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Abstract

Transition metal catalysis is an important tool for chemical synthesis and industrial
transformations. Utilizing secondary sphere effects and metal-ligand cooperativity has led to
greatly improved catalysis in many different reactions, such as CO> reduction or H> evolution.
There are generally two major strategies for these cooperative effects: redox activity and pendant
acidic/basic sites. In order to expand strategies for secondary sphere effects, ligands were targeted
that could transfer both protons and electrons as either H-atoms or H> equivalents or exert an
electric field over a substrate complex via distal charged groups. A 2,5-pyrrole pincer scaffold was
particularly attractive for the former strategy, as it could be protonated on both arms and the central
pyrrole ring can undergo two-electron reduction and oxidation to facilitate H» gain and loss by the
ligand. To study and quantify electric field effects, a distally anionic phosphine was synthesized,
and the through-space and through-bond contributions of the charge were quantified through the

Tolman Electronic Parameter and phosphorus-selenium coupling.

Chapter 1 discusses the synthesis and metalation of a diimino pyrrole ligand, ™“DIPy, to
palladium. ™**YDIPy supports three different binding modes, k', k%, and «*, and can be protonated
and reduced on the ligand. Further reactivity with the reduced ligand led to intractable mixtures,
but this system does reduce H' to H», suggesting that the ligand is supporting H-atom transfer to
form the H-H bond. Metalation of T“YDIPy with first-row transition metals via addition of
ToLYDIPYH to Ni or Co formed identical tetrahedral metal dihalides with the ligand bound in a
bidentate manner. Upon further reaction, all cases led to a very stable, homoleptic bis-T*“YDIPy
complexes, showing that the wide bite angle of the DIPy scaffold does not coordinate well to small,

first row metal ions.
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Chapter 2 describes synthesis and reactivity of a dihydrazonopyrrole (DHP) ligand with Ni.
The DHP scaffold binds significantly better to first row metals by coordinating through the beta-
nitrogen of the hydrazone, leading to stable 6-membered ring coordination. Previous studies in the
group indicated that C—H oxidation of phenyl group of "*™'DHP was a major decomposition
pathway, so a more stable system was targeted. First, the fluorinated version, T™°*FF"DHP was
synthesized, but was still sensitive to oxidation, so the alkyl variant B*T'DHP was synthesized.
The large change in electron donation precluded similar reactivity as the T"""DHP system, but
reaction with oxygen formed a novel superoxide complex from ligand-based electron transfer that
was characterized by FTIR, EXAFS, and EPR. The superoxo complex was competent for some
oxidative reactivity, but was less reactive and oxidizing than many other superoxo complexes,
likely due to the mildness of the ligand-based oxidation. The B*T'DHP ligand also allowed
isolation of the hydrogenated ligand form in the complex (B*T'DHPH,)NiOTf by hydrogen
splitting across the ligand. This was competent for hydrogenation of benzoquinone but had limited

reactivity with other H» acceptors.

Chapter 3 discusses the synthesis of phosphine ligands substituted with a CH2BF3™ group to
give the phosphine a distal charge that could exert an electric field upon the phosphorus center, a
metal center, or a substrate. Measurement of the electron-donation of the phosphine based on
Tolman parameter and phosphine-selenium coupling of the phosphine selenide indicated that the
phosphine was much more donating than an analogous non-charged derivative. The phosphine
selenium coupling was also solvent dependent, indicating a through-space electric field effect that
could be masked by solvents of a high enough dielectric constant. Quantification of the through-
space effect by variation of the solvent shows that the through-space effect of the charge can

effectively double the electron donation of the phosphine, as both through-bond and through-space
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effects contribute ~30 Hz each to the Jp-se. Studies on the effects of the electric field on catalytic
activity for cross-coupling are ongoing, but preliminary results suggest that the charge is beneficial
for this reactivity, as the distally charged phosphine outperforms even more donating phosphines

such as PCys in its catalytic reactivity.

This thesis also contains multiple appendices which contain supporting data for the previous
chapters, or additional projects that did not proceed to a point where full publication-quality data

was collected.

Appendix 4 discusses attempts to synthesize ligand with more metal-binding and protonation
sites by condensation of hydrazides with the 2,5-ditolyacylpyrrole. Direct condensation was not
effective, so TiCls was used as a strong Lewis acid to promote the reaction. Surprisingly, the Ti
was bound in the binding pocket of the resulting ligand in a seven-coordinate dichloride complex
and could not be removed even under forcing conditions. Modified Ti complexes were made by
substituting the chlorides for phenolate ligands, by reduction to give a cobaltocenium salt, and
deprotonation and reaction with H>O to give an oxo-bridged dimer structure. Some of these
complexes were explored for Hz reduction and showed high current in CV but poor efficiency in

bulk electrolysis measurements.
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All chapters have an independent compound numbering system. Characterization spectra

are provided in the corresponding appendix for each chapter.
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Introduction
Transition metal catalysis is a ubiquitous process spanning many different industries and

applications. In commodity chemical synthesis, many precursors are synthesized via metal-
catalyzed pathways, including hydroformylation catalyzed by rhodium phosphines and oxidation
reactions catalyzed by a heterogenous silver catalyst.! Among the most widely used catalytic
reaction is the polymerization to make polyolefins and many other polymers and plastics through
insertion polymerization with early transition metal Ziegler-Natta catalysts, or olefin metathesis
with ruthenium catalysts.? In the pharmaceutical industry, carbon-carbon bond formation via
palladium or nickel catalyzed cross-coupling has greatly enhanced the toolbox of organic chemists
for drug discovery and total synthesis.® Finally, in the energy industry, fuel cells require transition
metal electrodes to catalyze the electrochemical reactions that regenerate or power the cell, such
as water oxidation and hydrogen or oxygen reduction.* These catalysts can be homogeneous or
heterogenous, but often work using either very expensive precious metals, such as platinum or
rhodium, or requiring extremely high temperature or pressure conditions to function efficiently.
While these important catalytic processes either are already or are nearly commercially
viable, there are many additional reactions that could have environmental benefits for carbon-
neutral fuel synthesis. Closing the carbon cycle would require widespread catalytic CO2
conversion back to useful products such as fuels. Molecular complexes have been shown to
electrochemically reduce CO2 to CO and H20, where the CO can then be used in the water-gas
shift reaction for H> production or directed into the Fischer-Tropsch process to synthesize liquid
fuels.” Another potential pathway could electrochemically reduce CO> directly with C—C bond
formation to make longer carbon chain products such as ethylene, acetic acid, or alkanes directly,

but thus far has only been successful using heterogeneous copper catalysts.® Alternatively,



transitioning to a hydrogen economy would require widespread metal catalyzed electrolysis of
water or acid to make H» or the use of the water-gas shift reaction from electrochemically produced
CO, as current synthesis of H> from crude oil by steam reforming releases huge quantities of CO».
Many metal catalysts can effectively mediate this transformation, but efforts are still ongoing to
provide scalable, economically viable examples.’

Because transition metal catalysis is so widespread, methods to improve selectivity, catalytic
efficiency, and stability are extensive areas of research. Many different strategies for improving
catalysis exist and are often inspired by enzymes. Enzymes catalyze extremely difficult processes
such an N> cleavage and CO; fixation using naturally abundant metals at comparatively mild
temperatures and pressures.® What allows them to be this effective is an exact control of the active
site environment, especially precise control of both the metal’s primary and secondary
coordination sphere.’ The “primary coordination sphere” refers to the environment at the metal
center, typically dictated by the ligands that are bound to the metal. Enzymes exert control over
the primary sphere using specific ligand groups, such as thiols, to modulate the redox potentials of
the metal center, a strategy that can also be effectively employed in synthetic systems. Extensive
research has led to a wide array of ligands featuring specific donor properties or steric properties,
such as N-Heterocyclic carbenes (NHCs) that have very strong c-donation to the metal.! What
especially separates enzymes is their control over the “secondary coordination sphere,” or the
environment surrounding the active metal site. Three major motifs that have arisen in the study of
secondary coordination sphere effects within enzymes are external reducing or oxidizing
equivalents, hydrogen bond-donors or external protons, and electric fields mediated by
electrostatic charges within the enzyme. With the identification of these motifs, great synthetic

effort has been put forward to mimic this reactivity in synthetic systems using redox active ligands,



ligands with pendant protons, and ligands that can exert an external electric field over the metal
complex.

Redox Active Ligands: Redox active ligands have become prevalent in a variety of transition-
metal catalyzed reactions.!! These ligands typically have extensive m-conjugation, which allow the
ligand to have a milder reduction potential than a metal-based redox couple. One application of
this is to enable transformations to be performed at a lower redox potential with less overpotential.
One of the most efficient examples of this process is in the electrochemical reduction of CO» to
CO by rhenium or manganese bipyridine complexes.!'? The low overpotential in this system is
assigned to an initial ligand-based reduction, which leads to CO, binding to start the catalytic cycle.
Bipyridine ligands are a prototypical example of bidentate N-donor ligands, but others have been
extensively studied as well.!?

Redox active ligands are also typically coupled with first-row transition metals to encourage
two-electron reactivity steps.!* While expensive precious metals such as platinum, palladium, or
rhodium typically undergo two-electron redox couples, first row transition metals are more prone
to one-electron pathways. Redox active ligands allow for two-electron reactivity by coupling a
one-electron metal-based electron transfer with a ligand-based single electron transfer. One such
example is shown in Scheme i, where the ability of the pyridine diimine (PDI) ligand to accept an

electron allows a 4-electron process to occur, but with only a three-electron oxidation state change

Scheme i. Reaction using a redox-active pyridine diimine (PDI) ligand, where reduction of the
PDI scaffold allows a 4-electron transformation without needing to access Fe(IV).
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on the metal from Fe(0) to Fe(Ill), as Fe(IV) is comparatively unstable.!®> PDI ligands are a
common class of redox active ligands that have been explored in a variety of these two electron
transformations, including hydroboration, polymerization, and bond-forming coupling reactions
among others. '

Hydrogen Donor Ligands: Ligands with hydrogen bond donors or acidic/basic groups in the
secondary coordination sphere have been extensively used to enhance the efficiency and speed of
proton transfer catalysis or stabilize reactive intermediates using hydrogen bonding. A prototypical
example of this are phosphine ligands with a pendant amine used in nickel complexes to achieve
extremely rapid proton reduction catalysis.!” The phosphines bind to the metal center, leaving the
basic nitrogen group in the secondary sphere. The proposed bond-forming step to form H» in this
system is the protonated amine in the ligand scaffold interacting with a metal-hydride to eliminate
H», The specific positioning of the basic group allows for a much more efficient transition state
for bond formation than would be possible if the hydride needed to be protonated by external acidic
protons. Similarly, ruthenium complexes with a tethered carboxylate group on the ligand have
been studied for water oxidation reactivity where the negatively charged oxygen of the carboxylate
assists in the removal of protons from a bound aquo or hydroxide ligand to facilitate O—O bond
formation (Scheme ii).!® Although closer to a primary sphere effect, another noteworthy example

is in transfer hydrogenation using Noyori-type catalysts, where H» splitting across a M-N bond

Scheme ii. H'-donor/acceptor activity of pendant acetate groups in a water oxidation catalyst.



leads to effective transfer hydrogenation.!® Secondary sphere protons have been used extensively
in CO; reduction as well to facilitate faster catalytic rates or affect the selectivity of the reaction.?’

Another powerful application of secondary sphere acidic or basic groups in the ability of these
groups to hydrogen bond to a substrate to stabilize a reactive intermediate. This concept has been
illustrated in multiple transition-metal oxo complexes, where pendant N—H groups hydrogen bond

to the oxo ligand, stabilizing a lower bond-order to the metal.?!

All of these applications prove
how powerful pendant acidic/basic group can be in facilitating and stabilizing catalytic reactivity.

Oriented Electric Field Effects: Electric field effects have been significantly less explored
than redox activity or pendant protons, but are considered to be a potential future “green reagent”.>?
Computational studies have shown that oriented electric fields can have large effects on reaction
barriers or rates, and this has been especially well explored within protein architectures.?® The
selectivity of cytochrome P450 was computationally examined to suggest that reversing the
polarity of the electric field changes the selectivity of the enzymes from epoxide formation to
alcohol formation.?* The lack of broad application of electric fields for molecular catalytic
reactivity is partially due to the difficulty in applying them in a controlled orientation, and
experimentally quantifying their effects.

Controlling electric field without the benefit of a large protein architecture is significantly
more challenging. Initial studies which use an STM tip to catalyze a Diels-Alder reaction show the
utility of electric fields towards effectively catalyzing reactions without the need for additives, but
this example would not be amenable to a preparative scale.?> Covalently attaching catalysts to an
electrode is another viable strategy, and has shown success in polarizing pi-manifolds to increase

pi-stacking for catalysis, but the effect of the electric field can be very difficult to study on an

electrode surface.?® Recent reports studying CO. reduction catalysts on electrode surfaces depend



on highly specialized spectroscopic techniques. In contrast, studying the electric field effects in
single molecules could be significantly simpler.?’

In order to study these effects in single molecules, molecules featuring point charges have
been synthesized to study the effect the electric field generated from the point charge has on the
molecular properties. While this has been extensively explored computationally, there are
significantly fewer synthetic studies. In one example, a crown-ether group was appended to a
ligand framework to trap a positively charged alkali or alkaline earth metal, to study the electric
field exerted by the positive charge.?® Other poryphyrin systems with distal charges have also been
studied, but both of these examples lack a quantitative understanding of the competition between
through-space effects of the charge and through-bond inductive effects. This ambiguity makes this
a very intriguing field for study.?” Here we present a distally charged phosphine ligand that allows
quantification of the through-space and through-bond effects of the electric field on the phosphine
donor properties.

Combined Hydrogen and Redox Activity: An emerging field in transition metal catalysis is
to use groups that transfer not just H and e, but H-atoms or full H, equivalents.*? This could
engender greater reactivity on less reactive metals, and also potentially encourage a greater number
of Hj equivalents to be transferred to a substrate, such as reduction of Oz to H>O rather than H>O,.
This strategy has been tested by using external H atom sources or abstractors during standard

catalysis or electrocatalysis. Many studies on alcohol oxidation incorporate TEMPO or similar

Scheme iii. Ligand-based Ha transfer using an incorporated quinone for O reduction to H2O.

(iPr),P——Pd—P(iPr), (iPr),P——Pd—P(iPr),




radicals to accept H-atoms and accelerate the reaction rates.?! Nitrogen reduction catalysis has also
been achieved using a combination of Sml> and H>O to transfer H-atoms rather than going through
separate proton and electron transfer steps.?? Progress has been made in synthesizing ligands that
can mimic this external reactivity through a variety of strategies, but this is still an underexplored
area. One example incorporates a quinone moiety into the ligand scaffold, allowing access to the
H> couple of the quinone during O» reduction, but this strategy is poorly tunable and could be
mimicked by addition of external benzoquinone (Scheme iii).>* Other systems have begun using
cobaltocene derivatives as H-atom donors by protonation of one of the Cp rings in cobaltocene.**
Finally, systems have been used to electrocatalytically reduce H' to H using redox inactive metals,
such as aluminum or zinc, where both the proton and electron transfer must be happening on the
ligand.®

With this interest in synthesizing new ligands that can donate both protons and electrons to
explore new catalytic chemistry, here I report a 2,5-pyrrole pincer ligand framework that can store
a full H> equivalent across the ligand scaffold. Though related to the PDI systems, the change from
pyridine to pyrrole can give many beneficial improvements for this chemistry. The pyrrole, once
deprotonated, can serve as an anionic “anchor” on the metal center while the protonation states of

the other nitrogen binding systems changes. Additionally, the resonance of the 2,5-pyrrole system

Scheme iv. H> and H-atom addition across a generic DHP scaffold.




allows for two-electron reduction of the pyrrole ring that allows H» addition across the ligand
framework without making charged zwitterionic species that would likely constitute a significant
barrier to H» activation (Scheme iv).

Outside of the ubiquitous porphyrins and related systems, ligands featuring pyrroles have not
been commonly used. The few examples that are related to this strategy, such as 2,5-
diiminopyrrole ligands, show some of the primary differences between using a central pyrrole ring
versus the related PDI systems. The main change is the bite angle of the pincer arms of the ligands
is much wider in the pyrrole system, leading to challenges in binding all three arms to a metal
center, especially smaller, first row transition metals. In some examples, the ligand binds tridenate

and the third arm of the pincer rotates away from the metal center.
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Chapter 1. Diiminopyrrole Ligands

Introduction

Due to the ready comparison with the well-studied pyridine diimine ligands, diimino pyrrole
(DIPy) ligands were first targeted for combining redox-activity and pendant protonation sites
within a pyrrole-pincer scaffold.! Derivatives of these ligands had been previously studied for their
reactivity in polymerization systems, but never for their redox-activity or proton transfer abilities.?
In these prior cases, the wider bite angle of the pyrrole-based ligand led to solely bidentate
coordination to smaller first-row metals. Two strategies were targeted to solve this problem: (1)
synthesizing a ditolylacyl pyrrole complex as a ligand precursor so the sterically bulky p-tol
substituents would any arm rotation away from the metal center and (2) beginning work with
larger, second row metals such as palladium in order to study the ligand with a metal that may fit
better into the binding pocket.’> Working with palladium was also beneficial due to its propensity

for square planar, diamagnetic complexes that can be readily accessed and studied.

Results and Discussion

Synthesis of Palladium Complexes with ™ DIPy Acylation of pyrrole at the 2 and 5 positions
was achieved via synthesis and substitution with a benzoxathiolium salt, which could then be
oxidatively cleaved using H>O» and acetic acid, giving a ditolylacyl pyrrole in good yield.
Condensation of the ditolylacyl pyrrole with neat cyclohexylamine at high temperature

gave T*DIPyH in 75% yield. The metalation of T°*YDIPyH to palladium proceeds smoothly via
Scheme 1 - 1. Synthesis of T"YDIPy and metalation to Pd.
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Figure 1 - 1. Solid state structure of 1.

Ellipsoids are set to 50% probability. Hydrogen atoms have been omitted for clarity. Selected
bond lengths and angles: Pd—Cl11 2.318(9) A, Pd-N1 2.150(2) A, Pd-N2 1.878(2) A, N1-Pd—
N2:76.32(4)°.

initial deprotonation with KN(TMS): followed by dropwise addition to a stirred solution of
(COD)PACl, (COD = 1,5-cyclooctadiene), resulting in (T““YDIPy)PdCI (1) as an orange solid in
good yield (Scheme 1 - 1). The '"H NMR spectrum of 1 is consistent with a symmetric diamagnetic
product, suggestive of a planar k* binding mode for the ™*YDIPy ligand (Figure 1A - 5). Single-
crystal X-ray diffraction (XRD) of 1 corroborates this assignment and reveals a distorted square
planar geometry around Pd, with an Nimine—Pd—Nimine angle of 152° (Figure 1 - 1). The Npymole—Pd

bond length is also very short, at 1.87 A, among the shortest reported for N-Pd.* Both of these

Scheme 1 - 2. Protonation and reduction of 1.
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structural parameters reflect the strained metallacycle formed by planar chelation in 1 and likely
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Figure 1 - 2. Solid state structure of 2.

Ellipsoids are set to 50% probability. Hydrogen atoms other than the N-H have been omitted
for clarity. The Pd center was modeled for two-component disorder across both binding sites.
Selected bond lengths and angles: Pd-N1 2.250(5) A, Pd—N2: 2.080(5) A.

arise from the larger bite angle enforced by the pyrrole backbone. This apparently strained binding
mode prompted us to investigate the ability of the imine arms of T*YDIPy to behave as
protonation sites. Addition of HCI-Et,O to 1 results in conversion to (T*“YDIPyH)PdCl: (2)
(Scheme 1 - 1). Unlike 1, complex 2 shows signals consistent with an asymmetric ligand
environment in its "H NMR spectrum, suggesting that the ligand is no longer tridentate (Figure 1A
- 7). Single-crystal XRD confirms that the ligand binds to Pd in a k? fashion through the pyrrole N
and one imine N while two CI atoms complete the expected square-planar geometry (Figure 1 - 2).
The structure shows lengthening of the Npymole—Pd bond and shortening of the Nimine—Pd bond to
accommodate the new binding mode and allow for the extra chlorine atom bound to Pd. Despite
the protonation on the ligand arm, rotation around the N-C—C-N dihedral angle is not observed,
which illustrates the steric protection the tolyl group provides in preventing this isomerization.
Indeed, the protonated imine arm is still positioned near the Pd center which could be suitable for
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Scheme 1 - 3. Addition of phosphines to 1 and subsequent reduction to form 5.
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proton-transfer reactivity. The structure is disordered with each Pd half-occupied in both bidentate
binding pockets. Nevertheless, the structure provides sufficient accuracy that bond lengths within
the conjugated system can be used to analyze the resonance structure of the complex. These bond
lengths support the resonance structure shown in Scheme 1 - 2, as the C8—C9 bond contracts from
1.44 to 1.38 A and the C10-C11 bond at the pyrrole 3,4-positions contracts from 1.38 to 1.28 A,
consistent with greater double-bond character. This form of tautomeric amine—azafulvene structure
is reminiscent of that recently reported in related pyrrole-based ligands.> Finally, we note that

complex 2 can also be accessed in good yield (97%) by the direct reaction of free ™°>YDIPyH with

Figure 1 - 3. Solid state structure of 4.
Ellipsoids are set to 50% probability. Hydrogen atoms have been omitted for clarity. Pd—CI1
2.314(5) A, Pd-P12.291(5) A, Pd-N2 2.030(1) A, N1-C8: 1.285(1) A, N2-Pd-Cl1 175.69(3)°.
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(COD)PdCl,. The protonation of 2 is also reversible, as reaction with KO7Bu results in clean
conversion to 1. Complexes 1 and 2 show that T"YDIPy complexes can react with acid to
protonate on the imines of the ligand and that this chelate supports both k> and «? binding modes.
With evidence for at least two coordination modes and ligand protonation, we began to probe the
potential redox activity of this system. Several reductions of 1 were attempted, but a mixture of
products was invariably obtained. While these mixtures have been difficult to characterize, at least
one product obtained by reduction with 1 equiv of sodium naphthalenide is a Pd(I)-Pd(I) dimer
(3), as determined by single-crystal XRD and 'H NMR spectroscopy (Scheme 1 - 2, Figure 1A -
9, Figure 1A - 31). Complex 3 could not be isolated in large enough quantities for thorough
characterization, but the crystal structure exhibits a bridging coordination mode of ™*“'DIPy and

a short Pd—Pd bond of 2.47 A, a distance similar to that observed in many examples of Pd(I)-Pd(I)

Figure 1 - 4. EPR of 5§ in frozen THF at 15 K.
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dimers.® The other imine of the T*'DIPy ligand bridges to the second Pd atom of the dimer with
a bond length of 2.049(3) A, illustrating an additional bridging binding mode for this system. The
bond lengths in the T"“YDIPy ligands of 3 suggest a pyrrolide structure similar to that of 1, rather
than an amine—azafulvene resonance structure similar to 2.

Given this observation, the addition of an exogenous ligand was targeted to prevent
formation of dimeric species and lead to either monomeric Pd(I) or a ligand-based radical.
Addition of 2 equiv of PMes to 1 results in clean conversion to (T*“YDIPy)Pd(PMe;).Cl (4)
(Scheme 1 - 3). The XRD structure of 4 shows a square-planar Pd center where the imine arms of
the T'YDIPy have been displaced by two PMe; ligands such that the PdP>Npyrole square plane is
orthogonal to the conjugated system of the T*YDIPy ligand (Figure 1 - 3). The Npyrole—Pd bond is
substantially lengthened in comparison with 1, reflecting the release of the strain from the
metallacycle, and the average Nimine—Pd distance is 3.02 A, suggesting minimal interaction with
the Pd center. This observation further demonstrates the lability of the imine arm of the ligand,
going from «° to k! upon addition of external ligands. It is still noteworthy that arm rotation is not
observed and that the imine arms remain poised near the Pd center.

Unlike attempts with 1, reduction of 4 with sodium metal results in the formation of a new
species which displays a deep blue color in solution. This newly formed species is silent by 'H
NMR spectroscopy, suggesting the formation of a paramagnetic product. Analysis of solutions
of 5 by EPR spectroscopy shows an intense signal at g = 2.003, attributed to a radical species
(Figure 1 - 4). This signal is strongly suggestive of an organic radical, and simulations of this
spectrum support this assignment. The broadness of the main peak obscures any phosphorus or
nitrogen coupling, but there is resolved coupling to '°Pd which results in small but significant

satellite peaks as shown. The '®Pd coupling is 55 MHz, which is large for a ligand-based radical
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Pd(IT) species, but still significantly smaller than would be observed in a bona fide Pd(I)
species.” Complex 5 is unstable at room temperature, and its half-life depends on the solvent
utilized, varying from 240 min in THF to under 10 min in benzene or petroleum ether (Figure 1A
- 18, Figure 1A - 19). This observation suggests that the coordinating ability of the solvent may
play a role in the stability of 5.

The decomposition of 5 has precluded structural characterization; therefore, DFT
calculations were used to model potential structures. The most stable structure is the four-
coordinate complex (T"“YDIPy)Pd(THF) with ™**YDIPy bound in a k> fashion similar to that for
compound 1 and a THF filling the fourth coordination site on Pd (Figure 1A - 25). The
computationally predicted electronic structure shows that the majority of the spin density is ligand
centered but that there is a Mulliken spin population of ~0.35 on Pd. Other structures featuring a
bound PMes, or one vacant coordination site, are also energetically reasonable and have
comparable spin localization (Table 1A - 1). These computational results are consistent with our
assignment of an organic radical but also suggest that Pd(I) resonance structures are also important
contributors to the electronic structure of 5.

Even with these calculations, the structure of § depicted in Scheme 1 - 3 is speculative, and
other potential assignments cannot be excluded. It is likely that the exact nature of 5 depends
strongly on the potential ligands in solution and that a ligand equilibrium is possible in this species.
To test this hypothesis, the possible fluxionality of PMes binding was examined by *'P NMR
spectroscopy. No *'P signal is observed in freshly prepared solutions of 5, presumably due to
paramagnetic broadening via interaction with the radical species (Figure 1A - 13). Further addition
of excess PMes does not result in any observable signal, supporting exchange of the PMes ligands

in solution. Vacuum transfer of the volatiles from a freshly prepared solution of 5 indicates that all
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the PMe; can be removed, as monitored by *'P NMR integration (Figure 1A - 14). These studies
are consistent with a weakly coordinating, potentially fluxionally bound, PMe3 ligand in solution.
In sum, we cannot concretely assign the structure of 5, but its properties are consistent with the
depiction in Scheme 1 - 3.

As a final probe of the properties of 5, its redox chemistry was examined electrochemically.
Cyclic voltammetry (CV) shows a quasi-reversible redox couple at approximately —0.8 V vs
Fc/Fc'. This is significantly more positive and reversible than the couples observed in both 1 and 4,
which show only irreversible features in the CV at substantially more negative potentials (<—1.8
V) (Figure 1A - 27, Figure 1A - 26). This relatively mild redox couple led us to perform initial
studies on the reactivity of this reduced complex. Complex 5 rapidly reacts with acids such as
HBF4 to generate H» and a complicated mixture of products (Figure 1A - 30). The measured redox
potential of 5 is not reducing enough to perform an outer-sphere reduction of a proton, and so
combined reactivity where the complex is protonated before generating H» is likely.

First-Row Transition Metals with °*’DIPy After showing that ™*YDIPy can mediate
both proton and electron storage with palladium, analogous reactivity with first row metals was
targeted. Initial attempts focused on Ni as a group 10 analog to palladium. Metalation by addition
of T*YDIPyH to NiClodme to form a nickel analog of 2 resulted in (**“DIPyH)NiCl, (6). The
"H NMR of 6 was paramagnetic, the large number of paramagnetically shifted "H NMR resonances
which also suggest an asymmetric binding mode of T"“YDIPy. Crystallization by vapor diffusion
of petroleum ether into benzene resulted in single crystals of 6, and showed a tetrahedral structure
at nickel. The nickel atom is disordered across both potential bidentate binding spots of the DIPy,
though the disorder was not symmetric, so the bond lengths differences assigned to the amine-

azafulvene resonance structure could be observed in the single crystal XRD structure, such as
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Figure 1 - 5. Solid state structure of 6.

Ellipsoids are set to 50% probability. Hydrogen atoms except for the N-H are omitted for clarity
The Ni was modeled for two site disorder, with the 75% contributor shown. Selected bond
lengths and angels: Ni-Cl1: 2.181(14) A, Ni-N1 2.039(3) A, Ni-N2 1.982(3) A, N1-C8
1.294(5) A,N3-C18 1.301(5) A, C18-C17 1.427(6) A, C16-C15 1.378(6) A, C14-C8 1.447(5)
A, N1-Ni-N2 82.89(1)°, C11-Ni-N2 112.66(3)°.

lengthening of one C—N bond by 0.1 A. The N-H proton was located in the difference map, and
was additionally confirmed via solution IR, showing a N-H stretch at 3157 cm™!. A similar binding
of a diiminopyrrole has been seen previously in the literature as well.® Further reactivity with this
species did not result in any tractable products, so metalation with cobalt was targeted to

incorporate more potential binding sites and metal-based redox.

Scheme 1 - 4. Cobalt reactivity with T*DIPy.
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Metalation with cobalt by addition of the T°*YDIPyH to CoBrz in THF at room temperature
immediately gave a dark green colored solution, and 'H NMR showed an asymmetric "°*“YDIPy
environment (Figure 1A - 16). This was assigned as ("""’ DIPyH)CoBr>, (7), a complex analogous
to 6. Single crystals were obtained by diffusion of petroleum ether into a benzene solution, and
SXRD showed the expected structure, with the Co disordered across the two binding sites. The
ligand bond metrics match well with 6, though the disorder is approximately 1:1 in the Co case,
giving a more symmetric solid-state structure. Further reactions of 7, via either deprotonation or
reduction, resulted in either intractable mixtures, or conversion to a new, symmetric paramagnetic
product, assigned as ((T°*““DIPy),Co (8). The SXRD structure shows short Co-Npyrole distances
and long Co-Nimine distances which are barely within the Van der Waals radius for bonding
interactions (Figure 1A - 32). This suggests that the complex may best be thought of as a linear,
two coordinate Co complex with weak interactions with the imine nitrogens. Compound 8 is highly
stable, showing no reaction with either ambient air or strong reductants, such as sodium/mercury
amalgam. The high stability is likely due to the coordinative saturation of the cobalt center and
the large steric protection afforded by the 4 cyclohexyl groups surrounding the metal center.

Metalation of T'YDIPy with first-row transition metals via deprotonation was
significantly more challenging. In many reactions, the protonated product, 6 or 7 was observed,
likely through reaction of the pyrrolide ligand with adventitious water during the metalation.
Metalation of deprotonated T°*'DIPy with Co often resulted in 8, showing that tridentate binding
in a manner analogous to 1 may not be possible with small, first row metal ions. These studies
indicated that different ligand designs were necessary to improve stability with first-row metal

centers.

23



Conclusion

Diimino-pyrrole systems have been shown to effectively store both protons and electrons
and to unexpectedly bind in multiple different geometries. The wider bite angle of the central
pyrrole is likely the most important factor for the lack of strong, tridentate binding to first-row
transition metals, but with palladium the ligand could form a strained square-planar type geometry
to allow for effective study. These ligands are a proof of concept for 2,5-substituted pyrroles
storing both protons and electrons, but a different binding geometry is necessary for stabilizing
transition metal binding, especially to small, first row metals where hydrogen transfer is likely to
be more necessary, as protonation of the DIPy scaffold makes it much more labile and subject to

decomposition.

Experimental Section

General Considerations. All reagents were purchased from commercial suppliers and used
without further purification. All manipulations were carried out under an atmosphere of N> using
standard Schlenk and glovebox techniques. Glassware was dried at 180 °C for a minimum of two
hours and cooled under vacuum prior to use. Solvents were dried on a solvent purification system
from Pure Process Technology and stored over 4 A molecular sieves under N». Tetrahydrofuran
was stirred over NaK alloy and run through an additional alumina column prior to use to ensure
dryness. Solvents were tested for H>O and O> using a standard solution of sodium-benzophenone
ketyl radical anion. CsDs was dried by passage over a column of activated alumina and stored over
4 A molecular sieves in the glovebox. 'H, 1*C{'H}, and 3'P NMR spectra were recorded on Bruker
DRX 400 or 500 spectrometers. Chemical shifts are reported in ppm units referenced to residual
solvent resonances for '"H and '*C{'H} spectra, and referenced to external H3;PQO4 for 3'P. UV-

Visible spectra were recorded on a Thermo Evolution 300 spectrometer, and IR was recorded on
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a Bruker Tensor II. EPR spectra were recorded on a Elexsys E500 Spectrometer with an Oxford
ESR 900 X-band cryostat and a Bruker Cold-Edge Stinger and were simulated using Easyspin
suite in Matlab software.1 Gas chromatography was recorded on an Agilent 7890B GC equipped
with FID and TCD detectors. Elemental analysis was performed by Midwest Microlabs.
Electrochemical Measurements Electrochemical measurements were performed using a BAS
Epsilon potentiostat and analyzed using BAS Epsilon software version 1.40.67NT. Cyclic
voltammetry measurements were made using a glassy carbon working electrode, platinum wire
counter electrode, and silver wire pseudo-reference electrode, and referenced to internal Fc/Fc+.

Synthesis of 2,5-ditolylacylpyrrole.’ 2-Hydroxythiophenol (10 mL, 0.063 mol) and p-toluic acid
(8.6 g, 0.063 mol, 1 eq) were dissolved in POCl3 (100 mL) in a 250 mL round-bottom flask and
heated with stirring to 110 °C for 10 min, turning a deep red color. The reaction was cooled to
room temperature and HBF4+Et>O (30 mL) was added, followed by dry ether (200 mL), resulting
in precipitation of the benzoxathiolium salt as a yellow powder. The powder was collected by
vacuum filtration and used without further purification or characterization (yield: 18 g). All of the
benzoxathiolium salt was added with stirring to a 250 mL round-bottom flask containing pyrrole
(1.7 mL, 0.0245 mol), pyridine (5.4 mL, 0.067 mol), and acetonitrile (100 mL). The salt dissolved
immediately upon addition and the solution become hot and turned dark yellow. The reaction was
stirred for 45 min and then CHCl3 (200 mL) and H>O (100 mL) were added. The aqueous and
organic layers were separated, and the aqueous layer was extracted with CHCl3 (3 x 150 mL). The
combined organic layers were washed with 5% NaOH (aq) (100 mL) and water (100 mL), then
dried with MgSO4 and the solvent was evaporated to give a dark brown oil. The oil was suspended
in acetic acid (150 mL) and 30% H20:2 (aq) (10 mL) was added. The mixture was stirred and heated

to 110 °C for 30 min, gradually turning a deep red color. After cooling to room temperature, H.O
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(100 mL) and CHCI3 (200 mL) were added and the aqueous and organic layers were separated.
The aqueous layer was washed with CHCl3 (4 x 100 mL), and the combined organic layers were
washed with 10% NaOH (aq) (2 x 100 mL) until the red color no longer persisted in the organic
layer. The yellow organic layer was washed with H>O (100 mL), dried with MgSO4, and solvent
was removed to leave a yellow solid. The solid was washed with MeOH (100 mL) resulting in
ditolylacylpyrrole as a white solid. Analytical quality crystals were grown from concentrated
MeOH solution at -78 °C. Yield: 5.5 g (0.018 mmol, 74%). 'H NMR (400 MHz, CDCls, 25 °C) §
=17.85 (d, 4H, J= 8 Hz, Tol C-H), 7.31 (d, 4H, J= 8 Hz, Tol C-H), 6.89 (s, 2H, Pyrrole), 2.45 (s,
6H, Tol-CH3). *C {'H} NMR (100 MHz, CDCls, 25 °C) § = 185.1 (C=0), also 143.5, 134.9,
134.1, 129.3,129.2, 118.0, 21.7. IR (KBr Pellet, cm™) 3429 (N-H, s) 1633 (C=0, vs), also 3130
(W), 2919 (w), 1568 (s) 1527 (s), 1419 (m), 1277 (vs), 1207 (m), 1130 (s), 1011 (m), 880 (m), 835
(m), 749 (s). Anal. Calc. C, 79.19; H, 5.65; N, 4.62; Found: C, 78.89; H, 5.67; N, 4.34.

Synthesis of T°'CYDIPyH. Ditolylacylpyrrole (2.035 g, 6.7 mmol) was slurried in neat
cyclohexylamine (15 mL) and three drops of acetic acid were added. The mixture was heated to
140 °C with stirring for two days. After cooling to room temperature, the solution was poured out
into hexanes (200 mL) and water (100 mL) and the aqueous and organic layers were separated.
The aqueous layer was then extracted with hexanes (2 x 100 mL) and the combined organic layers
were dried with MgSO4 and evaporated to give a yellow residue. The yellow residue was slurried
in 50 mL hexanes and filtered, resulting in pure T*YDIPyH (2.458 g, 5.3 mmol, 79%). '"H NMR
(400 MHz, CDCl3, 25 °C) 6 =7.21 (d, 4H, J = 8 Hz, Tol C-H), 7.10 (d, 4H, J = 8 Hz, Tol C-H),
5.75 (s, 2H, Pyrrole), 3.23 (pentet, 2H, J = 4 Hz, CH methine), 2.41 (s, 6H, Tol-CH3), 1.74, 1.59,
1.17 (m, 20H, Cy). *C {'"H} NMR (100 MHz, CDCls, 25 °C) 157 S5 (C=N), 138.0, 135.5, 133.4,

128.8, 127.8, 60.5, 34.4, 25.8, 24.7, 21.5 IR (KBr Pellet, cm™') 3449 (N-H, m), 1601 (C=N, m),
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also 2925 (m), 2852(w) 1516 (w) 1447 (w), 1293(s), 1132(w), 1070(w), 789(m), 736(w). Anal.
Calc. C, 82.5; H, 9.0; N, 8.5; Found: C, 82.47; H, 8.55; N, 8.98.

Synthesis of [T°*YDIPy]PdCI (1). To a stirring THF solution of the ™"*DIPyH (0.167 g, 0.361
mmol, 10 mL) was added 0.5 M KN(TMS); (0.73 mL, 0.361 mmol, 1 eq) via syringe, resulting in
a yellow solution. The deprotonated ligand solution was then added dropwise to a stirring THF
slurry of dichloro(1,5-cyclooctadiene)palladium(II) (0.110 g, 0.385 mmol, 5 mL, 1.06 eq) and let
stir for 30 min, resulting in a color change from yellow to red. The resulting red solution was
filtered through Celite and all volatiles were removed in vacuo. The resulting orange residue was
slurried in petroleum ether and filtered, resulting in pure [T°*YDIPy]PdCl (0.133 g, 0.219 mmol,
61%) as an orange solid. Diffraction quality crystals were obtained from a concentrated 2:1
solution of diethyl ether and benzene at —35°C. '"H NMR (400 MHz, C¢Ds, 25 °C) & =7.05 (d, 4H,
J =8 Hz, Tol C-H), 6.83 (d, 4H, J = 8 Hz, Tol C-H), 5.86 (s, 2H, Pyrrole), 3.42 (m, 2H, C-H
methine), 1.98 (s, 6H, Tol-CH3) 1.7-1.1 (m, 20H, Cy) *C {!H} NMR (100 MHz, C¢Ds, 25 °C) &
=171.1 (C=N) 144.9, 140.1, 129.6, 129.4, 127.3, 113.8, 109.8, 64.1, 31.8, 25.0, 24.5, and 20.9. IR
(KBr Pellet, cm 1) 2927 (m), 2855 (m), 1610 (C=N, s), 1476 (s), 1400 (m), 1385 (m), 1328 (m),
1299 (m), 1067 (w) Anal. Calc. C, 63.37; H, 6.37; N, 6.93 Found: C, 63.48; H, 6.37; N, 6.63.
Synthesis of (T°*YDIPyH)PdCl: (2). To a stirring benzene solution of 1 (0.043 g, 0.07 mmol, 5
mL) was added 2.2 M HCI*Et,O (0.03 mL, 1 eq) via syringe. The reaction was stirred for 5 min
then all volatiles were removed in vacuo. Analytical quality crystals of 2 were obtained from
diffusion of petroleum ether into a saturated THF solution. Yield: 0.03 g, 0.04 mmol, 66%. 'H
NMR (400 MHz, 25 °C, CDCl3) 6 =12.12 (s, 1H, N-H), 7.29 (d, 2H, J= 8 Hz, Tol C-H), 7.23 (d,
2H, J =8 Hz, Tol C-H), 7.18 (d, 2H, J = 8 Hz, Tol C-H), 7.09 (d, 2H, J = 8 Hz, Tol C-H), 6.00

(d, 1H, J=4 Hz, Pyrrole), 5.76 (d, 1H, J =4 Hz, Pyrrole) 3.43 (m, 1H, Cy Methine), 2.42 (m, 1H,
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Cy Methine), 2.41 (s, 3H, Tol-CH3) 2.39 (s, 3H, Tol-CH3) 1-2 (m, 20H, Cy) *C{'H} NMR (100
MHz, CDCls, 25 °C) 6 = 173.2 (C=N), also 164.3, 157.5 141.1, 139.9, 138.5, 130.7, 130.0, 129.2,
127.6, 127.2, 118.5, 67.2, 58.1, 32.2, 31.7, 25.3, 24.7, 24.5, 24.5, 21.4. . IR (KBr Pellet, cm™!)
3211 (N-H, w), 2929 (s) 2854 (s) 1607 (C=N, vs), 1513 (m), 1473 (w), 1329 (s), 1299 (s), 1067
(m), 822 (m). Anal Calc. C, 59.77; H 6.11; N, 6.54 Found C, 59.81; H, 6.15; N, 6.44.

Alternate Synthesis of 2. To a stirring THF suspension of dichloro(1,5-
cyclooctadiene)palladium(Il) (0.077 g, 0.27 mmol, 5 mL) was added a THF solution of
ToLCYDIPYH (0.120 g, 0.25 mmol, 10 mL, 0.9 eq). The resulting mixture was stirred overnight at
room temperature, gradually turning from yellow to bright orange. The mixture was concentrated
to 3 mL in vacuo, filtered, and crystallized by vapor diffusion with petroleum ether, resulting in
orange/red crystals of 2. Yield: 0.156 g, 0.24 mmol, 97 %.

Synthesis of [T°*CYDIPy]2Pd2 (3). Naphthalene (0.003 g, 0.03 mmol, 1 eq) was stirred over freshly
cut Na in THF (2 mL) for 15 min, turning dark green. The sodium naphthalenide solution was
filtered into a stirring solution of 1 (0.016 g, 0.03 mmol, 4 mL) and let stir for 1 hr. All volatiles
were removed in vacuo and the mixture was dissolved in petroleum ether and let stand for 1 day,
resulting in dimer [T°"“YDIPy],Pd> as diffraction quality dark-red crystals. Note that co-
crystallization of impurities precluded full characterization, but peaks corresponding to
[T°LSYDIPy],Pda could be identified in the proton NMR. 'H NMR (400 MHz, 25 °C, C¢Ds) & = 6.22
(d, J=4 Hz, 2H, pyrrole), 6.12 (d, J =4 Hz, 2H, pyrrole), 3.91 (m, 2H, C—H methine), 3.47 (m,
2H, C—H methine), 2.02 (s, 6H, Tol-CH3), 1.99 (s, 6H, TolCH3).

Synthesis of [T*YDIPy]|Pd(PMe3):2Cl (4). To a stirring THF solution of 1 (0.0583 g, 0.09 mmol,
5 mL) was added via syringe 1.0 M PMes in THF (0.07 mL, 2 eq). The color changed immediately

from orange to yellow. After stirring for 10 min, all volatiles were removed in vacuo. The yellow
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residue was washed with petroleum ether, giving 4 as a yellow powder. (0.062 g, 0.08 mmol, 80%)
Diffraction quality crystals were obtained from a concentrated solution of 4 in petroleum ether
sitting overnight at room temperature. 'H NMR (400 MHz, 25 °C, C¢D¢) & = 7.17 (d, 4H, J =8
Hz, Tol C-H) 7.02 (d, 4H, J = 8 Hz, Tol C-H), 6.20 (s, 2H, pyrrole), 3.51 (pentet, 2H, J =4 Hz,
C-H methine), 2.10 (s, 6H, Tol-CH3), 1.195 (d, 18H, J= 4 Hz, P-CH3), 1-2 (m, 20H, Cy) *C{'H}
NMR (100 MHz, C¢Ds, 25 °C) & = 162.5 (C=N), also 141.8, 137.1, 128.5, 127.8, 127.7, 119.0,
61.9,35.6,25.9,25.3,21.0, 13.5. *'P NMR (162 MHz, C¢Ds, 25 °C) 6 =—15.1 (s, PMes). IR (KBr
Pellet, cm™!) 2928 (s), 2853 (s), 1588 (C=N, s) 1509 (w), 1449 (w), 1322 (s), 1066 (w), 848 (s).
Anal. Calc. C, 60.16; H, 7.44; N, 5.54 Found: C, 59.91; H, 7.24; N, 5.38.

Synthesis of 5. To a THF solution of 2 (0.062 g, 0.08 mmol, 8 mL) was added an excess of freshly
cut metallic sodium (0.050 g) and stirred for 60 min, resulting in 5 as a deep blue solution. This
solution was filtered and characterized by EPR and UV-Visible spectroscopy. EPR (frozen THF
solution, 15K) g = 2.003, Apqs = 55 MHz. UV-Vis (Et;O Solution) (Wavelength, Extinction
Coefficient) 580 nm, 59000 M~cm™!.

Generation of H: from 5. A freshly prepared solution of § was filtered to ensure removal of any
sodium metal, then placed in Schlenk tube with a septum over the end. The atmosphere was
initially sampled to get the background, then HBF4 etherate was added via syringe, the reaction
was stirred for 1 min, and the atmosphere was sampled again via gas-tight syringe for GC analysis.

Synthesis of (T*YDIPyH)NiCl: (6). To a stirring THF solution of NiClodme (0.022 g, 0.10 mmol,
3 mL) was added a THF solution of ™*DIPyH (0.045 g, 0.096 mmol, 1 eq, 5 mL). The solution
gradually changed to a deep red, and was stirred overnight. After evaporation of all volatiles, the
resulting red residue was crystallized from diffusion of petroleum ether into benzene, giving

(TLYDIPyH)NiCl; as red crystals (0.015 g, 0.025 mmol, 25 %). 'H NMR (Ce¢Ds, 400 MHz, 25°
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C) 6=176.35,59.25, 53.41, 18.97, 16.98, 15.76, 13.43, 13.24, 10.26, 10.01, 9.51, 8.14, 7.06, 6.73,
4.01, 1.42. IR (THF solution, CaF, windows, cm ') 3197 (w, N-H), 1577 (s, C=N)

Synthesis of (T°*YDIPyH)CoBr2 (7). To a stirring THF solution of CoBr (0.017 g, 0.077 mmol,
2 mL) was added a THF solution of T “YDIPyH (0.035 g, 0.077 mmol, 1 eq, 4 mL). turning green
immediately. The reaction was stirred overnight, resulting in a dark green solution which was
evaporated to dryness. Crystallization from vapor diffusion of petroleum ether into benzene
resulted in green crystals of (T*“'DIPyH)CoBr, (0.021 g, 0.030 mmol, 40 %). '"H NMR (CsDs,
400 MHz, 25° C) 6 = 27.89, 18.31, 15.61, 4.03, 2.70, 2.42, 1.33, 0.80, 0.6, —1.88, —4.74, —8.22,
—8.63, -12.78, —17.08, —22.36. IR (THF solution, CaF, windows, cm ') 3202 (w, br, N-H), 1590
(s, C=N) also 2793 (m), 2677 (w), 1494 (m), 1317 (s), 1293 (s), 1257 (m).

Synthesis of (T»CYDIPy)2Co (8). To a stirring THF solution of ™*YDIPyH (0.121 g, 0.26 mmol,
10 mL) was added a THF solutionof KN(TMS), (0.050 g, 0.26 mmol, 2 mL, 1 eq), turning
immediately from pale yellow to bright red. This solution was added in one portion to a stirring
THF solution of CoBr» (0.058 g, 0.26 mmol, 1 eq, 5 mL), turning a darker red color. The solution
was stirred for 2 hours, then all volatiles were removed in vacuo, and the resulting red residue was
washed with 10 mL petroleum ether, giving ("*“'DIPy)>Co as a red solid. "H NMR (C¢Ds, 400
MHz, 25° C) 6 = 19.35, 12.48,9.77, 3.97, 3.26, 1.12, —4.93, —17.90.

X-Ray Structure Determination The diffraction data were measured at 100 K on a Bruker D8
VENTURE with PHOTON 100 CMOS detector system equipped with a Mo-target micro-focus
X-ray tube (A = 0.71073 A). Data reduction and integration were performed with the Bruker
APEX3 software package (Bruker AXS, version 2015.5-2, 2015). Data were scaled and corrected
for absorption effects using the multi-scan procedure as implemented in SADABS (Bruker AXS,

version 2014/5, 2015, part of Bruker APEX3 software package). The structure was solved by the
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dual method implemented in SHELXT?2 and refined by a full-matrix least-squares procedure using
OLEX23 software package (XL refinement program version 2014/74 ).° The structure of 2, 6, and
7 suffered from disorder of the metal center between the two bidentate binding pockets of the
ligand. This disorder was modeled as 50% occupancy at each site for 2 and 7, and 75% in one
orientation for 6. Due to this model, the N—H of the protonated ligand could not be located in 2 in
the difference map and was not affixed to the structure due to overlap with the disordered Pd
center. The omission of this hydrogen from the structure causes a discrepancy in the molecular
formula from the cif file and that reported for the compound. Despite this issue, the presence of

the N—H in this compound is unequivocal based on other data.
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Chapter 2: Dihydrazonopyrrole Ligands

Introduction

After studying T*YDIPy and observing the lack of stability in binding first-row metals,
dihydrazonopyrrole (DHP) ligands were targeted. The DHP scaffold is beneficial as the beta-
nitrogen of the hydrazone unit can also coordinate to the metal center, giving a very stable six-
membered ring with the pyrrole nitrogen. The first DHP derivative synthesized was T°"""DHP,
synthesized through condensation of phenylhydrazine with the ditolylacyl pyrrole. Unlike
ToLCYDIPy, the free ligand is unstable towards oxidation, with the formation of a further cyclized
system upon exposure to oxygen or benzoquinone. Previous research within the group has shown
that "°"P"DHP binds well to Ni through the B-nitrogens of the hydrazone and forms a T-shaped Ni
complex which is competent for homolytic activation of the O—H bonds of H>O to form a bridging
hydroxide, which can then perform O-atom transfer to phosphines (Scheme 2 - 1).! This system
did have two major pitfalls. The most significant was the propensity for C—H oxidation of the
phenyl groups of the ligand to form an phenoxide which binds to the metal center, shutting down

all further reactivity (Scheme 2 - 1). An identical product was also rapidly observed upon any

Scheme 2 - 1. Reactivity in the "»T'DHPNi system.
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reaction with O» with Ni complexes featuring the T"""DHP ligand, showing the lack of stability to
oxidation.

The second area where the T"""DHP scaffold did not show promise was in limited ligand-
based H» reactivity. The nitrogens of the hydrazone could not be protonated and remain
coordinated to the metal center, so full Hz transfer across the scaffold was impossible.! This was
likely due to the weak basicity of the aromatic hydrazone unit, so more basic nitrogens were

targeted for future ligand designs.

Results and Discussion

Synthesis and Intramolecular Oxidation with Fluorinated DHP. Oxidation of aromatic C—
H bonds often occurs through a highly reactive metal-oxygen species, such as a superoxide,
peroxide, or oxyl-type species. These oxygen complexes typically react through a radical C—H
abstraction pathway that is dictated by the BDE of the functional group that it is attacking. In order
to avoid this pathway, fluorination of the phenyl groups was targeted so that the C—F BDE would
be high enough to preclude oxidation by even a reactive nickel-oxygen species. Condensation of
the diacylpyrrole with pentafluorophenylhydrazine was performed and the perfluorinated ligand
could be purified by repeated washings with Et;O. Unlike P»T'DHP, T°"FP"DHP is initially isolated

as one isomer, though upon standing in a CDCI; there is appearance of an asymmetric isomer.

Scheme 2 - 2. Synthesis of 1 via C-F oxidation using ""»T'DHP.
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Based upon earlier studies in the ™"""DHP system, it was reasonably assumed that this would not
affect further reactivity, so the metalation with T""""DHP was conducted with NiClodme and
pyridine.

Though metal complexes with this ligand were not fully characterized, similar products
and binding modes as in P*"T'DHPNi were proposed. Several of these proposed complexes were
then exposed to O, in order to preliminarily test the stability of the FPPT'DHP system to
intramolecular oxidation. Crystallization of the reaction mixture from acetonitrile allowed
isolation of (T°"FP"DHPO)Ni (1), a C—F activated form of the ligand with the phenoxide bound to
Ni as was previously observed in the proteo variant (Figure 2 - 1). The '°F NMR of the reaction in
situ showed formation of fluorosilicates by a peak at =79 ppm, likely from formation of HF during
the reaction which then etches the silicates in the glass (Figure 2A - 8). The oxidized product of

the T"P"DHP system had not been previously structurally characterized, so structural

Figure 2 - 1 Solid state structure of 2.

Ellipsoids are set to 50% probability and hydrogen atoms are omitted for clarity. Selected bond
lengths and angles: Nil-O1: 1.851(19) A, Nil-N1: 1.842(2) A, Ni1-N3: 1.822(2) A, N1-N2:
1.311(3) A. 1.352(3) A. N3-Nil-O1 172.2(9)°
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characterization of 1 confirmed both the binding mode of the ligand and ligand oxidation state.
Bond lengths within the ligand, especially the contracted N-N bond lengths and lengthened C—N
bond lengths indicate a fully oxidized ligand while the two beta nitrogens of the hydrazones are
bound to Ni, leaving a five-membered ring chelate in the hydrazone and oxidized ligand.

Oxidation of C—F bonds is very rare in synthetic or biological systems.? The ease of
activation of the very strong aryl C—F bond indicates that the likely mechanism for intramolecular
oxidation is a nucleophilic aromatic substitution with the reactive oxygen species bound to Ni
acting as a strong nucleophile. Because the T"FP"DHP ligand was still susceptible to intramolecular
oxidation, #-butyl groups were instead targeted to remove all weak or electrophilic bonds from the
ligand to access a Ni complex with greater stability to intramolecular oxidation. The #-butyl groups
would also be significantly more basic than the aromatic hydrazones, so H> transfer was also
targeted with this system.

Synthesis and Metalation of B=T*'DHP. The dihydrazonopyrrole ligand, B“T™'DHP, is
synthesized by condensation of excess #-butyl hydrazine with the previously reported ditolylacyl
pyrrole at high temperature for 5 days, after which it is isolated in 66% yield as a doubly protonated
hydrochloride salt. Deprotonation with four equivalents of #-BuLi and subsequent addition to
(DME)NiCl; yields a deep purple complex in 43% yield, assigned as ["®“T'DHP"]Ni (2) which can
be purified by passage through a silica plug. Complex 2 is paramagnetic, and Evan’s method gives
a terr of 2.02 B.M., indicating an S = % spin system. The X-band EPR spectrum of 2 in toluene is

also consistent with this assignment, as a broad axial signal is observed with features at g = 2.24
Scheme 2 - 3. Metalation of *T'DHP to Ni to form 2, and oxidation to form 3.
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and 2.12 (Figure 2A - 18). When the EPR spectrum was recorded in THF, a much more
complicated signal arises, likely from a solvent-binding equilibrium in the fourth coordination site
of the Ni center (Figure 2A - 19). Crystals of 2 were obtained to allow for more detailed structural
analysis of this complex, and single crystal X-ray diffraction (SXRD) revealed a T-shaped Ni
complex bound to B“T!'DHP through the pyrrole nitrogen and both B-nitrogens of the hydrazone
arms of the ligand (Figure 2 - 2). The structure is symmetric within the estimated standard
deviation, with the two Ni—Nhydrazone bond lengths being 1.843(4) A and 1.843(7) A. The Npyrrole—
Ni—Nhydrazone angles of 93.78(1)° indicate a nearly perfect T-shaped geometry. T-shaped complexes
are uncommon with Ni(II) and while the DHP scaffold may have some electronic influence in
enforcing a T-shaped geometry in 3, this coordination is likely facilitated by steric crowding from

the /Bu groups as well.?

Figure 2 - 2. Solid state structure of 2.

Ellipsoids are set to 50% probability and hydrogen atoms are omitted for clarity. Selected
bond lengths and angles. Nil-N1 1.843(9) A, Nil-N3 1.877(3) A, N1-N2 1.302(5) A, C8—
N2 1.349(6) A, N3-Nil-N1 93.7(1)°
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This complex is analogous to the previously published ["T!'DHP*INi T-shaped complex
which was assigned as a high spin § =1 Ni(Il) center antiferromagnetically coupled to a ligand-
based radical based on structural and spectroscopic data. The bond lengths in 2 are very similar to
those in [P»T'DHP*|Ni with both the Ni-N bond distances and the bond lengths within the ligand
backbone nearly identical between the two structures. The similarity in bond lengths within the
DHP scaffold and in the Ni—N distances indicates that the ligands in both complexes have a similar
electronic structure. The deviation from g = 2 in the EPR spectrum of 2 is similar to that of
[P»T'DHP*]Ni and can be explained by a significant amount of spin density localized on Ni as
would be expected for a high-spin Ni(Il) center.

To further investigate this proposed electronic configuration, 2 was modeled with a variety
of DFT calculations including broken symmetry treatments. All calculations on 2 illustrate a
similar picture which is consistent with an S = 1 Ni center antiferromagnetically coupled to a ligand
radical. The Ni center has a Mulliken spin of 1.12, with a mixture of positive and negative spin
densities of —0.32 and 0.22 on the ligand backbone (Figure 2A - 54). The negative spin density is
distributed on both hydrazones and through the pyrrole carbons of the ligand while the positive
spin density is largely centered on the pyrrole nitrogen and is likely due to covalency between Ni
and N. Here too, the spin density is qualitatively identical to that observed for the Ph-substituted
system. In sum, all of these data are consistent with the assignment of 2 as a high-spin Ni(II) center
coupled antiferromagnetically to a ligand-based radical, directly analogous to the electronic
structure of [P ™'DHP"]Ni.

Oxidative Reactivity of (*“™'DHP)Ni With the concrete assignment of a ligand-based
radical bound to Ni(II), we investigated the analogous reactivity to [""'DHP*|Ni. Unlike the Ph-

substitued congener [P»™'DHP‘]Ni, 2 does not show any reactivity with HO, even at high
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temperature. Tracking the reaction by 'H NMR shows a sharp resonance for the proton of H»O,
indicating that there is no binding with the paramagnetic metal center. While it is possible that the
steric bulk could disfavor binding, we also investigated the reduction potentials of the ligand to
see how the #-butyl substitution alters the electronic environment.

The cyclic voltammogram (CV) of 2 shows two reversible redox events: an oxidation at
—0.3 V vs. Fc/F¢' and a reduction at —1.7 V vs F¢/Fc™, which we assign as ligand-based oxidation
and reduction respectively based on comparison with similar couples in the Ph substituted system
(Figure 2 - 3). These couples are shifted approximately 300 mV negative of those in ["»T'DHP"]Ni,
suggesting a more reducing ligand environment due to the more donating z-butyl groups.

We then attempted to chemically access these ligand-based redox events. While we have
been unable to isolate more reduced complexes, addition of one equivalent of AgOTT to 2 results
in an immediate color change from purple to deep blue. The 'H NMR spectrum of this reaction
product shows the disappearance of the characteristic broad peaks for 2, with new paramagnetic

features growing into the spectrum, assigned as the four-coordinate triflate adduct

Figure 2 - 3. CV of 1 mM 2 in THF with 0.1 M nBusPFs. Scan rate = 100 mV/sec.
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Scheme 2 - 4. Reaction of 2 with O to form 4, and interconversion of 3 and 4.
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[’B“’T"IDHP]Ni(Zﬁ)Tf (3) (Scheme 2 - 3) . The '°F NI\:IR spectrum of 3 indicates that tlfe triflate anion
remains bound to the metal center in solution, as demonstrated by the chemical shift and
broadening of the triflate signal (Figure 2A - 13). Complex 3 is best assigned as a high-spin Ni
center with an oxidized DHP ligand. The paramagnetism of the complex and an Evans method
magnetic moment of uesr = 2.87 B.M. support the assignment of an S = 1, high-spin Ni(II) center.
The solid-state structure of 3 was obtained by SXRD and confirms the connectivity of the complex,
but poor diffraction precluded analysis of specific bond lengths. The structure does show a novel
chain structure where each Ni center is bridged to an adjacent Ni through the triflate ligands,
leading to 1-D chains in the solid state. This binding mode is unlikely in solution due to the

complex’s solubility in benzene and other non-polar solvents. The chemical accessibility and
Figure 2 - 4. Solid state structure of 4 with triflate bridging (right).
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reasonable potentials of this ligand-based redox event suggested to us that reactivity with O2 would
be viable.

Characterization of a Ni Superoxo Complex We then turned to investigate the aerobic
reactivity of 2 to determine whether the #-butyl groups effectively stabilize this complex towards
oxidative degradation. Complex 2 undergoes a distinct color change from purple to red when
exposed to air or pure Oz in a benzene solution resulting in a 'H NMR silent product. We have
assigned this new species as a Ni superoxo complex [B“T'DHP]NiO; (4) based on a variety of
characterization (Scheme 2 - 4). Tracking the conversion of 2 to 4 in benzene by UV-vis
spectroscopy reveals an isosbestic transition suggesting a clean 1:1 transformation (Figure 2A -
29). Complex 4 has a solution magnetic moment of uefr = 1.65 B.M., confirming that the complex
is still an S = % species despite the lack of "H NMR signals. X-band EPR indicates the formation
of a new species that displays a rhombic S = ' signal with g =2.23, 2.10, and 2.07 (Figure 2A -
20). These values are consistent with other reported Ni(II) superoxo complexes.*

We have extensively attempted to collect Raman data on 4 with no success. We have been,
however, able to record infrared (IR) spectra of 4 as a KBr pellet and in solution with both %O,
and '30,. The solid state spectrum of 4 shows a isotope sensitive feature assigned as an O—O stretch
which appears at 1045 cm ™! upon labeling, similar to other published vibrational data for superoxo
species (Figure 2A - 47).* The feature with natural abundance O; is difficult to directly assign due
to overlap with other features in that area, but is likely underneath a feature at ~1105 cm ™' to give
a shift of 60 cm ' compared to an expected shift of 64 cm™!. In an effort to obtain a better
subtraction, the IR spectrum of 4 was also recorded as a C¢Hg solution. An '°0, — 180, subtraction
spectrum shows the appearance of a feature at 1097 cm ™! and a decrease in intensity of the features

at 1170 cm™! (Figure 2A - 46). This gives a shift of 73 cm™' compared to a predicted shift of 68
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cm !, Taken together, these vibrational analyses are consistent with the assignment of a superoxo
complex.

Complex 4 is extremely oily and soluble which has precluded the determination of its
structure via single crystal XRD analysis. To circumvent this issue Ni K-edge X-ray absorption
spectroscopy (XAS) was performed to probe the geometry and electronic structure of Ni.
Complexes 2 and 4 have distinct shapes in their edge regions consistent with a change in
coordination number upon exposure to air (Figure 2 - 5). The intense rising edge in the spectrum
of 2 at 8338.9 eV corresponds to a 1s—4p transition due to the expected non-degenerate 4p levels
in a T-shaped geometry. Similar features are observed in reported XAS spectra of trigonal planar
Cu(I) complexes.’ In contrast, this feature in 4 is assigned as a shakedown transition by comparison
to similar features observed in square planar 3d transition metal complexes with ligand to metal
charge transfer transitions (LMCT).>® The lowered intensity of this feature is likely due to the
deviation from ideal D4, symmetry as predicted in the DFT calculated structure of 4 (Figure 2A -
55). In addition to this feature, a 1s—3d transition is observed at 8333.6 eV in both 2 and 4. The
intensity of 1s—3d pre-edge features is dependent on the degree of p-d mixing. The coordination
of an O atom to the T-shaped geometry of 3 will lead to a distorted square-planar geometry. This
higher coordination number should increase the energy gap between the d and p levels, effectively
decreasing p-d mixing and causing a drop in the intensity of this pre-edge feature. Similar drops
in intensity have been observed for other series with increasing coordination numbers.® DFT
calculations also support this assignment, as the p-orbital contribution to the highest lying d-orbital
drops from 8% to 2% in the conversion from 2 to 4 (Table 2A - 3). Taken together, these pre-edge

data support the assigned structure of 4.
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We have also examined the Extended Absorption Fine Structure (EXAFS) region of the
XAS data for 4. (Figure 2 - 5). The EXAFS data was fit for the first two shells around Ni and
confirms the assignment of an end-on Ni superoxo, showing a Ni-O bond length of 2.08(1) A. This
bond length is longer than that typically found in Ni superoxo complexes, but is similar to the Ni-
O bond length of another end-on Ni superoxo that has been characterized by EXAFS. The second
shell fitting also distinguished the second O of the superoxo at 2.70(1) A from the Ni, indicating
there is no interaction with the metal but confirming the presence of the superoxo ligand.* The
second shell fit also included the nitrogen of the hydrazone and carbons of the #-butyl group to
confirm that these signals are not interfering with the superoxo oxygen, and the C and N scatterers
are distinct at longer distances of at least 0.17 A further from Ni. The Ni-N bond lengths are
slightly lengthened compared to 2, with a Ni-Npymole distance of 1.873(6) A and Ni—Nhydrazone
distances of 1.920(6) A, suggesting ligand-based oxidation to a monoanionic ligand in 4 weakens
the ligand binding to Ni compared to the dianionic ligand in 2. Attempts to fit the second shell of

4 without the second O of the superoxo resulted in a significantly worse fit, indicating the second

Figure 2 - 5. Left: K-Edge X-ray absorption data for 2 and 4 showing no change in edge energy
upon reaction of 2 with O,. Right: XAFS fitting of 4, with K-space inset.
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O is necessary for describing the structure (Table 2A - 11). Overall, the EXAFS data and analysis

verifies the structure of 4 as a Ni superoxo.

The XAS data on 2 and 4 also provide an opportunity to probe the oxidation state of the Ni
center and verify the proposed ligand centered electron transfers. There is effectively no energy
shift (less than the 0.4 eV resolution) for the K-edge or pre-edge features in the generation of 4
from 2 (Figure 2 - 5). Although the Ni K-edge does not show a large change with oxidation state,
a 1.8 eV shift in the K-edge and 0.7 eV shift in the pre-edge energy has been observed between
Ni(IIl) peroxo and Ni(II) superoxo complexes.*’ The absence of similar shifts in the conversion
from 2 to 4 indicates that no metal centered redox occurs.

Finally, we have examined the geometry and electronic structure of 4 with DFT
calculations. The geometry of 4 in the DFT computed structure is that of an end-on superoxide
ligand consistent with our assignment. Attempts to minimize an n? structure resulted in dissociation
of the second O ligand to generate an end-on structure. The computed spin density in 4 is predicted
to lie nearly entirely on O2, consistent with our spectroscopic data (Figure 2A - 56). TD-DFT was
also performed to compare the calculated UV-vis data with the experimentally determined data.
The shape of the UV-vis spectrum of 4 is reliably reproduced, with the peaks of the calculated
spectrum within a reasonable error of those in the experimentally determined spectrum (Figure 2A
- 58, Figure 2A - 59). In sum, all these data are consistent with the proposed structural assignment
of 4 as an end-on Ni superoxo complex which is formed by ligand centered electron transfer with
no formal oxidation state change on Ni. While several Ni superoxo complexes have been
published, none have used a ligand-based redox event to reduce O2. The only precedent for this
comes from natural systems. Many enzymes use specific ligand fields to stabilize either Ni(I) or

Ni(II), such as highly donating thiol groups, but a nickel-containing quercetin dioxygenase uses
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an electron from the substrate to reduce O2 to superoxide, which then binds to Ni(Il) to undergo
further reactivity.®

Oxidative Reactivity. With the characterization of 4 in hand, we then examined reactivity
both to confirm its composition and to probe whether 4 can mediate oxidative conversions. Stirring
3 with one equivalent of KO, for one hour results in a color change from blue to dark red (Scheme
2 - 4). Analysis of this reaction mixture by UV-vis and EPR spectroscopy reveals signals consistent
with conversion to 4 (Figure 2A - 24, Figure 2A - 32). These data also support the assignment of
4 as a Ni superoxo complex as using an external superoxide source produces the same product.
Electrochemistry of 4 was also investigated to probe the reversibility of Oz binding and activation.
CV of 4 shows an irreversible oxidation and reduction at 0.32 and -1.7 V vs. Fc/Fc" respectively
(Figure 2A - 38). Chemical oxidation was targeted with the hypothesis that oxidation of 4 could
convert back to 3. Addition of one equivalent of AgOTT to a stirring THF solution of 4 indeed
results in the reappearance of 3 as indicated by UV-vis spectroscopy (Figure 2A - 30). This is likely
due to oxidation of the superoxide to dioxygen, which then dissociates as the triflate binds to give
3.

We then investigated the reactivity of 4 with the H-atom donors diphenylhydrazine (DPH)
and 9,10-dihydroanthracene (DHA). Complex 4 somewhat surprisingly shows little to no reactivity
with DHA but does generate azobenzene within 10 minutes when reacted with DPH under N>. We
rationalize that the muted reactivity with DHA implies a very weak O—H BDE for the putative Ni
hydroperoxo product of C—H abstraction. Computations support this hypothesis and suggest an O—

H BDE of ~63 kcal/mol (Table 2A - 5).
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Despite this muted H-atom abstraction reactivity, complex 4 still mediates oxidative
reactivity with organic substrates. Complex 4 reacts with triphenylphosphine under N> to produce
two equivalents of triphenylphosphine oxide by *'P NMR at room temperature (Scheme 2).
Oxidation of alcohols to aldehydes was also investigated and NMR analysis indicates that complex
4 converts two equivalents of benzyl alcohol to benzaldehyde at 50 °C over three hours under air
(Scheme 2 - 5). Finally, C—H activation was studied using toluene as a test substrate. At 70 °C for
three hours under air, 4 produces ~ one equivalent of benzaldehyde from neat toluene, likely via
C-H activation to benzyl alcohol then oxidation of the benzyl alcohol to benzaldehyde. This
reaction was also performed using 4 enriched with '®O from reaction of 2 with '*0,. GC/MS
analysis indicates that the benzaldehyde product is enriched with 30, as expected (Figure 2A -
50). There are very few examples of C—H oxidation reactivity with Ni, though superoxo species in
general have been suggested as intermediates in C—H oxidations.*’ The consistent appearance of
two equivalents of oxidized products (or double oxidation in the case of toluene) suggests that the
reaction is stoichiometric in oxygen equivalents. Furthermore, the fact that 4 generates two

equivalents of triphenylphosphine oxide under N> also implies that both of the O-equivalents from
Scheme 2 - 5. Oxidative Reactivity of 4.
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the superoxide ligand can be transferred to substrates. It is currently unclear why the complex
cannot turn over to bind another equivalent of O> and enable catalytic oxidations.

The muted C-H abstraction reactivity of 4 with DHA raises interesting mechanistic
questions about the oxidative activity of this complex. The resulting mixtures after the oxidation
reactions are complicated and further study is needed to understand potential decomposition
routes. It is possible if not likely that the elevated temperatures required for this oxidative reactivity
lead to the formation of another species which is the active oxidant. Kinetic analysis of the reaction
of 4 with benzyl alcohol shows a second order dependence on the concentration of 4, indicating a
more complex mechanism than direct substrate oxidation by the superoxide species (Figure 2A -
34). The low reactivity of 4 is unusual in that many other Ni(II) superoxo species are much more
unstable and reactive. Because complex 4 is formed by a comparatively mild, ligand-based redox
event, the resulting superoxo is not very oxidizing. Therefore, the ligand-based nature of the
electron transfer may play an important role in the isolation and study of this species, suggesting
the viability of ligand-based redox events for stabilizing highly reactive compounds. While still
stoichiometric, the oxidative reactivity of 4 is unusual and demonstrates that the ligand-based
activation of O> enables oxidative reactivity for Ni centers as has been proposed in quercetin

dioxygenase.

Metalation to (B»T'DHPH;)NiCl. After probing the aerobic reactivity of this system,
reactivity with H, was targeted to verify that the DHP scaffold could affect secondary sphere H»
transfer. In order to initially probe this reactivity, a complex with a fully hydrogenated DHP

scaffold was targeted.
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Metalation of B“T'DHPeHCI via deprotonation with 4 equiv of n-BuLi furnishes 2, but
metalation via deprotonation with 3 equiv. of n-BuLi gives a new diamagnetic species, assigned
as ("B>T'DHPH,)NiCl (5) (Scheme 2 - 6). The 'H NMR shows a symmetric ligand environment
with a broad singlet that integrates to 2 protons, assigned to the N—H protons on the ligand (Figure
2A - 14). Structural determination of S by single crystal XRD shows a square planar geometry
around Ni, though the ligand is significantly twisted so that the square plane of the Ni does not
align with the plane of the pyrrole ring (Figure 2 - 6). The Ni-Nnydrazone bonds are lengthened by
0.1 A compared to 2, indicating significantly weaker coordination of the protonated nitrogens. The
N-N bonds are lengthened by 0.15 A compared to 2, indicating full conversion to a N-N single
bond. This bond is also significantly longer than the N-N bond length in the fully reduced
(PMT'DHP)Ni complex, indicating that hydrogenation of the ligand alters the ligand properties
distinctly from simple reduction.! The N—H protons are oriented towards the Cl ligand while the ¢-
butyl groups are twisted almost perpendicular to the Ni square plane due to hydrogen bonding
from the H to the CI, at a distance of 2.5 A. The isolation of a DHP ligand with a full H» equivalent
has not been observed in the T™'P"DHP system, indicating that alkyl rather than aromatic
substituents are preferable for this reactivity likely due to increased nitrogen basicity. Cyclic
voltammetry of 5 showed that there was no accessibly redox events, showing that hydrogenation

of the scaffold has a dramatic effect on the ligand properties (Figure 2A - 39).
Scheme 2 - 6. Metalation of BYT'DHP to form (B“T*'DHPH,)NiCl.
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Figure 2 - 6. Solid state structure of S.

Ellipsoids are set to 50% probability, and all C—H hydrogens are omitted for clarity. Selected
bond lengths and angles: Nil-CI1 2.181(8) A, Nil-N1 1.946(1) A, Ni1-N3 1.824(2) A, N1-
N2 1.459(2) A, C8-N2 1.295(3) A, N3-Nil-Cl1 179.47(6)°, N3-Nil-N1 88.47(8)°.

H; Transfer Reactivity As 3 and 5 represent the two ligand states necessary for ligand-
based H transfer, the interconversion of these species was studied. To investigate whether the
ligand could split Ho, 3 was reacted with H» gas. Degassing and addition of an atmosphere of H»
resulted in slow conversion to a new diamagnetic species at room temperature but heating to 40°
C led to significantly faster reactivity (Figure 2 - 7). This new species was assigned as
(BwT'IDHPH,)NIOTT (6) based on the proton NMR, and could also be separately accessed via

halide abstraction from 5§ with AgOTf (Scheme 2 - 7). To probe the catalytic H> transfer reactivity,

Scheme 2 - 7. Halide abstraction and reversible Hz splitting and transfer.
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Figure 2 - 7. Hy splitting by 3 to give 6. Peaks at 3.5 ppm and 1.5 ppm are from residual THF,
and the peak at 5 ppm is due to dissolved H>.
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3 was combined with 5 equivalents of benzoquinone, a strong H» acceptor, and placed under a

|

hydrogen atmosphere at room temperature. Tracking the reaction by 'H NMR showed slow
conversion of 3 to 6 and appearance of hydroquinone, indicating that the H» splitting is more rapid
than the hydrogenation of benzoquinone (Figure 2 - 8). The complex hydrogenated 5 equivalents
of benzoquinone over 2 days, and stoichiometric reactions of 5 or 6 with benzoquinone were also
successful to form hydroquinone, indicating that the isolated complexes are likely the active
catalysts, rather than some hydride intermediates.

After seeing that 6 was competent for hydrogen transfer, multiple other substrates were
attempted for hydrogenation or small molecule activation, but no reactivity was observed in all
cases. Addition of several equivalents of 1-hexene led to no conversion of 6 to 3 or any reactivity
at all with the complex. A similar lack of reactivity was observed with CO and CO; even at
temperatures up to 90 °C. Even reactivity with O2 was sluggish, showing appearance of a mixture

of products gradually, leading to approximately 30% conversion of 6 to product over the course
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Figure 2 - 8. 'H NMR of H; transfer to benzoquinone, starting from 3, Ha, and benzoquinone and
resulting in 6 and hydroquinone.
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of 3 days. This reactivity was likely sluggish due to the significant steric bulk covering the fourth
binding site of the nickel center, and the lack of accessible redox transformations at the nickel
center to accompany the reactivity of the ligand.

To probe the energetics of this transformation, DFT calculations were used to investigate
the difference in energy between the hydrogenated NiDHP complex, 6, and the dehydrogenated
complex 3. Optimization of both structures revealed a downhill H> splitting reaction of 32
kcal/mol, or that 6 is favored by 32 kcal/mol over 3. While this shows the favorability of H»
activation, it also implies a very high barrier to potential hydrogenation reactivity. Though
hydrogenation of alkenes can be a downhill process by up to 30 kcal/mol, this barrier is likely high
enough that the reaction overall is not favorable. Between this barrier and the difficulty in
coordinating an alkene in the sterically bulky environment, the lack of reactivity is not surprising.
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Conclusions

Dihydrazonopyrrole ligands have been shown to bind strongly to first row transition metals
and have multiple different stable protonation and redox states. While the early, "»T'DHP system
was plagued by instability resulting from C—H activation of the ligand upon reaction with H>O or
02, ligand modifications stabilized the ligand immensely. Fluorination to give - FP"DHP led to a
similar decomposition pathway to "»T'DHP, but B*T'DHP was much more robust. Significant
changes to the electrochemistry of the ligand were seen upon addition of the more electron-
donating #-butyl group, which led to a lack of reactivity with H>O but more tractable reactivity
with Oz leading to a novel Ni superoxo complex resulting from ligand-based electron transfer. This
method of O activation has only been seen biologically, specifically in quercetin dioxygenase, but
never in synthetic systems to make a Ni(Il) superoxo complex.® The superoxo species was
competent for oxidative reactivity, but required heating in most cases, likely suggesting that the
superoxo complex was not the active oxidant, and it was most likely some more reactive Ni oxygen

species formed during the decomposition.

The t-butyl substitutions also led to isolation of the hydrogenated ligand form which had
not previously been seen in the P*T'DHP ligand. Hydrogen splitting on the ligand and subsequent
transfer to benzoquinone served as proof of concept for the reversible 2¢ /2H" chemistry that the
pyrrole ligand can facilitate. In the case of Ni, the barrier for H» transfer was calculated as 32
kcal/mol, so hydrogenation reactivity was not viable, and research is ongoing into investigating

the effects of changing the metal center to incorporate more binding sites and metal-based redox.
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Experimental Section

General Considerations: All reagents were purchased from commercial suppliers and used
without further purification unless otherwise specified. The ¢#-butyl hydrazine was synthesized by
deprotonating #-butyl hydrazine hydrochloride All manipulations were carried out under an
atmosphere of N> using standard Schlenk and glovebox techniques. Glassware was dried at 180
°C for a minimum of two hours and cooled under vacuum prior to use. Solvents were dried on a
solvent purification system from Pure Process Technology and stored over 4 A molecular sieves
under N». Tetrahydrofuran was stirred over NaK alloy and run through an additional activated
alumina column prior to use to ensure dryness. Solvents were tested for H,O and O; using a
standard solution of sodium-benzophenone ketyl radical anion. C¢D¢ was dried by passage over a
column of activated alumina and stored over 4 A molecular sieves in the glovebox. 'H and *C {'H}
spectra were recorded on Bruker DRX 400 or 500 spectrometers. Chemical shifts are reported in
ppm units referenced to residual solvent resonances for 'H and '*C {'H} spectra, UV-visible spectra
were recorded on a Thermo Evolution 300 spectrometer and addition of gases was performed by
injecting via syringe into a cuvette sealed with a septum. UV-visible spectra at elevated
temperature were done using a Unisoku Cryostat. IR was recorded on a Bruker Tensor II. EPR
spectra were recorded on an Elexsys ES00 Spectrometer with an Oxford ESR 900 X-band cryostat
and a Bruker Cold-Edge Stinger and were simulated using the Easyspin suite in Matlab software. '
GC/MS was collected on an Agilent SQ GCMS with 5977A single quad MS and 7890B GC.
Elemental analysis was performed by Midwest Microlabs. Electrochemical measurements were

performed using a BAS Epsilon potentiostat and analyzed using BAS Epsilon software version

1.40.67NT. Cyclic voltammetry measurements were made using a glassy carbon working
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electrode, platinum wire counter electrode, and silver wire pseudo-reference electrode, and

referenced to internal Fc/Fc™.

X-Ray Structure Determination. Crystal Structure Determination. The diffraction data were
measured at 100 K on a Bruker D§ VENTURE with PHOTON 100 CMOS detector system
equipped with a Mo-target micro-focus X-ray tube (A =0.71073 A). Data reduction and integration
were performed with the Bruker APEX3 software package (Bruker AXS, version 2015.5-2, 2015).
Data were scaled and corrected for absorption effects using the multi-scan procedure as
implemented in SADABS (Bruker AXS, version 2014/5, 2015, part of Bruker APEX3 software
package). The structure was solved by the dual method implemented in SHELXT!! and refined by
a full-matrix least-squares procedure using OLEX23!? software package (XL refinement program
version 2014/7'%). Suitable crystals were mounted on a cryo-loop and transferred into the cold
nitrogen stream of the Bruker D8 Venture diffractometer. Most of the hydrogen atoms were
generated by geometrical considerations and constrained to idealized geometries and allowed to
ride on their carrier atoms with an isotropic displacement parameter related to the equivalent
displacement parameter of their carrier atoms. Compound 2 was modeled for three component
disorder of one of the p-tol rings. Compound 3 was modeled for two component disorder of the

bridging triflate group.

X-ray Absorption Measurements. Powder samples were prepared by grinding finely. A Teflon
washer (5.3 mm internal diameter) was sealed on one side with Kapton tape and powder was then
transfer transferred to the inside of this ring before compacting with a Teflon rod and sealing the
remaining face with Kapton tape. All sample preparation was performed under an inert
atmosphere. X-ray absorption near-edge spectra (XANES) and Extended Absorption Fine

Structure (EXAFS) were employed to probe the local environment around Ni. Data were acquired
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at the Advanced Photon Source at Argonne National Laboratory with a bending magnet source
with ring energy at 7.00 GeV. Ni K-edge (8332.8 ¢V) data were acquired at the MRCAT 10-BM
beam line in transmission. The incident, transmitted, and reference X-ray intensities were
monitored using gas ionization chambers. A metallic nickel foil standard was used as a reference
for energy calibration and was measured simultaneously with experimental samples. X-ray

absorption spectra were collected at room temperature.

Data collected was processed using the Demeter software suite by extracting the EXAFS
oscillations y(k) as a function of photoelectron wavenumber k.!* The theoretical paths were

generated using FEFF6 and the models were determined using the fitting program Artemis.'*

Synthesis of 2,5-bis((2-pentafluorophenylhydrazono)(p-tolyl)methyl-pyrrole ("°*FP"DHP). In
the glovebox, a 25 mL Qorpak vial was charged with 0.3 g (0.99 mmol) of 2,5-ditolylacylpyrrole,
0.6 g of pentafluorophenylhydrazine (2.9 mmol, 3 equivalent), catalytic (1 drop) of 2.5 M HCl
etherate, molecular sieves, and 15 mL toluene. This was heated, with stirring, for 3 days at 100°
C, gradually turning yellow. The solution was cooled to room temperature and filtered through
Celite. The resulting yellow solution was evaporated to dryness, and the resulting yellow residue
was washed with 3 x 20 mL of Et,0, resulting in (T°*"""DHP) as a yellow powder (0.1 g, 0.19
mmol, 20%). The EtoO washes can be evaporated to give a mixture of mono-condensed product
and TMFPADHP, which can be recycled to synthesize more (T°**P"DHP), but longer reaction times
or addition of a larger excess pentafluorophenylhydrazine did not result in greater conversion. 'H
NMR (CDCl3 400 MHz, 25° C) § =9.78 (s, 1H, N-H), 7.37 (d, J = 8 Hz, 2H, Tol C-H), 7.33 (d,
J =8 Hz, 2H, Tol C-H), 5.88 (d, J = 4 Hz, 2H, Pyrrole C-H), 2.47 (s, 6H, Tol-CH3). YF{'H}
NMR (CDCls 162 MHz, 25° C). 6 =—155.85 (d, J = 8 Hz, 4F, 0-Ph), —163.22 (t, J = 8 Hz, 4F, m-

F) —168 (t, 2F J = 8 Hz, p-F). 13C {!H} NMR (CDCl; 162 MHz, 25° C). § = 142.75, 140.15,
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132.44, 130.26, 128.41, 126.92, 125.8, 114.99, 112.13, 21.48. IR (THF soluton, CaF> windows,

cm ') 3447 (w, N-H), 3334 (w, N-H), 2686 (m), 1527 (s, C=N), 1367 (w), 1324 (w), 1117 (m).

Synthesis of (T°*FP"DHPO)Ni (1). To a stirring THF slurry of NiClodme (0.017 g, 0.078 mmol, 3
mL) was added an excess of pyridine and stirred for 30 minutes, turning from an orange slurry into
a blue slurry. Separately, a THF solution of KN(TMS)2 (0.029 g, 0.14 mmol, 1 eq, 2 mL) was
added with stirring to a THF solution of T°*FP"DHP(0.054 g, 0.08 mmol, 1 eq, 5 mL), resulting in
a red solution. This was added dropwise to the nickel solution and stirred overnight. The resulting
green solution was evaporated to dryness, extracted into 10 mL benzene, filtered, and evaporated
to give a green oil. The green oil was washed with 5 mL petroleum ether, dissolved in deuterated
benzene (0.5 mL), removed from the glovebox and exposed to air, turning from green to blue.
After 5 min, the reaction was dried in vacuo, extracted with petroleum ether, dried in vacuo again,
and crystallized from acetonitrile, resulting in (**FP"DHPO)Ni as blue crystals. Yield: 0.010 g,
0.013 mmol, 17%. '"H NMR (C¢Ds, 400 MHz, 25° C) § = 7.76 (d, 2H, J = 8 Hz, p-Tol C-H) 7.75
(d, 2H, J = 4 Hz, pyrrole C-H), 7.63 (d, 2H, J = 8 Hz, p-Tol C-H), 7.57 (d, 2H, J = 4 Hz Pyrrole
C-H) 7.19 (d, 2H, J=8 Hz, p-Tol C-H), 2.21 (s, 3H, p-Tol CH3), 2.18 (s, 3H, p-Tol CH3). °F {'H}
NMR (C¢Ds, 162 MHz, 25° C) 6 = -147.4 (t, 1F, 6 Hz) -149.67 (d, 2F, J= 6 Hz), —-153.34 (t, 1F,
J=6Hz)-157.09 (t, 1F, J=6 Hz), -165.13 (t, 2F, J= 8 Hz), —-166.40 (t, 1F, J=8 Hz), -174.09 (t,

IF, J= 8 Hz)

Synthesis of 2,5-bis((2-z-butylhydrazono)(p-tolyl)methyl)-pyrrole) (‘BT'DHP«2HCI). In the
glovebox, a 500 mL 3-neck round bottom flask equipped with two septa and a reflux condenser
was charged with 2,5-ditolylacylpyrrole! (3.0 g 9.9 mmol), t-butyl hydrazine (6.1 g, 70 mmol, 7.0
eq), toluene (250 mL), molecular sieves, catalytic 2 M HCI etherate (0.01 mL) and a stir bar. This

was removed from the glovebox and refluxed on the Schlenk line for 5 days at 115 °C. The
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resulting yellow solution was cooled to room temperature, returned to the glovebox, and filtered
through Celite to remove the molecular sieves, giving a clear yellow solution. This was evaporated
to dryness to give an orange oil, which was taken up in benzene, then 2 M HCl etherate (10 mL, 2
eq) was added, resulting in precipitation of a yellow solid. The yellow solid was collected by
filtration, then the benzene filtrate was evaporated to dryness, taken up in petroleum ether (100
mL) and filtered to collect more yellow solid. The two batches of solid were combined to give
BuTlDHP«2HC1 (3.4 g, 6.6 mmol, 66%). 'H NMR (CDCl;, 500 MHz, 25° C) § = 12.96 (s, 1H,
N-H pyrrole), 11.46 (s, 4H, N-H hydrazone), 7.63 (d, 4H, J = 8 Hz, tol C-H), 7.27 (d, 4H, J= 8
Hz, tol C-H), 6.48 (d, 2H, J = 4 Hz, Pyrrole C-H), 2.46 (s, 6H, tol-Me), 1.71 (s, 18H, fbu). 1*C
{'H} NMR (CDCls, 125 MHz 25 °C) § = 164.6 (C=N), also 142.6, 133.3, 129.9, 128.8, 126.9,
119.8, 62.5, 25.3, 21.3. IR (nujol mull, cm™): 3457 (m, N-H), 3131 (m, N-H), 3088 (m, N-H),

1598 (s, C=N). Anal calcd: C 65.1, H 7.6, N 13.5 Found: C 65.8, H 7.7, N 11.8

Synthesis of [B-TI'DHP*|Ni (2). To a stirring THF solution of B“T'DHP«2HCI (0.47 g, 0.92
mmol, 40 mL) was added 2.5 M n-BuLi in hexanes (1.5 mL, 4 eq), turning from yellow to red.
The red mixture was stirred for 5 minutes, then added to a stirring slurry of NiCl,DME in THF,
turning deep purple. After stirring overnight for 12 hours, all volatiles were removed under
vacuum, and the resulting purple residue was taken up in benzene and passed through a silica plug,
then evaporated to give 1 as a purple powder. Yield: 0.20 g, 0.40 mmol, 43%. Single crystals can
be obtained by crystallization from concentrated EtoO at —-35° C. EPR (frozen toluene/petroleum
ether, 15K, g;, g, g&v) 2.24,2.10, 2.07. Evans method (CeDs, 25 °C, uB) petr=2.02. IR (KBr pellet,
cm ') 3026 (w), 2963 (s), 2919 (s), 1905, 1797, 1521 (s, C=N), 1466, (m) 1460 (s), 1364 (s), 1011
(m), 820 (s), 719 (m) UV-vis (Benzene solution) 275 nm, 570 nm, 800 nm. Anal calc’d: C 67.3;

H 6.8; N 14.0. Found: C 66.5; N 7.6; H 13.7.
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Synthesis of [B“TI'DHP]NiOTf (3). To a stirring THF solution of 3 (0.050 g, 0.1 mmol, 5 mL)
was added a THF solution of AgOTf (0.026 g, 0.1 mmol, 2 mL, 1 eq) resulting in an immediate
color change from dark purple to dark blue. The reaction was stirred for 30 min, then filtered and
the solvent was evaporated. The resulting blue residue was washed with petroleum ether (5 mL)
then taken up in benzene (10 mL), filtered, and evaporated to give 3 as a blue powder (0.052 g,
0.08 mmol, 80%). Single crystals could be obtained by layering a toluene solution of 4 with
petroleum ether at —35 °C. '"H NMR (C¢Ds, 500 MHz, 25° C) § = 46.06, 14.13, 12.54, 12.40, —1.36.
IR (KBr Pellet, cm™') 2973 (s), 2920 (m), 2867 (w). 1614 (m), 1508 (m), 1468 (m) 1366 (s), 1261
(vs), 1174 (s) 1100 (m), 1032 (m), 822 (w). Anal Calc’d C 53.7; H 5.2; N 10.8. Found: C 53.8; H

5.6; N 10.6

Synthesis of [BT'DHP]NiO2 (4). A solution of 2 in benzene (0.023 g, 0.046 mmol, 5 mL) was
removed from the glovebox and air was bubbled through the solution for 30 seconds, resulting in
a color change from purple to red. All volatiles were removed under vacuum, giving 3 as a red oil.
Yield: 0.022 g, 0.041 mmol, 90%. EPR (frozen benzene, 15 K, g, g, gx) 2.23, 2.09, 2.00. Evans
method (CeDs, 25 °C, uB) uerr = 1.65. IR (KBr Pellet, cm™') 2965 (s), 2919 (m), 2861 (m), 1607
(m), 1512 (m), 1440 (s), 1361 (s), 1303 (m), 1266 (s), 1183 (m), 1115 (m), 1103 (m), 1014 (s),
833 (m), 805 (m). UV-vis (Benzene solution) 350 nm, 550 nm, 870 nm. ESI-MS: m/z = 539.2
[BuTIIDHPINI(NCMe)'. Due to decomposition of the material over time, satisfactory elemental

analysis could not be obtained.

Synthesis of 4 by reaction of 3 with KOx2. To a stirring THF solution of 3 (0.013 g, 0.02 mmol,
3 mL) was added a THF slurry of KO> (0.0015 g, 0.02 mmol, 1 mL, 1 eq). This was stirred for 1
hour, slowing turning from deep blue to dark red. The solution was filtered and evaporated under

vacuum to give 4 as a red oil.
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Oxidation of benzyl alcohol. In a nitrogen glovebox, to a solution of 4 in CsDs (0.005 g, 0.01
mmol, 0.5 mL) was added benzyl alcohol (0.002 mg, 0.02 mmol, 2 eq) and naphthalene (6 mg).
This was added to an NMR tube and removed from the glovebox and exposed to air, turning from
purple to red as 2 reacted to form 4. The tube was heated to 50 °C for 5 hours and the appearance
of 1.9 equivalents of benzaldehyde was observed by integration against the internal naphthalene

standard.

Oxidation of toluene. To 5 mL of toluene was added 2 (0.005 g, 0.01 mmol), which was then
removed from the glovebox, exposed to air to convert 2 to 4, then heated to 70 °C for 3 hours, at
which point it was tested by GC/MS and the resulting benzaldehyde peak was integrated versus a

benzaldehyde standard curve and indicated the formation of 0.9 equivalents of benzaldehyde.

Oxidation of PPhs. To a C¢Ds solution of 2 (0.003 g, 0.006 mmol, 0.5 mL) was added PPh3
(0.030 g, 0.012 mmol, 20 eq) and removed from the glovebox, exposed to air overnight, then tested
by 3'P NMR. The amount of PPh3O was quantified by integration compared to the PPhs peak to
give the percentage of the PPh; that had converted indicating the formation of 2.0 equivalents of

PPh;O.

Synthesis of [B“T'DHPH:|NiCl (5). To a stirring THF solution of B%T'DHP«2HCI (0.075g 0.14
mmol, 10 mL) was added 2.0 M »n-BuLi in hexanes (0.15 mL, 0.40 mmol, 2.9 eq) turning
immediately to clear red color. This solution was then added dropwise to a stirring THF solution
of NiClodme (0.035 g, 0.16 mmol, 1.1 eq) resulting in a reddish/tan solution. This was stirred for
2 hours, then filtered and all volatiles were removed in vacuo. The resulting red oil was crystallized
from petroleum ether at —35°C, resulting in [®“T'DHPH:]NiCl as red crystals. Yield: 0.026 g, 35
%. 'H NMR (CsDs, 400 MHz, 25° C) § = 7.87 (d, J = 8 Hz, 4H, Tol C-H), 7.06 (d, J = 8 Hz, 4H,
Tol C-H), 6.55 (s, 2H, Pyrrole C—H), 5.99 (s, 2H, N-H), 2.12 (s, 6H, Tol-CH3), 1.19 (s, 18H, tBu-
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CHs). 3C {'H} NMR (CsDs, 125 MHz, 25° C) 6 = 166.84, 141.15, 134.94, 130.56, 129.97, 129.49,
119.93, 64.78, 29.09, 21.67 IR (THF solution, CaF, windows, cm™): 3241 (w, N-H), 1618 (w),

1585 (m, C=N), 1553 (m), 1470 (s), 1364 (s), 1314 (m), 1250 (m), 1179 (s), 1131 (w).

Synthesis of [(B*TI'DHPH2)Ni]OT{. To a stirring THF solution of [B“~T'DHPH,]NiCl (0.023 g,
0.044 mmol, 5 mL) was added a THF solution of AgOTf (0.011 g, 0.044 mmol, 1 eq, 2 mL)
resulting in immediate precipitation of a white powder. The reaction was stirred for 20 minutes,
then filtered and all volatiles were removed in vacuo, giving [(B*T'DHPH,)Ni]OTf as an oily
yellow residue (0.025 g, 0.039 mmol, 89%). 'H NMR (C¢Ds, 400 MHz, 25° C) § =7.78 (d, J =8
Hz, 4H, Tol C-H), 7.05 (d, J = 8 Hz, 4H, Tol C-H), 6.45 (s, 2H, Pyrrole C-H), 6.26 (s, 2H, N—
H), 2.22 (s, 6H, Tol-CH3), 1.26 (s, 18H, tBu-CH3). "’F{'H} NMR (162 MHz, 25 °C, CDCl3) § =

=77.3.
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Chapter 3: Charged Phosphines for Studying Electric Field
Effects

Introduction

The effect of oriented electric fields on catalysis is an emerging area of study for enzymatic
and molecular systems ! The electric field maintained by enzymes has been shown
computationally to greatly accelerate the rate of reactivity and affect the selectivity of enzymatic
reactions.” Enzymes can maintain and orient electric fields using charged groups in the protein
superstructure built around the reactive center, but this is harder to mimic in molecular systems.
Electric fields applied on electrode surfaces or through STM tips have been shown to catalyze
reactions or increase catalytic rates, but measuring these effects is challenging, and these systems
are often not broadly applicable.?

One strategy to study electric field effects is to synthesize molecular systems where a
charged molecular functionality exerts an electric field on the molecule.* Indeed, there has been
an enormous interest in making simple model systems wherein electrostatic interactions can be
leveraged or modeled.’ Computations have shown that these effects can have large, beneficial
effects on catalytic reactivity, such as lowering the barriers to oxidative addition for accelerating
cross coupling.

However, even in simple systems, understanding the relative inductive or electrostatic
contributions from charged groups is difficult. A prime example of this is in classic Hammett
literature where inductive “through bond” and electrostatic “through space” effects for charged
substituents have been treated as one combined effect. There has been considerable debate on
whether electrostatics or through bond electron density effects are dominant in this literature.

Hammett originally considered the effect of substituents to be entirely electrostatic in nature,
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which was supported by calculations by Ri, Eyring, and Westheimer, while Jaffe considered the
effect only through electron density.” The efficacy of both of these methods likely shows that both
effects are active, and no simple method exists to separate those components. This historical
discussion illustrates the difficulties associated with teasing apart the relative contributions
between through space and through bond effects. However, obtaining a more detailed
understanding of the relative importance of through bond or through space effects would be
valuable, particularly as leveraging through space effects should serve as an ideal strategy to break
free-energy relationships as has been demonstrated in some cases.®

As a possible scaffold to consider the effect and measurement of electrostatic effects,
phosphines are ideal as there are well defined parameters and measurement techniques for the
donor strength of these species such as the Tolman Electronic Parameter (TEP).’ Furthermore,
charge effects in these ubiquitous ligands have recently been considered theoretically to provide
enhanced reactivity for cross-coupling reactions.® While several anionic phosphines have been
synthesized and often do show enhanced cross-coupling reactivity, detailed studies aimed at
understanding the relative contributions of inductive versus electrostatic effects have not been
undertaken (Scheme 3 - 1).!° Furthermore, these systems all use aromatic linkers, increasing the
amount of possible resonance effects on these catalysts.

As such, we targeted a new anionic phosphine where the charge is separated by only a
simple aliphatic group, namely a methylene linker. Here we report 1) a new charged phosphine, 2)
detailed quantification of the relative electrostatic contribution to its donor properties via NMR
coupling constants, and 3) its complexes and subsequent reactivity with TM centers. These studies
illustrate that electrostatic through space interactions are a major contributor even with short

bridges such as a methylene spacer. Furthermore, we demonstrate that these electrostatic
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Scheme 3 - 1. Anionic phosphines that have been previously synthesized.
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Results and Discussion

Synthesis of Anionic Phosphine Synthesis of the targeted anionic phosphine proceeded
readily via deprotonation of PhoPH with KN(TMS), in THF and dropwise addition to a stirring
THF solution of potassium iodomethyltrifluoroborate (Scheme 3 - 2). The reaction was tracked by
proton decoupled *'P NMR, and growth of a quartet peak at —15 ppm confirmed the formation of
potassium diphenylphosphinomethyltrifluoroborate, (K1). After filtration, removal of all volatiles
under vacuum, and washing with Et,O, K1 was isolated as a white powder. Due to the wealth of
spin-active nuclei in this system, K1 could be well characterized by a variety of NMR
spectroscopies. The 'H NMR spectrum of the complex showed the expected aromatic signals, and

a complicated doublet of quartets at 0.8 ppm, indicative of coupling of the CH> linker to both
Scheme 3 - 2. Synthesis of K1.
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Figure 3 - 1. Structure of 2 (left), and structure of 2 showing PPhy (right).
Ellipsoids are set to 50% probability, and all hydrogen atoms are omitted for clarity. Selected

bond lengths and angles: Rh—C1 1.805(4) A, Rh—P 2.241(1) A, C1-O1 1.148(5) A, C1-Rh-P
89.5(1)°, Rh-C1-0O1 175.1(3)°.

phosphorus and fluorine. The *'P NMR showed coupling to fluorine, and the signal has an identical

chemical shift to PPhyEt, which is consistent with previous reports that the charged phosphines

have similar or identical shifts to their neutral analogs.'® Analysis by °F and "B NMR indicated

the expected shifts and coupling for a BF3 group, indicating that this functionality is maintained in

K1. While it is unclear how closely associated the K or other alkali cations would be in solution,

larger more weakly coordinating cations were targeted for future studies to minimize any

possibility of ion pairing affecting the measurements.

Determination of Phosphine Donor Strength To initially assay the donor strength, the

Tolman Electronic Parameter (TEP) was determined through the synthesis and IR spectroscopic

characterization of Rh(acac)(CO)L which is a safer alternative to Ni(CO)sL..!! Addition of K1 to

Scheme 3 - 3. Synthesis of PPh415¢ and 2 from K1.
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Rh(acac)(CO), and PPh4Br led to the formation of PPh4[Rh(acac)(CO)(PPh2(CH2BF3)] (2)
(Scheme 3 - 3). Compound 2 was readily identified in the 3*'P NMR spectrum by the appearance
of a doublet of quartets at 33 ppm due to coupling of the phosphorous nuclei to '®*Rh.
Crystallization by diffusion of petroleum ether into a saturated CHCI;3 solution of 2 resulted in
crystals suitable for SXRD. The solid-state structure confirmed the four coordinate, square planar
rhodium center (Figure 3 - 1). The BF3 is significantly above the rhodium square plane, and the
PPhy cation is not interacting with either the BF3 or the CO, as it is over 5 A away from either
moiety. Solution IR of 3 was recorded in CH>Cl, and showed a vco = 1965 cm ™!, which correlates
to a TEP of 2060 cm™!. This TEP matches well with P(iPr)3, indicating that 1 is significantly more
donating than would be expected for a diaryl phosphine. This observation is consistent with similar
effects in previous reports of anionic phosphines.'°

To further study the electron donation of 1 and what contribution electrostatic effects
provide, the corresponding phosphine selenide of 1 was synthesized. The phosphine-selenium
coupling (Jp-s¢) correlates well with basicity of the phosphine, giving another measure of electron
donation. Compound K1 was stirred with an excess of elemental selenium and PPh4Br, resulting
in clean formation of PPh41%¢ (Scheme 3 - 3). Analysis by *'P NMR spectroscopy indicated
formation of PPh41%¢ by a quartet peak at 35 ppm with selenium satellites from coupling with the
77Se nucleus. In DMSO, Jp-s. correlates well with the TEP determined via Rh(acac)(CO)L, giving
a value of 686 Hz, similarly consistent with P(iPr);. The TEP and Jp.sc values indicate that the
anionic charge has a large effect on increasing the donor strength of the phosphine, even without
a conjugated linker to the phosphine. Seeing this large effect encouraged us to investigate whether
there was a reasonable experimental technique to separate the through-space component of the

electron donation from the through-bond inductive effect.
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We hypothesized that the through-space electrostatic effect of the charged group could be
modified or screened by the solvent environment around the molecule, while the through bond
interactions would only be slightly affected by solvent variations. Therefore, we determined Jp-se
of PPh415¢ as well as PPhoP(Se)Et in solvents with a variety of dielectric constants to probe the
relative contribution from electrostatic interactions, assuming that the through bond interaction
would be constant. The dielectric measures the ability to “shield” an electrostatic effect, so higher
dielectric solvents such as MeCN or DMSO should shield the charge more effectively, giving a
higher Jp.se, or effectively a less electron donating phosphine (lower TEP). The observed solvent
dependence of Jp.se in PPh415%¢ does follow this trend and indicates through-space electrostatic
effects are a major contributor (Figure 3 - 2). Notably, the neutral congener PhoP(Se)Et shows only
a slight change in coupling constant of ~7 Hz over the same range, indicating that the observed
shift is a direct result of the charged group and is not present in neutral compounds. While ion

pairing could show similar effects depending on solvation of the counterion, the solid-state

Figure 3 - 2. Solvent dependence of Jp.se of PPhs1%, fit to asymptotic fit with R? = 0.99.
Intermediate points were achieved with solvent mixtures, assuming a linear relationship.
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structure indicates there is little interaction. Furthermore, control experiments with high
concentrations of PPh4Br showed only small changes to Jp-se (<7 Hz).

Comparison of Jp.se with TEP indicates a good correlation for the Jp-sc in DMSO, but there
is large deviation when the Jp.se in CDCl3 is compared (Figure 3 - 3). If we consider the Jp-sc in
DMSO to be indicative of the limit of no electrostatic interactions, indicating dominant through
bond interactions, and the Jp_se in chloroform to be near the no-shielding limit, then we can estimate
the relative magnitude of the electrostatic and through bond interactions. The observed Jp_se in
DMSO is 687 Hz, which is shifted by 34 Hz from the neutral analog, PPhoEt. We can therefore
estimate the through bond contribution to Jp_se as 34 Hz, which corresponding to a 7 cm™! shift in
the TEP, or a change from an aryl-dialkyl phopshine to a trialkyl phosphine. This suggests then
that the change in Jp.se on moving from DMSO to CHCls of 31 Hz is due to through space effects,

showing that even in an extreme case of a one-atom linker, that electrostatic contributions have a

Figure 3 - 3. Correlation of TEP and Jp_se for 1 and typical phosphines for comparison, showing
change based on through-space effects.
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roughly equal effect on donor strength as through bond interactions. This result suggests that other
systems with longer linkers but short through space distances should exhibit predominant
electrostatic effects.

Effect of Charged Phosphine on Cross-Coupling Reactivity After studying the effects of
the charge on phosphine basicity, reactivity studies were performed to investigate the effect of the
charge upon cross coupling reactivity. As a comparison, PCy3; was also studied under the same
conditions to determine how the reactivity of the charged phosphine would compare to a phosphine
that is more electron donating as measured by the TEP, but less electron donating when the
through-space effects (as determined by Jp-se) are considered. PCys; is significantly more sterically
hindered than 1, but using unsubstituted aryl halides and aryl or alkyl olefins should prevent steric
bulk from being a determining factor in the reactivity.

A simple Heck coupling was performed as a test reaction between 1-hexene and
chlorobenzene. Addition of 2 equiv. of L (either PCy3 or PPhsl) to Pd(dba), to 1-hexene and
chlorobenzene in dioxane, with K3POj as a base, led to small amounts of conversion at 100°C for
1, but no appearance of the coupled product for PCys (Figure 3A - 15). The lack of high conversion
indicated that the reaction was likely sluggish, but even in this case, 1 outperforms PCys, indicating
that the through-space effects are beneficial to this reactivity.

To achieve higher conversion, styrene was used in similar reaction conditions to give a
more activated and higher-boiling olefin for the cross-coupling. Though the overall conversion
was still low, 1 outperformed PCy; and to give an increased yield of stilbene supporting that the
charged phosphine has better cross-coupling reactivity. >!P NMR of the reaction mixture after the
reaction indicated possible decomposition of 1, as a large amount of peaks are seen and many do

not show the quartet coupling pattern that is indicative of intact 1 (Figure 3A - 13). Decomposition
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of 1 may be hindering overall conversion if the charged group is no longer intact and cannot
provide through-space effects to encourage catalysis, so studies are ongoing to optimize this

reaction and achieve higher overall turnover.

Conclusion

A distally anionic phosphine was synthesized in order to study the through-space electric
field effect of the charge. The anionic charge does increase donor strength of the phosphine
significantly, as measured by the TEP. Using the solvent dependence of the Jp.sc-of the phosphine
selenide analog enabled deconvolution of the through-space versus through-bond effects. Both
effects contribute approximately 30 Hz of Jp.se to the overall electron donation, indicating that the
through space effects can have a large impact on the resulting properties of the phosphines. These
effects are also beneficial in preliminary reactivity studies, showing higher conversion in a Heck

reaction compared to PCys, which should be more donating through analysis of the TEP alone.

Experimental Section

General Considerations: All reagents were purchased from commercial suppliers and used
without further purification unless otherwise specified. All manipulations were carried out under
an atmosphere of N> using standard Schlenk and glovebox techniques. Glassware was dried at 180
°C for a minimum of two hours and cooled under vacuum prior to use. Solvents were dried on a
solvent purification system from Pure Process Technology and stored over 4 A molecular sieves
under Na. Tetrahydrofuran was stirred over NaK alloy and run through an additional activated
alumina column prior to use to ensure dryness. Solvents were tested for H>O and O using a
standard solution of sodium-benzophenone ketyl radical anion. CsDs was dried by passage over a
column of activated alumina and stored over 4 A molecular sieves in the glovebox. 'H, 3C{'H},

PF{'H}, ""B{'H}, and *'P{'H} spectra were recorded on Bruker DRX 400 or 500 spectrometers.
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Chemical shifts are reported in ppm units referenced to residual solvent resonances for 'H and
BC{'H} spectra, and external standards for *'P, !'B, and "°F. IR was recorded on a Bruker Tensor
II. GC/MS was collected on an Agilent SQ GCMS with 5977A single quad MS and 7890B GC.

Elemental analysis was performed by Midwest Microlabs.

Synthesis of K[Ph2P(CH:BF3)] (K1). To a stirring THF solution of PHPh» (0.184 g, 0.99 mmol,
3 mL) was added a THF solution of KN(TMS)2(0.199 g, 1 mmol, 1 eq 3 mL) resulting in a bright
red solution. This was added dropwise over 1 hour to a stirring THF slurry of potassium
iodomethyltrifluoroborate (0.285 g, 1 mmol, 1 eq, 15 mL), then the resulting slurry was stirred for
12 hours, filtered through Celite, and all volatiles were removed in vacuo. Washing with Et;0 (2
x 10 mL) afforded K[Ph,P(CH,BF3)] as a white powder (0.205 g, 0.68 mmol, 68%). 'H NMR (400
MHz, 25 °C, DMSO-Ds) 6 = 7.33 (t, J = 8 Hz, 4H, 0-Ph-H), 7.24-7.17 (m, 6H, o- and p-Ph—H),
0.8 (dq, Jp-u = 14 Hz, Jr.u = 4 Hz, 2H, CH>).*'P{'H} NMR (162 MHz, 25 °C, DMSO-D¢) & =

~15.9 (g, J = 13 Hz). "B{'H} NMR (162 MHz, 25 °C, DMSO-D¢) § = 4 (broad s).

Synthesis of PPhs[Se=PPh2(CH2BF3)] (PPh41%°). To a stirring THF solution of 1 (0.050 g, 0.016
mmol, 10 mL) was added an excess of solid selenium powder, then a DCM solution of PPh4Br
(0.075 g, 0.017 mmol, 1.05 eq, SmL). This mixture was stirred overnight, then filtered through
Celite and all volatiles were removed in vacuo. Crystallization by vapor diffusion of Et20O into a
CDCl; solution of 15¢ gave 15¢ as clear crystals (0.060 g, 0.085 mmol, 53%). 'H NMR (400 MHz,
25 °C, CDCl3) 6 = 8.01-7.95 (m, 4H), 7.91-7.86 (m, 4H), 7.78-7.73 (m, 8H), 7.65-7.60 (m, 8H),
7.31-7.20 (m, 6H) 1.94 (dq, Je-n = 10 Hz, Jr-u = 4 Hz, 2H, CH,)*'P{'H} NMR (162 MHz, 25 °C,
CDCl3) 8 = 33.59 (q,J = 10 Hz, 1P, Se=PPh,(CH,BF3)), 22.08 (s, 1P, PPhs). 'B{'H} NMR (162

MHz, 25 °C, CDCl3) 8 = 5.2 (broad s). ). °F{'H} NMR (162 MHz, 25 °C, CDCl3) § = —132.93
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(d, /=10 Hz). IR (CDCl; solution): 3058 (m), 2258 (m), 2202 (m), 1978 (w), 1907 (w), 1814 (w),

1590 (m), 1487 (m), 1438 (s), 1310 (w), 1144 (m), 1103 (s), 1023 (s).

Synthesis of PPh4[Rh(acac)(CO)(PPh2(CH2BF3))| To a stirring THF solution of Rh(acac)(CO)>
(0.067 g. 0.26 mmol, 3 mL) was added a THF solution of K1 (0.080 g, 0.26 mmol, 5 mL, 1 eq)
and a DCM solution of PPh4Br (0.115 g, 0.26 mmol, 4 mL, 1 eq), resulting in a color change from
light yellow to brown. The reaction was stirred at room temperature for 1 hour, then filtered and
evacuated to dryness, leaving PPhs[Rh(acac)(CO)(PPh2(CH2BF3))] as a brown oil, which was
crystallized by vapor diffusion of Et,O into CHCIs solution at room temperature. 'H NMR (400
MHz, 25 °C, CDCl3) 6 = 7.85 (m, 8H, Ph) 7.73 (m, 16H, Ph), 7.57 (m, 6H, Ph) 7.19 ( 5.30 (s, 1 H,
acac), 1.92 (s, 3H, acac), ) 1.62 (m, 2H, CH»-BF3), 1.56 (s, 3H, acac). *'P{'H} NMR (162 MHz,
25 °C, CDCl3) 6 = 40.35 (dq, Jrn = 166 Hz, Jr= 10 Hz, 1P, PPho(CH2BF3)), 25.58 (s, 1P, PPhy).
YF {TH} NMR (162 MHz, 25 °C, CDCls) § = -131.59 (broad s, 3F, BF3). *C {'H} NMR (100
MHz, 25 °C, CDCI3) & = 185.47, 135.70, 134.48, 130.72, 128.31, 126.84, 117.93, 117.04, 26.85
IR (DCM solution, CaF, windows, cm™!) 3068 (m), 2969 (s), 2859 (m), 1962 (s, C=0), 1574 (s,
C=0), 1514 (s), 1487 (m), 1434 (m), 1383 (m), 1167 (m), 1104 (s). Elem. Anal: Calc’d (2 + Et,0)

C62.5,H52,N0. Found: C63.4H49NO0

General Cross Coupling Reaction. Dioxane solutions of chlorobenzene (0.250 g, 2.23 mmol, 1
mL), styrene (0.225 g, 2.16 mmol, 1 mL), Pd(dba)» (0.011 g, 0.02 mmol, 0.5 mL, 1%), a dioxane
slurry of PPh41 (prepared by addition of PPh4Br to K1, 0.024 g, 0.04 mmol, 1 mL, 2 %), and
solid K3POj4 (0.500 g, 2.3 mmol) were added to a vial with a new Teflon stir bar, and heated to
100 °C overnight. The reaction was monitored by product formation by removing 0.5 mL
aliquots, diluting to a total volume of 4 mL with Et>0O, filtering through silica, and analyzing by

GC/MS by comparing to a standard curve of stilbene.
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Appendix 1. Supporting Data for Chapter 1

NMR Spectra
5
Figure 1A - 1. '"H NMR of ditoylacylpyrrole in CDCls. b
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Figure 1A - 2. BC{'H} NMR of ditoylacylpyrrole in CDCls.
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Figure 1A - 3. '"H NMR of ™:®DIPy in CDCls.
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Figure 1A - 4. 3C{'H} NMR of ™-DIPy in CDCL.
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Figure 1A - 5. '"H NMR of 1 in C¢De.
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Figure 1A - 7. "H NMR of 2 in C¢Ds.
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Figure 1A - 8. BC{'H} NMR of 2 in C¢Ds.
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Figure 1A - 9. "H NMR of 3 in C¢Ds.
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Figure 1A - 10. '"H NMR of 4 in C¢De.
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T59°ST-—

Figure 1A - 11.3'P{'H} NMR of 4 in C¢Ds.
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Figure 1A - 12. 3C{'H} NMR of 4 in C¢Ds.
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Figure 1A - 13.*'P{'H} NMR of 4 in THF (bottom), reduction of 4 with Na (middle), and
reduction of 4 with Na with an added spike of PMe3 (top).
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Figure 1A - 14.3'P{'H} NMR of vacuum distillates from reduction reaction.
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Figure 1A - 15. 'H NMR of ("°*YDIPyH)NiCl; (6) in C¢Ds.
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Figure 1A - 16. "H NMR of (T:YDIPyH)CoBr; (7) in CeDe.
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Figure 1A - 17. '"H NMR of (T®*YDIPy),Co (8) in C¢De.
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UV-visible Spectra

Figure 1A - 18. UV-vis trace for decomposition of 5 in THF with linear fit to model first order

kinetics.
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Figure 1A - 19. UV-vis trace of decomposition of 5 in benzene. Note that decomposition was too
fast for accurate kinetic data.
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IR Spectra

Figure 1A - 20. IR (KBr Pellet) of T"“YDIPyH. The residual broadness at 3500 cm ™! is due to
water in the KBr.
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Figure 1A - 21. IR (KBr Pellet) of (T"“YDIPy)PdCI. Residual water causes the features at 3200
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Figure 1A - 22. IR (KBr Pellet) of 2.
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Figure 1A - 23. IR (KBr Pellet) of (T°*“YDIPy)(PMe3),PdCl. Residual water causes the features at
3200 cm !
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Figure 1A - 24. IR (THF solution) of 7.
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Computations

Table 1A - 1. Tabulated results of calculations for energy and EPR parameters for proposed
structures of 5. Geometry Optimization: Gaussian 09, B3LYP, Functional: LANL2DZ (Pd), 6-
31G(d,p) (C,N,H,P)EPR Calculation: ORCA B3LYP, Functional: ZORA-def2TZVP (Pd), def2-

TZVP (P), EPR-II (C,H,N).

Pd
En .
St erey EPRg- | EPRAps | Mulliken
ructure (AG, .
value (MHz) Spin
kcal/mol) .
Population
CY\N/T’\N/CV
N
p-Tol \ / p-Tol —-1.2 2.0 9 0.36
MGJP,"' I
Cy— N bd\ _Cy
o PMes 0 1.99 0 0.36
o-Tol \ / p-Tol
TMe;
Cy\N/Pld\N/Cy
N -16 2.00 15 0.33
p-Tol \ / p-Tol
'iHF
CV\N/Pld\N/CV
N_ . =17 1.99 17 0.36
p-Tol \ / p-Tol
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Figure 1A - 25. Calculated lowest energy structure of 5.
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Table 1A - 2. Coordinates of calculated structure of 5.

Pd -0.00103 0.34190  -0.04787

o 0.05771 2.29893  -0.71502

N -0.01047  -1.40352  -0.03141

C 1.14288  -2.21390  -0.11940

C -6.30066  -3.12860 0.11558

C -1.16976  -2.20410  -0.12081

C -2.30630  -1.34729  -0.02899

N 1.90488 0.00637 0.01954

C -0.72149  -3.56753 -0.25838

H -1.37045  -4.44359  -0.34451

C 6.29833  -3.10238  -0.20855

C -3.70453  -1.90588 0.03029

C 0.67994  -3.57234  -0.27399

H 1.31886  -4.45342  -0.37821

C 3.97922  -3.12049 0.59642

H 3.18762  -3.59756 1.18879

C 2.29019  -1.36495  -0.05926

N -1.91399 0.01815 0.02098

C -5.38805  -3.42963  -0.92529

H -5.68130  -4.13761 -1.71243

C -4.11721 -2.83504  -0.96664

H -3.42469  -3.08131 -1.78257

C -5.89036  -2.22255 1.11966

H -6.57277  -1.99037 1.94855
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Electrochemistry
Figure 1A - 27. CV of 1 in THF with 0.1 M NBu4PFs electrolyte. Scan rate = 100mV/sec.
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Figure 1A - 26. CV of 4 THF with 0.1 M NBu4PFs electrolyte. Scan rate = 100mV/sec.
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Figure 1A - 29. CV of 5 in THF with a glassy carbon working electrode, scan rate 100 mV/sec,
0.1 M NBu4PFs.
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Figure 1A - 28. CV of § in THF with a Pt working electrode, scan rate 100 mV/sec, 0.1 M NBu4PFs.
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GC Data

Figure 1A - 30. GC of the headspace of a sealed solution of 5§ before and after addition of HBF4.
The peak observed is due to gaseous Ho.
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X-Ray Structure Determination

Figure 1A - 31. SXRD structure of 2.

Figure 1A - 32. SXRD structure of 8.
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Table 1A - 3. Structural refinement parameters of structures.

Compound #
Formula
Crystal System
Space Group
a, A
b, A
c, A
a, deg
P, deg
v, deg
v, A3
Z
Radiation (A, A)
p (caled.), g/cm?
u (Mo Ka), mm™!
Temp, K
0 max, deg
data/parameters
R
wR>

GOF

1
PdC3>H3sN3Cl
Monoclinic
C2/c
13.2443(8)
19.7556(12)
13.1309(12)
90
109.816(2)
90
3232.2(3)
4
Mo-K, 0.71073
1.248
0.680
100
27.204
21.2
0.0408
0.0771
1.084

2
PdC3:H39N3Cla
Monoclinic
C2/c
19.3940(18)
16.2257(18)
13.5072(4)
90
112.154(4)
90
3929.9(7)
4
Mo-K,, 0.71073
1.083
0.627
100
25.790
20.2
0.0815
0.1639
1.100

101

3
Pd>CesH76Ne
Monoclinic
C2/c
20.8643(16)
12.7816(16)
20.8387(18)
90
102.458(4)
90
5426.4(9)
4
Mo-Ka, 0.71073
1.398
0.709
100
25.337
13.9
0.0450
0.0907
1.080

4
PdCssHs6CIN3P2
Monoclinic
C2/c
9.3839(8)
19.7195(16)
21.1724(17)
90
98.975(3)
90
3869.9(6)
4
Mo-Ka, 0.71073
1.302
0.660
100
28.803
24.4
0.0393
0.0681
1.050



Compound #
Formula
Crystal System
Space Group
a, A
b, A
c, A
a, deg
P, deg
Y, deg
v, A
Z
Radiation (A, A)
p (caled.), g/cm?
u (Mo Ka), mm™!
Temp, K
0 max, deg
data/parameters
R
wR>

GOF

6
NiC32H39CI2N3
Monoclinic
P2i/c
12.1298(11)
9.1081(7)
27.019(2)
90
90.341(3)
90
2985.0(4)
4
Mo-Ko, 0.71073
1.325
0.855
100
25.09
14.6
0.0590
0.1356
1.227

7
CoC32H39BraN3
Monoclinic
P2i/c
9.4381(5)
11.9319(6)
26.8846(12)
90
93.124
90
30.23.1
4
Mo-Ko, 0.71073
1.502
3.236
100
26.42
17.2
0.0446
0.0898
1.054
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Appendix 2. Supporting Data for Chapter 2.
NMR spectra

Figure 2A - 1. '"H NMR of T*FP"DHP in CDCl;.
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Figure 2A - 2. BC{'H} NMR of T*P"DHP in CDCls.
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Figure 2A - 3. YF{'H} NMR of symmetrical ™°*"""DHP in CDCI; Small impurities result from a
small amount of mono-condensed product.
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Figure 2A - 4 "H NMR of T™FP"DHP in CDCl; after sitting at RT for 2 days, leading to appearance
of isomerized DHP.
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Figure 2A - 5 "F{'H} NMR of T™"P"\DHP in CDCI; after sitting at RT for 2 days, leading to

appearance of isomerized DHP.
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Figure 2A - 7. F{'H} NMR of 1 in C¢Ds.
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Figure 2A - 8. F{"H} NMR in C¢Ds of reaction to form 1, showing appearance of

fluorosilicates at =79 ppm.
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Figure 2A - 9. 'TH NMR of BYT'DHP#2HCI in CDCls.
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Figure 2A - 10. '"H NMR of B*TIDHP«2HCI in CDCls.
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Figure 2A - 12. "H NMR of (B*T'DHP)Ni (2) in C¢Ds.

—7.30

—2.39

L0 9 8 7 6

Figure 2A - 11. 'H NMR of (B*T'DHP)NiOTf in C¢De.

— —46.06

14,13
s12.54
~12.40

—3.57

—1.43

—-1.36

45 40 35 30 25

20 15 10
ppm

108



Figure 2A - 13. F{'H} NMR of (B*T'DHP)NiOTf in C¢De.
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Figure 2A - 15. BC{'H} NMR of (B*-T'DHPH,)NiCl (5) in C¢De.
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Figure 2A - 16. 'H NMR of [(B*T'DHPH,)Ni]OTf (6) in CsDs.
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Figure 2A - 17. PF{'H} NMR of [(B*T?'DHPH,)Ni]OTf (6) in CsDs.
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EPR Spectra

Figure 2A - 18. X-band EPR of 1 mM 2 in toluene/petroleum ether at 15 K, MW frequency =
9.628 GHz, MW power = 2.0 mW. Simulation parameters: gx,y» = 2.24, 2.12, 2.12, HStrain = 400,
275,275 Hz.
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Figure 2A - 19. X-band EPR of 1 mM 2 in frozen THF at 15 K. MW power =2 mW, MW freq =
9.630 GHz.
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Figure 2A - 20. X-Band EPR of 10 mM 4 in THF at 15 K, MW frequency = 9.631 GHz, MW
power = 0.06 mW. Simulation parameters: gx,y,, = 2.23, 2.10, 2.07. HStrain = 125, 70, 130 Hz. *S
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Figure 2A - 21. X-Band EPR of 1 mM 4 in benzene at 15 K. MW frequency = 9.629 GHz, MW
power = 2.0 mW. Simulation parameters: gxy. = 2.23, 2.10, 2.07. HStrain = 125, 70, 130 Hz. *S

= )5 impurity.
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Figure 2A - 23. Comparison of the EPR of 2 and 4 in benzene. Intensities have been normalized
for comparison.
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Figure 2A - 22. Comparison of the EPR of 2 and 4 in THF. Intensities have been normalized for

comparison.
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Figure 2A - 24. X-band EPR of 3 in frozen THF compared with EPR of 3 generated from 2 at 15
K. MW power = 0.002 mW, MW freq = 9.630 GHz. *S = !4 impurity. Intensities have been
normalized for comparison.
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UV-visible Spectra

Figure 2A - 25. UV-visible spectrum of 0.5 mM 2 in benzene at room temperature, with an inset
of the low energy feature.
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Figure 2A - 26. UV-visible spectra of 0.25 mM 3 in THF at room temperature.
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Figure 2A - 28. UV-visible spectrum 3 (1 mM in Ni) in benzene at room temperature.
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Figure 2A - 27. UV-visible spectra of conversion of 0.5 mM 2 to 4 in benzene after injection of an
excess of ambient air, with scans taken every 52 seconds. The feature at 400 nm is cut off due to
overloading the detector.
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Figure 2A - 29. Conversion of 0.5 mM 1 to 3 by exposure of 1 to O» at room temperature in THF,
with an inset showing isosbestic conversion at the low energy feature, with scans every 15 seconds.
Note that the low energy feature exhibits some solvent dependence.

3
i —_—2
_ 2+0, (4)
24 8
@ .
Q
: -
(4] d
-Q - o0 700 800 900 1000 1100
s 1 al Wavelength (nm)
2]
n -
<
;—
0 4+ T B B B T R

300 40 500 600 700 800 900 1000
Wavelength (nm)

Figure 2A - 30. Conversion of 3 (0.5 mM in Ni) to 2 by addition of AgOTf at room temperature
in THF.
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Figure 2A - 32. Conversion of 0.1 mM 3 to 4 with KO, at room temperature in THF. *The feature
at 650 nm is residual 2 that has not fully reacted.
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Figure 2A - 31. UV-Vis comparison of 4 generated via two different methods. The presence of
residual 2 is responsible for the extra features in the orange spectrum.
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Figure 2A - 33. UV-visible spectra of the reaction of 4 with benzyl alcohol (30 eq) in benzene at
50 °C in C¢Hg with scans every 2 minutes.
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Figure 2A - 34. Linear fit to 1/[4] (left) and non-linear fit of absorbance vs. time (right). Rate
constant from non-linear fit: -0.0011 sec™' The data was fit to A = Ainr + (Ao — Ainf)/(1+kT). R? of
Fit: 0.99.
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Figure 2A - 35. UV-visible spectra of decay of 4 at 50° C in benzene, with scans taken every 2
minutes.
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Figure 2A - 36. Linear fit to 1/[4] (left) and non-linear fit of absorbance vs. time (right) Rate
constant from non-linear fit: 6.9 x 10, The data was fit to A = Ainr+ (Ao — Ainf)/(1+kT). R? of fit:
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Electrochemistry

Figure 2A - 37. Cyclic voltammogram of 1 mM 2 in 0.1 M NBu4PFs in THF with 100 mV/sec
scan rate.
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Figure 2A - 38. Cyclic voltammogram of 1 mM 4 in 0.1 M NBu4PFs in THF with 100 mV/sec
scan rate.
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Figure 2A - 39. CV of 2 mM 5 in THF with 0.1 M NBu4PFs electrolyte, and 100 mV/sec scan rate.
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IR Spectra

Figure 2A - 40. IR (THF solution) of T*P"DHP
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Figure 2A - 41. IR (nujol mull) of B*T'DHP+2HCI. The intense features from 3000-2500 and
1500 cm™! are from the nujol.
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Figure 2A - 42. IR (KBr Pellet) of 2. The broad feature at 3500 cm™! is due to residual water in the
KBr.
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Figure 2A - 43. IR (KBr Pellet) of 3. The broad feature at 3500 cm™! is due to residual water in the
KBr.
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Figure 2A - 44. IR (KBr Pellet) of 4. The broad feature at 3500 cm™! is due to residual water in the
KBr.
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Figure 2A - 45. IR (THF solution) of (B“T'DHPH,)NiCl (5).
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Figure 2A - 46. IR (KBr Pellet) of 4 with '°0 (dotted line) overlaid with the IR (KBr Pellet) of 4
with '®0 (solid line). Predicted shift: 64 cm ™' Actual: 60 cm™'.
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Figure 2A - 47. IR (C¢Hp solution) of 4, with 'O in blue (top), '*O in red (middle), and the
subtraction in black (bottom).
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GC/MS

Figure 2A - 48. GC trace of oxidation of toluene with 4 showing appearance of benzaldehyde at
4.7 minutes. Inset: Calibration curve for benzaldehyde.
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Figure 2A - 49. MS of benzaldehyde from oxidation of toluene by 4.
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Figure 2A - 51. GC trace of reaction of 4 with toluene under 80..
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Figure 2A - 50. MS comparison between '°O benzaldehyde and '30 enriched benzaldehyde from

toluene oxidation. Residual '®0 benzaldehyde is from exchange with natural abundance water in
the reaction.
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Figure 2A - 52. GC trace of the control reaction of toluene heated to 70 °C in air for 3 hours.
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DFT Calculations.

General considerations: Geometry optimization calculations were performed with
ORCA'! software suite using density functional theory (DFT). Geometries were fully optimized
starting from coordinates generated from a molecular model built in Avogadro. The B3P functional
was used with a basis set of def2-SVP on H, def2-TZVPP on Ni, O, and N, and def2-TZVP on C
atoms. The resulting structures were confirmed to be minima on the potential energy surface by
frequency calculations using ORCA'°. Frequency calculations were also conducted using the B3P
functional and previously listed basis sets for each atom type. Final spin density plots and Mulliken
spin densities were generated from these geometry optimization calculations. Single point broken
symmetry calculations using flipspin were also run, but the broken symmetry calculations gave no
difference in spin density so those results are not included. Time Dependendent DFT (TDDFT)
calcuations were undertaken using the PBEO functional and def2-TZVPP basis set on Ni and def2-
TZVP on all other atoms. Furthermore, an effective core potential of SDD was used on Ni. The
input file used was the previously optimized geometry for 4 that was optimized using B3P and the

previous basis sets.

Figure 2A - 53. Calculated Structure of 2.
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Figure 2A - 54. Spin density map of 2.
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Table 2A - 1. Coordinates of calculated structure of 2.
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Figure 2A - 55. Calculated Structure of 4.
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Figure 2A - 56. Spin density map of 4, with isovalues set to 0.005.

Table 2A - 2. Coordinates of calculated Structure of 4.
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-2.81344351846670

2.01489850108951

3.19639375010932

-3.08416478386416

-0.40096924360202

2.26972373969855

1.41625110211827

-2.21821962155428

-0.31915026253031

0.85449870271526

0.83345693607253

2.20617103673519

2.24310929117849

2.79565773486569

2.68617842682286

1.86890821974831

4.10179212434468

3.02412928040473

3.88920119665291

4.83712877870317

5.03849335343823

4.89321186932138
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-0.06416967432390

-0.12899015175641

-0.05167193792143

0.04359684836631

0.05248626631069

0.06327744247487

-0.26831463854705

-0.16982868226024

0.05336130600828

0.62657165769039

0.72867205471513

-0.36815742861305

-0.10258417984563
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-2.94884437423002

-4.47161986652610

-4.88688850110733

-4.91763592120996

-4.76559397219641

1.92394874489058

2.51491426074521

1.75847753866423

2.84395289618782

3.37501331928609

-2.63203371953303

-2.97034794648984

-1.56505283598440

-3.17480063914596

2.99915208187941

3.83809690961721

3.37816401941672

2.59081866420411

0.75582361620541

1.09226035547529

-0.08495924431796

0.40214925922320

-2.48943498353671

6.35483008484578

6.21086000931959

5.48437219196748

7.19418593175458

5.90299491493807

5.92782095718773

5.26907483129894

4.65556985333811

6.05731503343466

4.63407204852731

6.70344892791627

5.89594673194607

6.87450455555232

7.62074098081222

6.73485726136902

6.08288969217143

7.53484767373409

7.19160353519259

6.82494269566093

7.49261375611681

6.22712791235678

7.44951291294405

7.45290031647577

137

-0.70576946796642

-0.56461472465680

-1.27334539376472

-0.77710012831333

0.44716803651945

1.67502019688013

2.93276055411045

3.44575388627080

3.62579642595902

2.68937396186169

-2.17078065859405

-2.83678713029615

-2.34069573270696

-2.44619169926302

0.93084356545354

0.65087713595416

1.58536826464419

0.02031637016938

2.09273454074611

2.90006849452309

2.47514022844384

1.26565597232253

0.26533857500313
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-2.67301929886949

-3.07552118441175

-1.43246714876938

0.87006108263291

0.09410074324592

3.18810152503754

4.31066338883608

5.48575520089989

5.49762294255635

4.38289224073567

6.69712623266120

-4.01948534874774

-5.15934532809898

-6.34095356320083

-6.33548056676334

-5.19946577688765

-7.57344865723401

-7.24069806105476

4.41447840875300

2.30403598961379

4.27741835338127

6.40136616770367

-4.01229631608591

7.14847867342605

8.36402216099658

7.70678362989809

6.30473908490863

6.57101810240011

1.00938331236559

0.24726591749428

0.31803337760773

1.19295161798646

1.95477823031700

0.50819053245531

0.92894241024430

0.15744354603473

0.38146378124520

1.41387293929908

2.18926010866753

-0.44810663622978

1.61184172239114

2.62102691856667

0.96464418871896

-0.40133708941023

1.27360749024726

1.95717499567088

138

1.30623940730474

0.07302451966171

0.14344360659024

-1.85038803226109

-0.83564458568267

-1.38174956048942

-1.70730615300746

-0.94681167899063

0.15364016386712

0.48739498022278

-1.29153257124822

1.24069894535711

1.45817394586680

0.73393670728292

-0.21584392295432

-0.43926244527787

0.98517277395429

-0.79608198920875

1.35035260925650

-2.02055933181560

-2.58641992580944

0.76433260885334

0.27806773756519



-5.21850249505007

-5.13586246925905

-3.12999257694529

6.55394233007756

6.91182553866728

7.59386187098743

-8.38048694858457

-7.95070792412660

-7.36303327116620

-1.79762988621496

0.89158073300630

2.98605231676971

-0.62585580507699

0.75587367761918

-1.05504607976317

-1.24596772513938

0.12270161908816

-0.18329756724349

-0.29993815813538

-1.52354377454909

0.00583706459690

-0.03622327842151

-1.18391060176867

2.22106787360346

1.84964943729700

-2.23359274040351

-0.50132868184222

-1.39571526157153

0.28838337936188

2.01022837772193

0.87136283957385

-0.10615554651696

-0.19664704009052

Table 2A - 3. Orbital Contributions in 2 and 4.

Complex NiL-rad 2 NiLO: 4

MO alpha 131 alpha 142
3dz2 0.018358 0.014669
3dxz -0.02569 0.05018
3dyz 0.013521 0.040462
3dx2y2 -0.13023 0.161115
3dxy 0.006357 -0.03144
4pz 0.010037 -0.01848
4px 0.002705 0.013367
4py 0.075705 -0.01398
%p

character 0.088447 -0.0191
%d

character -0.11768 0.234988
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Figure 2A - 57. Calculated structure of hydroperoxo.
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Table 2A - 4. Coordinates of calculated structure of hydroperoxide.

C -1.10533597856450

C

@! Z Z Z z Z
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0.24626869895660

0.69688451341491

-1.50124297695312

-2.78159621701123

2.00048374213627

3.20086266131919

-3.02848912753031

-0.39171648505275

2.25229565630367

1.41921307005062

-2.17271329488539

-0.29778483468470

-2.88298856554647

-4.39462661187235

-4.66482374387236

-4.83500016001761

-4.82898954704726

1.92554880174786

2.81258810794172

2.29782696840579

3.05452223230989

0.78240898942854

0.75992433794550

2.13224046795793

2.17390133827943

2.71915646126632

2.60450695160969

1.83532667484701

4.00994392603471

2.94884942703255

3.80425425891136

4.73700153314167

4.92425296249491

4.80452521662750

6.21534931498631

6.01995013149489

5.28563010484751

6.98049561727851

5.69864036692084

5.82776416490166

5.22511611334852

4.42051579792887

6.01357605910715

141

0.05737356014129

-0.02331750186244

0.02576035358750

0.12295668110518

0.06889221725178

0.12146044246700

0.22470607201949

-0.22951824114925

0.12460105674850

0.69520500089568

0.79590253078582

-0.43523796422343

-0.04588150143092

-0.81804306373019

-0.90578548968033

-1.66665757054762

-1.19055932196112

0.04200939884370

1.71720594766153

2.80591012443812

3.34015120174814

3.52423296056323
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3.74538863891915

-2.39838542663018

-2.49350430450228

-1.36841504996643

-3.02441109019812

2.73533838211551

3.54593577184513

3.17609459392220

2.10367391800669

0.72652214038603

1.08446466226688

0.12338031566168

0.10367375419614

-2.60032951787875

-2.94637170890227

-3.15406660194006

-1.54162085388009

1.00669584633509

0.06903220823822

3.22737254320305

4.39839752075106

5.58184249681877

5.55129810174589

4.83278887163010

6.65156142996395

5.82671332863385

6.99823387330298

7.47465388180906

6.82603569996736

6.31134212592382

7.56812225963577

7.32887525955476

6.49340746501797

7.23761670720722

5.76004692359217

7.00080321322899

7.26439445836273

6.90561560157157

8.17801618420464

7.51381684882796

6.25861652715745

6.52157046642981

0.98151070346160

0.33527461399055

0.51924367599836

1.37397807609420

142

2.40103757235474

-2.20281514189267

-2.91584062044706

-2.16488776152532

-2.55872369023991

0.89127848439795

0.36830233554858

1.56502427348587

0.16029102986018

2.37741660387065

3.09501442396541

2.92339987704064

1.64236871119493

0.25696989957324

1.23144270782377

0.01906138590345

0.31410287839134

-1.67362979600675

-0.61032565672858

-1.33117485177389

-1.70143654772678

-0.98918676053601

0.11445530471220
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4.39054027970866

6.85080319228125

-4.11853834551087

-5.32809690161776

-6.47756717655193

-6.36514724034731

-5.16214326304615

-7.80239881066887

-7.24348396181128

4.39157894255751

2.33458888389347

4.39501493055369

6.46220435033600

-4.01395840354229

-5.10313360562586

-5.38504959023671

-3.25834754547831

6.82330059945726

7.01710558593324

7.71633718039863

-8.59410217268556

-8.07111863785816

-7.78905892685647

2.02093247264303

-0.18131363968506

0.93468043857427

0.29666622290934

0.63491203913844

1.61891497405499

2.25574863333293

-0.00665226691982

1.90277530089194

2.68645278963965

0.85959876319727

-0.30471471086553

1.54124966044019

1.93576396119216

3.03089652019585

-0.45883699782926

0.68595256134825

-0.52053637455211

-1.06208358861131

0.47595256809277

0.45409043990293

0.09846014916117

-1.07771024429906
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0.49116363488313

-1.37382537078497

1.24926993429851

1.48389974420092

0.76854297568656

-0.21087951082947

-0.45269480502369

1.05253982202677

-0.78413739839731

1.34639338176578

-1.93660706155097

-2.57988685195509

0.68339568896731

0.27746449595570

-1.20692216757746

2.26412342241456

1.86326019955246

-2.41237343304777

-0.74389567771401

-1.24692438452316

0.45849787688935

2.10962284311898

0.81962604535656



H -1.78079974900093

H 0.89191429502524

H 0.43773284063170

-0.10432706253213

6.29847569364061

-0.06010671501975

0.04834318667250

-0.07936173622758

-2.46087426503630

Table 2A - 5. Tabulated Energies for the calculation of O-H BDE.

NiLOO TEMPOH — NiLOOH TEMPO

Reaction O-H BDE =

(4) Energy  Reaction
energy — 70
kcal/mol
(TEMPOH
BDE)

Energy —3019.54 —484.133 —3020.15 —483.53 0.011 0.10
(hartree

s)

Energy —1894761 —303793 —1895144 303415 -7.25 63
(kcal/m

ol)
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Figure 2A - 58. TD-DFT predicted UV-vis spectrum of 4. 2000 cm ! line broadening was applied.
Inset shows the low-energy feature.
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Table 2A - 6. Wavelength and intensities of transitions of 4 calculated by TD-DFT.

Wavelength Intensity (au)

(nm)

933.6196 9.1903
911.1119 70.896
885.3161 146.0343
766.2071 10.2842
647.5551 474.347
626.8452 409.527
620.5321 12.011
557.5503 38981.518
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531.6914
513.9327
510.1364
501.4693
492.1235
488.7370
478.2812
444.0261
439.5624
432.1465
431.4194
417.765

410.3254
408.8976

3904.827
1174.971
15775.096
1577.0208
1691.643
133.889
1420.766
1585.1
2018.025
2132.674
7024.7875
2626.557
284.9424
4827.142
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Figure 2A - 59. TD-DFT calculated UV-vis transitions of and the experimental collected UV-vis
of 4 (red).
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Figure 2A - 60. Calculated structure of 6.
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Table 2A - 7. Coordinates of the calculated structure of 6.

N
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-1.47368979453448

-2.55914746095404

-2.08896719561558

-0.70085546839267

-0.32758747745483

-0.01266573927900

-2.71291315077631

-1.54630167120524

0.99889235897531

1.26514921434377

0.19127857325656

0.46063186884833

1.27684904145023

0.81382180156739

1.34090048970078

2.29121303123046

-0.97254521206399

-1.49263906616397

-1.58914870803528

-0.98095416527513

1.15606822932715

2.13886039856435

0.11123463615405

-0.72955073696077

-2.05219812422366

-1.98599286870223

-0.62668391794009

-2.81744934267169

-2.93726034032887

1.91488560340249

0.04476580941371

1.13087815564686

1.77433655816950

3.23476375691004

3.88570980857998

3.73130630321945

4.96668584017545

3.47283878857326

3.79802428629029

3.69372176856966

3.39476003779794

4.89511392413513

3.35278152908082

2.86343148726422

148

-0.23276580348059

-0.21765099235042

-0.02587305794752

0.08484480554559

-0.07539699913384

0.20502696932592

0.05723359489586

-0.54637473593150

-0.16898146544326

-0.70073430855538

-1.36181689899738

-1.70059952338034

-0.58542093761004

0.40088768481181

-0.77540928699331

-0.55061868984143

-1.72881394058748

-0.71647812060692

-2.54794161305430

-1.81977003880497

-3.05529991664438

-3.02155708686856
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1.31108606485715

0.56068656424339

-3.28843109802710

-4.25630197331934

-3.90694497956853

-4.96690258498352

2.16539337967316

-6.29451720280326

-7.30687070677399

-7.03972467384332

-5.71283095668051

-4.69193806905446

-6.52370617705991

-8.32807088522191

-5.47703330673742

-3.67652499941183

-8.13029446682165

-9.11344415780197

-7.94867573825955

-8.17257738311227

3.40882101333296

4.52409892421664

4.44691289976335

4.41059891071359

2.89547164239314

1.85640196216530

1.02680578361818

-0.22385905784696

-1.12445828825096

-0.77136279987243

-0.95742758341068

-1.78269774753307

-2.79605323713992

-2.95183699443247

-2.13852458083719

-0.18090828654885

-1.64315030654419

-3.72244111896586

-2.27035293764974

-3.69389820636727

-3.39882714196522

-4.74098162958502

-3.66945182442978

-0.69454414672396

-1.34240305748649

-2.07746587017844
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-3.31202805480986

-3.86158626383366

0.41429739024740

-0.22849041487747

-0.42390112740362

-0.92707991670719

0.37498437963217

-0.49539959641233

-0.97682785295546

-1.91135681755134

-2.34806521562262

-1.86525036043934

0.23536780267308

-0.61521706115638

-3.08640658065690

-2.24235504716172

-2.42803388896383

-2.03956765923087

-2.13645763940771

-3.52837208078936

-0.27715759610065

0.24583873497576

1.44002945551958
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3.20386905972400

2.07968802720851

3.48749708873439

5.47742066373535

1.13539202785840

3.11989992400696

-3.95766317011028

-2.91046412665474

-2.55162287358010

-3.35748600011328

-2.03638144840319

-4.45436253987118

-3.62882777990427

-4.99202616050564

-5.14171770311250

-5.13323702479614

-4.80405594789690

-5.91858373832992

-5.56028190996232

5.64908044623645

6.56463410358410

5.52439997448901

5.79285068459280

-2.14062906734478

-1.50730234476243

-0.13182173690553

-1.28128860199382

-1.55272776347202

-2.68873736895065

3.13955771700985

3.89277312973225

3.28799978160290

4.80658486597095

4.19873743447151

3.95537827671747

4.30538726390438

4.84168425963897

3.35879693336878

2.74548263370352

2.08133373169210

2.23705823301607

3.65015411319833

-2.78517138478999

-2.51758453023812

-3.87875990344989

-2.53983984833788

150

2.09365775505103

1.57288544090322

-1.20801211969555

-0.28381722386189

2.11757593715530

3.03480376452488

0.92190329996396

1.74852779864556

2.59657298848728

2.16211284225824

1.15419793283460

-0.27049157255830

-0.90656907575532

0.09302924442714

-0.88462551467581

1.82966627664689

2.64404342244144

1.25760650737334

2.28460997697764

2.00237247357782

1.45931683170356

1.93762100272841

3.06560021760528



H -2.95064567015516  1.36395323792202  1.26193942503253

H -0.01258029089424  1.26312111144617 -2.23867685910646

Figure 2A - 61. Coordinates of the calculated structure of 3.
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Table 2A - 8. Coordinates of the calculated structure of 3.

N
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T

-1.83972750435741

-2.89318970733355

-2.38682330827005

-1.02507955274014

-0.68462357224906

-1.97549614918906

0.58937241925865

0.84269015309871

-0.05504021502330

0.61334967287564

1.75174612021443

1.37318967805233

2.19006268425801

2.53713136987885

-0.42620173374677

-0.78419736777156
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X-Ray Absorption Studies

Figure 2A - 62. Calculated structure of 4 with atom labels.

Table 2A - 9. EXAFS Fit Parameters for 4.

Complex 4 N R (A) o? (A?) R-factor Reduced chi-square
Ni-NO 1 1.873(6) _ 0.0022(9) 0.0080 20.6

Ni-N12 2 1.920(6)  0.0022(9)

Ni-O41 | 2.08(1)  0.0009(5)

Ni-040 1 270(1)  0.0009(5)

Ni-N10 2 2.870(6)  0.0022(9)

Ni-C3 I 3.053)  0.009(4)

Ni-C4 1 3.093)  0.009(4)

AEo=—2.4 eV; So> = 0.74; Independent Points: 13.9; Fitting Range: k: 1-11.5 A'; R: 1.0-3.1 A
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N, Coordination numbers; R, interatomic distances; 62, Debye-Waller factors (the mean-square
deviations in interatomic distance). The values in parentheses are the estimated standard

deviations; AEo, change in the photoelectron energy; So?, amplitude reduction factor.

Table 2A - 10. Comparison of EXAFS and DFT calculated bond lengths of 4.

Complex 4 N DFT XAFS
model R (A)
Ni-N9 1 1.8770 1.873(6)
Ni-N12 2 1.8774 1.920(6)
Ni-O41 1 1.9241 2.08(1)
Ni-O40 1 2.5420 2.70(1)
Ni-N10 2 2.8739 2.870(6)
Ni-C3 1 2.8727 3.05(3)
Ni-C4 1 2.9128 3.09(3)
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Figure 2A - 64. EXAFS spectrum (black) and fits (red) in k-space at the Ni K-edge absorption of
4.
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Figure 2A - 63. EXAFS spectrum (black) and fits (red) in k-space at the Ni K-edge absorption of
4.
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Table 2A - 11. EXAFS fit parameters of pathways with or without O40 (second O).

Fit parameters ON;C:20 ON;C:
041 AR(R) 0.20(1) 0.20(3)
o? (A?) 0.0005(9) -0.001(3)
N AR(A) -0.004(6) -0.002(3)
o? (A?) 0.0022(9) 0.002(2)
C AR(A) 0.18(3) 0.20(4)
? (A?) 0.009(4) 0.002(5)
040 AR(A) 0.16(1)
o? (A?) 0.0009(5)
AEq (V) -1.4(8) 0(2)
S¢? 0.74(8) 0.7(2)
R-factor 0.0080 0.0747
Reduced chi-square 20.6 160.2
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X-ray Crystallography

Table 2A - 12. Crystal structure and refinement data.

Identification code
Empirical formula

Formula weight
Temperature/K
Crystal system
Space group
a/A

b/A

c/A

a/°

pr°

v/

Volume/A3

Z

pcalcg/ Cl’l’l3
p/mm!

F(000)

Crystal size/mm?
Radiation

20 range for data
collection/®

Index ranges

Reflections collected

Independent reflections

(1)
C34H19F9NgN1O

734.25

100(2)
Monoclinic
C2/c

35.170(3)
12.6182(10)
13.9741(11)

90

100.927(4)

90

6089.0(9)

8

1.541

0.726

2896.0
0.34x0.11x0.09
MoKa (A =0.71073)
4.392 t0 52.996

“44<h<44,-15<k<

15,-17<1<17
63378

6136 [Rine = 0.0647,

Rsigma = 00467]

Data/restraints/parameters 6136/0/463

Goodness-of-fit on F?
Final R indexes [[>=2c

(D]

Final R indexes [all data]

1.087

Ri1=0.0411, wRy =
0.0897
R1=0.0743, wRy =
0.0913

Largest diff. peak/hole / e (0.40/-0.44
A3
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(2)
CosH34N5Ni1

499.31

100(2)
monoclinic

C2/c

51.354(6)
5.7125(7)
17.328(2)

90

93.198(4)

90

5075.5(10)

8

1.307

0.790

2120.0

0.36 x0.21 x 0.17
MoKa (A =0.71073)

4.708 to 50.328

-60<h<59,-6<k<6,

-20<1<20

40928

4486 [Rint = 0.0850,
Rsigma = 0.0449]
4486/351/407

1.078

R1=0.0672, wRy =
0.1602
R;1=0.0851, wRy =
0.1703

0.72/-0.76

3)
CsgHesFsN10Ni206S
2

1296.76

100(2)

Triclinic

P-1

12.197(6)
15.166(8)
21.970(11)
71.701(12)
76.170(11)
69.672(13)
3579(3)

2

1.203

0.649

1352.0

0.36 x0.24 x 0.22
MoKa (A =10.71073
4.292 t0 37.618

10<h<11,-13<
k<13,-19<1<19
18028

5349 [Rin = 0.0758,
Ryigma = 0.0739]
5349/1703/883
1.045

R; = 0.1592, wR, =
0.3329

R, =0.1917, wR, =
0.3534

1.48/-0.99



Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

pre

V/°

Volume/A3

Z

Pealeg/cm’

wmm'!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°4.498 to 52.874

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c ()]
Final R indexes [all data]

)
C33H43CINsNi
608.92
100(2)
triclinic

P-1
10.3991(5)
11.3467(5)
15.9639(8)
90.377(2)
106.279(2)
115.5700(10)
1613.26(13)
2

1.254

0.714

652.0

0.59 x 0.47 x 0.34
MoKa (A= 0.71073)

-13<h<13,-14<k<14,-19<1<19

34504

6628 [Rint = 0.0325, Rsigma = 0.0278]

6628/0/371
1.049

R;=0.0445, wR, =0.1135
R;=0.0555, wR,=0.1197
Largest diff. peak/hole / e A~ 1.50/-0.72
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Appendix 3. Supporting Data for Chapter 3.
NMR spectra

Figure 3A - 1. '"H NMR of K1 in DMSO-ds.
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Figure 3A - 2. 3'P{'H} NMR of K1 in DMSO-ds.
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Figure 3A - 3. "B{'H} NMR of K1 in DMSO-d.
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Figure 3A - 4. 3'P{'H} NMR of PPh41%¢ in CDCls.
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Figure 3A - 5. ’F{'H} NMR of PPh41%¢ in CDCl;.
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Figure 3A - 6. 'H NMR of PPh41% in CDCls.

ETE
8Z'L]
8z,
6C'L
6C'L
85,
65'L]
19/
29'¢
b9'L]

2L
€L
bLL]
SLL
CYa
(L
S8'/1
(8°L]
68°L]
68°]
56'L1
56°LA

88'T
06'T
a.L,
£6'T¢
ver|
967
L6'T

=007

L6'L
86'L
66'2]
00'g’

30 25 20 15 1.0 05 0.0

3.5

4.0
ppm

4.5

725 70 65 60 55 5.0

8.0

3.5

163



Figure 3A - 7. "B{'H} NMR of PPh41% in CDCls.
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Figure 3A - 8. 3C{'H} NMR of PPh41% in CDCls.
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Figure 3A - 10. 3'P{'H} NMR of 2 in CDCl;
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Figure 3A - 12. °F {'H} NMR of 2 in CDCls
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Figure 3A - 13. *'P{"H} NMR of the reaction mixture of the Heck coupling of styrene and
chlorobenzene with PPhs1 and Pd(dba)s.
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GC/MS

Figure 3A - 14. Representative GCMS trace for the Heck Coupling of styrene and
chlorobenzene.
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Figure 3A - 15. Comparison of GCMS trace for the Heck coupling of 1-hexene and chlorobenzene
for PCys and 1. Additional peaks are various dba degradation products.
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Figure 3A - 16. Comparison of GCMS trace of Heck coupling of styrene and
chlorobenzene with PCys; or 1.
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Scheme 3A - 1. Heck coupling of styrene and chlorobenzene.
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Table 3A - 1. Percent conversion of Heck reaction of chlorobenzene and styrene at different
timepoints.

L Conversion after 3 hr  Conversion after 24 hr
1 1% 10%
PCys 0.5% 8%
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Scheme 3A - 2. Heck coupling of chlorobenzene and 1-hexene.
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Table 3A - 2. Conversion of chlorobenzene and 1-hexene.

L Conversion after 24 hr
1 Trace
PCys 0
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Figure 3A - 17. IR (DCM solution) of 2
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Figure 3A - 18. IR (DCM solution) of PPhs1Se
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X-Ray Structure Determination

Table 3A - 3. Refinement data for X-ray structures.

Identification code 2

Empirical formula C43H39BF303P2Rh
Formula weight 836.40
Temperature/K 100(2)

Crystal system triclinic

Space group P-1

a/A 9.1533(6)

b/A 13.0253(9)

c/A 33.273(2)

a/° 83.172(2)

p/e 88.634(2)

v/° 79.181(2)
Volume/A? 3868.8(4)

Z 4

Pealeg/cm’ 1.436

pw/mm! 0.578

F(000) 1712.0

Crystal size/mm? 0.47 x0.26 x 0.17
Radiation MoKa (A =0.71073)
20 range for data collection/® 4.266 to 48.298
Index ranges -10<h<9,-14<k<14,-37<1<38
Reflections collected 43104

Independent reflections 12046 [Rine = 0.0802, Rsigma = 0.0838]
Data/restraints/parameters 12046/0/967
Goodness-of-fit on F? 1.026

Final R indexes [I>=2c (I)] Ri=0.0425, wR>=0.0751
Final R indexes [all data] R1=0.0842, wR, = 0.0853
Largest diff. peak/hole / e A= 0.72/-0.52
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Appendix 4. Further H> Donor Ligand Research

Titanium Templated Condensation with Hydrazides

To further explore the boundaries of 2,5-pyrrole pincer ligands, condensation of #-butyl hydrazide
with the acylpyrrole was targeted. The hydrazide arms would have more binding sites for
metals/hydrogens, and could accommodate a wide variety of redox/protonation states on the
ligand. Direct condensation with the acyl pyrrole with acid catalysis, sieves, a Dean-Stark
apparatus, and high temperature were unsuccessful in all cases, so templated synthesis was
targeted.

Strong Lewis acids are widely used for difficult condensation reactions and often result in
binding of the template to the ligand. TiCls is a strong Lewis acid which can template the
condensation but then decompose to HCI and insoluble TiO> upon reaction with the water produced
from the condensation. Reaction of the ditolylacylpyrrole with two equivalents of #-butyl hydrazide

and TiCly in acetonitrile at 80 °C resulted in formation of an asymmetrical product by '"H NMR in

Figure 4A- 1. SXRD Structure of 1
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Figure 4A- 2. Symmetrization of 'H NMR of 1 upon switching from CDCls (bottom) to CDCl3
with a drop of CD3CN (middle) to only CD3CN (top).
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CDCl3 which appeared symmetrical when the NMR was recorded in CD3CN. Crystallization by
vapor diffusion of petroleum ether into benzene resulted in isolation of single crystals of 1, a
templated pyrrole-dihydrazide bound to Ti through the alpha-nitrogens of the hydrazide and the
oxygens of the hydrazide carbonyl, with two chlorides bound to Ti to balance the charge on the
Ti(IV). Significant bond lengths differences were observed in the solid-state structure between the
two sides of the ligand, with one C-O bond lengthened along with a significantly shortened C—N
bond, indicating a tautomerization where one nitrogen was protonated. Packing in the solid state
also confirms the protonation, as hydrogen bonding interactions between the hydrogen and a
neighboring chloride help give two-dimensional structure. The symmetrization of the NMR in
MeCN likely resulted from rapid proton exchange between the two ligand arms, whereas this
process was much slower in CDCl; so the structure appeared asymmetric. Ti(IV) is very stable
and difficult to reduce, but redox-inactive metals have been used as Lewis acids in support of
redox-active ligands, so cyclic voltammetry was recorded to investigate the redox activity of the

ligand scaffold.
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Figure 4A- 3. CV of 5 mM 1 in THF with 0.1 M NBu4PFs electrolyte, at variable scan rates.

50
40 - —— 100 mV/sec
— 200 mV/sec
—— 300 mV/sec
30 ~ 400 mV/sec
< e
<= 204
i
[
)
= 10 -
=
(&)
g ﬁ' '
-10 - ' ~
'20 T T

05 00 05 1.0 1.5 -2.0
Potential (V vs. Fc/Fc")

Cyclic voltammetry of 1 in THF showed many irreversible reduction waves at mild
potentials, with reversibility increasing upon higher scan rates, indicating either loss of C1™ or loss
of a proton. This was briefly studied for its proton reduction reactivity, and though the current was
much more intense upon addition of acid, bulk electrolysis did not indicate a high level of H»
formation.

Reactivity was also studied via deprotonation of 1 with NaH. The deprotonation proceeds

cleanly to a newly symmetric product, likely due to deprotonation and loss of NaCl to form 3.
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Figure 4A- 4. SXRD Structure of 4

Compound 3 was significantly more unstable than 1 or 2, likely due to loss of a chloride, and
therefore was not structurally characterized, thought the "H NMR indicated clean conversion.
Reactivity of 3 with H>O and pyridine resulted in conversion to 4, a novel dimeric structure bridged
by an oxygen atom. The proposed pathway to form this product is water binding and deprotonation,
which resulting in a titanium-hydroxide, which can then bind to another equivalent of 3 and
become deprotonated, resulting in the oxide bridge and two protonated ligands. Then the
protonated ligands are deprotonated by the hydroxide ions in solution, resulting in loss of two
equivalents of NaCl, which then binds pyridine to stabilize the complex. Complex 4 was
characterized both by 'H NMR, showing a clearly symmetric ligand environment with one

pyridine per ligand, and SXRD.
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Synthesis of ("*T'DHzPH)TiCl: (1). 'H NMR (CDCls, 400 MHz, 25 C) § = 9.94 (s, 1H, N-H),
8.18 (d, /=8 Hz, 2H, Tol C-H), 7.71 (d, J = 8 Hz, 2H, Tol C-H), 7.52 (d, /=8 Hz, 2H, Tol C—
H), 7.36 (d, /=8 Hz, 2H, Tol C-H), 7.03 (broad s, 1H, Pyrrole C—H), 6.95 (broad s, 1H, pyrrole

C-H), 2.53 (s, 3H, Tol-CHs), 2.477 (s, 3H, Tol-CHs), 1.47 (s, 9H, Bu), 1.45 (s, 9H, Bu).

Figure 4A- 5. "H NMR of (B“T'DHzPH)TiCl, in CDCl;.
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Synthesis of (P*T'DHzP)Ti(Py)):0. 'H NMR (CDs, 400 MHz, 25° C) § =7.72 (d, J= 8 Hz,
8H, Tol C-H), 7.43 (broad s, 4H, 0-Py), 7.23 (t, J = 8 Hz, 2H, p-Py), 6.96 (d, J= 8 Hz, 8H, Tol
C-H), 6.74 (t, J= 8 Hz, 4H, m-Py), 6.07 (s, 4H, Pyrrole C-H), 2.30 (s, 12H, Tol-CHz), 1.16 (s,

36H, Bu)
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Figure 4A- 6. ' H NMR of (B-T'DHzP)Ti(Py)),0 in C¢Ds.
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Table 4A - 1. Refinement data for
Identification code PyDimer AM Ti Hyzd
Empirical formula C70H79N1205T12 C30H35CIbNsO2Ti
Formula weight 632.12
Temperature/K 100(2) 100(2)
Crystal system triclinic Orthorhombic
Space group P-1 Pbca
a/A 12.7490(7) 20.8841(13)
b/A 15.4403(8) 29.3744(19)
c/A 20.4203(11) 30.7069(19)
o/° 76.485(2) 90
pB/e 83.320(2) 90
v/° 86.476(2) 90
Volume/A3 3879.4(4) 18837(2)
V4 4 25
Pealeg/cm?® 1.082 1.306
w/mm! 0.256 0.477
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F(000) 1334.0 774.0

Crystal size/mm? 0.64 x 0.34 x 0.27 0.194x0.177x 0.118
Radiation MoKa (A =10.71073) MoKa (A =10.71073)
20 range for data 4.14 to 46.712

4.172 to 46.628
14<h<14,-17<k<17,-22<1< -23<h<22,-32<k<32,-34<

collection/®

Index ranges

22 1<33

Reflections collected 89987 335043
. 1 1 181 [Rint = 0.0543, Rsigma = 13674 [Rint = 0.091 l, Rsigma =

Independent reflections 0.0311] 0.0310]
Data/restraints/parameters 11181/3/881 13674/1117
Goodness-of-fit on F? 1.028 1.053
fll)r]lal R indexes [[>=2c Ry = 0.0444, wR> = 0.1102 R1=10.0393, wR2 = 0.0827
Final R indexes [all data] R;=0.0600, wR> =0.1182 R1=10.0643, wR> = 0.0926
Ig.zrgest diff. peak/hole / e 0.37/-0.33 0.65/-0.73
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