP NZ™ acetone, 25 °C, 4 h /C/ N
2b-PEt, _PEt, 2b-pic

removed under dynamic vacuum
2b-PEts (423 mg, 1 mmol, 1 equiv) was weighed into a 20 mL vial and dissolved in acetone (10
mL). 4-Picoline (0.3 mL, 287 mg, 3.1 mmol, 3.1 equiv) was added, the reaction was stirred for 5
min, and then the solvent was slowly removed under vacuum while stirring. This procedure was
repeated five times to afford a dark-red gummy residue. This residue was washed with a 1:1
mixture of pentane/diethyl ether (3 x 15 mL). The resulting yellow-orange solid was dissolved in
acetone (5 mL) and precipitated with a 3:2 mixture of pentane: diethyl ether (10 mL). This
precipitation was repeated twice to afford 2b-pic as a dark yellow powder (322 mg, 81% vyield
from 2b-PEts; 71% vyield overall). Complex 2b-pic was characterized via *H and *C NMR
spectroscopy. A single crystal was obtained by slow vapor diffusion of pentane into a THF solution

of 2b-pic.

IH NMR (600 MHz, acetone-ds) 8 9.31-9.16 (m, 2H), 8.88 (d, J = 7.8 Hz, 1H), 8.37 (dd, J = 8.2,
1.5 Hz, 1H), 7.58 (d, J = 5.8 Hz, 2H), 7.47 (t, J = 7.9 Hz, 1H), 7.35 (dd, J = 8.2, 4.9 Hz, 1H), 7.31
-7.24 (m, 2H), 7.20 (dd, J = 5.0, 1.6 Hz, 1H), 6.92 (t, J = 7.3 Hz, 1H), 6.77 (td, J = 7.3, 1.6 Hz,

1H), 5.71 (d, J = 7.3 Hz, 1H), 2.56 (s, 3H).
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13C NMR (151 MHz, acetone-dg) § 177.67, 152.75, 151.59, 150.33, 149.46, 148.42, 146.78,
146.28, 139.02, 134.27, 130.46, 130.23, 129.74, 127.80, 125.54, 124.88, 122.70, 118.65, 116.95,

21.33.

Elemental analysis: calculated for C22H17N3NiO, C: 66.38, H: 4.30, N: 10.56; Found: C: 66.67, H:

4.32, N: 10.58

HRMS-electrospray (m/z): [M*] calcd. for C22H17N3NiO, 397.0725; found, 398.0806 [M+H]
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3.5.4 Reactivity of Nickel Complexes

=\/I
O

pd

\

SN, =
2a-pic 5a-N 65%
Complex 2a-pic (3.8 mg, 10 umol, 1 equiv) was weighed into a 4 mL glass vial and dissolved in
DMF-d7 (0.5 mL) containing tetramethylsilane (0.9 mg, 10 pmol) as an internal standard. The
sample was transferred an NMR tube that was sealed with a Teflon septa-lined screw cap. Traces
of undissolved 2a-pic was noted in the vial; to correct for any changes in concentration as a result,
an NMR spectrum was recorded at this stage, and the ratio of 2a-pic : tetramethylsilane standard
was quantified. The NMR tube was transferred back into the glovebox, and I, (0.1 mL of a 0.118
M stock solution in DMF-d7, 11.8 pmol, 1.18 equiv) was added. This addition resulted in an
immediate color change from orangish-yellow to purplish-red. The NMR tube was vigorously
shaken to ensure immediate and thorough mixing and was then removed from the glovebox and
analyzed by 'H NMR spectroscopy at 30 min intervals. The yield of 5a-N was quantified by 'H

NMR spectroscopy to be 65% after 90 min as determined by relative integration values as based

on the internal standard (TMS). NMR data are shown below.
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¥y —Ni IE )+ |y ————> HN__O
//N \N< T 2 acetone-dg
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pic D,0 quench
70%
5b-I

Complex 2b-pic (4.0 mg, 10 umol, 1 equiv) was weighed into a 4 mL glass vial and dissolved in
acetone-ds (0.5 mL) containing CH3NO:> (1.2 mg, 20 umol) as an internal standard. The sample
was transferred into an NMR tube that was sealed with a Teflon septum-lined screw cap. Traces
of undissolved 2b-pic were noted to remain in the vial; to correct for any changes in concentration
as a result, an NMR spectrum was recorded at this stage, and the ratio of 2b-pic : CH3NO> standard
was quantified. The NMR tube was transferred back into the glovebox, and I, (0.1 mL of a 0.118
M stock solution in acetone-ds, 11.8 umol, 1.18 equiv) was added. This addition resulted in an
immediate color change from orangish-yellow to purplish-red. The tube was vigorously shaken to
ensure immediate and thorough mixing. The reaction was allowed to stand at room temperature

for 1 h and was then removed from the glovebox and analyzed by *H NMR spectroscopy.

D20 (0.05 mL, 55.5 mg, 2.77 mmol) was added to the NMR tube by puncturing the septum of the
cap. The NMR tube was shaken vigorously to facilitate proper and immediate mixing and a slight
fade in color was noted. A *H NMR spectra was recorded, which showed the formation of product
5b-1in 70% yield as determined by relative integration values based on the internal standard. NMR

data are shown in figure below.
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3.5.5 Catalytic Relevance of Nickel Complexes

Catalytic Relevance of 2a-pic: GC data

Cl

Cl
| N 10 mol % [Ni] | N | N
25 mol % A92003 ~ ~
N 2 equiv Na,CO4 - N + N

N N

+
HN. O 2 DMF, 140°C, 24 h
H o) o)
cl Ny ci §): §):
1a-H 5a-N ~ 5a-N ~

Entry 1: In a glove box, N-(5-chloroquinolin-8-yl)-pivalamide “'1a-H (39 mg, 0.15 mmol, 1

\

equiv), iodine (76 mg, 0.3 mmol, 2 equiv), Ni(OTf). (5.3 mg, 0.015 mmol, 0.1 equiv), Ag2CO3
(10 mg, 0.0375 mmol, 0.25 equiv), Na2COz (32 mg, 0.3 mmol, 2 equiv), and DMF (0.5 mL) were
combined in an oven-dried 4 mL vial equipped with a magnetic stirbar. The vial was equipped
with a reflux condenser, the mixture was placed under an N2 atmosphere, and the reaction was
stirred for 24 h at 140 °C. The reaction mixture was cooled to room temperature, quenched with
DI water (1 mL), and diluted with 3 mL of a 50 mM (0.15 mmol) stock solution of 1,3,5-
trimethoxybenzene (standard) in DCM. The resulting mixture was filtered through a Celite pad,
and the Celite was washed with of DCM (2-3 mL). The yields of 5a-N and “'5a-N were quantified

via gas chromatography.

Entry 2: The same procedure as entry 1, but using 2a-pic (6 mg, 0.015 mmol) as the [Ni] source.
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Catalytic Relevance of 2b-pic: GC data

Cl

[ | [
N/ 10 mol % [Ni] /
2 equiv NazCO3
HN o +1 HN
toluene
H 120 °C, 24 h
C1b-H Clsp-|

Entry 1: In aglove box, N-(5-chloroquinolin-8-yl)-benzamide '1b-H (45 mg, 0.15 mmol, 1 equiv),

iodine (76 mg, 0.3 mmol, 2 equiv), Ni(OTf). (5.3 mg, 0.015 mmol, 0.1 equiv), Na.COs (32 mg,
0.3 mmol, 2 equiv), and toluene (0.7 mL) were combined in an oven-dried 4 mL vial equipped
with a magnetic stirbar. The vial was equipped with a reflux condenser, the mixture was placed
under an N2 atmosphere, and the reaction was stirred for 24 h at 120 °C. The reaction mixture was
cooled to room temperature, quenched with DI water (1 mL), and diluted with 3 mL of a 50 mM
(0.15 mmol) stock solution of 1,3,5-trimethoxybenzene (standard) in DCM. The resulting mixture
was filtered through a Celite pad, and the Celite was washed with of DCM (2-3 mL). The yields

of ©!5b-1 and 5b-1 were quantified via gas chromatography.

Entry 2: The same procedure as entry 1, but using 2b-pic (6 mg, 0.015 mmol) as the [Ni] source.
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3.5.6 X-Ray Crystallography Data

X-Ray Crystallographic Data of 2a-pic

Orange plates of 2a-pic were grown from a THF/pentane solution of the compound at 23 °C. A
crystal of dimensions 0.12 x 0.09 x 0.03 mm was mounted on a Rigaku AFC10K Saturn 944+
CCD-based X-ray diffractometer equipped with a low temperature device and Micromax-007HF
Cu-target micro-focus rotating anode (A = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).
The X-ray intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm
from the crystal. A total of 2028 images were collected with an oscillation width of 1.0° in . The
exposure times were 1 sec. for the low angle images, 4 sec. for high angle. Rigaku d*trek images
were exported to CrysAlisPro for processing and corrected for absorption. The integration of the
data yielded a total of 26553 reflections to a maximum 26 value of 138.62° of which 6429 were
independent and 6144 were greater than 2o(I). The final cell constants (Table 1) were based on
the xyz centroids of 17510 reflections above 10c(I). Analysis of the data showed negligible decay
during data collection. The structure was solved and refined with the Bruker SHELXTL (version
2016/6) software package, using the space group Plbar with Z = 4 for the formula C20H2:N3ONi.
All non-hydrogen atoms were refined anisotropically with the hydrogen atoms placed in idealized
positions. Full matrix least-squares refinement based on F? converged at R1 = 0.0373 and wR2 =

0.1018 [based on | > 2sigma(l)], R1 = 0.0385 and wR2 = 0.1041 for all data. Additional details
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are presented in Table 1 and are given as Supporting Information in a CIF file. Acknowledgement

is made for funding from NSF grant CHE-0840456 for X-ray instrumentation.

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open
Access).

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas,
9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015).

Table 3.3 Crystal Data and Structure Refinement for 2a-pic

Empirical formula

C20 H21 N3 Ni O

Formula weight 378.11
Temperature 85(2) K
Wavelength 1.54184 A
Crystal system, space group Triclinic, P-1

Unit cell dimensions

a=9.9239(3) A alpha = 95.269(2)°
b=10.4834(3) A beta = 90.932(2)°

€ =17.2050(4) A gamma = 93.893(2)°

Volume

1777.81(9) A3

Z, Calculated density

4,1.413 Mg/m"3

Absorption coefficient 1.664 mm~-1
F(000) 792
Crystal size 0.120 x 0.090 x 0.030 mm
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Theta range for data collection

2.580 to 69.309°

Limiting indices

-12<=h<=11, -12<=k<=12, -19<=I1<=20

Reflections collected / unique

26553 / 6429 [R(int) = 0.0539]

Completeness to theta = 67.684

97.70%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.92041

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

6429/0/458

Goodness-of-fit on F*2

1.014

Final R indices [I1>2sigma(l)]

R1=0.0373, wR2 =0.1018

R indices (all data)

R1=0.0385, wR2 = 0.1041

Extinction coefficient

0.00068(18)

Largest diff. peak and hole

0.297 and -0.453 e.A"-3
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X-Ray Crystallographic Data of 2b-pic

O
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Dark yellow plates of 2b-pic were grown from a pentane solution of the compound at 23 °C. A
crystal of dimensions 0.10 x 0.08 x 0.06 mm was mounted on a Rigaku AFC10K Saturn 944+
CCD-based X-ray diffractometer equipped with a low temperature device and Micromax-007HF
Cu-target micro-focus rotating anode (A = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).
The X-ray intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm
from the crystal. A total of 2028 images were collected with an oscillation width of 1.0° in . The
exposure times were 1 sec. for the low angle images, 3 sec. for high angle. Rigaku d*trek images
were exported to CrysAlisPro for processing and corrected for absorption. The integration of the
data yielded a total of 26466 reflections to a maximum 26 value of 138.95° of which 3364 were
independent and 3309 were greater than 2o(I). The final cell constants (Table 1) were based on
the xyz centroids of 18039 reflections above 10c(I). Analysis of the data showed negligible decay
during data collection. The structure was solved and refined with the Bruker SHELXTL (version
2018/3) software package, using the space group P2(1)/c with Z = 4 for the formula
C22H17N30ONi. All non-hydrogen atoms were refined anisotropically with the hydrogen atoms
placed in idealized positions. Full matrix least-squares refinement based on F? converged at R1 =
0.0309 and wR2 = 0.0874 [based on | > 2sigma(l)], R1 = 0.0313 and wR2 = 0.0879 for all data.
Additional details are presented in Table 1 and are given as Supporting Information in a CIF file.

Acknowledgement is made for funding from NSF grant CHE-0840456 for X-ray instrumentation.
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G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open

Access).

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas,

9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015).

Table 3.4 Crystal Data and Structure Refinement for 2b-pic

Empirical formula

C22 H17 N3 Ni O

Formula weight 398.09
Temperature 85(2) K
Wavelength 1.54178 A

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a=10.36830(10) A alpha = 90°
b=09.11630(10) A beta = 90.7060(10)°

€c=19.1021(2) A gamma = 90°

Volume

1805.40(3) A3

Z, Calculated density

4, 1.465 Mg/m”3

Absorption coefficient 1.678 mm~-1
F(000) 824
Crystal size 0.100 x 0.080 x 0.060 mm

Theta range for data collection

4.264 10 69.476°

Limiting indices

-12<=h<=12, -10<=k<=11, -22<=I<=23

Reflections collected / unique

26446 3364 [R(int) = 0.0332]
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Completeness to theta = 67.679

99.9%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.83499

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3364 /0/246

Goodness-of-fit on F*2

1.008

Final R indices [I1>2sigma(l)]

R1=0.0309, wR2 = 0.0874

R indices (all data)

R1=0.0313, wR2 = 0.0879

Extinction coefficient

0.0019(2)

Largest diff. peak and hole

0.340 and -0.298 e.A"-3

Empirical formula

C22 H17 N3 Ni O
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Chapter 4 Synthesis, Reactivity and Catalytic Relevance of Ni''' Complexes

Note: This chapter is partly based on work published in Roy, P.; Bour, J. R.; Kampf, J. W.; Sanford,
M. S.* Catalytically Relevant Intermediates in the Ni-Catalyzed C(sp?)-H and C(sp®)-H
Functionalization of Aminoquinoline Substrates. J. Am. Chem. Soc. 2019, 141, 17382-17387 and
J. Am. Chem. Soc. 2021, 143, 14021.

4.1 Introduction

Transition metal catalyzed cross-coupling and C—H functionalization have been developed
for carbon-carbon and carbon-heteroatom bond formation.X Noble metals such as platinum and
palladium have been widely used as catalysts. Seminal reports from Sanford and others have
demonstrated that challenging bond-forming reductive elimination reactions (e.g. C—F, C-CF3, C—
N) are facile from higher oxidation states such as Pd" or Pt"Y compared to the Pd" or Pt'"
analogues.*® Although fleeting Pd"" intermediates have been connected to the formation of Pd'V,
challenging bond formations occur almost exclusively from Pd'V.” In this context, the ease of
reductive elimination has been attributed to the higher electrophilicity at the metal center with

increase in oxidation state.>®
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Figure 4.1 Transient Pd"" Species Compared to Persisting Ni'"" Intermediates
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Analogous to Pd', challenging bond-forming reactions (e.g., C-N, C-O and C—CFs) have
recently been demonstrated from Ni'V model complexes.®® In general, Pd'" species often undergo
disproportionation reactions to form Pd' and Pd'V species whereas, Ni''' complexes can be formed
via comproportionation of Ni'' and Ni'V species (Figure 4.1).1° Furthermore, Ni'"! species have also
been shown to promote challenging bond-forming reactions such as C—Br and C—C coupling.*-14

Figure 4.2 Dichotomy of Proposed Ni'' or Ni'V Intermediates
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This dichotomy of proposed Ni'"' and Ni'V intermediates prevails in the Ni-catalyzed C—H
functionalization reactions as well. Literature reports have proposed that the cyclometalated Ni'"

species 2-L undergoes either one or two electron oxidation to a Ni"' or Ni'V (3-X or 4-X)
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intermediate (Figure 4.2). Each of these species could then participate in C—X reductive
elimination to generate a functionalized organic product.*>’ To date, no high-valent intermediates
have been spectroscopically observed nor isolated from these catalytic reactions. This chapter
focuses on the isolation and reactivity studies of s-alkyl and c-aryl Ni'"' complexes bearing the
aminoquinoline scaffold.

Figure 4.3 Literature Report of Isolated Ni'"' Complexes
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van Koten, 1983 Zargarian, 2007 Sanford, 2016 Mirica, 2016

Ni'"' complexes have been successfully isolated with polydentate supporting ligands, with
tridentate ligands being the most common. Both meridional (mer) and facial (fac) geometrical
arrangements of ligands on a tridentate scaffold are possible, and both mer and fac ligands have
been employed for the isolation of Ni'"' species, examples of which are shown in Figure 4.3. These
paramegnetic d’ complexes are typically characterized via X-ray crystallography and EPR
spectroscopy. The most common methodology employed for the isolation of such species involves
the treatment of Ni'" starting materials with single-electron oxidants. Pioneering studies by van
Koten and Zargarian employed CuBr- as a single-electron inner sphere oxidant that transferred Bre
to a Ni'' center to generate Ni'"' (Figure 4.4). Outer sphere 1-electron oxidants such as Ag' and
ferrocenium(l) salts have also been demonstrated by Sanford and Mirica for the isolation of Ni'"
species (Figure 4.4). In this Chapter, analogous approaches are employed to access
aminoquinoline-ligated c-alkyl and c-aryl Ni'' complexes and to study their reactivity in bond-

forming reactions.
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Figure 4.4 General Routes for Isolation of Ni'' Complexes

(van Koten, 1983 and Zargarian, 2007)
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4.2 Result and Discussion

4.2.1 Synthesis and Probing for C(sp3)~N Reductive Elimination from o-alkyl Ni'"!

In Chapter 3, electrochemical experiments with the Ni(Il) complex 2a-pic showed that one-
electron oxidants such as ferrocenium and Ag' salts have appropriate potentials for the single
electron oxidation of this species. Consistent with the CV data, the addition of 1 equiv of AgOTf
to 2a-pic in acetone resulted in an immediate color change of the solution from orange-red to dark
brown along with the precipitation of colloidal silver. After 30 min, the *H NMR spectrum of the
reaction mixture showed complete disappearance of diamagnetic signals attributed to 2a-pic. The
silver(0) precipitate was removed by filtering this reaction mixture through a plug of Celite. The
Ni'" product (3a-OTf) was then isolated by removal of solvent under reduced pressure and

recrystallization twice from a ternary mixture of acetone, diethyl ether, and pentane (Scheme 4.1).
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Scheme 4.1 Synthesis of 3a-OTf via Oxidation of 2a-pic with AgOTf

2 EO: 0
11y, 114,
AgOTf (1 equiv
_ /Ni,,<N goTf (1 equiv) _ Q/Ni"';N
« IN N=> acetone /Cl/\l | SN
= 230°C, 30 min NS oTf A

2a-pic

Complex 3a-OTf was characterized by X-ray crystallography and EPR spectroscopy. X-
ray quality crystals were obtained by vapor diffusion of pentane into a THF of 3a-OTf. The solid
state structure of 3a-OTf is shown in Scheme 4.1 and relevant bond distances and bond angles are
summarized in Table 4.1. A T value of 0.25 was noted, which is similar to that of reported Ni'"

pincer complexes. A characteristic S =% rhombic signal was observed in the EPR spectrum of 3a-

OTT, consistent with a low spin d’ complex.
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Table 4.1 Bond Lengths, Angles and Geometrical Structural Parameters of 3a-OTf

entry 3a-OTf
Ni-C (A)  1.988
Ni-Ng(A)  2.009
Ni-N.(A)  1.861
Ni-N, (A)  1.960
Ni-O (A)  2.087

No-Ni-N,  152.27°
T 0.25

Scheme 4.2 Ni-Catalyzed Intramolecular C(sp®)—H Amination by Chatani

Cl

| A 10 mol % [Ni] (\/<> (t(;
= 25 mol % Ag,COj3
N P 2 equiv Na,CO4 -
HN. 20 2 DMF, 140°C, 24 h
X ‘ol
Ca-H Clsa-N 5a-N

Chatani proposed two possible routes to g-lactam product 5a-N in the Ni-catalyzed C-H

amination of 1a-Cl (Scheme 4.2).2° The first involves direct C(sp®)-N bond-forming reductive
elimination from a high valent Ni-center similar to 3a-OTf. The second involves the generation of
a C(sp®-1 bond and subsequent intramolecular Sn2 cyclization to form the lactam. To test the
reactivity of 3a-OTf towards C(sp®)-N bond-forming reductive elimination, we heated this
complex in various solvents (MeCN-ds, DMSO-ds, and DMF-d7) to temperatures up to 140 °C and
for times up to 16 h. Under all of these conditions, the g-lactam 5a-N was not detected by *H NMR

spectroscopy or GCMS analysis (Scheme 4.3).
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Scheme 4.3 g-lactam product (5a-N) was not observed from 3a-OTf at 140 °C after 16 h in
DMF-d7

24 ®
n-N N/

I ~ |

N
= o 0 DMF-d;, 140 °C, 16 h o
S 4
7N\ ,
@) CF3 z
5a-N

3a-OTf not detected

We also probed the viability of C(sp®)—I coupling at 3a-OTf by examining the thermolysis
of this complex in the presence of 1-2 equiv of NBusl (Scheme 4.4). In DMF-d- at 140 °C, none
of the iodinated product 5a-1 nor 5a-N was detected by *H NMR spectroscopy.

Scheme 4.4 C(sp®)-N nor C(sp®)-1 Coupling was Observed from 3a-OTf with NBugl in DMF-d;

11y, O | \ | \
;/Ni'"/.N 1-2 equ\i}NBuA,I X N/ N/

| \N | \N/ I /\ - N + HN ‘\\\\
= 00N DMF-d-, 140 °C, 16 h §):o |

S /
0’ CFs, ¢

5a-N 5a-l
3a-OTf not detected not detected

These results suggest that complex 3a-OTf is not a productive intermediate in Chatani’s
catalytic reaction in Scheme 4.2. To test this directly, we examined the competency of 3a-OTf as
a catalyst for the conversion of 1a-Cl to the -lactam ©'5a-N. As shown in Table 4.2, the use of 10
mol % of 3a-OTf as the Ni source resulted in <1% yield of the g-lactam product. In contrast,

Ni(OTf)2 (the original catalyst employed by Chatani) afforded 4a-Cl in 58% yield under analogous

conditions.
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Table 4.2 Catalytic Competence of g-alkyl Ni'"' Complex for Intramolecular C(sp®)-H

Amidation
entry [Ni] Yield Yield
A5a-N 5a-N
1 \ Ni(OTf): 58% —
2 \ 3a-OTf <1% 0%

4.2.2 Synthesis and Probing for C(sp?)~I Reductive Elimination from c-aryl Ni''!

We next carried out analogous one-electron oxidation reactions of the o-aryl Ni(ll)
complex 3b-pic. The reaction of 3b-pic with 1 equiv of AgOTf or AQOTFA in acetone resulted in
an immediate color change of the solution from orange-red to dark brown along with the
precipitation of colloidal silver. After 30 min, the *H NMR spectrum of the reaction mixture
showed complete disappearance of the diamagnetic signals attributed to 3b-pic. The silver(0)
precipitate was removed by filtration through a Celite column. The Ni'"' products 3b-OTf and 3b-
OTFA were then isolated in 65% and 80% vyield, respectively (Scheme 4.5).

Scheme 4.5 Synthesis of 3b-OTf and 3b-OTFA via Oxidation of 2b-pic with Ag' Salts

Q /:Ni" > —Ni
/CN TNZ ;\ acetone X | TN ;.

2b-pic —30 °C, 30 min N

X =0Tfor OTFA NS |

3b-OTf: 65%
3b-OTFA: 80%
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Table 4.3 Bond Lengths, Angles and Geometrical Structural Parameters of 3a-OTf

entry 3b-OTFA
Ni-C (A) | 1.930
Ni-Ny (A) | 1.991
Ni-N,(4) = 1.888
Ni-N, (A) | 2.041
Ni-O' (A) | 2.628
Ni-0? (A) | 1.954
T 0.03

Both 3b-OTf and 3b-OTFA are paramagnetic Ni'"' complexes that were characterized by
elemental analysis as well as EPR spectroscopy. Both EPR spectra are consistent with S = % Ni'"
rhombic signals. Complex 3b-OTFA was further characterized by X-ray crystallography, and the
solid state structure shows a slightly distorted square pyramidal geometry with a t value of 0.03
(Table 4.3). Similar geometries have been reported for related organometallic Ni'"' PCP and NCN
pincer complexes.’®® Notably, the carbonyl oxygen of the carboxylate ligand is also in the
proximity of the Ni'"' center and could potentially act as a sixth ligand. However, the bond distance
(Ni-O* = 2.628 A) suggests that this interaction is relatively weak, particularly compared to that
of Ni-0? (1.954 A).

Scheme 4.6 Ni-Catalyzed Intramolecular C(sp?)—H lodination by Chatani

Cl

N 10 mol % [Ni] /
2 equiv NazCO3
HN__O + I
toluene
H 120 °C, 24 h
Cl1b-H Clsp-1

We next explored the reactivity of the isolated Ni'' complexes toward C(sp?)—heteroatom

\

coupling. Importantly, a number of reports have shown the feasibility of C(sp?)—halogen coupling
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at isolated Ni"

centers.®>? Furthermore, Chatani has proposed C(sp?)-I bond formation from
reactive Ni'"" intermediates in his C(sp?)—H iodination of substrate ¢'1b-H (Scheme 4.6).'° Heating
3b-OTf and 3b-OTFA for up to 16 h at 140 °C in DMF-d7 solvent did not lead to traces of the C—
O coupling products 5b-OTFA or 5b-OTf as analyzed by *H NMR spectroscopy (Scheme 4.7).
Instead, a different coupling reaction occurred, which is discussed in Section 4.2.3 below. In

addition, the addition of 1-2 equiv of NBual or I, to analogous thermolysis reactions did not afford

traces of the C(sp?)—I coupled product 5b-I (Scheme 4.8).

Scheme 4.7 5b-OTf or 5b-OTFA was not observed from 3b-X at 140 °C after 16 h in DMF-d7

A —x—
3 75
N
(e

various
| conditions
up to 140 °C

(3b-OTf or 3b-OTFA) for 16 5b-OTF (X = OTf)
5b-OTFA (X = OTFA)

X

not detected

Scheme 4.8 5b-1 was not observed from 3b-OTf or 3b-OTFA at 140 °C after 16 h in DMF-d;

0 @
< \f‘d/'( |2 NBU4|
'|||’N

—Ni"— !E D
X l N< ;
/N various
. | conditions
up to 140 °C

(3b-OTf or 3b-OTFA) for 16 h Sb-I
not detected

The results in Schemes 4.7 and 4.8 suggest that Ni'"' complexes like 3b-OTf or 3b-OTFA
are not catalytically competent intermediates in Chatani’s C(sp?)—H iodonation of substrate ©'1b-

H. To test this directly, we examined 3b-OTf and 3b-OTFA as catalysts for the conversion of
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Cl1b-H to the iodinated product ¢'5b-1. As shown in Table 4.4, the use of 10 mol % of either 3b-
OTf or 3b-OTFA as the Ni source resulted in <1% vyield of the iodinated product. In contrast,
Ni(OTf), (the original catalyst employed by Chatani, Scheme 4.6) afforded ©'5b-1 in 48% yield
under analogous conditions (Table 4.4).

Table 4.4 Catalytic Competence of g-aryl Ni'"' Complex for Intramolecular C(sp?)—H lodination

entry [Ni] Yield Yield
Cisp-| 5b-1
1 \ Ni(OTf), 48% -
2 \ 3b-OTf <1% <1%
3 | 3b-OTFA  <1% <1%

4.2.3 Probing for C(sp?)-X Reductive Elimination from o-aryl Ni'"!

Scheme 4.9 Probing for C(sp?)—X Coupling from 3b-OTf

@] =
Qﬁ’\' NBu,X N
Tfo/Tu \N§ X - HN_ _O

N various conditions X
- | up to 140 °C
A for 24 h

not detected

We continued to probe for reductive elimination reactions from the s-aryl Ni'' species by
adding various tetrabutylammonium salts to 3b-OTf, reasoning that more coordinating X-type
ligands would displace the weakly bound triflate. These studies were performed by treating 3b-
OTTf with stoichiometric quantity of NBusX salts (X = OAc, Cl, Br) in MeCN-ds; or DMF-d7 at
temperatures up to 140 °C for up to 24 h. In some cases, a change in color from brownish-green
to pale brown was observed. However, no C(sp?)—X coupling products were detected via *H NMR

spectroscopy (Scheme 4.9).
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We were puzzled by these observations, since C(sp?)-heteroatom coupling from Ni'"!
centers is well-established in the literature.®? Thus, we next attempted to isolate the products
formed in these thermolysis reactions. Intriguingly these studies revealed that heating 3b-OTf in
DMF-d for 4 h at 140 °C followed by direct crystallization of this sample (by adding THF and
pentane) affords the Ni'" complex Ni5b-dimer, in which the two c-aryl ligands have undergone
C(sp?)-C(sp?) coupling. The yield of this product is 30%?2 (assuming that 2 moles of 3b-OTf
should afford 1 mole of product Ni5b-dimer). Ni'(pic)s(OTf), byproducts (Ni1 and Ni2) were also
isolated from this reaction mixture and characterized by X-ray crystallography.

Scheme 4.10 Isolation of Ni5b-dimer from heating 3b-OTf in DMF-d7 at 140 °C for 4 h

=<

Al . .
TfO/T' . Ni" +  [Ni'(L),(OTf),]
DMF, 140°C, 4 h
/N | . (@) /AO
S ‘ sample crystallized e AN

with THF/pentane

Yield 30%
(max. yield 50% from 3b-OTf)

yield of 5b-dimer determined after 16 h
after CF3CO,H (in MeCN) quench

3b-OTf

This Ni'' product Ni5b-dimer was characterized by X-ray crystallography (Scheme 4.10).
The X-ray structure shows a distorted tetrahedral structure resembling a seesaw-like geometry.
Based on the solid-state structure of Ni5h-dimer it was expected to be paramagnetic. Indeed, the
'H NMR spectrum of 3b-OTf in DMF-d; showed 12 broad signals from 5.75-9.35, owing to

paramagnetic broadening.® Upon heating this sample for 16 h at 140 °C in DMF-d7 in a J-Young

2 The yield of this reaction was quantified using the internal standard of the NMR instrument. Later, studies had
revealed high error bars in estimation of yield via this method as represented by the +10%, as had been noted for
similar reactions of 2a-pic and 2b-pic with .

3 The NMR spectrum was recorded with 1 s relaxation delay for 256 scans which showed extensive paramagnetic
broadening (Figure 4.6, bottom).
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NMR tube, the color changed from greenish-brown to pale-brown, and the number of broad NMR

signals decreased.

Figure 4.5 Solid-state structure of isolated N'5b-dimer

Ni"

o ~—%o
X

Figure 4.6 '"H NMR Spectra of 3b-OTf (bottom), NMR Sample after heating of 3b-OTf for 16 h
at 140 °C (middle) and synthesized authentic sample of 5b-dimer (top), in DMF-d

LU LY f arnd Y (SN
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The addition of 10 equiv of trifluoroacetic acid to the NMR sample was performed to de-
ligate the dimerized organic product, 5b-dimer (Figure 4.6, middle)*. The 'H NMR spectrum of
this reaction mixture showed a cluster of aromatic signals between 7.2-8.7 ppm and a broad signal
at 10.4 ppm, which is tentatively assigned as the amide proton of 5b-dimer. Although the *H NMR
spectrum still shows the presence of paramagnetic species (as indicated by the broadening of
signals), the observed resonances are in line with those of an authentic sample of 5b-dimer (Figure
4.6, top).

Scheme 4.11 Effect of X-type Ligand on Formation of 5b-dimer in DMF-d; at 140 °C for 16 h

X/TI -~ Ni" + [Ni'(L)4(X)2]
DMF, 140 °C, 16 h
/N | , , 0 /‘éo
~ yield determined after = \

CF3;CO,H (in MeCN) quench
Yield 30% (X = OTf)
15% (X = OTFA)

3b-X 0% (X = OAc)

(max. yield 50% from 3b-X )

We next sought to assess the impact of the X-type ligand on Ni on this C-C coupling
reaction (Scheme 4.11). The formation of the dimerized ligand product 5b-dimer was observed
upon heating 3b-OTFA in DMF-d7 at 140 °C for 16 h albeit in a lower yield of 15%. In contrast,
under similar reaction conditions the formation of 5b-dimer was not observed from the analogous
actetate Ni'"' complex 3b-OAc. These results suggest that the C(sp?)—C(sp?) bond-forming step
may involve a bimetallic mechanism and occur via a dissociative pathway. The dissociative

mechanism is proposed based on the higher yield of 5b-dimer (post acid quench) from 3b-OTf

4 The yield of this reaction was quantified using the internal standard of the NMR instrument using the overlapping
broad signals at 7.23 and 7.51 accountable for 6 H-atoms (Figure 4.6, middle). This was analysis was based on the H
NMR signal of the separately synthesized authentic sample of 5b-dimer based on a literature report as an overlapping
signal from 7.4-7.6 was noted for 6 H-atoms (Figure 4.6, top).
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and 3b-OTFA over 3b-OAc, since OAc is a stronger ligand than OTFA than OTf. Further
investigations will be required to definitively confirm the mechanism of this bimetallic pathway
of biaryl formation.

Scheme 4.12 Literature Reports for the Formation of 5b-dimer from 1b-H by Co and Cu

Catalysis
i ®
MX, O
- o)
H oxidant O
M = Co, Cu
1b-H 5b-dimer

A key question that this result raises is the relevance of this C—C coupling to Ni catalysis.
A search of the literature revealed that Ni has not been reported to catalyze the oxidative coupling
of 1b-H to form 5b-dimer (Scheme 4.12). In contrast, this transformation has been reported using

Co and Cu-based catalysts.?!??

4.3 Conclusions

This Chapter focuses on the synthesis of isolable Ni'"' complexes bearing both c-alkyl and
c-aryl ligands along with the aminoquinoline directing group. Silver(l)-based oxidants are
effective for oxidizing the pincer Ni' picoline staring materials. The Ni'' s-alky! species (3a-OTf)
did not undergo intramolecular C(sp®)-N bond-forming reductive elimination at 140 °C to form a
p-lactam. Furthermore, this complex is not a competent catalyst for the Ni-catalyzed C(sp®)-H
functionalization reaction that generates this product. Similarly, although C(sp?)-halogen coupling

has been demonstrated from a variety of other Ni'"' model complexes, the o-aryl analogue proved
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inert to C(sp?)—I bond formation under both stoichiometric and catalytic conditions. Instead, this

complex undergoes a C—C coupling reaction.

Overall, these experiments do not definitively rule out a role for all possible Ni''
intermediates in aminoquinoline-directed Ni-catalyzed C—H functionalization reactions. However,
they strongly suggest that other pathways, such as direct electrophilic cleavage of the Ni"'-C bond
and/or the formation of more reactive higher valent Ni intermediates such as Ni'V, should be
closely considered/examined as alternatives. More broadly, this study opens the door for further
detailed interrogations of organometallic intermediates in Ni-catalyzed C—H functionalization
reactions. Thus, the next chapter deals with exploring the feasibility of a Ni'V species bearing the

the aminoquinoline ligand scaffold.
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4.5 Experimental Procedures

4.5.1 General Procedures, Materials and Methods

General Procedures

NMR spectra were recorded on a Varian VNMRS 600 (600 MHz for *H and 151 MHz for 13C).
'H and *C NMR chemical shifts are reported in parts per million (ppm) and are referenced to the
solvent lock. *H NMR quantification was conducted using internal standards as mentioned in the
experimental procedures. Abbreviations used to report NMR peaks: singlet (s); doublet (d); triplet
(t); quartet (q); doublet of doublets (dd); triplet of doublets (td); doublet of triplets (dt); multiplet
(m). GC-FID data were collected on a Shimadzu 17A GC using a Restek Rtx®-5 (crossbond 5%
diphenyl-95% dimethyl polysiloxane; 15 m, 0.25 mm ID, 0.25 um df) column. High-resolution
mass spectra were recorded on a Micromass AutoSpec Ultima Magnetic Sector mass spectrometer.
Cyclic voltammetry was performed using a CHI600C potentiostat from CH Instruments. EPR
spectra were collected at temperatures mentioned in the experimental procedures using a Bruker
EMX ESR Spectrometer with a nitrogen-cooled cryostat. Elemental analyses were performed by
Midwest Microlab located in Indianapolis. X-ray crystallographic data were obtained on a Rigaku
AFC10K Saturn 944+ CCD-based X-ray diffractometer. Chromatographic separations were
carried out on a Biotage Isolera One system using Sfar Silica HC D (High-capacity Duo 20 pm)
columns (10 g, 25 g, or 50 g cartridges depending on the scale of isolations), as mentioned in the
synthetic procedures.

Acronyms: Dichloromethane (DCM), Tetrahydrofuran (THF), Water in NMR solvent (HDO),

Tetramethylsilane (TMS), Nitromethane (CH3NO>), residual moisture in solvent (HDO)
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Note: All *H NMR spectra of nickel complexes and their reactivity studies with iodine (I2) were
recorded on a 600 MHz Varian Vnmrs instrument with a 100% lock efficiency and a relaxation
delay of 25 s at 25 °C. These specifications are crucial for proper quantification and analysis as

we have noted high T1 relaxation times for the nickel complexes.

Materials and Methods

All commercial reagents were used as received without further purification unless otherwise noted.
[Ni(PEt3)s] was prepared via literature procedures.l Bis(1,5-cyclooctadiene)nickel(0)
(INi(COD)2]) was purchased from Strem Chemical, 2,2-dimethylsuccinic anhydride and 8-
aminoquinoline from Ark Pharm. Tetramethylammonium acetate (TMAOAC) from TCI America.
Nickel(ll) acetate (Ni(OAc)2), nickel(ll) trifluoromethanesulfonate 96% (Ni(OTf)2), silver(l)
carbonate (Ag2CO:s), triethylphosphine (PEts), triethylamine (EtsN) and acetonitrile (electronic
grade) were purchased from Millipore-Sigma or Aldrich. All deuterated solvents were obtained
from Cambridge Isotope Laboratories and deaerated via a nitrogen sparge prior to storage over
activated 4 A molecular sieves (EMD Millipore). Anhydrous N,N-dimethylformamide and acetone
were purchased from Acros Organics in AcroSeal® bottles. Anhydrous benzene was purchased
from Alfa Aesar and ethanol from VMR international. Pentane (Fisher), diethyl ether (Millipore-
Sigma), tetrahydrofuran (Fisher), and toluene (Fisher) were deaerated via a nitrogen sparge and
further purified using a solvent purification system for usage inside the glovebox. Sodium
carbonate, potassium carbonate, sodium sulfate, hexanes, diethyl ether, ethyl acetate,
dichloromethane, sulfuric acid (Certified ACS Plus) and glacial acetic acid were purchased from
Fisher. Celite was purchased from Aqua Solutions and was dried under vacuum at 150 °C for 24

h for usage inside the glovebox. All glassware used in the glovebox was dried in an oven at 150
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°C for at least 6 h and cooled under an inert atmosphere. All experiments and synthetic procedures

were setup inside a nitrogen-filled glovebox unless otherwise mentioned.

EPR Spectra of Nickel Complexes
50 pL from a 10 mM (10 pmol in 1mL) stock solution of each Ni'' complex was diluted with 200
pL of toluene or PrCN or toluene. This 250 puL sample was placed in a septum capped EPR tube

and cooled in liquid nitrogen until it glassed. EPR spectra were recorded for complexes at 100 K.
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4.5.2 Synthesis and Characterization of Organic Molecules

All synthesis in this subsection was performed outside the glovebox; modified procedures and
confirmation of characterization were referenced against previous literature report as cited.

X
= |

= N/
N Cu(OAc), (0.5 equiv) HN O
HN K,CO; (1 equiv) O
° 0]
O H DMSO, 110 °C, 6 h O NH
N
N

=

1b-H
Sb-dimer

5b-dimer: N-(quinolyl-8-yl)benzamide (1.242 g, 5.0 mmol, 1.0 equiv), potassium carbonate
(0.690 g, 5.0 mmol, 1.0 equiv), and copper (Il) acetate (0.0455 g, 2.5 mmol, 0.5 equiv) were
weighed out in a 50 mL round bottom flask equipped with a magnetic stir-bar and then dissolved
in DMSO (25 mL). The flask was fitted with a Liebig condenser and heated in a silicon-oil bath at
110 °C for 6 h. Then the reaction was cooled to room temperature and quenched with sodium
sulfide (2.5 g), DCM (100 mL) and water (100 mL) and reaction was stirred at room temperature
for 30 mins. The reaction was divided into two portions and each portion was separately filtered
through a pad of Celite in a glass crucible using additional 50 mL of DCM for washing the Celite
pad and then both filtrate fractions were combined. The organic phase was extracted from the
aqueous phase using DCM (2 x 50 mL). All organic fractions were combined, dried over
anhydrous sodium sulfate, and concentrated under vacuum. The crude product was further purified
by chromatography using a Sféar Silica HC D (High-capacity Duo 20 um) 50 g cartridge on a
Biotage Isolera One system (MeOH : DCM, gradient from 0:100 to 10:90). This afforded
compound 5b-dimer as an off-white solid (0.51 g, 62% yield). The *H NMR spectrum of the

product matched that reported in the literature.®
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4.5.3 Synthesis and Characterization of Nickel Complexes

34 34
iy um
AgOTf (1 equiv
_ /Ni"<N ) (1eq ): _ /Ni'"/N
< IN N< | acetone /O/\l | SN=
~30°C, 30 min N ~

3a-OTf: Complex 2a-pic (189 mg, 0.5 mmol, 1 equiv) was weighed into a 20 mL vial and
dissolved in anhydrous acetone (5 mL), and the resulting solution was cooled to —30 °C. This
solution was added dropwise to a pre-cooled (—30 °C) solution of AgOTf (131 mg, 0.51 mmol,
1.02 equiv) in acetone (5 mL). The reaction was stirred for 30 min while it slowly warmed up to
ambient temperature. A color change from orange to dark green was observed, along with the
formation of a gray precipitate. The solvent was removed under vacuum, and the resulting residue
was re-dissolved in THF (5 mL). The reaction mixture was filtered through a Celite pad, and this
pad was washed with THF (5 mL). The solvent was reduced under vacuum to ~2 mL and then a
1:1 mixture of pentane: diethyl ether (8 mL) was added to precipitate a brownish-green solid. This
solid was recrystallized via slow diffusion of pentane into a THF solution. Complex 3a-OTf was
obtained as a dark orange-green solid (240 mg, 91% yield). Complex 3a-OTf was characterized
EPR spectroscopy at 93 K in a toluene glass (S = 2 ; g1 = 2.07, g2 = 2.18, g3 = 2.32). A single
crystal of 3a-OTf was obtained via slow vapor diffusion of pentane into a THF solution of 3a-

OTfat-30 °C.
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Elemental analysis: calculated for C21H2:N3F3NiO4S, C: 47.85, H: 4.02, N: 7.97; Found: C: 48.07,
H: 4.07, N: 7.98
HRMS-electrospray (m/z): [M*-OTf] calcd. for C20H2:N3NiO, 377.1033; found, 377.1038 [M-

OTf]

EPR spectrum of 3a-OTf (top/blue) and simulated (bottom/orange). The simulated spectrum was
fit using the following parameters g1 = 2.07, g2 = 2.18, g3 = 2.32; g-strain, g1 = 0.018, g> = 0.014,

g3 = 0.018. The spectrum was recorded at 93 K in toluene-glass.

Experimental

200 250 300 350 400

B [mT]
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O

o)
Q—_‘"%N AgX (1 equiv) Q—:"%N
N —Nit > X/NI —
/CN 0 acetone | 0

= 2b-pic -30 °C, 30 min _N
|X = OTf or OTFA| %J
3b-OTf: 65%
3b-OTFA: 80%

3b-OTf: Complex 2b-pic (200 mg, 0.5 mmol, 1 equiv) was weighed into a 20 mL vial and
dissolved in anhydrous acetone (5 mL), and the resulting solution was cooled to —30 °C. This
solution was added dropwise to a pre-cooled (—30 °C) solution of AgOTf (131 mg, 0.51 mmol,
1.02 equiv) in acetone (5 mL). The reaction was stirred for 30 min while it slowly warmed up to
ambient temperature. A color change from orange to dark brown was observed, along with the
formation of a gray precipitate. The solvent was removed under vacuum, and the resulting residue
was re-dissolved in THF (5 mL). The reaction mixture was filtered through a Celite pad, and this
pad was washed with THF (5 mL). The solvent was reduced under vacuum to ~2 mL and then a
1:1 mixture of pentane: diethyl ether (8 mL) was added to precipitate a brownish-orange solid.
This solid was re-dissolved in minimum amount of THF (~5 mL), and the resulting solution was
transferred to a centrifuge tube and centrifuged at 5000 rpm for 15 min. The solution was separated
from the pellet of silver particulate impurities at the bottom of the tube. This procedure was
repeated twice, and then the solution was collected and the solvent was removed under vacuum to
afford 3b-OTf as a brownish orange solid (178 mg, 65% yield). Complex 3b-OTf was

characterized EPR spectroscopy at 100 K in a toluene glass (S = /2; g1 = 2.07, g2 = 2.18, g3 = 2.30).

Elemental analysis: calculated for C23H17N3F3NiO4S, C: 50.49, H: 3.13, N: 7.68; Found: C: 51.27,

H: 3.36, N: 7.71
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HRMS-electrospray (m/z): [M*-OTf] calcd. for C22H17N3NiO, 397.0720; found, 397.0727 [M*-

OTf]

EPR spectrum of 3b-OTf (bottom/blue) and simulated (top/orange). The simulated spectrum was
fit using the following parameters g: = 2.07, g2 = 2.18, g3 = 2.30; g-straini1,23=0.012. The spectrum

was recorded at 100 K in toluene-glass.

Experimental

200 250 300 350 400
B [mT]
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3b-OTFA: Complex 2b-pic (200 mg, 0.5 mmol, 1 equiv) was weighed into a 20 mL vial and
dissolved in anhydrous acetone (5 mL), and the resulting solution was cooled to —30 °C. This
solution was added dropwise to a pre-cooled (—30 °C) solution of AgOTf (113 mg, 0.51 mmol,
1.02 equiv) in acetone (5 mL). The reaction was stirred for 45 min while it slowly warmed up to
ambient temperature. A color change from orange to dark brown was observed, along with the
formation of a gray precipitate. The solvent was removed under vacuum, and the resulting residue
was re-dissolved in THF (5 mL). The reaction mixture was filtered through a Celite pad, and this
pad was washed with THF (5 mL). The solvent was reduced under vacuum to ~2 mL and then a
1:1 mixture of pentane: diethyl ether (8 mL) was added to precipitate a brownish-orange solid.
This solid was re-dissolved in minimum amount of THF (~5 mL), and the resulting solution was
transferred to a centrifuge tube and centrifuged at 5000 rpm for 15 min. The solution was separated
from the pellet of silver particulate impurities at the bottom of the tube. This procedure was
repeated twice, and then the solution was collected and the solvent was removed under vacuum to
afford 3b-OTFA as a brownish orange solid (204 mg, 80% yield). Complex 3b-OTFA was
characterized EPR spectroscopy at 100 K in a PrCN glass (S = Y/2; g1 = 2.08, g2= 2.1, g3 = 2.28;
AN, =75 G). Asingle crystal of 3b-OTFA was obtained via slow vapor diffusion of pentane into
a THF solution of 3b-OTFA at —30 °C.

Notes:

1. The reagent quality of AgOTHf is crucial for the isolation of complex 4a-OTf. Most vendors have
traces of impurities that result in faster decomposition of complex 4a-OTf.

2. Before the Celite filter, the solvent swap from acetone to THF is important to limit

decomposition during the filtration step.
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3. The centrifugation step is important to remove silver and nickel impurities that impact reactivity

studies.

Elemental analysis: calculated for C24H17N3F3NiO3, C: 56.40, H: 3.35, N: 8.22; Found: C: 57.06,
H: 3.41, N: 8.21
HRMS-electrospray (m/z): [M*-OTFA] calcd. for C22H17NsNiO, 397.0720; found, 397.0728 [M-

OTFA]

EPR spectrum of 3b-OTFA (blue) and simulated (orange). The simulated spectrum was fit using
the following parameters g: = 2.08, g2= 2.1, g3 = 2.28; AN 2= 75 G. The spectrum was recorded

at 100 K in PrCN-glass.

Experiment

200 250 300 350 400
B [MT]
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4.5.4 Reactivity of Nickel Complexes

IIHO | X
an-N N/

Ni A4 -
= o oN DMF-d,, 140 °C, 16 h 0
//S\ o
(@) CF3 4
3a-OTf Sa-N

not detected

A 0.02 M stock solution of 3a-OTf in DMF-d; (10.5 mg, 20 pmol in 1 mL of DMF-d7) was
prepared. A 0.5 mL aliquot of the 3a-OTf stock solution was placed in J. Young NMR tube. The
resulting mixture was heated at 140 °C for 16 h. *H NMR analysis showed no detectable formation
of 3b-H, which was further confirmed via *H NMR spectroscopy by spiking in an (independently
synthesized) authentic sample of 5a-N into the reaction mixture. NMR data are shown in Figure

S11, below.

THF
HDQ

2 (O S
N s
jlll -~ N
/@/TI \Ngj +’ N
= 0_0= DMF-dz, 140 °C, 16 h

O
/S\ .
0" CF4 -

BT i M,,iﬂ\)ﬂl_-'u_ e x | ¥ VPN W N

authentic (3b-H) spiked
into above reaction mixture

_—--_“.J_wn_m_mwl-_ﬁ'jmdlumym,%‘— L M J‘ |\-l|;/\,

T T T T T T T T T T r r T T T T T T T r T
10 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
f1 (ppm)
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Thermolysis of 3b-OTf with NBual in toluene-ds and acetone- ds

z various I
| conditions
NS
up to 140 °C
(3b-OTf or 3b-OTFA) for 16 5b-I

not detected

A 0.02 M stock solution of 3b-OTf in toluene-dg (7.6 mg, 20 umol in 1 mL of toluene-dg) was
prepared. A 0.5 mL aliquot of 3b-OTf (3.8 mg, 10 umol, 1 equiv) stock solution was placed in J.
Young NMR tube, and either NBusl (7.4 mg, 20 umol, 2 equiv) or I2 (2.5 mg, 20 umol, 2 equiv)
was added. The resulting mixture was heated at 120 °C for 16 h. 'H NMR analysis showed no
detectable formation of 5b-1. Similar results were obtained for a reaction in acetone-ds after 16 h
at 60 °C and DMF-d7 at 140 °C for 16 h. Representative NMRs of the above reactions are presented
below.

Analogous reactions were conducted with 3b-OTFA, and they similarly afforded no detectable
5b-1.

Note: 3b-OTf, 3b-OTFA and NBusl have poor to moderate solubility in toluene-ds but are

completely soluble in acetone-ds and DMF-d-.
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Thermolysis of 3b-OTf with NBuasl in toluene-ds

A OTE snlumne 1M
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Thermolysis of 3b-OTf with NBusl in acetone-ds

i -
Cﬁ—ff’,{ NBu,I (2 equiv) @@ |
Ll
E"g acetone-dy I
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N acetone-dg, !
o | G0°C, 16 h
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(3a-H)

J. — ..l‘,|, - - % - — S ¥ —
ry & i

X1

© 115 10 105 100 9ls 9o ez sl 75 o els eo =53 sl " als alo 33 30 23 20 135 1o o5 oo o

133



4.5.5 Catalytic Relevance of Nickel Complexes

Cl

| X 10 mol % [3a-OTf] (j;j | X
25 mol % A92CO3 =
N 2 equiv Na,CO4, - + N
HN. O * 2 TpyeTia0ec 24 1 N o N o
s ialit'e
Clya-H Cisa.N />~ 5a-N /-

GC trace of Table 2, entry 3 with labeled retention times and experimentally observed yields; (b)

\

Stacked GC traces (top) Table 2, entry 3, (top) and rest ©'1a-H, 1a-H, 5a-N, and ©'5a-N as

labeled.
5.0
0.0 3 3§ #éwlr - hl
0.0 25 50 75 10.0 125 15.0 175 min
uV(x10,000) 11.09 min Max Intensity : 1,116,792
0.07CH gram Time 19878 Tnten 70,326
7.5 .
] ~o 11.37 min
ol
1 o 0"
2] standard 9.61 min
] solvents 3.99 min
0,"- 4 A b\l‘ 3
0.0 25 50 75 10.0 125 15.0 175 min
Results - Peak Table
sak Table | Compound | Group | Calibration Curve |
Peak# | Ret.Tim Area Height Conc. Mark | Compound ID# | Compound Name|  Units
0.751 203637425 | 1116868.5 0.00000 | E
3992 4079745| 97936.2|  0.00000|S
9612 231858 | 107755] _ 0.00000
11372 3710045 738773 | _ 0.00000

Ratio = 0.909 (SM:IS); urSM = ~91%
Ratio = 0.057 (1b-H:IS); yield = ~6%
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4.5.6 X-Ray Crystallography Data

X-Ray Crystallographic Data of 3a-OTf

O
Ill,,? 42
-III/N

Ni
oSt
— O\ //O\

0 CF,

Brown plates of 3a-OTf were grown from a THF/pentane solution of the compound at -30 °C. A
crystal of dimensions 0.10 x 0.07 x 0.05 mm was mounted on a Rigaku AFC10K Saturn 944+
CCD-based X-ray diffractometer equipped with a low temperature device and Micromax-007HF
Cu-target micro-focus rotating anode (A = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).
The X-ray intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm
from the crystal. A total of 2028 images were collected with an oscillation width of 1.0° in . The
exposure times were 1 sec. for the low angle images, 5 sec. for high angle. Rigaku d*trek images
were exported to CrysAlisPro for processing and corrected for absorption. The integration of the
data yielded a total of 32929 reflections to a maximum 260 value of 138.67° of which 4112 were
independent and 3827 were greater than 26(I). The final cell constants (Table 1) were based on
the xyz centroids of 14911 reflections above 10o(I). Analysis of the data showed negligible decay
during data collection. The structure was solved and refined with the Bruker SHELXTL (version
2016/6) software package, using the space group P2(1)/n with Z = 4 for the formula
C21H21N304F3SNi. All non-hydrogen atoms were refined anisotropically with the hydrogen
atoms placed in idealized positions. Full matrix least-squares refinement based on F? converged
at R1=0.0407 and wR2 = 0.1111 [based on I > 2sigma(l)], R1 = 0.0435 and wR2 = 0.1159 for all

data. Additional details are presented in Table 1 and are given as Supporting Information in a CIF
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file.

Acknowledgement is made for funding from NSF grant CHE-0840456 for X-ray

instrumentation.

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open

Access).

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas,

9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015).

Table 4.5 Crystal data and structure refinement for 3a-OTf

Empirical formula

C21 H21 F3 N3 Ni 04 S

Formula weight 527.17
Temperature 85(2) K
Wavelength 1.54184 A

Crystal system, space group

Monoclinic, P2(1)/n

Unit cell dimensions

a=9.5689(2) A alpha=90°
b=17.9404(3) A beta=101.756(2)°

c =13.1615(3) A gamma = 90°

Volume

2212.05(8) A3

Z, Calculated density

4,1.583 Mg/m"3

Absorption coefficient 2.687 mm~-1
F(000) 1084
Crystal size 0.100 x 0.070 x 0.050 mm
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Theta range for data collection

4.224 t0 69.337°

Limiting indices

-11<=h<=11, -21<=k<=21, -15<=I<=15

Reflections collected / unique

32929 / 4112 [R(int) = 0.0662]

Completeness to theta = 67.684

99.90%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.61304

Refinement method

Full-matrix least-squares on F"2

Data / restraints / parameters

4112/0/301

Goodness-of-fit on F*2

1.096

Final R indices [I1>2sigma(l)]

R1=0.0407, wR2 = 0.1111

R indices (all data)

R1=0.0435, wR2 = 0.1159

Extinction coefficient

n/a

Largest diff. peak and hole

0.426 and -0.516 e.A"-3
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X-Ray Crystallographic Data of 3b-OTFA
O
N0
ALl -NE /:'
@TI\OLCH
-N
N

Brown needles of 3b-OTFA were grown from a THF/pentane solution of the compound at -30 °C.

A crystal of dimensions 0.11 x 0.05 x 0.05 mm was mounted on a Rigaku AFC10K Saturn 944+
CCD-based X-ray diffractometer equipped with a low temperature device and Micromax-007HF
Cu-target micro-focus rotating anode (A = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).
The X-ray intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm
from the crystal. A total of 2028 images were collected with an oscillation width of 1.0° in . The
exposure times were 1 sec. for the low angle images, 5 sec. for high angle. Rigaku d*trek images
were exported to CrysAlisPro for processing and corrected for absorption. The integration of the
data yielded a total of 16396 reflections to a maximum 20 value of 138.32° of which 3902 were
independent and 3687 were greater than 2o(I). The final cell constants (Table 1) were based on
the xyz centroids of 8272 reflections above 10c(I). Analysis of the data showed negligible decay
during data collection. The structure was solved and refined with the Bruker SHELXTL (version
2018/3) software package, using the space group Plbar with Z = 2 for the formula
C24H17N303F3Ni. All non-hydrogen atoms were refined anisotropically with the hydrogen
atoms placed in idealized positions. Full matrix least-squares refinement based on F? converged
at R1 =0.0385 and wR2 = 0.1058 [based on | > 2sigma(l)], R1 = 0.0404 and wR2 = 0.1081 for all

data. Additional details are presented in Table 1 and are given as Supporting Information in a CIF
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file. Acknowledgement is made for funding from NSF grant CHE-0840456 for X-ray

instrumentation.

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open
Access).

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas,
9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015).

Table 4.6 Crystal data and structure refinement for 3b-OTFA

Empirical formula C24 H17 F3 N3 Ni 03
Formula weight 511.11

Temperature 85(2) K

Wavelength 1.54184 A

Crystal system, space group Triclinic, P-1

a=28.4096(3) A alpha =95.466(3)°
Unit cell dimensions b=11.3752(4) A beta =107.282(3)°

c=11.9729(4) A gamma = 92.626(3)°

Volume 1085.34(6) A"3

Z, Calculated density 2, 1.564 Mg/m”3
Absorption coefficient 1.816 mm~/-1

F(000) 522

Crystal size 0.110 x 0.050 x 0.050 mm
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Theta range for data collection

3.892 t0 69.159°

Limiting indices

-9<=h<=10, -12<=k<=11, -14<=I<=14

Reflections collected / unique

16396 / 3902 [R(int) = 0.0384]

Completeness to theta = 67.684

97.6%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.81150

Refinement method

Full-matrix least-squares on F"2

Data / restraints / parameters

3902/0/308

Goodness-of-fit on F*2

1.044

Final R indices [I1>2sigma(l)]

R1=0.0385, wR2 = 0.1058

R indices (all data)

R1=0.0404, wR2 = 0.1081

Extinction coefficient

n/a

Largest diff. peak and hole

0.443 and -0.417 e.A"-3
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X-Ray Crystallographic Data of N'5h-dimer

Ni"

o ~—%0
i A RGN

Brown prisms of Ni5b-dimer were grown from a tetrahydrofuran/pentane solution of the
compound at 22 deg. C. A crystal of dimensions 0.09 x 0.04 x 0.04 mm was mounted on a Rigaku
AFC10K Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device
and Micromax-007HF Cu-target micro-focus rotating anode (I = 1.54187 A) operated at 1.2 kW
power (40 kV, 30 mA). The X-ray intensities were measured at 85(1) K with the detector placed
at a distance 42.00 mm from the crystal. A total of 2028 images were collected with an oscillation
width of 1.0° in w. The exposure times were 1 sec. for the low angle images, 3 sec. for high angle.
Rigaku d*trek images were exported to CrysAlisPro for processing and corrected for absorption.
The integration of the data yielded a total of 37571 reflections to a maximum 2q value of 138.66°
of which 4645 were independent and 4464 were greater than 2s(l). The final cell constants (Table
1) were based on the xyz centroids of 23905 reflections above 10s(1). Analysis of the data showed
negligible decay during data collection. The structure was solved and refined with the Bruker
SHELXTL (version 2018/3) software package, using the space group P2(1)/c with Z = 4 for the
formula C32H20N40O2Ni. All non-hydrogen atoms were refined anisotropically with the
hydrogen atoms placed in idealized positions. Full matrix least-squares refinement based on F2
converged at R1 = 0.0329 and wR2 = 0.0824 [based on | > 2sigma(l)], R1 = 0.0341 and wR2 =

0.0835 for all data. Additional details are presented in Table 1 and are given as Supporting
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Information in a CIF file. Acknowledgement is made for funding from NSF grant CHE-0840456

for X-ray instrumentation.

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open

Access).

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas,

9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015).

Table 4.7 Crystal data and structure refinement for N'5b-dimer

Empirical formula

C32 H20 N4 Ni 02

Formula weight 551.23
Temperature 85(2) K
Wavelength 1.54184 A

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a=10.01885(6) A alpha=290°
b =14.28386(10) A beta = 92.6637(5)°

c=17.50086(11) A gamma=90°

Volume

2501.81(3) A3

Z, Calculated density

4, 1.463 Mg/m"3

Absorption coefficient 1.431 mm~-1
F(000) 1136
Crystal size 0.090 x 0.040 x 0.040 mm
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Theta range for data collection

3.997 to 69.332°

Limiting indices

-12<=h<=12, -16<=k<=17, -21<=I<=21

Reflections collected / unique

37571/ 4645 [R(int) = 0.0404]

Completeness to theta = 67.684

99.9%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0. 87578

Refinement method

Full-matrix least-squares on F"2

Data / restraints / parameters

4645/0/ 353

Goodness-of-fit on F*2

1.036

Final R indices [I1>2sigma(l)]

R1=0.0329, wR2 = 0.0824

R indices (all data)

R1=0.0341, wR2 = 0.0834

Extinction coefficient

0.00098(11)

Largest diff. peak and hole

0.310 and -0.478 e.A"-3

144




X-Ray Crystallographic Data of Ni1

Blue blocks of Ni1 were grown from a tetrahydrofuran solution of the compound at 24 deg. C. A
crystal of dimensions 0.10 x 0.10 x 0.02 mm was mounted on a Rigaku AFC10K Saturn 944+
CCD-based X-ray diffractometer equipped with a low temperature device and Micromax-007HF
Cu-target micro-focus rotating anode (I = 1.54187 A) operated at 1.2 kW power (40 kV, 30 mA).
The X-ray intensities were measured at 85(1) K with the detector placed at a distance 42.00 mm
from the crystal. A total of 2028 images were collected with an oscillation width of 1.0° in w.
The exposure times were 1 sec. Rigaku d*trek images were exported to CrysAlisPro for processing
and corrected for absorption. The integration of the data yielded a total of 41598 reflections to a
maximum 2q value of 140.72° of which 2901 were independent and 1725 were greater than 2s(1).
The final cell constants (Table 1) were based on the xyz centroids of 4392 reflections above 10s(1).
Analysis of the data showed negligible decay during data collection. The structure was solved and
refined with the Bruker SHELXTL (version 2018/3) software package, using the space group Pbcn
with Z = 4 for the formula C26H28N40O6F6S2Ni. All non-hydrogen atoms were refined
anisotropically with the hydrogen atoms placed in idealized positions. The complex lies on a two-
fold rotation axis in the crystal lattice. Full matrix least-squares refinement based on F2 converged
at R1 = 0.01344 and wR2 = 0.4122 [based on | > 2sigma(l)], R1 = 0.1742 and wR2 = 0.4679 for

all data. Additional details are presented in Table 1 and are given as Supporting Information in a
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CIF file. Acknowledgement is made for funding from NSF grant CHE-0840456 for X-ray

instrumentation.

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open
Access).

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas,
9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

CrysAlisPro 1.171.40.53 (Rigaku Oxford Diffraction, 2019).

Table 4.8 Crystal data and structure refinement for Nix

Empirical formula C32 H20 N4 Ni 02
Formula weight 551.23

Temperature 85(2) K
Wavelength 1.54184 A

Crystal system, space group Monoclinic, P2(1)/c

a=10.01885(6) A alpha=190°
Unit cell dimensions b =14.28386(10) A beta = 92.6637(5)°

c=17.50086(11) A gamma=90°

Volume 2501.81(3) A3

Z, Calculated density 4, 1.463 Mg/m"3
Absorption coefficient 1.431 mm~-1

F(000) 1136

Crystal size 0.090 x 0.040 x 0.040 mm
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Theta range for data collection

3.997 to 69.332°

Limiting indices

-12<=h<=12, -16<=k<=17, -21<=I<=21

Reflections collected / unique

37571/ 4645 [R(int) = 0.0404]

Completeness to theta = 67.684

99.9%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0. 87578

Refinement method

Full-matrix least-squares on F"2

Data / restraints / parameters

4645/0/ 353

Goodness-of-fit on F*2

1.036

Final R indices [I1>2sigma(l)]

R1=0.0329, wR2 = 0.0824

R indices (all data)

R1=0.0341, wR2 = 0.0834

Extinction coefficient

0.00098(11)

Largest diff. peak and hole

0.310 and -0.478 e.A"-3
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X-Ray Crystallographic Data of Ni2

Pale green needles of Ni2 were grown from a tetrahydrofuran solution of the compound at 22 deg.
C. A crystal of dimensions 0.08 x 0.05 x 0.05 mm was mounted on a Rigaku AFC10K Saturn
944+ CCD-based X-ray diffractometer equipped with a low temperature device and Micromax-
007HF Cu-target micro-focus rotating anode (I = 1.54187 A) operated at 1.2 kW power (40 kV,
30 mA). The X-ray intensities were measured at 85(1) K with the detector placed at a distance
42.00 mm from the crystal. A total of 2028 images were collected with an oscillation width of
1.0°in w. The exposure times were 1 sec. for the low angle images, 2 sec. for high angle. Rigaku
d*trek images were exported to CrysAlisPro for processing and corrected for absorption. The
integration of the data yielded a total of 42551 reflections to a maximum 2q value of 138.48° of
which 2736 were independent and 2612 were greater than 2s(l). The final cell constants (Table 1)
were based on the xyz centroids of 17073 reflections above 10s(l). Analysis of the data showed
negligible decay during data collection. The structure was solved and refined with the Bruker
SHELXTL (version 2018/3) software package, using the space group Pbcn with Z = 4 for the
formula C24H29N307F6S2Ni. The complex lies on a two-fold rotation axis of the crystal lattice.
All non-hydrogen atoms were refined anisotropically with the hydrogen atoms placed in idealized
positions. Full matrix least-squares refinement based on F2 converged at R1 = 0.0560 and wR2 =

0.1495 [based on | > 2sigma(l)], R1 = 0.0577 and wR2 = 0.1515 for all data. Additional details
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are presented in Table 1 and are given as Supporting Information in a CIF file. Acknowledgement

is made for funding from NSF grant CHE-0840456 for X-ray instrumentation.

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open
Access).

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas,
9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015).

Table 4.9 Crystal data and structure refinement for Niz

Empirical formula C32 H20 N4 Ni 02
Formula weight 551.23

Temperature 85(2) K
Wavelength 1.54184 A

Crystal system, space group Monoclinic, P2(1)/c

a=10.01885(6) A alpha=290°
Unit cell dimensions b =14.28386(10) A beta = 92.6637(5)°

c=17.50086(11) A gamma=90°

Volume 2501.81(3) A3

Z, Calculated density 4, 1.463 Mg/m"3
Absorption coefficient 1.431 mm~-1

F(000) 1136

Crystal size 0.090 x 0.040 x 0.040 mm
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Theta range for data collection

3.997 to 69.332°

Limiting indices

-12<=h<=12, -16<=k<=17, -21<=I<=21

Reflections collected / unique

37571/ 4645 [R(int) = 0.0404]

Completeness to theta = 67.684

99.9%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0. 87578

Refinement method

Full-matrix least-squares on F"2

Data / restraints / parameters

4645/0/ 353

Goodness-of-fit on F*2

1.036

Final R indices [I1>2sigma(l)]

R1=0.0329, wR2 = 0.0824

R indices (all data)

R1=0.0341, wR2 = 0.0834

Extinction coefficient

0.00098(11)

Largest diff. peak and hole

0.310 and -0.478 e.A"-3
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Chapter 5 Attempts and Outlook towards the Isolation of Ni'V

5.1 Introduction

In the 1990s, the first organometallic Ni'¥ complexes were isolated.! The guiding principles
for isolation focused on appropriate choice of ligands. Ni'"V complexes are generally unstable and
decompose through: (i) ligand homolysis, (ii) reductive elimination, and (iii) other reduction
reactions. To tackle these problems, multidentate ligands binding though highly electronegative
atoms (N, O, F, CFz) were selected. The seminal report by Klein leveraged these guiding principles
by using multidentate ligands with electronegative atoms (O, P, I) to isolate the first organometallic
Ni'V complex (Figure 5.1).

Figure 5.1 First Isolated Organometallic Ni'V complex
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PMe3

Klein, 1994

In 2015, Sanford incorporated these design principles for the isolation of a Ni'V complex
and then studied the reactivity of this species in C—X (X =N, O, S) bond-forming processes.? Here,
a tridentate N-centered facial trispyrazolylborate ligand and a strong electronegative CFz ligand
were employed to stabilize the high oxidation state. In 2016, Mirica independently reported the
isolation of a Ni'V species with a tetradentate N-centered macrocyclic ligand (Figure 5.2).34
Notably, both these reports used the bidentate neophyl moiety to impart structural stability and to

enable probing of C—X coupling. Subsequently, Ni'V complexes with other ancillary polydentate
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ligands have been isolated, highlighting the importance of polydentate ligands for the stabilization
of Ni'V species.>®

Figure 5.2 Representative Ni'V Complexes to Study C—X (C, N, O, S) Reductive Elimination

HB/N
NMe
NMe ’f,
Sanford, 2015 Mirica, 2016

C—X bond formation from Ni'V species has been proposed for the catalytically relevant
meridional, aminoquinoline scaffold as well. However, since the C—H activation step is believed
to be thermodynamically uphill under most catalytic conditions, the veracity of the proposed Ni'V
intermediate has yet to be tested.”® This chapter summarizes our efforts to isolate and/or
spectroscopically observe a Ni'V species with the cyclometalated aminoquinoline ligand (Figure
5.3).

Figure 5.3 Proposed Ni'V Intermediates on the Aminoquinoline Scaffold
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The first part of the chapter summarizes oxidative reactivity studies from the previously
isolated Ni'" and Ni'""' complexes with one and two electron oxidants, respectively. Although, trace
C-X coupling was observed in some cases, no new Ni'V species were spectroscopically observed.
We hypothesized that the electron rich aromatic aminoquinoline was being functionalized at the
5-position under these oxidation reactions. Similar observations had led Chatani to install an
electron-withdrawing Cl-group at this position to promote Ni- rather than ligand-centered
oxidative functionalization (Figure 5.4).1°

Figure 5.4 Derivatized 5-position for Ni-centered Oxidations by Chatani
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The previously established route to the Ni' complexes leveraged a decarbonylation
reaction of imides (weak electrophiles) with a strongly nucleophilic Ni° source. However, we noted
that Ni’-mediated activation of C(sp?)—Cl bonds is also well-known.!1-13 Hence, the presence of
Cl group on the starting aminoquinoline imide was anticipated to lead to multiple reaction products
and subsequent problems with isolation.

Figure 5.5 Polydentate Ligands to Promote Ni-based Oxidation
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Thus, an alternative strategy to promote Ni-centered oxidation was proposed by installing
a multidentate ancillary ligand (Figure 5.5). Ligand exchange at the Ni'"' center was slow and
attempts towards product isolations were unsuccessful. Thus, a one-pot procedure for ligand
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exchange coupled with Ag'-mediated oxidation was used to generate Ni''

complexes bearing
polydentate ligands. However, subsequent one-electron oxidation reactions of these complexes did
not lead an observable Ni'"V complex.

Although all attempts to observe and/or isolate a Ni'V complex were unsuccessful, a
concluding outlook section has been compiled. This last section is based on conclusions from the
reactivity studies of all previous chapters as well as inspirations drawn from previous literature

reports. This should serve as a guide for future attempts towards the isolation of a Ni'V complex

on this ligand scaffold.
5.2 Result and Discussion

5.2.1 Two-electron Oxidation Studies of o-alkyl Nickelacycles

The isolation of the g-alkyl Ni"' complex 2a-pic was significantly easier that its c-aryl
analogue 2b-pic. Thus, all oxidation studies in pursuit of Ni'V were performed with 2a-pic for
scalability purposes. Cyclic voltammetry studies of 2a-pic show that a second oxidation event at
~1.1 V versus Ag/Ag*. This was tentatively assigned as the Ni"""V couple (Figure 5.6). This
suggests that strong two-electron oxidants will be required to access Ni'V. Notably, these generally
contain highly electronegative groups such as fluorine (F) or trifluoromethyl (CFs), which have

frequently been employed as ligands for isolated Ni'V species.?>1415
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Figure 5.6 CV of 2a-pic
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The treatment of 2a-pic with equimolar quantities of a two-electron oxidant such as N-
fluoropyridinium triflate (F™-oxidant) or 2,8-difluoro-S-(trifluoromethyl)dibenzothiophenium
triflate (CFs*-oxidant) predominantly led to formation of Ni""' species. This was inferred by
paramagnetic broadening of *H NMR spectra and a lack of diagnostic Ni'V—F or Ni'V—CFs peaks
n F NMR spectra.?> Similar results were obtained with other common oxidants, such as
Phl(OAc), (AcO*-oxidant) and N-fluorobenzenesulfonimide (F*-oxidant). In general, upon
treatment with the oxidant at 25 °C in MeCN-ds an instantaneous color change was observed to
either pale yellow or pale green (Scheme 5.1).

Scheme 5.1 Formation of Ni'"' from 2a-pic with F* and CF3s* oxidants
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Notably, no C(sp®)-N coupling products such as 5a-N or 5a-pic were observed with two-

electron oxidants, similar to what was observed with one-electron oxidants in Chapter 2. These
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results suggest that these oxidants promote single electron processes and fail to yield Ni'V. Thus,
we hypothesized that an ever stronger oxidant might be required to access the two electron
oxidation of 2a-pic.

Scheme 5.2 C(sp®)-N Coupling from 2a-pic with XeF2 in MeCN-dz at 25 °C
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2a-pic 5a-N

Xenon difluoride (XeF>) is one of the strongest oxidants known and is commonly used as
a difluorine (F2) surrogate. It has been previously been used for oxidation of Pd" to Pd'V
species.'®” Upon treatment of 2a-pic with an equimolar quantity of XeF2, an immediate color
change from orange to pale green was observed along with the extrusion of white fumes (Scheme
5.2). No diamagnetic Ni'V species were detected, but the formation of 5a-N was observed at a
maximum yield of 18% by H NMR spectroscopy. Since, this bond formation has not been
observed from previous Ni'"' (3a) species, this result suggests the possibility of a transient Ni'V
species under these conditions. We also observed the formation of some aryl fluoride signals via
1%F NMR spectroscopy (at -116.3 and 129.4 ppm), which are tentatively assigned as fluorination
on the 5-position of the aminoquinoline scaffold.

Scheme 5.5.3 Proposed Route to Polydentate Ligand Supported Ni'V Complexes
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We next hypothesized that the use of polydentate ligand-supported nickel complexes would
help mitigate both the challenges faced previously. Specifically, the polydentate ligand bound to
the nickel center should increase electron density as well as facilitate formation of octahedral Ni'V

intermediates, thereby promoting selective Ni-centered oxidation over undesired aminoquinoline

backbone functionalization.

5.2.2 Synthesis and Preliminary Oxidation Studies of Polydentate Ni'"' Complexes

Literature reports and studies from Chapter 2 indicated that pyridine ligands were superior
in supporting high-valent nickel complexes. Thus, in attempts to isolate polydentate ligand
supported Ni-complexes, we examined the reactions of 2a-PEts and 2a-pic with multi-dentate
pyridine-based ligands. However, as shown in Scheme 5.4, with both bi- and tridentate pyridines,
ligand exchange was sluggish and resulted in the formation of a mixture of species. This ligand
exchange could not be driven to completion even by removal of volatile PEtz under active vacuum
with 2a-PEts as the precursor.

Scheme 5.5.4 Failed Attempts at Ligand Exchange from 2a
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As discussed in Chapters 3 and 4, various oxidation studies with 2a-pic resulted in the
formation of stable Ni'' species, where the fifth ligand is either a solvent molecule or the counter-
anion of the oxidant. Thus, we next conducted an analogous one-pot oxidation followed by ligand
exchange to access Ni'"' complexes bearing multidentate supporting ligands (Figure 5.7). After 30
mins, the *H NMR spectrum of the reaction mixture showed complete disappearance of the
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diamagnetic signals attributed to 2a-pic. The Ag® precipitate was removed by filtering this reaction
mixture through a plug of Celite. The Ni'"" products (3a-L) were isolated by removal of solvent
under reduced pressure and recrystallization from a ternary mixture of acetone, diethyl ether, and
pentane.

Figure 5.7 General Procedure for Synthesis of 3a-L. Complexes
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This strategy was successful for the isolation of three new Ni'' (3a-L) complexes by
treatment of 2a-pic with stoichiometric amounts of AgBFs and ligand (ligand = picoline,
bipyridine, or terpyridine). Complexes 3a-L depicted broad paramagnetic resonances in the 'H
NMR spectrum and rhombic (S = %2) EPR signals were noted. A hyperfine splitting was observed
for 3a-terpy but not for 3a-pic and 3a-bipy. Both the bis-picoline (3a-pic) and bipyridine (3a-
bipy) complexes were characterized by X-ray crystal structures. In contrast, to date, attempts to
obtain a single crystal structure of the terpyridine complex (3a-terpy) have been unsuccessful.
Notably, Vicic has reported on the fluxional nature of the terpyridine ligand at Ni complexes,

which can result in the formation of bridged bimetallic species and thus complicate

characterization.18-2
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Figure 5.8 CV of 3a-pic at different scan rates,
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Cyclic voltammetry of isolated Ni'' complexes (3a-L) indicated a small negative shift (~50
mV) for the Ni'""' peak compared to that of 2a-pic. The data for 3a-pic are representative and are
shown in Figure 5.8. Two peaks are observed at 0.95 V and 1.15 V in the tentatively assigned
Ni""V' region compared to the single peak at 1.1 V for 2a-pic. Although the rationale for these
split peaks was not investigated, we hypothesize that one of these species may be the 6-coordinate
solvent (MeCN) bound complex. This is supported by the qualitative change in ratio of both these
peaks under different scan rates (Figure 5.8).

Scheme 5.5 Preliminary Oxidative Studies from 3a-L
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Preliminary one-electron oxidation studies of 3a-L complexes with equimolar quantities
of a strong oxidant such as NOBF4 (~0.9 V vs. Fc*/Fc) led to no change in color of the reaction

and no noticeable change in the *H NMR spectra. This is consistent with the electrochemical results

159



that NOBF; is not a strong enough oxidant for this transformation. Although this did not lead to
the formation of any observable Ni'V species, future experiments could interrogate the use of

stronger oxidants such as XeF, or Umemoto’s reagent.

5.3 Conclusions

The reactions of 2a-pic with two electron oxidants predominantly led to either (i)
functionalization at the 5-position on the aminoquinoline backbone or (ii) formation of Ni'''. Thus,
polydentate Ni'' complexes (3a-L) were isolated to promote Ni-centered oxidation. However,
when treated with strong oxidants, the complexes 3a-L did not lead to any observable Ni'V species
as probed by NMR spectroscopy. This does not rule out the feasibility of a transient Ni'V species
on this scaffold, as a low yield of 5a-N (C(sp®)-N coupling) was observed from oxidation of 2a-

pic with XeF2, but not from any Ni""' complexes (3a-L).

5.4 Summary and Outlook

Studies from Chapters 2 and 3 showed that the cyclometalated aminoquinoline Ni'"
complexes (2-L) can be isolated via a decarbonylation reaction. Ni'' complexes (3a) were isolable
from 2a-pic but not from 2a-PEts. This highlights the stabilizing effect of nitrogen donor ligands
on high valent Ni intermediates. Chapters 4 and 5 describe attempts to isolate Ni'"" and Ni'V species.
Ag'-mediated oxidations of 2-pic complexes afforded isolable Ni'' species. In attempts to isolate
a Ni'V species, polydentate ligand supported Ni'' complexes (3a-L) were isolated to bias the
systems towards Ni-centered oxidations. Electrophilic reactivity on the aminoquinoline backbone
was minimized in these systems, and no C(sp)-N bond formation was observed. However, no

Ni'V species were detected, even with strong oxidants.
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Figure 5.9 Proposal for Isolable Ni'V species on the Aminoquinoline Scaffold
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In 2015, Vicic demonstrated that perfluoroalkyl ligands stabilize high valent Ni-
complexes.*®20-22 Thus, future studies should focus on the design of Ni complexes supported by
perfluoroalky! ligands. Such Ni'' complexes can be synthesized via similar decarbonylation routes
to that of 2-PEts. This would likely significantly mitigate decomposition via C(sp®)-N bond
coupling owing to polarity mismatch required for reductive elimination.

Moreover, Vicic has observed that perfluoroalkyl bound metal complexes are more
electrophilic compared to the alkyl analogs, owing to the higher electronegativity of the fluoroalkyl
ligand. This enhanced electrophilicity can promote facile ligand exchange for the isolation of
nickel complexes supported by tunable polydentate ligands. Subsequent oxidation may lead to

isolable Ni'Y complexes bearing the aminoquinoline scaffold.
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5.6 Experimental Procedures

5.6.1 General Procedures, Materials and Methods

General Procedures

NMR spectra were recorded on a Varian VNMRS 600 (600 MHz for *H and 151 MHz for 13C).
'H and *C NMR chemical shifts are reported in parts per million (ppm) and are referenced to the
solvent lock. *H NMR quantification was conducted using internal standards as mentioned in the
experimental procedures. Abbreviations used to report NMR peaks: singlet (s); doublet (d); triplet
(t); quartet (q); doublet of doublets (dd); triplet of doublets (td); doublet of triplets (dt); multiplet
(m). GC-FID data were collected on a Shimadzu 17A GC using a Restek Rtx®-5 (crossbond 5%
diphenyl-95% dimethyl polysiloxane; 15 m, 0.25 mm ID, 0.25 pum df) column. High-resolution
mass spectra were recorded on a Micromass AutoSpec Ultima Magnetic Sector mass spectrometer.
Cyclic voltammetry was performed using a CHI600C potentiostat from CH Instruments. EPR
spectra were collected at temperatures mentioned in the experimental procedures using a Bruker
EMX ESR Spectrometer with a nitrogen-cooled cryostat. Elemental analyses were performed by
Midwest Microlab located in Indianapolis. X-ray crystallographic data were obtained on a Rigaku
AFC10K Saturn 944+ CCD-based X-ray diffractometer. Chromatographic separations were
carried out on a Biotage Isolera One system using Sfér Silica HC D (High-capacity Duo 20 pum)
columns (10 g, 25 g, or 50 g cartridges depending on the scale of isolations), as mentioned in the
synthetic procedures.

Acronyms: Dichloromethane (DCM), Tetrahydrofuran (THF), Water in NMR solvent (HDO),

Tetramethylsilane (TMS), Nitromethane (CH3NO>), residual moisture in solvent (HDO)
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Materials and Methods

All commercial reagents were used as received without further purification unless otherwise noted.
Silver(l) tetrafluoroborate (AgBF4), propionitrile and acetonitrile (electronic grade) were
purchased from Millipore-Sigma or Aldrich. Acetone was purchased from Acros Organics in
AcroSeal® bottles. All deuterated solvents were obtained from Cambridge Isotope Laboratories
and deaerated via a nitrogen sparge prior to storage over activated 4 A molecular sieves (EMD
Millipore). Pentane (Fisher), diethyl ether (Millipore-Sigma), tetrahydrofuran (Fisher) were
deaerated via a nitrogen sparge and further purified using a solvent purification system for usage
inside the glovebox. Celite was purchased from Aqua Solutions and was dried under vacuum at
150 °C for 24 h for usage inside the glovebox. All glassware used in the glovebox was dried in an
oven at 150 °C for at least 6 h and cooled under an inert atmosphere. All experiments and synthetic

procedures were setup inside a nitrogen-filled glovebox unless otherwise mentioned.

EPR Spectra of Nickel Complexes

50 pL from a 10 mM (10 pmol in 1mL) stock solution of each Ni'"' complex was diluted with 200
pL of toluene or PrCN. This 250 pL sample was placed in a septum capped EPR tube and cooled
in liquid nitrogen until it glassed. EPR spectra were recorded for complexes at 100 K. EPR data

are shown below.

Electrochemical Studies of Nickel Complexes
Cyclic voltammetry of Ni'' complexes were performed in a 3-electrode cell consisting of a 3 mm
glassy carbon disc working electrode, a Pt wire counter electrode, and an Ag/AgBF4 reference

electrode with an Ag wire in a fritted chamber containing a solution of AgBFs (0.01 M) and

165



NBuUsPFs (0.1 M) in acetonitrile. A 2 mL solution of each complex (0.01 M) and NBusPFs (0.1 M)
in acetonitrile was added to the electrochemical cell. Cyclic voltammograms were recorded at 50—

250 mV/s.

5.6.2 Oxidative Reactivity of 2a-pic

2 O | A
/
+ XeF2 N
\ I N/ MeCN- d3 o
25°C. 10 min §/E

2a-pic 5a-N

18%
(based on internal
standard of NMR instrument)

Complex 2a-pic (3.8 mg, 10 umol, 1 equiv) was dissolved in MeCN-dz (0.5 mL) and added to a 4
mL glass vial containing XeF> (2.0 mg, 11 umol, 1.1 equiv). There was an immediate color change
from yellow to green and white fumes were observed. The sample was transferred an NMR tube
that was sealed with a Teflon septum-lined screw cap. Then the NMR tube was removed from the
glovebox and analyzed by *H NMR and **F NMR spectroscopy after 10 min. Formation of 5a-N
was noted in the *H NMR spectra (as indicated by the characteristic resonance at 4.29 ppm), and
the crude °F NMR spectrum showed resonances in the aryl-fluoride region (-116.3 and -129.4
ppm), which are tentatively assigned as fluorination at the 5-position of the aminoquinoline. NMR

data are shown below. No further change of the NMR spectra was observed even after 24 h.
Analogous to the above procedure, reactions were setup with other oxidants, including Phl1(OAc)z,

AgF2, Umemoto’s reagent (CF3 oxidant), NFSI, NFTPT. In all of these cases, no diamagnetic

signals indicative of a Ni'V species were observed by *H NMR spectroscopy.
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5.6.3 Synthesis and Characterization of Polydentate Ni'"' Complexes

BF
0 N P )
Try) ’L L Y,
N : AgBF, (1.02 equiv) ; m-N

e 0 . Ni
= N/NI N + \_,:,L - . ] e | SN=
| = L acetone, =30 °C, 30 min oL S

2a-pic ligand (1 equiv) 3a-L

General Procedure: Complex 2a-pic (189 mg, 0.5 mmol, 1 equiv) and ligand (0.5 mmol, 1 equiv)
was weighed into a 20 mL vial and dissolved in anhydrous acetone (5 mL), and the resulting
solution was cooled to —30 °C. This solution was added dropwise to a pre-cooled (—30 °C) solution
of AgBF4 (100 mg, 0.51 mmol, 1.02 equiv) in acetone (5 mL). The reaction was stirred for 30 min
while it slowly warmed up to ambient temperature. A color change from orange to dark green or
brown was observed, along with the formation of a gray precipitate. The solvent was removed
under vacuum, and the resulting residue was re-dissolved in THF (5 mL). The reaction mixture
was filtered through a Celite pad, and this pad was washed with THF (5 mL). The solvent was
reduced under vacuum to ~2 mL and then a 1:1 mixture of pentane: diethyl ether (8 mL) was added
to precipitate a brownish-green solid. This solid was recrystallized via slow diffusion of pentane
into a THF solution and final yields were calculated (3a-pic = 78%, 3a-bipy = 66%, and 3a-terpy
= 48%). The Ni'' complexes (3a-pic and 3a-bipy) were characterized by EPR spectroscopy, and
single crystal structures as described in section 5.6.5. All attempts to obtain a solid-state structure

of 3a-terpy were unsuccessful.
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Elemental analysis: calculated for C2sH2sN4BFsNiO, C: 55.96, H: 5.06, N: 10.04; Found: C: 47.31,
H: 4.28, N: 7.42
HRMS-electrospray (m/z): [M*-BF4] calcd. for CosH2sN4NiO, 470.1616; found, 470.1618 [M-

BF4]

EPR spectrum of 3a-pic was recorded at 93 K in PrCN-glass.

g value
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3a-bipy
Elemental analysis: calculated for C2sH22N4BF4NiO, C: 54.60, H: 4.20, N: 10.61; Found: C: 57.16,
H:5.41, N: 9.41
HRMS-electrospray (m/z): [M*-BF4] calcd. for C24H22NsNiO, 440.1147; found, 440.1248 [M-

BF.]

EPR spectrum of 3a-bipy was recorded at 93 K in PrCN-glass.

g value
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3a-terpy

HRMS-electrospray (m/z): [M*-BF4] calcd. for Co9H2sNsNiO, 517.1413; found, 517.1527 [M-

BF4]

EPR spectrum of 3a-terpy was recorded at 110 K in PrCN-glass.

g value
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5.6.4 Oxidative Reactivity of Polydentate Ni''' Complexes (3a-L)

X
0 BF, L QO W\ X Y
<‘ : X] (< N N
/N ! (V- H\Ad
Nill > Ni or, Ni
~ ’ ~
L/| \ MeCN-ds, 25 °C L Nz g
up to 24 h &/L | L

Complex 3a-L (10 pmol, 1 equiv) was dissolved in MeCN-ds (0.5 mL) and added to a 4 mL glass

vial containing NOBF; (2.0 mg, 11 pmol, 1.1 equiv). There was an immediate color change from
yellow to green. The sample was transferred an NMR tube that was sealed with a Teflon septum-
lined screw cap. Then the NMR tube was removed from the glovebox and analyzed by *H NMR
and °F NMR spectroscopy at 10 min. Upon monitoring up to 24 h, no diamagnetic signals

consistent with a Ni'V intermediate were observed.

Analogous to the above procedure, reactions were set up with other one-electron oxidants such as

AgF2 and ammonium cerium (IV) nitrate (CAN). These showed similar NMR spectra i.e.,

formation of a Ni'V species was not observed by NMR spectroscopy.
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5.6.5 X-Ray Crystallography Data

X-Ray Crystallographic Data of 3a-pic

Orange blocks of 3a-pic were grown from a acetone/tetrahydrofuran/pentane solution of the
compound at -10 deg. C. A crystal of dimensions 0.06 x 0.04 x 0.04 mm was mounted on a Rigaku
AFC10K Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device
and Micromax-007HF Cu-target micro-focus rotating anode (I = 1.54187 A) operated at 1.2 kW
power (40 kV, 30 mA). The X-ray intensities were measured at 85(1) K with the detector placed
at a distance 42.00 mm from the crystal. A total of 2028 images were collected with an oscillation
width of 1.0° in w. The exposure times were 1 sec. for the low angle images, 5 sec. for high angle.
Rigaku d*trek images were exported to CrysAlisPro for processing and corrected for absorption.
The integration of the data yielded a total of 19576 reflections to a maximum 2q value of 138.64°
of which 4593 were independent and 3833 were greater than 2s(l). The final cell constants (Table
1) were based on the xyz centroids of 5741 reflections above 10s(l1). Analysis of the data showed
negligible decay during data collection. The structure was solved and refined with the Bruker
SHELXTL (version 2016/6) software package, using the space group Plbar with Z = 2 for the
formula C26H28BN4F40Ni. All non-hydrogen atoms were refined anisotropically with the
hydrogen atoms placed in idealized positions. The tetrafluoroborate anion is disordered over two

positions. Full matrix least-squares refinement based on F2 converged at R1 = 0.0480 and wR2 =
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0.1214 [based on | > 2sigma(l)], R1 = 0.0585 and wR2 = 0.1329 for all data. Additional details
are presented in Table 1 and are given as Supporting Information in a CIF file. Acknowledgement

is made for funding from NSF grant CHE-0840456 for X-ray instrumentation.

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open
Access).

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas,
9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015).

Table 5.1 Crystal Data and Structure Refinement for 3a-pic

Empirical formula C26 H28 B F4 N4 Ni O
Formula weight 558.04

Temperature 85(2) K

Wavelength 1.54184 A

Crystal system, space group Triclinic, P-1

a=38.1631(4) A alpha =75.846(3)°
Unit cell dimensions b =9.5585(4) A beta=81.795(3)°

c =17.5144(6) A gamma = 74.433(4)°

Volume 1272.15(10) A*3
Z, Calculated density 2, 1.457 Mg/m"3
Absorption coefficient 1.595 mm~-1
F(000) 578
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Crystal size

0.060 x 0.040 x 0.040 mm

Theta range for data collection

2.611 to0 69.321°

Limiting indices

-9<=h<=9, -11<=k<=10, -21<=1<=20

Reflections collected / unique

19576 / 4593 [R(int) = 0.0748]

Completeness to theta = 67.684

97.7%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.51245

Refinement method

Full-matrix least-squares on F 2

Data / restraints / parameters

4593 /94 /383

Goodness-of-fit on F*2

1.043

Final R indices [I>2sigma(l)]

R1=0.0480, wR2 = 0.1214

R indices (all data)

R1=0.0585, wR2 = 0.1329

Extinction coefficient

n/a

Largest diff. peak and hole

0.509 and -0.434 e.A"-3
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X-Ray Crystallographic Data of 3a-bipy

Colorless needles of 3a-bipy were grown from a tetrahydrofuran/acetone solution of the
compound at 22 deg. C. A crystal of dimensions 0.10 x 0.04 x 0.02 mm was mounted on a Rigaku
AFC10K Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device
and Micromax-007HF Cu-target micro-focus rotating anode (I = 1.54187 A) operated at 1.2 kW
power (40 kV, 30 mA). The X-ray intensities were measured at 85(1) K with the detector placed
at a distance 42.00 mm from the crystal. A total of 2028 images were collected with an oscillation
width of 1.0° in w. The exposure times were 5 sec. for the low angle images, 35 sec. for high angle.
Rigaku d*trek images were exported to CrysAlisPro for processing and corrected for absorption.
The integration of the data yielded a total of 81256 reflections to a maximum 2q value of 138.70°
of which 10067 were independent and 8555 were greater than 2s(1). The final cell constants (Table
1) were based on the xyz centroids of 19741 reflections above 10s(l). Analysis of the data showed
negligible decay during data collection. The structure was solved and refined with the Bruker
SHELXTL (version 2018/3) software package, using the space group P2(1)/c with Z = 4 for the
formula C54.4H58.2B2N80O4F8Ni2. All non-hydrogen atoms were refined anisotropically with
the hydrogen atoms placed in idealized positions. Fractional atom counts are due to a solvent site
with a mixture of acetone and water. Full matrix least-squares refinement based on F2 converged
at R1 =0.0736 and wR2 =0.1910 [based on I > 2sigma(l)], R1 = 0.0835 and wR2 = 0.1992 for all

data. Additional details are presented in Table 1 and are given as Supporting Information in a CIF
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file. Acknowledgement is made for funding from NSF grant CHE-0840456 for X-ray

instrumentation.

G.M. Sheldrick (2015) "Crystal structure refinement with SHELXL", Acta Cryst., C71, 3-8 (Open
Access).

CrystalClear Expert 2.0 r16, Rigaku Americas and Rigaku Corporation (2014), Rigaku Americas,
9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

CrysAlisPro 1.171.38.41 (Rigaku Oxford Diffraction, 2015).

Table 5.2 Crystal Data and Structure Refinement for 3a-bipy

Empirical formula

C54.40 H58.20 B2 F8 N8 Ni2 O4

Formula weight 1179.13
Temperature 85(2) K
Wavelength 1.54184 A

Crystal system, space group

Monoclinic, P2(1)/c

Unit cell dimensions

a=27.3410(5) A alpha=90°
b =10.2449(2) A beta = 96.382(2)°

c =19.4267(4) A gamma = 90°

Volume

5407.81(18) A3

Z, Calculated density

4, 1.448 Mg/m"3

Absorption coefficient 1.562 mm~-1
F(000) 2442
Crystal size 0.100 x 0.040 x 0.020 mm
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Theta range for data collection

3.253 t0 69.345°

Limiting indices

-31<=h<=33, -12<=k<=12, -23<=|<=23

Reflections collected / unique

81256 / 10067 [R(int) = 0.0672]

Completeness to theta = 67.684

99.9%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.77153

Refinement method

Full-matrix least-squares on F"2

Data / restraints / parameters

10067 /67 1 777

Goodness-of-fit on F*2

1.109

Final R indices [I1>2sigma(l)]

R1=0.0736, wR2 = 0.1910

R indices (all data)

R1=0.0835, wR2 = 0.1992

Extinction coefficient

n/a

Largest diff. peak and hole

1.237 and -0.525 e. A™-3
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