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Abstract

The behavior of Lewigcidic metal ions in multimetallic systems has become a subject of
intense interest in recent years. Investigations in this area are inspired by the functioning of
Nat ur e 0 ®vohong ganplex (OEC) in Photosystem I, which features a redox
inactive C&" ion involved in reduction potential modulation. In Part | of this dissertation,
synthetic, structural, spectroscopic, and electrochemical findings are described for the
elucidation, parametrization, and effective leveraging of Lewis acid effects in
heteobimetallic complexes of dblock element, nickel, and dfblock element, uranium.
Incorporation of Lewis acidic metal ions into heterobimetallic complexes for chemical and
electrochemical tuning has typically focuseddanlock elements, but here, tlagategy was
applied to uranium for the first time. In particular, the redox properties of the uranyl ion
(UO2?") have been optimized through formation of heterobimetallic complexes, an outcome
needed for development of neytneration nuclear fuel repmssing technologies. To
accomplish this goal, nickel and uranyl complexes were divergently prepared with
macrocyclic Reinhouellype ligands featuring pendant crowtherlike sites that readily

bind a wide range of rederactive metal cations (M = CsRb", K*, N, Li*, C&*, Nd**,

and Y*"). This divergent strategy, enabled by deliberate preparation of appropriate
monometallic precursor complexes, affords unique access to complexes with highly Lewis
acidic trivalent cations, a class of compounds that h@esiously been inaccessible.
Through electrochemical determination of thermodynamic reduction potentials,
heterogeneous electron transfer rate constants, and reorganization energy values associated
with the U'/UY redox manifold, quantitative trends weneasured and used to formulate a
mechanistic framework for optimized uranyl redox cycling and design rules for
supramolecular structures that promote efficient electdoien actinide chemistry. In Part

Il of this dissertation, the development of tureabkterobimetallic catalysts for ethylene
polymerization and preparation of heterobimetallic complexes with ditchimeme-type
ligands are discussed. Such chemistries can be understood in the context of the general
strategy of incorporating Lewis acidiedoxinactive metals, in that multiple metals are
found to operate synergistically in all the systems described here. Taken together, the
findings described in this dissertation show that interactions with Lewis acids can be used

for the rational tuningfathe properties of elements across the periodic table.
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Chapter 1

Introduction to Lewis Acid Effects in Heterobimetallic Complexes ofd-

and f-block Elements



1.1 Introduction

ATwo are better t h-8MikeKozpzewskif t wo act as oneo

This quote fromthe famousAmerican basketball playend coaciMike Krzyzewskiis
quite applicableto the vast field of inorganic chemistry. Metals can exhibit unique
characteristics and cooperativity when placed in close proximity using appropriately
designed ligands, engendering reactivities that cannot be achieved when the constituent
metal species agsed separatef? Nature takes advantage of these multimetallic effects in
enzymes that utilize multiple metals to carry out small molecule transformations. As a
central example, the oxygavolving complex (OEC) of Photosystem Il (PSIl) contains an
assembly of four manganese centers and 4 Gter connected by oxido bridgeBSII
utilizes the redox properties of the reelmotive Mn centers to facilitate the biological
production of @from H>O in algae, cyanobacteria, and green plants. But, &ftendecades
of research into the mechanism by which PSII converts water to dioxygen, questions persist
regarding the precise role(s) of Ca on i n t he 30i@a)) bubsiteeod OEC] Mn
Calcium(ll) is redoxinactive at biologicallyrelevant potential$é and thus cannot provide
redox flexibility, in contrast to the Mn centers present in the cluster. However, theiCa
is an essential cofactor, and its presence in the OEC is necessary for performing water
oxidation; substitution of Cawith any othe metal ion results in lowered efficiencies for
catalysis. On the other hand?Ss notable as it can substitute for’Gaut the resulting Sr
substituted OEC can turnover with only 40% activity when compared with the naturally

preferred Cacontaining G&C>°

In light of these results, one hypothesis in the field is that the similar Lewis acidities of

Cc&* and St* could be responsible for the observation that the complexes containing these
2



ions are the only ones active for water oxidation. The Lauiiity values for C4 and Sf*

ions, quantified in the form of theKgp value(s) of bound water ligands in metajua
complexes of the corresponding Lewis acidic ions, are 12.6 and 13.2, respéc8uely.
discussions of Lewis acidity have often centepa the possible role of €aor SF*) ions

as active substrate (water) binding st In this regard, results from-¥ay diffraction
studies of the OEC have shown that water molecules are indeed bourtditot@aresting

state of the cluster. On the other hand, direct studies of the OEC are challenging, and thus
numerous research efferhave been focused on developing systems which mimic the
cubane structure of the OEC and contain reidaxtive metals in order to understand the
exact role of C# ion in OEC and the relevance of-salled Lewis acid effectsKey to

these efforts is the assembly of biomimetic multimetallic systems, an endeavor bursting with
possibilities but often plagued by synthetic challenges with their origimeimifficulty of
bringing multiple metals into close proximity with each other. Often, heterometallic species
are in equilibrium with free redeactive ions in solution, and a large excess of Lewis
acidic metal additive is often us&d® The presence of such equilibria complicates
interpretation of results and typically hinders conclusive determinations of the effects of

redoxinactive metals on redox processes in these systems.

An alternative approach to mapping Lewis acid effects épgmation of bioinspired
heterobimetallic complexes that avoid the speciation concerns of biomimetic systems. In
most of the work described in this dissertation, we have followed this path and utilized
heteroditopic ligands that feature orthogonal sitesbfnding a redoactive metal and a
single redoxinactive metal in close proximiti#°® This strategy allowed us to systematically

tune the redox properties of redagtive metals by placing different redmactive metals



in a nearby site that span ahad range of Lewis acidity values. This modulation of the redox
properties of the redeactive metals using Lewis acid effects affords new insights into the
role(s) of these redexactive metals in multimetallic systems. Chapter 2 describes our
initial wayfinding study that utilized this strategy for installation of a broad range of redox
inactive Lewis acids, including the useful’Cmn as well asheimportant and highly acidic
trivalent cations Nét and ¥8*, in close proximity to aedoxactive Nf* center. The results
from this work could be wejbarametrized in the context of Lewasidity-driven trends, and

enabled rational tuning of the redox properties of nickel.

The use of Lewis acidic redawactive metal ions to modulate redprocesses involving
transition metal complexes is a popular strategy in the $téftf.Indeed the incorporation
of secondarymetalions into complexescontaininga redoxactive metalhasemergedasa
viable andwidely utilized strategyfor systematiduning of redoxchemistry*>” However,
analogous effects in complexes of regmtivef-block elements, especially actinides, have
been underexplored, and only a few examples of systematic investigatioraphaaeed in
the literature’®1® On the other hand, the available literature suggested to us that use of Lewis
acidic metal ions would be quite effective for modulation of the chemistry of the-redox
active UQ?* ion. Keeping in mind the powerful quantitagi aspect of such a strategy, the
influence of redosinactive metals on the redox chemistry of the;8¥@n has received less
attention than it deserves. In particular, the sort of quantitative electrochemical work upon

which findings in this area wouldcelbased has been unavailable until now.

Uraniumis a radioactiveelementandis the heaviesielementwhich occursnaturallyon
earthin significantquantitiesFromthec h e mipesspettivea crucialfeatureof uranium
chemistryliesin its uniquecoordnationrequirementsthesecoordinatiorrequirementgan

4



be conceptualizedo result from the large size of uraniumatoms,which contain many
electrons,as well as the involvementof exotic 5f and 6d orbitals in covalentbonding.
Uranium is arabundant element, despite its location at the extreme of the periodic table, and
has been used actively since 1951 as a fuel for virtually cdreemproduction of electricity

via nuclear fission. Due to the high energy density of urasbased fuel, nuelar power is

a very lowcarbon energy source, even lower than solar or wind power when considering
total lifetime-of-technology emissions and manufacturing c&ts.Moreover, nuclear
power is continuously available and quite reliable, unlike solar nd wnergy which are
themselves intermittent. From this perspective, nuclear fission represents an important
component of t h e -vatbonlededgy. Ofscoyssp, oy theoother lhamay
continued use of nuclear fission for power production is taibyeserious concerns about

the ultimate disposition of used nuclear fuels and related materials. Thus, new approaches to
handling, reprocessing, and recycling nuclear fuels are crucial for thedongyiability of

this energy sourcé.

After usage, thduel rods from nuclear reactors are stored in specially designed water
pools or drycask storage systems. This stored spent nuclear fuel still contains more than
90% of its potential enerdyand can, in principle, be reprocessed and chemically purified
to provide fresh and useful uraniwcontaining fuels. However, it is very difficult to
reprocess spent nuclear fuels because harsh conditions are needed, lowering energy
efficiency. Conventional reprocessing also markedly increases the net carbon emissions
associated with this otherwise lasarbon energy source, through use of harsh reagents like
Cl, gas (as oxidants), €ar Li° (as reductants), and extreme conditians temperatures

that can be as high Z8°C .24



In aerobic environments and in the preseof water, uraniurtypically exists in the form
of the highly watessoluble and stable U® specie€® Due to the strength and highly
covalent nature of theil® bonds, processing of Y& and other oxidic forms of uranium
into nuclear fuels ignergetically demanding and logistically difficéftCleavage of WO
bonds is a necessary step in fuel processing and recycling, however, making it a crucial one
for optimization. There are few rational approaches available for modulating the reactivity
of UO2%*, making the design of suitable chemical reagents difffédftHowever, one clue
about how to design such reagents is that the reduction £f td@ more reduced state can
accelerate separation and make functionalization and/or breaking df @éonds much

easiert®

In this light, breakindJi O bonds is an important problem,ethat ultimately requires
reduction chemistrySeminal work by Arnold and eworkers shows that the binding of
redoxinactive metals to certain complexes containingutanyl ion (UQ?") provides a
stabilizing environment for reduced form(s) of U derived froth sfarting materials, i.e.

UY and/or other lowevalent state$>'° This stabilization afforded by redaractive Lewis

acidic metals allowed Arnold and-eeorkers to isolate Us peci e s . However,
systems, the Lewis acid interacts directly with alygen atom of the O2%* moiety, a
situation hindering further functionalization of the oxygen atoms upon reduction. Similarly,
Hayton and cavorkers have measured positive shifts in the reduction potentials of U centers
using silyl groups for oxo functionalizatidhl n  H a gystems,dhs silyl groups interact
directly with the oxygen atoms of th#ED,>* moiety, s i mi | ar tWe aicipated d 0 s
that a platform like our own developed for heterobimetallfc Memistry could be useful

in enabling tuning of the electrongroperties of the uranium center while avoiding these



direct uranyl oxeto-electrophile/metal interactions. Further, we anticipated that redox
modulation of uranium could serve as a strategy for tuning the activation of theldtrong
bonds inUO2?* and rhaps contribute fundamental knowledge toward the development of

nextgeneration strategies for nuclear waste remediation.

In this dissertation, we show that use of Lewis acids and macrocyclic ligands can indeed
modulate the reduction potentials requifeduranium redox cycling, and that this strategy
offers a quantitative method for gaining insights into the speciation chemistry of uranium
with Lewis acids. Chapters 3 and 4 discuss the desigailofed supramolecular systems
that hold uraniunrmear secondary Lewis acidic and redoactive metals, a situation that
we show can activate the O bonds for functionalizatioi€yclic voltammetry experiments
enabled examination of the redox properties offie?* ion in the presence of the various
secondary metals placed in close proximity. Our findings from the work with uranium
suggest that both supramolecular structural effects and Lewis acidity considerations will be
involved in successfully controlling and, ultimately, optimizing the bindingeasbedary
metal ions, ligand reorganization energies, and electron transfer rates to uranium. These
parameters are important, since they influence the thermodynamic stability of the various

uranium oxidation states and the kinetics of their interconversion.

Our studies of Lewis acidic iemodulated chemistry, like most in the field, are carried
out in acetonitrile (CECN), which is a polar organic solvent. Th€ based Lewis acidity
descriptor measured in water is often used to parametrize behavior ipadaclorganic
solvents, a situation attributable to the general usefulness oKtieaped scale measured
in water as well as the challenges associated with development of alternative quantification
schemes. Use of an acidity scale developed in wat@afametrization of chemical effects

7



measured in other solvents is a significant concern, however, since solvent effects are known
to strongly influence the outcomes of chemical reactivity Chapter 5 of this dissertation
describes detailed studies aimed at understanding and parametrizing the behavior of Lewis
acidic ions in noraqueous conditions, namely in the organic solventgQBHand
dichloromethane (C¥Cl2). Since, most of the polar agic solvents do not release freé H

ions in solution (a condition needed for measuremenkKgfywhen they interact with Lewis

acidic metal ions, there hasstoricallybeen a lack of direct measures of the Lewis acidity

of metal ions in polar organic s@nts. Our new work in this area, however, shows that
triphenylphosphine oxide (TPPO) can be used #B auclear magnetic resonance (NMR)
probe to quantify both the Lewis acidity of redimactive metal ions as well as their
tendency to bind TPPO, whide moderately Lewis basic owing to the presence of the
electronrich oxygen atom. In our work, we compared results for a library of thirteen metal
triflate salts using the GutmasBeckett method?3® Notably, plots comparing theKa

values of the correspding metalaqua speciesM (H20)m]™" measured in EO with the

newly measured’P NMR shifts of TPPO in the presence of these metals in deuterated
acetonitrile ¢-MeCN) and deuterated dichloromethane ¢CD) display tightly celinear
relationships, suggesting similar behavior for these ions in watdieCN, and CDRCl..

This collinearity provides an insight into the usefulness of kaglpscriptor in wideanging
applications beyond those in aqueous medimavever, our work also shows that the aqueous
pKavalues and other singleeasurement descriptors, while useful, provide only a snapshot

of the influence of Lewis acidity on multimetallic chemical systems.

Thus, the chapters in Part | of this dissertatt@tail our work to understand and

effectively leverage Lewis acid effects for tuning of the redox properties of heterobimetallic



complexes containing redeactived-block (nickel) and-block (uranium) elements held in
macrocyclic ligand frameworks. Idéal the fundamental lessons gleaned from this work
could contribute to development néxtgeneration nuclear fuel reprocessing technologies

and actinide handling systems.

In Part Il of this dissertation, the focus shifts toward the realm of Lewis deickein
molecular catalysis research. As inspiration for this work, we mention here that redox
inactive metal ions have been found to affect the catalytic behavior of heterogeneous mixed
metal oxides in transformations such as water oxidation and dioxgdantion®**® These
observations have generated interest in molecular systems designed to investigate these
heterometallic effects, aiming to develop general schemes for exploiting them in relevant
catalytic reactions. Indeed, in the field of polymerization catalysia, n'y fissii tnegd e
homogenous catalysts feature two metal centers in close proximity that are bridged by
ligands such as halides, hydrides, and even methylene gisgsThese heterobimetallic
systems include catalysts containing metal combinatiocis as titaniurrchromiunt® and
titanium-aluminunt® that selectively produce polyethylene materials with properties of
interest such as high molecular weight or narrow molecular weight distribution. For
example, a catalyst studied by Marks &workers, cordining both titanium and chromium,
selectively produces-butyl branched polyethyleri.In these Ti complexes, Cr and Al
centers act as Lewis acidsd play important rokin the enhancement of the polymerization
activity. Heterobimetallic catalysts with late transition metals such as Ni and Pd in the
presence of alkali metals as Lewis acids have also been studied for polymerization by Do &
co-workers #+#2 These catalysts similarly display a significant increase in the polymerization

activity in comparison to their monometallic analogues. Thus, the cooperative effects



engendered by the heterobimetallic nature of these catalysts play a signifieam rol
promoting greater polymerization activities and selectivity. Seeing this, we have noted the
key role of Al(lll) centers in driving polymerization activity, a situation attributable to the

high Lewis acidity of this ion (ga of [Al(H 20)m]** = 5.0)/

Chapters 6 and 7 detail our chemical and electrochemical studies of three different
heterobimetallic T¥-Al"" complexes with varying Ryl groups that serve as polymerization
catalyst precursors. The research described in these two chapters was completed with
collaborators from Chevron Phillips Chemical, who recently developed the complexes
investigated in our work, which are Natiiee titanium-aluminum halfsandwich complexes
supported by indenyl and phosphinimide ligands. In our collaborative work, we have
outlined the redox chemistry by which eekectron reduction of Ti(IV) centers in these
complexes takes place and how the reduced,f@i(lll), is stabilized by the nearby Lewis
acidic Al(IIl) center. Perhaps unsurprisingly, this redox reactivity impacts the properties of

the polyethylene produced by the catalysts.

Complementing this work in polymerization chemistry, Chapter 8 de=scthe chemical,
electrochemical, and catalytic properties of a final distinctive family of heterobimetallic
complexes. Taking inspiration from the usefulness of-$atidwich complexes in the vast
field of polymerizati on wokinWwafsahdwiehghodiumo m s 0 me
complexes’? we show that organometallic halindwich [Cp*M] (M = Rh, Ir) fragments
(where Cp* isf>-pentamethylcyclopentadienyl) can be installed into the workhorse diimine
dioxime ligand system. The new heterobimetallimpounds could be prepared ioysitu
protonolysis reactivity of precursor Ni(ll) or Co(lll) monometallic complexes with suitable

[Cp*M] species. The findings from preliminary catalytic studies carried out with the [Co,Rh]

10



variant show that the bimetalliystem catalyzes hydrogenation of an aldehyde to alcohol
more cleanly than the individual monometallic precursor complexes. This suggests that our
new family of complexes could be useful in future studies of multimetallic chemistry,
especially in light of e starring role of other [Cp*M] complexes in diverse catalytic

systems.

In summary, this dissertation in two parts represents a series of vignettes that showcase
the use of Lewis acids to modulate the properties of diverse chemical systems, especially
heterobimetallic complexes. Since several of the systems developed and investigated here
do useful things, it reconfirms that heteromultimetallic chemistry and Lewisdagieh
tuning is an attractive strategy for enabling new reactivity. With this outlooing of metal
complexes with Lewis acids certainly deserves further attention and development in the

future.
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Chapter 2

Trivalent Lewis Acidic Cations Govern the Electronic Properties and

Stability of Heterobimetallic Complexes of Nickel

This chapter is adapted from a published manuscript:
Kumar, A.; Lionetti, D.; Day, V. W.; Blakemore, J. Drivalent Lewis Acidic
Cations Govern the ElectronrRroperties and Stability of Heterobimetallic

Complexes of NickelChem.Eur. J. 2018 24, 141-149.
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2.1 Introduction

Heterometallic sites that have two or more metals in close proximity (< 5 A) often show
unique behavior that is inaccessible wstmpler homometallic analogué$The presence
of multiple metal centers can give rise to synergistic properties, including improved substrate
binding? enhanced rates of catalysis, and unique stabBilityese features contribute to the
high activity of multimetallic active sites in enzymes that catalyze complex reactions, for

example N fixation by nitrogenaseor O, reduction by cytochromeoxidase’

Redoxinactive metals can also modulate the properties of multimetallic active sites. For
example, the oxygeavolving complex (OEC), a tetramanganese-brdged cluster in the
enzyme Photosystem Il contains a cruciaf*dan that assists in oxidation of water to
generate oxygen gaddhe Lewis acidity of this ion, which is redaxactive atiologically-
relevant potentials, is postulated to be important in this rofé:s8@bstituted PSII is also
active for Q evolution, but while some other cations (including dications such 43 @l
bind in the OEC, these analogues do not displagw@lution activity. This highlights that
charge is not the sole feature that regulates oxygen evolution, and suggests that Lewis acidity

may be implicated as a descriptor of binding and actiVity.

In part inspired by these observations from natural systaysthetic efforts to
understand and exploit the interactions of transition metals and Lewis acidieimadtxe
cations is an active research area. For example, model compounds for the OEC in PSII that
contain [Mn] and [Ca] have been assemBfed!?®* Some compounds rely on multitopic
ligands that can coordinate the metals and hold them near to each other. More broadly, a
number of groups have studied novel reactivity patterns obtained with systems including

Lewis acidic cations. Seminal work frobau and ceworkers has demonstrated significant
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rate accelerations in metehtalyzed oxidations of organic substrates in the presence of
Lewis acidst* Collins also observed enhanceda@m transfer by binding of secondary
cations to a higlvalent metal o complext® Early electrochemical work from Horwitz
examined interactions between esdged manganese complexes and added Lewis
acids!'® More recently, Borovik has investigated the effects of rédagtive metal ions on

the properties of manganese and iron compléx&s.

In several interesting cases, the highly Leadsdic metals S¢ and Y¥* promote
peroxide @O bond cleavage in B&O. M3* species, leading to generation of reactive
[F€V=0] intermediate$®2%2! In this chemistry, and in some of the cases discussed above,
the heterobimetallic complexes are often not isolated, but fomn&tl by combination of
multiple metalcontaining precursors. This straightforward approach is especially useful for
catalytic applications, where multiple additives can be mixed to assemble an active catalyst.
Notably, the Lewis acidities of % and other trivalent ions are significantly gredtean
other ions such as €=or SF*; consequently, there is a privileged position féf ¥hd Sé*

in modulating the reactivity of the iron complexes described above.

However, despite the relevance of these heterometallic effects to possible applications in
catalysig and energy sciené@,chemical preparation of compounds that contain trivalent
Lewis-acidic ions with a transition metal has received less attention than it deserves. Tsui et
al. and Herberét al. have quantified Lewis acidity effects in multimetallic mang&iesel
iron®* oxo-bridged clusters, respectively. They find a distinctive shift in reduction potential
of their clusters as a function of the Lewis acidity of a bound ratlmtive medl, including

the trivalent rareearth cations ¥ and Nd".
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One possible strategy for preparation of heterobimetallic complexes involves synthesis
of ditopic frameworks with binding motifs that display distinct ligand properties and that
can therefore flitate orthogonal metallatiorfswith this approach, the precise tuning of
the properties and reactivity of heterobimetallic complexes can be understood by comparison
of the monometallic and the isolated heterobimetallic species. Several ligands of this variety
are known in the literater’® Reinhoudt and cwvorkers introduced a ditopic ligaffbased
on a metal salophen core with a nearby cr@therlike moiety?’ for binding a second metal
(see Scheme 2.1). Related macrocyclic salen or salophen type complexes have been
extensively useih the fields of coordinatid?®and supramolecul?#*' chemistry; several
studies have examined complexes of this general type incorporating multiple #¥w&€ls.
Along this line, Yang and eworkers recently reported heterobimetallic complexes éf Co
with Na, K*, C&*, and Sf*; the Cd" reduction potentials and spectroscopic properties of
these compounds were found to vary as a function of the Lewis acidity of theimadtxe
cation® This study demonstrates the usefulness of ditopic ligands in assembling well
defined heterobimetatlicompounds, as the compounds are quite stable and amenable to

solution studies.

We have recently been investigating multidentate, polyphenoxide ligand scaffolds that
support trivalent cation®, and our interest was piqued by the possibility of introducing
analogous fragments into a ditopic framework to access heterobimetallic species. In
particular, we were interested in testing how trivalent cations (specificaltyand N&*)
would modulate lte structure, electronic properties, and reduction potentials of a nearby
nickel center. We anticipated that such studies would provide important structural and

spectroscopic insights into the use of highly Lewis acidic metals in catalytic cotitexts.
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Scheme 2.1.Divergent synthetic strategy for preparation of heterobimetallic nickel
complexes.

Along this line, we now report a divergent synthetic strategy for generation of stable
heterobimetallic complexes based on metallation of the macrocyclic, ditopic platfdiim
(see Scheme 2#)with a variety of redosinactive metals (N C&*, N, Y3*). The N&*

and Y** complexes are the first examples of stable heterobimetallic complexes of these
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elements with a firstow transition metal in a macrocyclic ligand environment. They
complement unsupported analogues that feature bridging ligands but without a stabilizing
macrocyclic environment®3” Our macrocyclic complexes are stable in acetonitrile solution
and amenable to study by solution spectroscopic methods and electrochemistry. However,
electrochemical experiments reveal that the complexes &f &l Y** are unsthle in
dimethylformamide (DMF); conversely, they can survive for hours in acetonitrile (MeCN),
similar to the complexes of Nand C&*. We conclude that the high Lewis acidity of these
elements drives association with DMF, and thus we propose that ftitigies relying on

these elements could usefully include studies of soldependent behavior.
2.2 Results

In this work, we have employed a divergent synthetic strategy, in which preparation of a
common nickekontaining materiall(®Ni; see Scheme 2.1)gredes metallation by suitable
reagents of redemactive metal cations. This approach has the advantage that once a supply
of the monometallic precursor complex is prepared, a variety of heterobimetallic complexes
can be readily accessed. Our stratefjgs®n the ditopic ligand platform that was originally
developed by Reinhoudt and-emrkers?® In this chemistry, 2 @lihydroxybenzaldehyde
and tetraethylene glycol ditosylate are reacted together to provide a linear dialdehyde
precusor. This dialdehyde undergoes 2Btemplated macroclization with o-
phenylenediamine to yield compl&gH2Ba (Scheme 2.1) in reasonable yields. Treatment
of the barium complex with guanidinium sulfate in a biphasic mixture of chloroform EHCI
and water results in precipitation of BaS@ubsequent addition of nickel(ll) acetate in
methanol (MeOH) generates cleBfNi. From this pointL®Ni is a suitable synthon for
preparation of heterobimetallic complexes.
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Although L®Ni and related analogues have been deployed in a variety of comtexts,
solid-state structure of®Ni has been available. For comparison to our heterobimetallic
structures \(ide infra), single crystals ok ®Ni suitable for Xray diffraction (XRD) studies
were grown by slow cooling of a concentrated solutioln®fi in MeCN. As predicted from
nuclear magnetic resonance (NMR) experiments, the nickel cetéXirns formally in the
+2 oxidation stateand is coordinated to the squgulanar Schiff base cavity of the
macrocyclic ligand framework (Figure 2.1). This cavity pdes an kX,-type environment
by coordination of two imine nitrogens and two phenolate oxygens to the nickel(ll) center.
The complex is overall neutral, with -ooystallized MeCN as the only other component

found in the crystal data (see Appendix A details).

Figure 2.1.Solid-state structure (XRD) df®Ni. Hydrogen atoms and two molecules of co
crystallized MeCN solverdreomitted for clarity. Displacement ellipsoidseshown at the

50% probability level.
With L®Ni in hand, we targeted incorporation of a range of Lewis acidic cations for
comparisons of structural, spectroscopic, and electrochemical properties across the range of

heterobimetallic compounds. In these studieslected to use th&pof the redoxinadive
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metal aqua complex as a measure of Lewis acitfign approach that has successfully been
employed in several literature repoftd? Specifically, we chose sodiumKp = 14.7),
calcium (12.7), neodymiun8(4), and yttrium (8.3) as rederactive metals for the present
work. Yttrium and neodymium are especially attractive, as they are relevant to enhancements
in oxidative reactivity with iron compounds/ide supral®?®2! Notably, structurally
characterized heterobimetallic nickel compoundsd¥ or Y3*in macrocyclic ligands have

not been available in prior synthetic and spectroscopic Wdéfk-urthermore, the broad
range of Lewis acidities displayed by the chosen radagtive metals facilitates

interpretation of any observed trends in structural or spectroscopic features.

Treatment © L°®Ni  with sodium hexafluorophosphate or calcium
trifluoromethanesulfonate (triflateQTf) in MeCN results in generation of heterobimetallic
complexes in which sodium and calcium, respectively, are bound in the crowsilether
cavity of L ®Ni (see Experimental Section for details on synthetic procedures). Single crystals
of L®NiNa andL ®NiCa were grown by vapor diffusion of #£3 into concentrated solutions
of the complexes in MeCN and MeOH, respectively. The silite structure af *NiNa
reveals incorporation of the sodium ion in the crdika cavity with a coordination number
(CN) of seen (Figure 2.2, left). As expected, an otgphere hexafluorophosphate ion is
present, but does not interact covalently with the heterobimetallic fragment. Conversely, the
solid-state structure of ®NiCa reveals that the calcium ion incorporated into ¢hewn
cavity has a CN of eight, with coordination of the six macrocyclat@ns, plus two triflate
anions bound in the! mode (Figure 2.2, right). The higher CN for’Cis not unexpected,

due to the higher charge and the presence of the more coorglimdiite counteranion.
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Figure 2.2.Solid-state structures (XRD) &affNiNa (left) andL ®NiCa (right). Displacement
ellipsoids are shown at the 50% probability level. Hydrogen atoms and one

hexafluorophosphate counteranion in the structute’fNa are omitted for clarity.

To our delight, treatment &f’Ni with neodymium triflate oyttrium triflate results in a
distinctive color change from deep red to yellow. Spectroscopic evideit=e i(frg is
consistent with coordination of the trivalent ions into the crdin cavity. Singlecrystal
XRD confirms the successful preparatiorboth LéNiNd andLéNiY (Figure 2.3)L®NiNd
features the NY ion fully coordinated by the six crowlike O-atoms, plus three triflate
anions bound in the! mode, giving a CN of 9 (Figure 2.3, left). In accord with the similar
Lewis acidities of N&" and ¥8*,*8the yttrium center ih. 6NiY is also 9coordinate with three
a! triflates (Figure 2.3, right). In®NiY, one triflate serves asbaidging ligand between the
Ni and Y centers; intriguingly, there is a weak interactizm 2.79 A) between the Ni metal

center and an @tom (O12) of a Yoound triflate counterion.
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Figure 2.3.Solid-state structures (XRD) &afNiNd (left) andLéNiY (right). Displacement

ellipsoidsareshown at the 50% probability level. Hydrogen at@resomitted for clarity.
Inspection of this series of analogous structures reveals no discernible trends in bond

distances around the Ni metal center as a function of the Lewis acidity of themadbwe

cation M. Likewise, we observe no significant trend in distances betWweerdox inactive

ion and the bridging @toms of the phenoxide ligands (See Table 2.1 for select bond

metrics). However, we do observe that the structuk@fY displays a significantly shorter

intermetallic Ni M distance (by nearly 0.1 A) than all the other structures. This is in accord

with the shortest MOphenoxidedistance of the series, and is likely due to the presence of the

unique bridging triflate ligandvide suprd. Interestingly, this bridging triflate motif was

only observed for yttrium, the most Lewis acidic metal in our study. We note that the average

Ni-Nimine distance inL®NiY is also the shortest of our series, in accord with pronounced

changesn the electronic structure of this compound due to the close proximity of the

trivalent cation Yide infrg. Comparing the distances between the radaxtive M and the

triflate O-atoms, the only distance of note is the rather lon@¥1 distance of 2.3%8) A.
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This is significantly longer thanO21 (2.291(5) A) and MO31 (2.306(5) A), due to the
unique bridging nature of the triflate anion containing O118NiY. On average, the Nd
Orifiate distances are significantly longer (2.428 A), while thé Giaate distances are similar
on average (2.331 A).

Table 2.1.Selected distances (A) computed from the sslate (XRD) structures of th
heterobimetallic complexes.

Complex pKa of Nit MBI NiTN (avg)®??  NiiO (avg)?  MiO (avg)¥

[M(H 20)m]™  (A) (A) (A) (A)
L ®Ni - - 1.854 1.854 -
L°NiNa 148 3.504(1)  1.858 1.844 2.466
LoNiCa 12.7 3.475(1)  1.859 1.857 2.433
L®NiNd 8.4 3.505(1)  1.854 1.858 2.458
LONiY 8.3 3.398(1)  1.847 1.844 2.348

[a] M is the redoxnactive metal in therownetherlike pocket. [b] Average of the distances between
and N1 and N2 of the imine groups. [c] Average of the distances between Ni and O1 and O2 of the pl
ligands. [d] Average of the distances between M and O1 and O2 of the bridging jpledigads.

With these results in hand, we next moved to interrogate the electronic structure
heterobimetallic compounds by spectroscopy (data summarized in Table 2.2). Ele
absorption spectra collected for the parent monometallic conySkixreveal a rsponse
typical of Schiff base ni ckel {xatl4§6 nro with
molar absorptivity of 6800 M cm'! (Figure 2.4). Based on its position and intensity,
in agreement with prior literature, this transition can be assigrethetatto-ligand charge

transfert3?
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Figure 2.4.Stacked electronic absorpti@BA) spectra of th&i complexesn CHsCN.
Upon installation of the redexactive cations in the crowetherlike cavity, this
MLCT band shifts to higher enerd¥igure 2.4). This is consistent with a shift in t
position of the metatentered HOMO of these compounds to lower energies by intere
of the ligand with the redemactive cations via the phenoxide groups. Specific
attenuated donation from thghenoxide groups to the nickel center should lower
HOMO, resulting in widening of the HOMQUMO gap. According to this model, tr
effect of the redox nacti ve <cat i esysteem @WMOJ rhust bd mirgmai
comparison to the effect on the nickelnter. Plotting the energy of the MLCT band

eV) versus the g, of the corresponding metalqua ion reveals a uniform, linear trend
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the shift in the HOMGLUMO gap of 4 meV per fKa unit (Figure 2.5). While the
electronic structure of the metal complexes is most strongly perturbed by the tr
cations, the effects engendered by these metals are in line with those observed for
or monovalent ions. This is in agreement withrk examining the effect of redaractive

cations on the reduction potentials of mangafiesdror?* oxo clusters.

I ! I ! I T I !

29} LSNiNd Slope = —44 + 2 meV/pK, _
¢ R?=0.99
>
()
- 2.8 + |
>
()
c
(11
o
' 2.7 + .
=
26 _
1 L 1 , l , A
8 10 12 14
pKé1 of [M(OHz)m]"+

Figure 2.5. Dependence of the loweshergy absorption band (MLCT energy) of 1
LSNiM complexes on the Lewis acidityp of the correspondiniyl-aquacomplexes.

The chemical shift for the signal corresponding to the imine proton iAHHEMR
spectra for the bimetallic complexes provides a useful readout of the effe
incorporation of Lewis acids (see Appendix A, Figure A12). A minimal shift in the pos
of the imine proton resonance from 8.6 f6NiNato 8.7 ppm fol_®NiCa. Howe\er, this

resonance is shifted to 16.5 ppmLifNiNd, and to 19.0 ppm for®NiY. These result:
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indicate a marked acidification of the imine protons upon coordination of the trivalen
which results in the observed deshielding effect. This observa@ynfonm the basis fo
an important design rule for future work, in that acidification of vulnerable moietie
organic ligands may activate decomposition mechanisms that are normally not acc

without the action of strongly Lewis acidic metal ions.

Table 2.2.Selected spectroscopic features offhe€omplexes in acetonitrile solvent.

Complex pKa of ?ﬂax..(nm)_Fa] U(Himine)] 3imin?[c]
[M(H 20)m]"™* [U(MTt em')] (ppm) (cm'?)

L 6Ni - 486 [6800] - 1610
L°NiNa 14.7 475 [7400] 8.6 1613
LeNiCa 12.7 457 [12900] 8.7 1616
LSNiNd 8.4 427 [2800] 16.5 1659
LONiY 8.3 430 [3900] 19.0 1664

[a] UV-vis spectra shown in Figure 2.4. [b] NMR spectra shown in Appendix A. SolverCNCOc]

Infrared spectra shown in Appendix A.

Consistent with this observation of acidification of the imine protondHb)MMR, we
also observe a shift of the imine C=N stretch to higher energies in infrared spect
Appendix A, Figure A25 for spectra) upon coordination of the Lewis acidic cafldns
can be assigned to arise from strengthening of i iGteraction as the Lewis acidity «
the associated ion increases. Presumably, this bond strengthens due to decrea
donation into the imine group upon coordination of the Lewis acidiorcaitiAs observel

in theH NMR resonances of the imine protons, the largest shift in the imine stretc
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encountered fok 8NiNd andL®NiY (see Appendix A, Figure A12). As in the case of
MLCT energy, the imine stretch was found to vary linearly dverange of Lewis aciditie
investigated here, with a shift of38cm’! per Ka unit (see Appendix A, Figure A26 fc
plot). This uniform trend is consistent with a similar mode of interaction between the
moieties and the Lewis acidic cations in the compounds; the cations are tightly bc

their macrocyclic host ligand envimment, even in coordinating acetonitrile solvent.

Considering the high stability exhibited by all of our heterobimetallic complex
acetonitrile, we were encouraged to interrogate their electrochemical prop
Electrochemical data has not been aldé for heterobimetallic nickel complexes w
similar Schiftbase ligands in the past; this may be due in part to poor stability ef
macrocyclic ligand environments. Here, we began by examining the electroch
properties of the compounds in dimgtbrmamide (DMF) solution. L(®NiCa is only
sparingly soluble in MeCN, making experiments more challenging.) Details regardi

electrochemical studies are given in the Experimental Section.

Cyclic voltammograms collected for the compounds in dimethylémnide reveal ¢
single, irreversible reduction (see Appendix A, Figure A37 for voltammogr
electrochemical data summarized in Table 2.3). An analogous reduction has been c
previously for monometallic nickel derivatives with unsubstituted salopbands?® L éNi
is reduced nedr2 V vs. the ferrocenium/ ferrocene couple (denoted hereaftet’8s(Eg.c
=11.89 V whereEp c denotes the cathodic peak current of the irreversible process
potentials required for reduction &fNiNa and L®NiCa, Epc=11.73 V andi 1.53 V,

respectively, are consistent with coordination of the Lewis acidic ion resulting in a s

33



the redwetion potentials to less negative values. The reductive electrochemistry
assigned to undergo an Egpbe mechanisrft as the initial electrochemical reduction
followed by a chemical reaction. At least one product of this chemical reacti

suscetible to reoxidation at potentials shifted positive Efc.

Table 2.3.Reduction potentials of tH¢i complexes irDMF and acetonitrile.

Complex Epcin DMF (V)™ Ep.cin MeCN (V)®!
L ONi 71.89 11.84

LeNiNa i1.73 i1.65

LSNiCa 71.53 i1.42

L NiNd N/A [ i1.18
LeNiY N/A ] i1.22

[a] Reported versus the ferrocenium/ferrocene coupi&’YF€onditions: 0.1 MBusN]*[PFs]" in DMF;
100 mV/s. [b] Reported versus % Conditions: 0.1 M BuN]*[PF]" in MeCN; 100 mV/s. [c]
Compound not stable as gauged from electronic absorption data and electrochemical measurem

To confirm that the redox events observed by cyclic voltammetry (CV) in
correspond to electron transfer processes involving thieedecompounds, we titrated
sample ofL®Ni (in the electrochemical cell) with increasing quantities of Ca(©
Addition of 0.5 equiv. of C4 results in appearance of a new reduction wayg,ati 1.51
V. The original reduction wave fdr®Ni (ati1.89 V) is diminished upon Gaaddition,
confirming conversion of ®Ni to L®NiCa by rapid metalation of the crowatherlike

cavity of the macrocyclic ligand (see Figure 2.6). A second, minor reduptiocess is
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observed with Ec & 11.75 V, perhaps consistent with interaction of thé*Gan with

multiple Ni centers.

k |

j -~ -L°Ni
/ l —— L®Ni + 0.5 eq. Ca(OTf),
L®Ni + 1.0 eq. Ca(OTf),
L®Ni + 2.0 eq. Ca(OTH),
T L®Ni + 3.0 eq. Ca(OTf),

1 " 1 " 1
-2 -1 -0
E/Vvs. Fc™®

Figure 2.6.Electrochemical response bfNi in DMF upon addition of various amoun
of Ca(OTfp. Growth of the reduction process with.=11.51 V indicates coordination ¢

C&* to L®Ni, givingin-situ generation of. ®NiCa.

We were surprised, however, to observe that voltammograbfiafld andL éNiY did
not show similar clearly resolved reduction processes in DMF. The reduction po
measured in both of these latter cases was ié#8 V (see Appendix A fo
voltammograms). This value af1.8 V does not fit with the trend set by the ofl
compounds; significantly, the peak potential measured $iNd andL®NiY (neari 1.8
V) is very similar td_®Ni, which is reduced itl.89 V. This suggested to us that the hig
Lewis acidic Nd* and ¥8*ions might be lost from the macrocyclic ligandtlire presenct

of highly coordinating DMF solvent.
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The electrochemical response of the heterobimetallic complexes in MeCN is
simpler (see Figure 2.7). The single, irreversible reduction event observet %Nittn
DMF solvent is retained in MeCN albeiith a minor shift E,c=171.84 V in MeCN vsi
1.89 V in DMF). The heterobimetallic complexes show similar irreversible redu
processes (again consistent with EC behavior) that shift to less negative potenti

function of the Lewis acidity ohie paired cation.

j/ mA/lcm?; arb.

- ] ] . > L°NiNd -
Increasing Lewis Acidity of M"™

2.0 1.5 —1.0 —0.5
E/V vs. Fc'

Figure 2.7. Overlay of CV data forL®Ni and L®NiM complexes in MeCN (0.1 N
[NBw:N]*[PFg]', 100 mV/s).

Specifically, examination dEpc as a function of the Lewis acidity of the added ca

gives an average shift in the reduction potential of the resulting heterobimetallic cc
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of 67 mV per Ka unit (Figure 2.8). As in the spectroscopic daidd supra, the trivalent
and highly Lews acidic cations resulted in the most pronounced shi @fAlthough the
Lewis acidity of yttrium is greater than that of neodymiuika(p 8.3 vs8.4), the reduction
peak potential measured fafNiNd is more positive than that af®NiY. This can be
ascribed to uncertainties in the electrochemical data, as interpretations regardin
potentials for irreversible processes can be complicated by secondary effects.

uncertainty was encountered by Agapie anevookers?*?* and we have quantified ot
error here a7 £ 9 mV/pKa which corresponds to £% error. Thus, there is a clear a
uniform trend of modulated reduction potential upon coordination of Lewis acidic n

to L®Ni, even for the unusual trivalent analogues that are the focus of this study.

1 ' 1 ! 1 ' 1 '
LENiNd Slope = —=67(x£9) mV/pK,
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Figure 2.8.Plot of E; Ni'"") vs. Ka of [M(H20)m]"™.
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L°Ni

L®Ni + 0.5 eq. Y(OTf),
/ ——L®Ni + 1.0 eq. Y(OTf),
)
)

L®Ni + 2.0 eq. Y(OTf),
L®Ni + 3.0 eq. Y(OTf),
L®Ni + 13 eq. Y(OTf),
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Figure 2.9 Electrochemical response bfNi in DMF upon addition of various amoun
of Y(OTf)s. The initial reduction of.6Ni occurs neai 1.8 V, and this signal undergo

only minor changes as®Yis added.

A second set of electronic absorption spectra confirms fiFen loss of Né' and
Y3* from our macrocyclic ligand environment (see Appendix A, Figure A24 for sta
spectn). There are only minor differences in the spectt?fNd andL ®NiY versud_®Ni
in DMF, consistent with virtually complete loss of the trivalent ion from the isol
compounds. Consistent with this assignment, there were only minor changes in
voltammograms ot Ni upon titration with up to 13 equiv. of Y(OTEf)Rather thar
appearance of a new, unique reduction wave corresponding to the heterobin

compound, we observe only a single, broad reduction that gradually shifts to less n
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potentials as a function of added yttrium (see Figure 2.9). In this experifershifts

over a narrow potential range frdrh.88 toi 1.77 V. The original, reasonably sharp pe
for reduction ol ®Ni is located at 1.89 V, and thus addition of even 13 equiv. éf does
not result in a significant shift in the reduction potential. Tkisconsistent with ai
equilibrium exchange process that results in only minor occupation of the macrc
ligand environment by ¥.1% The broadened peak position in the titration experime
further suggestive of a rapid equilibridnthe various forms of the metal complex pres
in solution are rapidly interconverting under these conditions and thus are not stable

timescale othe CV experiment.
2.3 Discussion

Tsui et al. recently demonstrated that heterometallic mangamede clusters
containing a redoinactive cation show a reduction potential shift of 100 mV paumit.?®
In these clusters, the redaxtive component of the system, a nearby manganese center, is
closely associated with the redmactive metal, giving rise to the distinctive shifts in
reductionpotential. Similar results have been demonstrated for iron analogues of these
compounds, with a measured dependence on the Lewis acidity of theacttl@xmetal
center of70 mV per [Ka unit.2* The attenuated coupling in these two cases can be ascribed

to differences between iron and manganese, although exact comparisons are difficult.

In our new work, the coupling between the nickel center and the-iedottve metal is
apparently not significantly different from these cases. We have determined an average
reduction potential shift &7+ 9 mV per Kaunit in our heterobimetallic compads. This
is consistent with coupling driven by the bridging phenolate groups in our compounds.

Appealingly, our results here span the same Lawoidity range (from N2(14.7) to ¥*
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(8.3)) used in the manganese and iron cluster work, allowing this cgopaf coupling to
be made under reasonable conditions. Additionally, our results align well with those from a
narrower Lewis acidity range studied by Yang andwookers in heterobimetallic

complexes of cobaftt

Our compounds and electrochemical studies extend the range of available data on the
modulation of reduction potentials by trivalent redoactive metals like Y. First, in terms
of useful trends, we find a linear relationship between most spectroscopic properties and
Lewis acidity. Second, we find that the heterobimetallic compounds containing trivalent
Lewis acidic cations may be especially prone to speciation or decompositi@rdmeding
solvents like DMF. We were able to clearly assign loss of bétlad Nd* from our ligand
framework; the loss occurs despite the use of a hexadentate and macrocyclic ligand that we
expected would impart stability to the heterobimetallic complsé® Conversely,L°Ni,
L®NiNa, andL®NiCa are stable in both DMF and MeCN, allowing their reduction peak
potentials Epc) to be measured in both solvents. The potentials are not significantly
different, suggesting that DMF and MeCN do not significantly perturb the coordination

environment aroundlli or M in these compounds.

As noted in the introduction, addition of the highly Lewis aciditand Sé*ions results
in enhanced reactivity of certain iron peroxo compleéésThe enhanced activity is readily
achieved by addition of multiple equivalents of*'Nb the reaction mixture of interest. Our
electrochemical studies show that (even in a macrocyclic envaoingesigned to favor
retention of a heterobimetallic structure) redoactive cations like ¥ can engage in rapid
equilibrium processes. Thus, speciation processes under catalytic or electrochemical
conditions could contribute to reactivity, or everoatffa range of structures that differ from
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the starting materials. In the current work, we encountered loss of defined structure in the
presence of DMF. Although the stability of catiorown complexes has been of interest for
some year$! more data on the stability of trivalent cations in cresthetlike cavities is
needed in this ar€g*® We suggest that future work on multimetallic complexes could
usefully include such related stability studies, as the information gained on the speciation of

catalysts could lead to improvements in their activity by rational désign.
2.4 Conclusiors

We hare synthesized and characterized a small family of heterobimetallic complexes in
a macrocyclic, ditopic ligand framework. These complexes pair a nickel salophen moiety
with a variety of redosxnactive Lewis acidic cations (NaC&*, Nd®*, and ¥*) bound h a
crown ethedlike environment. We find that the energy of the MLCT band, the acidity of the
imine protons, and the imine stretching frequency are all correlated linearly with the Lewis
acidity of the redoinactive metal as judged by th&gof the coresponding [M(HO)m]™
species. At the extreme end of th&,gcale, for the ions ¥ and Nd&*, the heterobimetallic
complexes are unstable in DMF. Exposure of our compounds to DMF results in
demetallation of the crown ethkke cavity of the ligandramework, as judged by both
electronic absorption spectra and electrochemical studies. However, the macrocyclic
framework successfully imparts sufficient stability to the heterobimetallic compounds in
MeCN to enable a full electrochemical study in this/eot. The results, taken together,
demonstrate that heterobimetallic complexes of nickel and trivalent-redcttve cations
are highly Lewis acidic and could find future applications, if conditions are carefully selected

to maintain their unique structs.
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2.5 Experimental Details
2.5.1 General Considerations

All manipulations were carried out in dry>flled gloveboxes (Vacuum Atmospheres
Co., Hawthorne, CA) or underoNaitmosphere using standard Schlenk techniques unless
otherwise noted. All solventsere of commercial grade and dried over activated alumina
using a PPT Glass Contour (Nashua, NH) solvent purification system prior to use, and were
stored over molecular sieves. All chemicals were from major commercial suppliers and used
after extensive iying. 2,3dihydroxybenzaldehyde was sublimed in vacuo. Deuterated
NMR solvents were purchased from Cambridge Isotope Laboratorie€NCIvas dried
over molecular sievesH, 13C, 1°F, and®!P NMR spectra were collected on 400 and 500
MHz Bruker spectrometers and referenced to the residual {s@irent signal in the case
of 'H and*3C, and to the deuterium lock signal in the cas®®fand®!P unless otherwise
not ed. Ch e mi cradorted ih unitst of pprfaid) couplingeconstants (J) are
reported in HZNMR spectra are given in Appendix A (Figures Al to AlRemental

analyses were performed by Midwest Microlab, Inc. (Indianapolis, IN).
2.5.2Synthesis
Synthesis of 3,31(3,6-Dioxaoctane-1,8-diyldioxy)bis(2-hydroxybenzaldehyde)(1)

Under inert atmosphere of nitrogen, a dry Schlenk flask was loaded with 2,3
dihydroxybenzaldehyde (1.39 g, 10.0 mmol) dissolved in 5 mL of dry THF. This solution
was cannula transferred to a suspensioNail (0.528 g, 22.0 mmol) in 5 mL of dry THF
under N over a period of 30 minutes. The temperature was kept belt@: 2%ter 1 hour

of stirring, triethylene glycol ditosylate (2.30 g, 5.00 mmol) dissolved in 5 mL of THF was
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added in one go by cannula transfer. The mixture was stirred for 24 hours under N
atmosphere. Addition of 60 mL of water resulted in a dark broghtisn which was
extracted twice with 60 mL portions of CHCThe aqueous layer was treated with 6 M HCI
until the pH of the mixture was 1. This mixture was then extracted with three 10 mL portions
of CHCk. The combined organic layers were washed witM JHCI and dried over
anhydrous MgS® Evaporation of solvent yielded a yellow viscous oil which was purified
by column chromatography to give a pale yellow solid. Yield: 34% (341 mg). Spectroscopic

characterizations were in agreement with reported litegat
Synthesis ofL ®H2Ba

To a dry threenecked flask under inert atmosphere, Ba@E@ 72 mg, 0.512 mmol)
was dissolved in 50 mL of dry, degassed MeOH (0.01 M) and 1 equiv. of dialde(Ro@
mg, 0.512 mmol) in 5 mL THF (0.1 M) was addgldwly under reflux. 1 equiv. of 1;2
phenylenediamine (55.4 mg, 0.512 mmol) in 5 mL MeOH (0.1 M) was added dropwise over
a period of 1 hour. The reaction mixture was refluxed for 30 minutes. After cooling down to
room temperatutehe resulting orange bam complex was filtered and washed twice with
cold MeOH. Yield: 50% (209 mg). Spectroscopic characterizations were in agreement with

reported literaturé.
Synthesis ofL ®Ni

Guanidium sulfate (116 mg, 0.54 mmol) in 25 mL water was added to a suspension of
L8H2Ba (208 mg, 0.26 mmol) in 25 mL CHgunder stirring until the organic layer was
clear. The organic layer was separated, concentrated and diluted with 15 mL MeOH. To this

orange solution, 1 equiv. of Ni(OAan 5 mL MeOH was added and the mixture was stirred
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for 30 minutes. The red precipigawas filtered and washed with cold CHCYield: 89%
(120 mg). Spectroscopic characterizations were in agreement with reported lit€rature.
Crystals suitable for ay diffraction were obtained by slow cooling a solutior.éifli in

MeCN.
General procedure for preparation of LéNiM.

Under inert atmosphere, a heterogenous solutidutfin MeCN was added to 1 equiv.
of corresponding metal salt solution in MeCN and stirred for 30 minutes. The color changed
from red to yellow, orange or deep red. The solvent was removed in vacuo to give the desired
product in good yield. Yields were in tih@nge of 8895%. Additional details are given in

Appendix A.

Mass spectrometry data collected on solutions containing the heterobimetallic
compounds revealed only the presence®fi with an associated potassium cation in each
case. Therefore, we condil that the compounds are not stable to the conditions present in
our electrospray ionization (ESI) mass spectrometer.LEbii: ESFMS (positive) m/z:

557.1 (100%)L(®Ni + K*), 558.1 (31%), 559.1 (54%).

LSNiNa. Yield: 85%.'H NMR (400 MHz, CBRCN) U 8. 45 ( &unu=83H) , 7. 8¢
Hz, 3Jun = 3.3 Hz, 2H), 7.29 (ddJun = 6.3 Hz,3n= 3.3 Hz, 2H), 7.15 (d#Jun = 8.3
Hz,3Jnn = 1.5 Hz, 2H), 6.93 (ddJun = 7.7 Hz,*Jun = 1.5 Hz, 2H), 6.69 (dd] = 8.1, 7.7
Hz, 2H), 4.12i 4.05 (m, 4H), 3.89 3.82 (m, 4H), 3.74 (s, 4H}3C{'H} NMR (126 Hz,
CD:CN) 4 157.27, 155.16, 149.48, 143.18, 128.
68.04, 67.62'%F NMR (376 Hz, CRC N ) i 74102,i 73.90.3'P NMR (162 H, CD:C N ) i i

131.55, 1135.91, 1140.27, 1144.64, 1149.00, 1153.36, 1157.72. Anal. Calcd. for
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CogH27N3NiNaOsPFs (L6NiNa): C 46.18, H 3.74, N 5.77; Found: C 46.24, H 3.79, N 5.77.
Electronic absorption spectrum (MeCN): 249 (43000), 294 (18200), 305 (17418®), 3

(23700), 475 nm (7400 Mcmi'3).

LéNiCa. Yield: 93%. *H NMR (500 MHz, CROD) U 10. 47 ( Phsu= 2H), 8
6.0 Hz,3Jun = 2.8 Hz, 2H), 7.49 (ddJH = 5.9 HZ,2Jhn = 2.8 Hz, 2H), 7.43 (ddJnn =
8.0 Hz,3Jun = 1.7 Hz, 2H), 7.35 (ddJun = 8.0 Hz,3Jun = 2.2 Hz, 2H), 6.93 (ddl = 7.9,
2.3 Hz, 2H), 4.444.35 (m, 4H), 3.88.82 (m, 4H), 4.02 (s, 4H}*C{*H} NMR (126 Hz,
CbOD) U 158.13, 150.91, 150.28, 141.11, 129. .
69.05, 67.73, 66.83%F NMR (376 Hz, CBO D) 8@ 11. Electronic absorption spectrum
(MeCN): 241 (70100), 295 (32300), 306 (34600), 354 (41000), 367 (40400), 457 nm (12900
M'tem't). Anal. Calcd. for GaH24N2NiCaOi2FsS, (LENiCa): C 39.22, H 2.82, NB.27;

Found: C 39.15, H 2.86, N 3.26.

LENiNd. Yield: 89%. 'H NMR (400 MHz, CRCN) & 16. 48, 11.00, 9.
3.67,5.29, 2.40, 1.84°%F NMR (376 Hz, CBO D) 7 8@i11. Electronic absorption spectrum
(MeCN): 238 (9200), 307 (8200), 332 (8400), 3470@), 422 nm (2800 Mcm'l). Anal.
Calcd. for GoH24N2NiNdO1sF9Ss (LENiNd): C 31.36, H 2.18, N 2.52; Found: C 27.44, H
2.08, N 2.65. Satisfactory analysis (+0.4%) could not be obtainedffNd; this is likely

due to high sensitivity of the compoundwater.

LONiY. Yield: 88%. 'H NMR (400 MHz, CRC N )  0-192 @s, 8H), 7.98.04 (m,
2H), 7.747.79 (m, 4H), 7.56 (FJun = 7.9 Hz, 2H), 7.07 (£Ju.n = 8.0 Hz, 2H), 6.69 (dd,
J=8.1, 7.7 Hz, 2H), 4.64 #Jun = 5.0 Hz, 4H), 4.39 (Jun = 5.0 Hz, 4H), 4.30 (s, 4H).

1F NMR (376 Hz, CBC N ) i 79124. Electronic absorption spectrum (MeCN): 231 (17400),

45



305 (11500), 341 (12000), 351 (12400), 429 nm (3900 ¢viil). Anal. Calcd. for

CooH24N2NiYO 15FeSs (L8NiY): C33.01, H 2.29, N 2.65; Found: C 33.16, H 2.44, N 2.66.
2.5.3 Xray crystallography

Single crystals of the complex®Ni were obtained by slow cooling of a concentrated
solution of the species in MeCN. Single crystals of the compleX¢iNa, L °NiNd, LENiY
were obtained by vapor diffusion of Bt in a concentrated solution of each species in
MeCN. Single crystals of the cquiex L ®NiCa were obtained by vapor diffusion of2BExin
a concentrated solution of the species in MeOH. For additional details for collection and

refining of data see Appendix A.
2.5.4 Electrochemistry

Electrochemical experiments were carried out inzdild glovebox in dry, degassed
MeCN or DMF. 0.10 M tetra@utylammonium) hexafluorophosphate ([nBili[PFs]');
SigmaAldrich, electrochemical grade) served as the supporting electrolyte. Measurements
were made with a Gamry Reference 600+ PotentiosibtdBostat using a standard three
electrode configuration. The working electrode was the basal plane of highly oriented
pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo Grove, lll.; surface area: 099 cm
the counter electrode was a platinum wireiJ. Lesker, Jefferson Hills, PA; 99.99%, 0.5
mm diameter), and a silver wire immersed in electrolyte served as a peéemce
electrode (CH Instruments). The reference was separated from the working solution by a
Vycor frit (Bioanalytical Systemsnt.). Ferrocene (Sigma Aldrich; twiselblimed) was
added to electrolyte solution prior to the beginning of each experiment; the midpoint

potential of the ferrocenium/ferrocene couple (denoted &$) FRerved as an external
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standard for comparison of tihecorded potentials. Concentrations of analyte for CV were

ca. 102to 102 mM unless otherwise noted.

2.5.5 Spectroscopy

Infrared spectra were recorded on a PerkinElmer Spectrum 100 FTIR spectrometer at
room temperature; solution samples were prepasddra dry N-atmosphere glovebox and
sealed in 0.1 mm NacCl cells. All measurements were collected in acetonitrile (MeCN)
solution in order to access the spectral regions of int&flesttronic absorption spectra were

collected with an Ocean Optics Flame spectromgtex,l-cm path length quartz cuvette.
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Chapter 3

RedoxInactive Metal Cations Modulate the Reduction Potential of

the Uranyl lon in Macrocyclic Complexes

This chapter is adapted from a published manuscript:
Kumar, A.; Lionetti, D.; Day, V. W.Blakemore J. D.RedoxInactive Metal
Cations Modulate the Reduction Potential of the Uranyl lon in Macrocyclic

ComplexesJ. Am.Chem.Soc 202Q 142 30323041.

55



3.1lIntroduction
Nuclear fission of uranium is attractive for meeting current and future energy needs, in
that this technology does not release significant amounts of carbon dioxide during routine
use. However, separation and reprocessing of mgeléar fuels, aspects that are critical to
the longterm viability of this technology, remain challenging due in part to difficulties
associated with chemical transformation of various forms of uranium. Specifically,
(re)processing of uranium requiresaslage of strong and chemically robugt@bonds:?3
The U O bonds in the watesoluble uranyl dication (U®") are known to be especially
st r o R@oga(=cqd48 kcal mdl) , contributing to this spe:«

environment and its impomae in model studies ofild bond activatior.

In the field of UQ?" chemistry® scattered reports suggest that Lewis acids can become
involved in U O activation. Arnold, Love, and ewmorkers, in the context of studying
silylation of UQ?* by trimethylsilylamide in the presence of a strong reductdotind that
the desired U products were stabilized by a Lewis acid{Fer Zr*) present in a nearby
binding site. Notably, ¥ complexes could not be isolated without the addition éf Be
Zr?*, suggesting a key role for these metal cations. Complementary work from Hayton and
co-workers and Arnold, Love, and -aeorkers have shown significant positive shifts in
E(UV'/UY) causeddy functionalization of the oxo moieties with Lewis acidic electrophilic
groups (e.g., SiiR B(CGsFs)3).”®%1° Mazzanti and cavorkers have also measured a positive
shift in E(UY/UY) upon association of U® complexes with F&.!l However, no
quantitative studies of reduction potential tuningegt)V'/UV) for UO2%* or other redox

processes infsspecies by Lewis acidic metal cations are available.
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From the field of firstrow transition metal chemistry, an effective strategy foonally
tuning the properties and reactivity of reemotive complexes involves placement of redox
inactive Lewis acidic metal cations in close proximity to the resittive metals. This
approach is inspired by the presence of an essential-nedctve C&* ion in the Oxygen
Evolving Complex (OEC) of Photosystem II, the enzyme responsible for biological O
evolution!?®*Agapieandcavor ker s6 studies of related mul ti
redoxinactive metals have revealed that the clust@ucton potentials vary linearly with
the Lewis acidity of the incorporated redimactive ions across a broad rarft§y€. Thus, the
requirement for the GAion can at least in part be ascribed to tuning of the reduction

potential(s) of the nearby red@ktive manganese ions present in the OEC.

Related tuning effects have been obtained in artificial transition metal catalysts by the
interaction of metal oxo moieties with Lewis acidic metal cations (e.g!).5$¢’ These
effects are broadly useful as shown by Nam and Fuku2ttras well as Borovik%??
Alternatively, heteroditopic ligand frameworks with wdkfined sites for binding of both
redoxactive and redoinactive metals can be used to study heterometfflects?? Yang
has used a convergent synthetic approach with such a strategy to assemble Co and Fe
compoundg3?* This approach is reminiscent of work frdvtatsunaga and Shibasaki, in
which they prepared diverse families of dinuclear Schiff base congsofor use as
catalysts® On the other hand, our group has used a divergent approach with a related
scaffold to afford rapid access to various heterobimetallic complexes of Ni, including species
featuring important trivalent Lewis acidsConsidering lte lack of quantitative data on

redox tuning of U@* by redoxinactive Lewis acids, we anticipated that the modularity of
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our synthetic approach might enable preparation of newfUsdmplexes with a range of

Lewis acids for new studies of redox tuning.

_|2+(Tf0_)2
NH2
(Q\o’\ 1 xs< : )-504 (Q\ 0
< N'H"O\Bla/oj HN NH /) _ _(N\_N@O oj
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Scheme3.1. Synthesis of heterobimetallic complexes of £0

Here, we report the divergent synthesis and study of macrocyclic heterobimetallic
complexes of UgF* with a range of redeinactive Lewis acidic metal cations (namely, K
Na', C&*, Né¥*, and ¥**). These redosnactive metals span a wide range of Lewis acidity,
as judged by theKa values of their corresponding metal aqua catioks §16.0 for K,
8.3for Y*%).2” Notably, the synthesized compounds (Sch&m are the first examples of
structurally characterized heterobimetallic macrocyclicc;td@omplexes, and thus they
complement analogous structures that feature bridging ligands but lack a stabilizing
macrocyclic environmert€2°3° Spectroscopic and structural characterization in concert
with electrochemical studies reveal that the compoanelstable in solution and that, as a

result, the Y'/UV reduction potential can be rationally tuned in the complexes. This tuning
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effect is engendered by the proximity of the 2JQon to the Lewis acids within the

macrocyclic frameworks.

3.2Results
3.21 Synthesis and characterization of the heterobimetallic species

Our heterobimetallic complexes are based upon a family of ditopic macrocycles
developed by Reinhoui? and elaborated upon by Vigdtd**> that feature a Schiff
base binding site for U that is appended with a second crestherlike site for binding
of redoxinactive metal cations. Our synthetic strategy (Sch&mecenters on preparation
of a common uranytontaining macrocyclic compad L®UO: that can undergo divergent
metalation with suitable reagents to install the reithaxctive metal cationd.®UO2 was
prepared from L®H2Ba, a previously known compound lacking prior structural
characterizatiof® Single crystals of ®H2Ba suitable for Xray diffraction (XRD) analysis
were grown, confirming the presence of a pentadentate pocket (featuring one trialkylamine,

two imine moieties, and twadhenol groups) that is poised to bind ¥QFigure3.1).

Indeed, the U complexL ®UO2 can be synthesized by stirring 1 equiv.L&H2Ba
with 10 equiv. of guanidinium sulfate in a biphasic water/chloroform system. Subsequent
treatment of therganic layer with UQQOAc)A 2.8 affordsL%UJO: as a red solid® As
predicted from nuclear magnetic resonance (NMR) experimentA(geendix B Figure
B5), singlecrystal XRD analysis confirms the coordination of 430in L%UO:2 to the
pentadentate Schiffase cavity ol ®H2 (Figure 3.1). The pentadentate site provides the
desired I3, Xo-type coordination environment, with the result that no further ligands are

bound to the formally ¥ center beyond the two oxo groups and the ro@ele. This
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situation leaves the adjacent crown etlilax cavity open and poised to bind Lewis acidic

metals.

Figure 3.1. Solid-state structue(from XRD) of L®H2Ba (left) andL®UOQ: (right). Outer

sphere triflate counteranions aHdatoms except those covalently bonded to N1 and N2,

are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level.

The heterobimetallic complexes of the fotrAUO2M can be prepared by reaction of
L 8UO2 with the corresponding metal triflate saf$Specifically, treatment df SUO2 with
triflate salts of K, Na", C&*, Nd®*, and ¥** results in the generation of 1:1 heterobimetallic
compounds with virtually quantitative yield in each caBeNMR spectra (sedppendix B
FiguresB6, B8,B10,B12, andB14) indicate that the rederactive metal ions are bound in
the crown ethelike site ofL®UQO:2 and that the complexes are stabl€CN solution(see
Experimental Section for detailed synthetic procedures and full characterization). Notably,
no evidence of scrambling of the metal ions between the two binding sites was observed,
confirming the utility of theL®H2 scaffold in divergent synthetic schemes relying on

orthogonal metalation.
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Figure 3.2. Solid-state structure(from XRD) of LSUO2K (left) and L®UO:2Na (right).
Outersphere triflate counteranions aall H-atoms are omitted for clarity. Displacement

ellipsoids are shown at the 50% probability level.

3.2.2X-ray diffraction studies

XRD analysis of single crystals of the heterobimetallic complexes contairfinye;
Ca*, and ¥** confirms assembly of the sieed U"'( €ar)2M"" cores. The U&¥* moiety
remains structurally intact in all the compounds, wiilOdk, distances in a tight range from
1.771(6) to 1.795(4) A (see Talel for structural parameterd)®UO2Na and L 8UO2K
crystallize with isomorphous structures, confirming incorporation of the redaxive ions
in the crownether cavity with coordination numbers (CN) of seven (Figugd. XRD
analysis ofL ®U0O2Ca andL®UO2Y reveals a higher CN of nine for the redioactive ions
in these compounds, consistent with the larger size éf @ad Y** (Figure 33). In
L8UO2Ca, the C&" ion is ligated by six macrocyclic-@toms, two MeOH ligands, and one
attriflate. INL8UO2Y, Y3*is ligated by six macrocyclic@toms, one bound GBN ligand,

and twoa! triflates. Thus, for both.6UO2Ca and L8UQ-Y, one triflate counteanion is
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outersphere. This finding contrasts with our prior wdrkentioned in Chapter 2)n
analogous [Ni,Ca] ah[Ni,Y] complexes, in which two and three triflate coura@rons,

respectively, are coordinated to the reduactive metal rather than being found in the outer

spheres®

Figure 3.3. Solid-state structure(from XRD) of LoUO2Ca (left) and L8UO2Y (right).
Outersphere triflate counteranions aall H-atoms are omitted for clarityDisplacement

ellipsoids are shown at the 50% probability level.

The XRD data reveal that the macrocyclic structure is significantly deformed upon
coordination of the Lewis acidic metals. Deformation of the cretinerlike site across the
family of compouns was quantified by comparing the root mean square deviation of the six
macrocyclic Gatoms from the mean plane defined from the positions of those atoms
(def i neew sea Appendix Band Table3.1 for details). For the heterobimetallic
C 0 Mp O U 4w Baries fioom 0.609 to 0.717 A, a significant increase from the value of
0.358 measured fdc®UO2. In part, the distortion in the bimetallic compounds may be

ascribable to steric clash induced by the spatially demanding pentadentate site containing

62



theUQ** moi ety; this situation i s sdbepbrameterined i n |
all theuranylc o0nt ai ni ng compounds. C 0 Boanivaue éon t wi t h
L®H2Ba (0.233) is significantly lower than that f&fUO: (Figure3.1). Furthermore, the
O1AAARAO2 distance s significantMliycreasessmpr es s €
correponding to a drawing together of these macrocyclic atoms upon coordination of the

redoxinactive metals.

Table 3.1. Comparison of M1(H20)m]"" complex [Ka values, selected bond lengths,

interatomic distances, and root mean square
Complex L°H-Ba LSUO2 LSUO2K  L®UO2Na  LSUO.Ca  LSUOY
pKa of
134 - 16.0 14.8 12.6 8.3
[M(H 20)m]™*
Ui 07 - 1.783(8) 1.773(7) 1.782(5) 1.795(4) 1.771(6)
Ui 08 - 1.792(7) 1.781(7) 1.780(5) 1.783(4) 1.788(7)

O1AAAC 3641 3.137 2.994 2.973 2.948 2.778

UAAAM - - 3.681(5) 3.668(3) 3.923(1) 3.884(1)
¥ crown® 0.233  0.358 0.715 0.717 0.609 0.671
¥ salber? 0.607  0.049 0.155 0.157 0.203 0.169

0.021, 0.012, 0.047, 0.043, 0.085, 0.076,
0.055 0.050 0.129 0.126 0.083 0.121

(a) Defined as root mean square deviation (rmsd) of the following atoms from the mean plane
positions: 01, 02, 03, 04, 05, and 0O6. (b) RMSD of O1, 02, N1, N2, and N3. (c) RMSD of N1, C
C2, C3, C4, C5,C6 and C7; N2, O3, C14, C15, C16, C18, C19 and C20. Atom labels are consist

with those given in the raw crystallographic data &ppendix B.

¥ iminophenoxideC

63



3.2.3 Electronic absorption spectroscopy

With these results in hand, we moved to interrogate the influence otirealtive metals

on the electronic properties of the heterobimetallic complexes.
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Figure 3.4. Stacked electronic absorption spectra ofltfigO2 andL®UO2M complexes.
The electronic absorption spectrum of the patéhtO> complex displays three charge

transfer (CT) bands that appear to involve thed)@oiety, on the basis of their molar

absorptv i t i e SM'{cth'’; &ee Bidur®.4). Two higher energy and higher absorptivity

(U0 “4v''td) bands are also present at & < 350
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“-to-" * t r a sege AppendixB&igueB16). Upon Lewis acid binding and formation
of the heterobimetoat !l tcanesmpiernsegsunst@ergo si
Appendix B FigureB23), consistent with direct interaction between the Lewis acids and the

macrocyclic ligand framework.

I ' 1 ! I ' I ' 1
Slope = 22(+1) meV/pK, |
R2 = 0.99
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pK, of [M(H,0)_]™*

Figure 3.5. Dependence of the loweshergy absorption band (CT energy) of th&lO2M

complexes on the Lewis acidityKp of the correspondinlyl agua complexes.

Closer examination of the energy of the CT bands for the heterobimetallic compounds
wi tnlxnear 400 nm (Figur8.4; deconvoluted with Gaussian fittingge Appendix B
FigureB18) as a function of theka value d the incorporated Lewis acids reveals a linear
trend with a slope of 22+1 meWg (Figure3.5). Thus, Lewis acids appear to reliably tune

the electronic properties of W& complexes, a phenomenon not previously explored.
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Trivalent redoxinactive cationsengender the strongest perturbations while maral
divalent cations offer more modest shifts. Notably, the distinctive dependence of the
absorption maximum near 400 nm for th#JO2M complexes on Iga is reminiscent of a
similar relationship measured for our series of heterobimetallic complexes of fitkel.
those compounds, we found a corresping slope o#4+2 meV/Ka (see Chapter Zpr a

similar CT band assigned in those cases as ligainoketal in character. Interestingly, the
changes in the electronic absorption spectra as a function of Lewis acidity appear more

modest (by a factor afa. 2) for the case of U8 versus Ni.
3.2.4 Electrochemistry

Having observed the apparent high stability of the heterobimetallic complexes in
acetonitrile solutions, we were encouraged to investigate their electrochemical properties
with cyclic voltammety (CV) (Figure 3.6). Notably, electrochemical data has not been
previously available for UE* held in close proximity to redeactive Lewis acids; this
maybe attributable to the poor stability of raracrocyclic complexes of U containing
other metals. To begin, CV data 10fUO2 reveal a chemically reversible reductiorEat
=i1.54 V vs. ferrocenium/ferrocene (denoted hereafter #§ Fee Appendix Band Figure
B24 for further details). The measured péadpeak separation Egof 76 mV at a scan rate
of 100 mV/s is consistent with reasonably fast electron transfer. According to the criteria
elaborated by Zanello and Connellyincluding the findings that the ratio of anodic and
cathodic peak currents is near unitydfipca 1) , t HEieisindapendent obstan rate,

a n d& igpelatively near to the ideal 57 mV (see FigBg6), this process can be considered
electrahemically reversible. Furthermore, on the basis of studies of similemaorocyclic

monometallic U@* complexes, this process can be reliably assigned ‘S tedox
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cycling 38 As both the cathodic and anodic waves are linearly proportional to seage@t

Appendix B FigureB25), both the Y' and U forms of LSUO? are confirmed as freely

diffusing 3°
I ! I ' I
LSuO, 0.1 mA cm‘ZI
LSUO,K
o $ L°UO,Na
|
E w
&)
E B L°UO,Ca .
3 —
LSUO,Nd
| 1 | L |
-1.5 -1.0 -0.5

E/V vs. Fc'°

Figure 3.6. Cyclic voltammetry data fok ®UO2 andL®UO2M complexes (Conditions: 0.1
M ["BusN]*[PFs]' in CHsCN; scan rate: 100 mV/s; [U] = 1 mM).

The potentials required for the reductionL6fJO2K andL®UO:2Na, 1 1.36 and 1.32 V
vs. F¢'° respectivelyare consistent with retention of the coordinated Lewis acids resulting
in shift of the U'/UY reduction potentials to more positive values. Scandapendent
studies reveal that bothSUO2K andL®UO:zNa in both the U' and U’ states are freely
diffusing (see Appendix BFiguresB28 andB3 0 ) . However ,Epvalbesatme as ur e

100 mV/s are greateat 89 mV and 181 mVyespectively, indicating diminished
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electrochemical reversibility and lower rates of electron transfer than that observed for
L®UO2.%" Finally, we note that greater stability during redox cycling is encountered for
LSUO2K than L%UO:2Na (see Appendix BFigure B31). In particular, multiple cycling
experimentsgeeAppendix B FiguresB31 andB32) suggest that electrode fouling occurs
upon reduction of ®UO2Na, presumably attributable to chemical reactivity that follows the
initial reduction; this theory is confirmed by experiments with polished or new electrodes
(FigureB33). We anticipate the greater stability of the reduced forbrf0fO2K is due to

the better size match betweend®wn-6 moieties and K(vs. Na).404

The noted trends continue iofUO2Ca, which undergoes reduction with a peak cathodic

potential Ep, shifted to a more positive value f.18 V vs. F&C. The calcium complex

behaves with yet poorer apparent el etrochem

of 641 mV 6ee Appendix BFigureB34). CV data fol.®UO2Nd reveal fully irreversible
behavior, with only a single reduction observed Vigh=10.98 V that is consistent with a
freely diffusing compound retaining the coordinated™Noh (see Appendix BFigureB37).

Finally, freely diffusingL®UO2Y undergoeseduction at a more negative valueEpf.= 1

1.29 V cee Appendix BFigure B39). The voltammetric response for this compound,
however, is quite broad and thus consistent with markedly slowed electron transfer which

complicates direct comparison Bf cvaues with the other compounds in the series.

For the cases df®UO2 andL®UO2K, oneelectron reduction of the starting compounds
to form [U'] species was confirmed through spectroelectrochemistry withvisilsle
detection $§ee Appendix BFiguresB44i B47 for data). Spectral changes in the range of 400
nm were observed upon reduction of both compounds, consistent with results from prior
studie$8 showing generation of [{] species. Fot.6UQz, isosbestic points corresponding
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to generation of a single [{J species were measured over 5 minutes at 357 and 413 nm.
Similarly, spectra of.®UO2K revealed isosbestic points at 355 and 415 nm. However, a
unique new feature was also observed at 650 nm upon reducticty@iK suggesting
influence of K on the nascen[UV] product. Additional minor spectral changes were
observed with.®UO2K over ca. 30 min, suggesting additional speciation occurs at longer
times in this system. This is consistent with a role for the Lewis acid in promoting new
reactivity, and thus fuire efforts will include efforts to isolate and characterize the products

of (electro)chemical reduction of the heterobimetallic compounds described here.

Regarding general trends in the binding strengths of Lewis acidic metdMionth the
18-crown-6-like cavity ofL®Hz, we find that the more Lewis acidic ior**Ycan displace
both K" and C&' (see Appendix BFiguresB41 andB42). Thus, although Kmay be
anticipated from supramolecular chemistry to have an ideal size match with¢h@ni86
cavity, the greater Lewis acidity offYor C&* (see Appendix BFigureB43) prevents K
from displacing these ions from the crown. However, NMR studiesodfirm that K
displaces Nain 1:1 competition experiments, in line with the better size match between 18
crown6 and K. This is also consistent with the similar Lewis acidities 6BKd N& (pKa

= 16 vs. 14.8, respectivel2)

3.3 Discussion

In our previous work with heterobimetallic [Ni,M] complexésee Chapter 2)we
tabulated cathodic peak reductipotentials in order to quantify the influence of redox
inactive Lewis acids on NiNi' reduction process&8Taking the same strategy here for the
L8UO2M series, plottingepc for the U'/UY reduction events versus the Lewis ackhp

values reveals a slope of 61(+9) mi{Figure3.7). Data for ¥* has been excluded from
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this analysis due to the obvious slow electron transfer encounteredL D2y, a

phenomenon complicating understanding of the thermodynamic influence of Lewis acids on

these systems. The trend . reveals that there is a clear and uniform trend of modulated

reduction potential upon incorporation of Lewis acidic metals interoggclic UQ?*

complexes. Similar to transition metal systems, trivalent Lewis acids result in the most

pronounced shift ifEp c.
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o o
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Figure 3.7. Plot of Ep (UY"V) vs. Ka of [M (H20)m]™.

The shift ofE, cfor the series of ®UO2M complexes is comparable to that measured for

our prior [Ni,M] complexes(see Chapter 2pf 67(x9) mV/pKa both in magnitude and

estimated variance (15% vs. 17%, respectively). This suggests that the mechanism

underl ying

tuni

ng

o/ Lewis acidd mayblear sigoificandsimgaritep er t i e
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to that operating with firstow transition metals. However, both our series of
heterobimetallic compounds rely on phenolates that bridge between theaatexU and

Ni and the redoxnactive metaldvi. Thus, one contributor to the observed similar trends in
redox behavior may be the common Lewis atriden tuning of the bridging ligands. On

the other hand,dBand 3 metals can be expected to experience different degrees of covalency

in their coordination lzemistry, suggesting that further investigation of these effects could

be an appealing new strategy for study of mlkgaind covalency in the challengind 5
elements. In any case, studies of these new effects could shed light on both the mechanism
of Lewis acid tuning and changes that result in terms of structure and bonding {€g., U

bond order).

In addition to the uniform trend iy cobserved for these heterobimetallic compounds, it
is notable that the more Lewis acidic metals engender gigategrsibility to the reductive
electrochemistry of the WUV process. To investigate this phenomenon further, the
heterogeneous electrdransfer rate constants were calculated for the heterobimetallic
compounds that display both anodic and cathodicewassociated with the’lWJY redox
system, namely.®UO2K, L8UO:2Na, and L8UO2Ca. This was accomplished through the
use of a standard working cur \Epvaldehta®*?*3al | ows
Carrying out this calculation reveals that Kiealues are 2.3, 0.7, and 0.029 31ém &1,
respectively. The wide span of values is intriguing, considering the compounds share the
common supporting macrocyclic ligah8H2. Even more intriguing, a plof logk® vs. Ka
of [M(H20)m]"™ reveals an essentially linear relationship (Figd®&). Consequently, we

conclude that Lewis acidity governs not only the thermodynankigs\alue) of uranyl
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reduction in macrocyclic bimetallic complexes, but asongly influences the kinetick’}

of uranyl reduction.
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Figure 3.8. Plot of K vs. Ka of [M (H20)m]"*. R? for the linear fit is 0.99.

At this stage, we hypothesize that increasingly significant structural changes occur upon
reduction of the adducts containing more Lewis acidic ions, resulting in greater
reorganization upon reduction and thus the more irreversible behavior and attealwsed
of K%. Considering minor oxidative waves appear at rather positive potentials for each of the
M = Ca&*, N&®*, Y3+ adducts following reductiorsée Appendix BFiguresB35,B37, and
B39), these more robust Lewis acids appear to promote new chesactVity. As the
subsequent rexidation features for G§ N, and ¥ adducts appear at similar potentials,

the products of this new chemical reactivity may undergo dissociation of theinesaive
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metals to yield similar compounds. More generally, the data could imply that there is a
common intermediate generated by tfwlow-up chemical reactivity. In any case,
heterobimetallic complexes of W& appear to offer a new platform for studying redox
processes with this challenging ion, including reductive routes relevant to nuclear waste
remediation. Chemical and electroofieal studies aimed at leveraging such a strategy are

presently underway.
3.4 Conclusiors

Redoxinactive Lewis acidic metals have been shown to be effective in uniformly tuning
the electronic properties and reduction potential of the?ti@n in macrocydt complexes.
These findings have been enabled by synthesis of the first series of structurally characterized,
macrocyclic, heterobimetallic actinide compounds. Similar to the case of model transition
metal compounds, we find a shift in reduction potentdl 61(x9) mV/Ka for
heterobimetallic compounds that feature redwmctive metals that span a range in Lewis
acidity from 16.0 (K) to 8.3 (¥*). Incorporation of the strongly Lewis acidic trivalent ion
Nd®* (pKa = 8.4) results in a significant shift &, (U"'/UY) to a potential that is 560 mV
more positive than the corresponding monometallic precursor. Theseaamigiag shifts
differ from comparisons of electronic spectroscopic data, which indicate an attbnuat
influence of the Lewis acids in the case of the 28JOcompounds studied here.
Electrochemical studies also suggest diminished electron transfer rates and thus implicate
greater chemical reorganization upon reduction in systems featuring the moreiaedat
trivalent redoxinactive ions. Taken together, these findings reveal the scope of tuning

possible with actinides by redamactive metals for the first time.
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3.5 Experimental Details

35.1 General Considerations

All manipulations werecarried out in dry hHilled gloveboxes (Vacuum Atmospheres
Co., Hawthorne, CA) or underoNaitmosphere using standard Schlenk techniques unless
otherwise noted. All solvents were of commercial grade and dried over activated alumina
using a PPT Glass Conto{iNashua, NH) solvent purification system prior to use, and were
stored over molecular sieves. All chemicals were from major commercial suppliers and used
as received or after extensive drying.-8iBydroxybenzaldehyde was sublimed in vacuo
before use. D3CN was purchased from Cambridge Isotope Laboratories and dried over 3
A molecular sievestH, *°C, and®F NMR spectra were collected on 400 and 500 MHz
Bruker spectrometers and referenced to the residual {moitient signdf*in the case ofH
and °C. %F NMR spectra were referenced and reported relative taFC&I an external
standard following the recommended ®fale bas
Chemi cal shifts (0) are repor tleaderepartedunni t s of
Hz. NMR spectra are given iAppendix B (FiguresB1 to B15). Electronic absorption
spectra were collected with an Ocean Optics Flame spectrometer-émgpath length

quartz cuvette.

Regarding special safety precautions neededhierwork, depleted uranium is a weak
alphaparticle emitter; all manipulations of-tbntaining materials should be carried out in

a laboratory equipped with appropriate radiation safety protocols.
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35.2 Electrochemical Methods

Electrochemical experimentvere carried out in a-Milled glovebox in dry, degassed
CHsCN. 0.10 M tetra(rbutylammonium) hexafluorophosphat@B{uN]*[PFs]'); Sigma
Aldrich, electrochemical grade) served as the supporting electrolyte. Measurements were
made with a GamrReference 600+ Potentiostat/Galvanostat using a standard three
electrode configuration. The working electrode was the basal plane of highly oriented
pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo Grove, Ill.; surface area: 039 cm
the counter eldrode was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5
mm diameter), and a silver wire immersed in electrolyte served as a pseudoreference
electrode (CH Instruments). The reference was separated from the working solution by a
Vycor frit (Bioanalytical Systems, Inc.Jzerrocene (Sigma Aldrich; twiesublimed) was
added to the electrolyte solution prior to the beginning of each experiment; the midpoint
potential of the ferrocenium/ferrocene couple (denoted &8) Berved as an external
standard for comparison of the recorded potentiEifee average pea-peak potential
( ) for Fc®across the experiments reported in isk was 91(x19) mV. Concentrations

of analyte for cyclic voltammetry were ca. 0.1 to 1 mM unless otherwisd.note

Spectroelectrochemisty was carried out in the same glovebox as described above (N
atmosphere), with 0.10 MBusN]*[PFs]' in CHsCN electrolyte for. 8UO2K and 0.10 M
["BusN]*[PFs]' in DMF electrolyte forL%UOz2. A thin layer quartz cell was used with a
Teflon cap for housing the electrodes (ALS Co., Ltd., path length: 1.0 mm). The working
electrode was a platinum mesh/flag electrode covered with a PTFE shrink tube up to the

flag, and the counter and referencecéiodes were both platinum wires (ALS Co., Ltd.).
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3.5.3 Synthesis and characterization

Synt hesi s -(36DfoxaoctaneB8Hiyldioxy)bis(2-hydroxybenzaldehyde)
Under an inert atmosphere of nitrogen, a dry Schlenk flask was loaded2)8ith
dihydroxybenzaldehyde (3.0 g, 21.7 mmol) dissolved in 10 mL of dry THF. This solution
was transferred using a syringe to a suspension of NaH (1.15 g, 47.8 mmol) in 10 mL of dry
THF under N over a period of 2 hours. The temperature was kept bel8@. Zhe color
change to bright yellow indicates the formation tife disodium salt of 2,3
dihydroxybenzaldehyde. The ice bath was removed after addition and the mixture was stirred
for 1 hour at room temperature. Under a positive flow gftNethylene glycbditosylate
(5.0 g, 10.9 mmol) dissolved in 30 mL of dry THF was added to the yellow mixture in a
single aliquot using a syringe. The resulting mixture was then stirred for 60 hoursaunder
static N atmosphere. Addition of 100 mL of water resulted inagkdbrown solution that
was extracted twice with CHEIThe aqueous layer was treated with 6 M HCI until the pH
of the mixture was 1. This mixture was then extracted with three portions of:CH@
combined organic layers were washed with 1 M HCI andddaver anhydrous MgSO
Evaporation othe solvent yielded a palgellow solid which was used without any further
purification. Yield: 93% (4.0 g). Spectroscopic characterizatioHoMMR (see Appendix

B, FigureB1) confirms the expected structure imegment with a prior literature repdtt.

Synthesis ofL®H2Ba. To a threenecked flask, Ba(OT$)4.46 g, 10.2 mmol) dissolved
Nl1LofCHKOH( 0. 01 M) and -(36Dmxpacianel,8diyidioxy)Bis(Z 6
hydroxybenzaldehyde) (4.0 g, 10.2 mmol) in 100 mL THF (0.1 M) were added slowly under
reflux. 1 equiv. of NMethyl-2,2-diaminodiethylamine (1.2 g, 10.2 mmol) in 100 mL
CH3OH (0.1 M) was aded dropwise over a period of 6 hours. The reaction mixture was
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refluxed for 30 minutes. After cooling down to room temperattire resulting yellow
colored solution was evaporated on the rotary evaporator and Schlenk line and washed with
diethyl ether to giva yellow crystalline solid. Crystals suitable forry diffraction were

obtained by vapor diffusion of diethyl ether into a solutioh @f2Bain CHsCN.

L®H2Ba. Yield: 95%.'"H NMR (400 MHz,CRCN) U ( pp m) : 13.60 (bs,
8.27 (s, 1H), 6.96 6.89 (M, 4H), 6.46 (8J4n = 7.9 Hz), 4.20 4.16 (m, 4H), 3.98 4.02
(m, 4H), 3.84 (s, 4H), 3.693.63 (m, 4H), 2.78 2.73 (m, 4H), 2.37 (s, 3HY*F NMR (376
Hz, CD:C N ) i8Qi12.°C{*H} NMR (126 MHz, CCN) & (ppm): 168. 34, 1°F

123.16, 120.61, 116.12, 114.64, 1853.70.95, 70.13, 67.53, 59.09, 51.21, 44.56.

Elemental analysis fdr®H2Ba was performed by Midwest Microlab, Inc. (Indianapolis,
IN). Anal. Calcd. for G7H3aN3O12FsS:Ba (L°H2Ba): C 35.75, H 3.67, N 4.63; Found: C

35.81, H 3.74, N 4.39.

Synthesis ofL ®UO2. An excess of guanidinium sulfate (1.76 g, 8.16 mmol) dissolved in
water was added to a suspensioit #fi2Ba (370 mg, 0.41 mmol) in CHelunder stirring
until the organic layer was clear. The organic layer was separated, conceatrdtdiduted
using MeOH. To this yellow solution, 1 equiv. of ({OAc).A 2.8 dissolved in MeOH was
added and the mixture was stirred overnight. The resulted) precipitate was filtered and
washed with cold MeOH. Crystals suitable fora§ diffraction were obtained by vapor
diffusion of diethyl ether into a DMF solution bPUO2. Spectroscopic characterization by

'H NMR confirmed the expected structure inegment with a prior literature repdtt.

L6UO. Yield: 50%. 'H NMR (500 MHz, CBRCN) U (ppm): 9.3m& (s, 2F

= 7.8 Hz, 2H), 7.24 (FJun = 7.8 Hz, 2H), 6.71 (BJun = 7.9 Hz, 2H), 5.02 (EJun = 14.0
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Hz, 2H), 4.62 4.58 (m, 2H), 4.41 (BJun = 4.1 Hz, 4H), 4.11 3.97 (m, 4H), 3.95 3.87
(m, 2H), 3.84 (s, 4H), 3.65 3.57 (m, 2H), 3.22 (s, 3H). Anal. Calcd. fops83NaOsU
(LSUO2): C 40.60, H 4.23, N 5.68; Found: C 35.17, H 3.32, N 3.81. Cyclitaxohetry
(0.1 M ['BusN]*[PFe]' in CHsCN): E12=11.54 V vs. FE°. Electronic absorption spectrum

in CHsCN (Mt cmi %): 243 (11500), 272 (7300), 337 (3000), 402 (1800), 482 (514) nm.

Synthesis ofL 8UO2M complexes Under an inert atmosphere, a heterogeneous solution
of L8UO2 in CH:CN was added to 1 equiv. of corresponding metal salt solution ¥€RH
and stirred overnight. The color change depends on the identity of the metal triflate salt used;
the productolor ranges from pale red to orange to yellow as a function of increasing Lewis
acidity. The solvent was removed in vacuo to give the desired product. Yields were typically
in the range of 8®5%. Crystals suitable for-Kay diffraction were obtained byapor
diffusion of diethyl ether into a GJ&N solution of theL®UO2M complexes fot ®UO2K,
L%UO:2Na, andL®UOz2Y. Crystals ol ®UO2Ca suitable for Xray diffraction were obtained

by vapor diffusion of diethyl ether into a @BH solution stored outside the gkbox.

Elemental analyses farUO2 and thel. 8UO2M complexes were performed by the UC
Berkeley Microanalytical Facility (Berkeley, CA). Due to limitations in sample handling
procedures for these acutely moistaemsitive compounds, satisfactory analysis (+0.4%)
could not be obtained for four of the fivew heterobimetallic compounds reported here and

LUO.. Satisfactory analysis was obtained f6tJO2Nd.

LSUO2K. Yield: 94%. 'HNMR (500 MHz,CBRCN) U (ppm): 9380 (s, 2}
= 8.0 Hz, 2H), 7.49 ()4 n = 8.0 Hz, 2H), 7.11 (8Jun = 8.0 Hz, 2H), 5.17 5.07 (m, 2H),
4.861 4.74 (m, 6H), 4.42 (8Jqn = 4.5 Hz, 4H), 4.35 (s, 4H), 4.104.01 (m, 2H), 3.96

3.86 (m, 2H), 3.40 (s, 3H)'F NMR (376 Hz, CBRC N) i78.28. Anal. Calcd. for
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Co6H31F3KN3011SU (L®UO2K): C 33.66, H 3.37, N 4.53; Found: C 29.02, H 3.60, N 2.97.
Cyclic Voltammetry (0.1 MBuN]*[PFs]' in CHsCN): E12=11.36 V vs. F&°. Electronic
absorption spectrum in GBN (M'* cm'1): 246 (13900), 272 (12100), 329 (6200), 401

(1800), 4781200) nm.

LUO2Na. Yield: 89%. 'H NMR (500 MHz, CRCN) UG (ppm): 9. 53
3Jun=7.8 Hz, 2H), 7.30 (FJnun = 7.8 Hz, 2H), 6.95 (I = 7.8 Hz, 2H), 5.10 5.00 (m,
2H), 4.66i 4.58 (m, 2H), 4.43 4.38 (m, 4H), 3.95 3.91 (m, 4H), 3.84 3.80 (M, 6H),
3.72i 3.69 (m, 2H), 3.27 (s, 3H}’F NMR (376 Hz, CBC N) 18@19. Anal. Calcd. for
CaeH31FsNaNsO011SU (L8UO2Na): C 34.26, H 3.43, N.81; Found: C 35.95, H 3.54, N 4.74.
Cyclic Voltammetry (0.1 MBuN]*[PFs]' in CHsCN): E12=171.32 V vs. F&°. Electronic
absorption spectrum in GBN (M't cm'Y): 247 (12700), 272 (13100), 329 (6900), 397

(3500), 483 (1000) nm.

LeUO:Ca. Yield: 90%. *H NMR (500 MHz, CRCN) U4 (ppm): 9. 56
34 = 7.8 Hz, 2H), 7.40 (FJnn = 7.8 Hz, 2H), 6.81 (EJun = 7.8 Hz, 2H), 5.13 5.04 (m,
2H), 4.75i 4.66 (m, 2H), 4.53 (8Jun = 4.4 Hz, 4H), 4.12 (8 n = 4.4 Hz, 4H), 4.03
3.95 (m, 6H), 3.82 3.76 (m, 2H), 3.33 (s, 3HY>F NMR (376 Hz, CRC N ) i 8i16. Anal.
Calcd. for G7Hz1CaRsN30143U (LSUO2Ca): C 30.09, H 2.90, N 3.90; Found: C 26.81, H
2.09, N 2.36. Cyclic Voltammetry (0.1 MBusN]*[PFs]' in CHsCN): Epc=71.17 V vs.
Fc0. Electronic absorption spectrum in @EN (M't cm'Y): 243 (13300), 272 (12800), 314

(8400), 392 (3300), 473 (900) nm.

LSUOY. Yield: 87%. 'H NMR (500 MHz, CRCN) U (ppm): D7.386
(dd,3Jun = 8.0 Hz, 4 = 1.3 Hz, 2H), 7.28 7.24 (dd 33 = 8.0 HzAJun = 1.3 Hz, 2H),

6.78 (t,3Jun = 7.9 Hz, 2H), 5.06 4.98 (M, 2H), 4.64 4.57 (m, 2H), 4.40 4.32 (m, 4H),
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3.98 (t,3Jun = 4.3 Hz, 4H), 3.92 3.85 (m, 2H), 3.84 (s, 4H), 3.698.64 (m, 2H), 3.22 (s,
3H). 1°F NMR (376 Hz, CBC N ) i 79140. Anal. Calcd. for §HzaFeN4O17SsUY (LSUOZY

+ CH:CN): C 27.37, H 2.60, N 4.26; Found: C 24.89, H 2.07, N 2.88. Cyclic Voltammetry
(0.1 M ["BusN]*[PFe]" in CHsCN): Ep.c=171.29 V vs. FE°. Electronic absorption spectrum

in CHsCN (M2 cmi %): 240 (11500), 272 (12100), 322 (6700), 379 (3100), 470)(661.

LSUO2Nd. Yield: 91%. *H NMR (500 MHz, CRCN) U (ppm): 11.01, 10.
7.86, 5.87, 5.55, 4.74, 4.45, 3.95, 3.42, 235 NMR (376 Hz, CRC N ) 77%980. Anal.
Calcd. for GgHz1FoNsNdO:17SsU (L6UO2Nd): C 25.27, H 2.35, N 3.16; Found:25.17, H
2.21, N 3.05. Cyclic Voltammetry (0.1 MBusN]*[PFs]' in CHsCN): Epc = 70.98 V vs.
Fc'°. Electronic absorption spectrum in @EN (M'1cm'l): 242 (11700), 272 (12400), 322

(7200), 381 (3300), 477 (600) nm.
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Chapter 4

Supramolecular Optimization of Electron Transfer to High-Valent

Uranium in Heterobimetallic Complexes
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4.1 Introduction

Despite being the heaviest naturally occurring element on the Earth in significant
guantities, uranium is quite abunddnnhore prevalent in the crust than commonly
encountered elements like platinum or silver. Generation ofclnvon power by nuclear
fission is embled by this ample global supply of uranium, which is scattered widely across
the globe with significant deposits in the United States and elsewheliee with this
situation, significant quantities of higralent uranium, in the form of the highly sta and

watersoluble uranyl ion (U&") are found in seawater and some groundwaters.

The chemical properties of uranium vary widely across its multiple accessible oxidation
states, dominated under standard conditions Yy(it the uranyl dioxo species well as
U, Important work has shown that the reduction of uranium leads to diminished aqueous
solubility, making redoxdriven approaches to sequestration of this element and related
transuranic elements an attractive strategy for environmental i&ioad® And, in the
context of the nuclear fuel cycle, reduction of uranium to lower valent forms is a key

requirement for both fuel preparation via enrichment as well as recycling from spent fuels.

One focus in the field of heavy element chemissrglucidation of the involvement of
the 5- and @l-orbitals in the chemistry of uranium, an effort tbatildprovide the electronic
considerations needed to rationally design ligand environments and reagents for funneling
of uranium throughmproved chemical pathwaysAs the involvement of these orbitals has
been shown to depend both on oxidation state and ligand structure, important challenges
remain in the field.In this context, development of selective and efficient electdsiken
processes for uranium (and other actinide elements) handling offers a strategy for

management of oxidation state. However, despite the centrality of redox chemistry to the
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processing, handling, and safe disposal of uranium, gaining control over elecaisbertta
uranium has received less attention than it deserves. This is attributable to the challenge of
experimentally determining needed fundamental quantities like reorganization energy with
uraniumcontaining samples that must be handled carefully todanndesired speciation

and/or radiation exposufe.

Recently, we have been investigating the role of Lewis acidic and-redottve metal
ions in tuning the redox chemistry of uranidrBecondary metal ions have been shown to
modulate the reaction emistry of uranium in several classes of compounds, with particular
importance on oxtridged interactions that may arise iM@ complexes. Arnold, Hayton,
Mazzanti, and others have mapped such systems in detail, cutting a path to understanding
Ui O activaion coupled to reductiohOur interest in this area was originally piqued when
considering the role of redaéractive metals in tuning the electron transfer behaviors of
biological active sites and bioinspired model complexes, and we wondered if ggconda
metals might be used to rationally tune actinide redox chemistry in a similar fdhion.
recent work (described in Chapter 3), we showed that these effects are indeed as viable for

tuning uranium as they are for the more commonly investigaté@sition elements$:1°

However, interpreting the origin and scope of the tunability afforded by secondary redox
inactive metal ions in redeactive st ems r emains an area of
behaviors in heterobimetallic complexes have been interpreted, variously, as driven by
Lewis acidity!! electrostatic interactioné,or structural effect$® In the case of tunable
uranium chemistry, design rules for tailored control over both the thermodynamics and
kinetics of heterogeneous electron transfer are not available, in part due to few studies

wherein modular ligand frame works have been availabte which to quantify and
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elucidate these various effects. However, based on our recent studies regarding
quantification of Lewis acidity in nonaqueous metdiaye anticipated that consideration of
supramolecular preferences in binding of secondary nmtal could provide a suitable

framework for mapping involvement of the metals in uranizentered redox chemistty.

Here, we report a comparison of th&'AU" electrontransfer chemistry of two related
families of heterobimetallic complexds®JO2M andL ®UO2M) that incorporate secondary
redoxinactive metal ions M (where M is CRUI', K*, N, Li*, or C&", see Chart 4.1). The
consequences of binding the sedary metal ions have been mapped, in order to reveal the
influences of Lewis acidity, supramolecular ligand basicity/denticity, and association
constants on both the thermodynamics and kinetics of uracémered reduction. The
coordination properties dhe secondary metal ion binding site (pen& hexadentate) are
demonstrated to govern the extent of aciditiven potential tuning, in that the pentadentate
framework which presents a mar®dest ligand basicity, displays a greater tuning range of
reduwction potentials. Electron transfer, on tither hand, can only be optimized by balancing
the elucidated influences on t h'BUYeegustibne ms, (gi
that demonstrate design rules elaborated here for control of uramiaragcling. Together,
our results provide a mechanistic framework for development of future electrioda
chemistries for actinide processing, effectively bridging from the field of heavy element

chemistry to draw on bioinspired insights into electransfer.
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Chart 4.1. Two families of heterobimetallic complexes of uranium, with different pendant

crown ether sites, studied in this report.

| n+(TO7), | n+(TO),
| O_S | <

L*UO,M L*UO,M
M = Cs*, Rb*, K*, Na*, Li*, ca®*

4.2 Resultsand Discussion
4.2.1In situ Synthesis and Characterization of the Heterobimetallic Complexes

The two families of heterobimetallic complexes described here are based upon ligand
framework design concepts which were introduced by Reinhoudt in the late ' 980s,
elaborated upon tosignificant degree by Vigato and-weorkers in subsequent wotkThe
ligands (denoted as°H2 andL®H2) are heteroditopic in nature, presenting two different
coordination sites for binding of two metal centers; a common Sohfé site for UgS*
binding is found in botH_°H2 and L®H2. The second binding site in each ligand (for
secondary redelactive metal binding) is based upon an appended polyether chain,
offering a 15crown-5-like pentadentate site (aslifHz) or an 18crown-6-like hexadent
site (as irL®Hz). These polyether sites are located adjacent to the tinardihg cavity such
that the secondary metals can interact with uranium via bridging phenoxides. We previously
utilized L®H2 for divergent preparation of heterobimetallic uraogimplexes with mong
di-, and trivalent redoxinactive cations (Chapter 3), and were thus encouraged to prepare

the related_®H2 for our supramolecular studies hére.
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To prepard.®H2 andL®H2, precursor complexeBaPentaand BaHexawere prepared
according to literature proceduresd as in our prior work described in Chaptét3For
thepreparation oBaPentg a linear dialdehyde precursor with three ether oxygens derived
from diethylene glycol ditosylate was used in place of the corresponding triethylene glycol
ditosylate with four ether oxygens used tbe preparation oBaHexa We find that B&'-
templated macrocyclization is effective fitre preparation of both ligands, which can be
isolated cleanly as their triflate salts. (See Experimental Section for details.) Notably, Vigato
and ceworkers previously isolated the perchlorate saltBaPenta but only limited

characterization data of theraplex was available at the timeé.

Single crystals of BaPenta suitable foray diffraction (XRD) analysis were grown by
vapor diffusion of diethyéther into a methanol solution of the complex. The data reveal that
the complex crystallizes as 2t1°H2:Ba adduct, wherein the Bacenter is sandwiched
between the crowetherlike sites of twol °H2 units (Figure 4.1). In the structure, Bas
coordinated to a total of 10 macrocyclic O atoms (five each fronifida ligands) and has
a coordination number (CN) of 10. However, two?Baenters are displayed in the
asymmetric unit of the crystal obtained; this is because tHédes sit on a crystallographic
Cz axis, and each has a full occupancy of 0.50 (see Appendix C, Figure C85). Two outer
sphere triflates are observable in théadand have full occupancy values of 1.00, giving
rise to the expected BaOTf' stoichiometry of 1:2. The formulation of the ligandd_&kl>
units (rather than as deprotonated forms) was confirmed by successful location and free
refinement of the four @nolderived H atoms (labeled as H1A, H2A, H1C, H2C in Figure
4.1). However, consistent with acidification of the phenols upofi Baordination, the

nearby imine Natoms assist ithe formation of strong DHAAAN hydr ogen bonds

91



distances of ca. 2.62.64 A). The presence of the H atoms was also confirméd bBiMR

spectroscopy (see Appendix C, Figure C1).

Figure 4.1. Solid-state structurgfrom XRD) of BaPenta H atoms, except the ones
hydrogenrbonded to O1, 02, O1A, O2A, O102C, and outersphere triflate counteranions
are omitted for clarity. Displacement ellipsoids are shown at the 20% probability level.

Contrasting with the structure BaPentg prior data foBaHexarevealed a 1:19H2:Ba
adduct (Figure 4.2). The Bion in the structure ddaHexais coordinated to 6 macrocyclic
O atoms (from FH; ligand), and its CN of 10 is satisfied by twas-triflate innersphere
counteranions, suggesting the preference éf Bacoordinate to 10 atoms in our systems.
Both the Bacomplexes feature an empty pentadentate pocket with two phenol, two imine,
and one trialkylamine groups. However, the?Han is significantly displaced from the
crown ether cavity iBaPentaand t hi s di spl acement was quant.i
as thedistance between Ba atom and the centroid of the plane defined by O1, 02, O3, 04,
O5, and O6 (see Table 4.1). The v a | Ba@enthis approximately five times greater

than that ofBaHexa This displacement of B&from the plane is attributable to the
92



sandwiching nature dBaPentg resulting in the B# sitting between twd_5H2 ligands

rather than thé5-crown-5-like cavity. However, the 1-&rown6-like cavity inL®H2 being

larger in size allows fortheBat o sit in the cavity resulting
val ue. Anot her swswhichisldefiredas themmttmean squase deviation

of the three N atoms and the two phenoxide O atoms from the mean plane defined from the
positonsot hos e at 0 ms sanedS larger fulBaHexa1.567f 1.589A), possibly

due to the Ba atom buried in the-&®wn-6-like cavity resulting in strain and subsequent

distortion of the nearby pentadentate site. HoweveBadhiexa complex, this strain is

released bythe Bad i s pl aced away from t Buessignificantit y, and
smaller (0.320A) as compeed to BaPenta Additionally, the separation between two

phenoxide O atoms, denoted®yl AAA 02, iBaPestabg0.2i 6.4 Acbnsistent

with the displacement of the Ba atom from Hfsecrown5-like cavity relieving the strain in

the cavity.

Figure 4.2. Solid-state structurgfrom XRD) of BaHexa H atoms, except the ones
hydrogenrbonded to O1 and O2 are omitted for clarity. Displacement ellipsoids are shown
at the 20% probability level.
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Table 4.1.Comparison of selected bond lengths, interatomistances, root mean square

deviations (), and di spl acenyginBacarnplexsse!| ect
Compound BaPenta BaHexea?
pKa of [M(H 20)m]™ 13.4 13.4
O1AAAO2 ( 3.426(4), 3.230(4) 3.641(3)
M Ophenoxo (A) 2.699(3),2.742(3), 2.730(3), 2.689(3) 2.696(2), 2.693(2)
¥ crown® 0.286, 0.284 0.233
¥ salbert” 0.203, 0.444 0.607
ymd (A) 1.599, 1.597 0.320

(a) Structural data taken from referen@eand18 (CCDC 1960625). (b) Defined as the root mean sq\
deviation (r.m.s.d.) of the following atoms from the mean plane of their positions: O1, 02, O3, 04, (
06. (c) r.m.s.d. of O1, O2, N1, N2, and N3. (d) Distance between M atom and the centroiglahén
defined by 01, 02, O3, 04, O5, and O6. Atom labels are consistent with those given in t
crystallographic data (see Appendix C).

Having observed the different coordination environment8&ientaandBaHexa we
moved to prepare the desired uranyl complexes with both the ligands with appropriate
stoichiometric amounts of U&¥ containing reagent. When the barium complexes are treate
with guanidinium sulfate in a biphasic chloroform/water mixture’* Baecipitates out as
BaSQ in both cases, leaving behind the ligand framework in the chloroform layer.
Subsequent treatment of the chloroform layer with 2 equiv. e{@&x),-:2H,0 in BaPenta
case and 1 equiv. of WEACc)-2H.0 in BaHExa case affords uranyl complexessUO2
andL%UO:2 respectively, as deep red solids (SchemeMhe incorporation of UEd* ion
in the pentadentate site is achieved by the deprotonation of the phenolic protons by acetate

("OAc) ions from UQ(OAC).-2H;0, releasing acetic acid in the reaction mixture. This was
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confirmed by disappearance of the peaks corresponding to the H atoms of the phenolic

groups in théH NMR of theL SUO2 complex (see Appendix C, Figure C3).

/@\ |2+ (Tf0n),
o
! [
A _‘>
Hoo\ |
i & T2+ (07,

. H ~ —
( H N?_ N .H. ABa
0] H &/N, o |
L°Ba L°Ba
1. Xs. GUQSO4 1. Xs. GUZSO4
2. 2 equiv. UO,(OAC),*2H,0 2. 1 equiv. UO,(OAC),* 2H,0

(QOX (@O/\

ONLo N IO o)
e N S o

¥ o

LSuo, Léuo,

Scheme 4.1Synthesis of monometallicanyl complexes with Esrown-6- and 18crown
6-like appended moigds

In our prior work from Chapter 3, we presented a complete structural and solution
characterizations for the monometallic 8OcomplexL®UO2.” In addition, Vigato & ce
workers published the sohstate XRD structure for tHe°UQO2 with a cocrystallized water
molecule!™ In this work, wewere able to grow single crystals €fUOz in an inert
atmosphere with a eorystallized CHCN molecule (see Appendix C, Figure@}8Both the
complexesL°UO2 and L®UO:2 display a pentadentate coordination environment for the

UO2?* dication and an adjacent open crown ediier cavity poised to bind redeixactive
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Lewis acidic metal ions. The planarity of the pentadentate site housistgwh3 quantified
by tsdbegparameter (see Table 4.2). For both the monometallig? WOmplexes, this
Ysalben Parameter is close to zero (0.082 and 0.049, respectively), suggesting negligible
distortion of the planar pentadentate site. However, in the absence 6f 100, the

penta@ntate site is significantly deformadi t h t h esananegualitoe0.2@3fand ©.444

in BaPentaand 0.607 inBaHexa Thi s situati on i s reflected

separation by 0-0.5 A in the monometallidJO2** complexes as compared to tBa
complexes suggesting pulling apart of the phenoxide O atoms in the presence of larger and
spatially demanding pentadentate site containingy®€* moiety. Thexcownparameter, on

the other hand, is distinctively differefor both theUO22* complexes with the values 0.060

for L°UO2and 0.358 fot.®UO-. This could be attributable to the larger size of thedBvn

6-like site resulting in more flexibility of the crown irfUOx.

Table 4.2.Comparison of selected bond lengths, interatomic distances, root mean square

deviations (), and displ ace mgmmononietalice| e ct

UO2?* complexes.

Compound LSUO:2 LSUO22
O1AAARO2 ( 3.137(5 3.137(10)

Ui Ooxo (A) 1.779(4), 1.771(4) 1.783(8), 1.792(7)
Ui Ooxo (avg., AP 1.775(6) 1.788(11)

Ui Ophenoxo (A) 2.230(4), 2.250(4) 2.250(7), 2.207(8)
¥ crown 0.060 0.358

¥ salber! 0.082 0.049

(a) Structural data taken from referen@end19 (CCDC 1960626). (b) Average of the 07 and W08

bond distances. (c) Defined as the root mean square deviation (r.m.s.d.) of the following atoms 1
mean plane of thepositions: O1, 02, O3, 04, 05, and 06. (d) r.m.s.d. of O1, 02, N1, N2, and N3.
labels are consistent with those given in the raw crystallographic data (see Appendix C).
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With the monometallic UgS* complexes in hand, we turned to thesitu preparation of
a family of heterobimetallic complexes. For this synthesis, we chose a series of monovalent
ions Cs', RB", K*, N, Li*) and a divalent ion (G8, with varying Lewis acidity values
and ionic radii (see Table 4.3). Treatmenit &0z or L®UO2 with 1 equiv. of corresponding
metal triflate salts of the ionsifle infrg) in CDsCN, results in a color change of the solution
ranging from red to yellow with the increase in Lewis acidity. As expected from our prior
studies with Ni*, Zr** and UQ?* complexestH NMR spectra for all the solutions discussed
above display uniform shifts in the peaks, suggesting interaction of metal ions with the
oxygen atoms of the crown etHége cavity (see Appendix C, Figures §1C17, C25, and
C26).”1020 The NMR studies also confirm the persistencd atability of the proposed
heterobimetallic complexes of the folo3UO2M andL®UO2M (where M = C§, Rb', K*,

Na', Li*, and C&', see Chart 4.1) in GICN.

Table 4.3.Lewis acidity, ionic radius and?Z ratio of the redosinactive metal ions

lon pKa of [M(H 20)m]™* rfor CN.=8/A Z3r
Cs' 16.34 1.74 0.0055
Rb* 16.29 1.61 -

K* 16.06' 1.51 0.0066
Na* 14.8 1.18 0.0088
Li* 13.8 0.92 0.0111
Ca2* 12.6° 1.12 0.0351

aTaken from reference4. Taken from referenc2l. °Taken from referenc22. “Taken from referenc23.
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We attempted to grow crystals foPUO2M complexes in our series by vapor diffusion
technique. Our efforts to grow crystals for complexes containirigaRd C3 ions for both
the families of ligands in this study, were unsuccessful possibly due to the larger size of
these ions (see Table 4.3gsulting in inefficient crystal packing. Moreover, the smaller
ionic radii for Li" ion for the 18crown-6-like cavity hindered our ability to grow crystals of
the LSUO:Li complex, possibly due to the significant deformation of the macrocyclic
structure upn coordination of smaller Liion. However, we were able to grow crystals of
the remainind.>UO2M complexes containing relatively smaller ioKs (Na', Li*) by vapor
diffusion of diethyl ether into a concentrated 4Ol solution of these complexes (see Figure
4.3). For comparison, we included the data for XD analysis of single crystals for
L8UO2M complexes (where M K*, Na', Li*, and C&") in Table 4.4 that have also been

discussed in detail in our prior work @sscribed in Chapter 3.

XRD analysis of the solidtate structures df°UO2M (M = K*, Na, Li*) confirm
assembly of the desired [£}Qar)2M™] cores.As expected from our previous study (see
Chapter 3), thesk! ions are incorporated in the crovetherlike cavity and ligated by five
O atoms from th&5-crown5-like cavity. Although all the threl! ions have different ionic
radii, they exhibit oordination numbers (C.N.) of six with the counteranion triflates bound
to the metal ion in @' fashion. This observation is in line with analogous structures for
LSUO2K andL ®U0O2Na complexes where the six O atoms of the cratimerlike cavity and
onea'l-triflate show a C.N. of seven in each casgewas observed in our publishelUO>M
(M = K*, N, Li*, and C&") structures, the U moiety inLUO2M (M = K*, Na, Li")
remains structurally intact, leading to a planar geometry gdehtadentate site. Thd Ooxo

distances in all three complexes range from 1.778(2) to 1.794(6) A (see Table 4.4 for
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structural parameters), complementing a similar range of values observed Gax U

distances in the ®UO2M complexes and in the monometaliO,?* complexes (see Table

4.2).

Figure 4.3.Solid-state structure (from XRD) df°UO:Li, L>UO2Na, andL>UO2K. All H
atoms and disordered triflates are omitted for clarity. Displacement ellipsoids are shown at

the 50% probability level.

However, the features of crowathetlike cavity vary significantly across the series of
heterobimetallic complexes listed in Table 4.4. The XRD data for all the heterobimetallic
complexes I(°UO2Li, L°UO2Na, L°UO2K, LSUO2Na, L®UO2K) reveal that the
pentadetate pocket is slightly deformed davers 0.049i 0.082 for monometallic UB*
complexes vs. 0.108 0.157 for bimetallic UZ* complexes) upoi coordination while
the crownetherlike cavity undergoes a significant amount of distortion with the binding of
the Lewis acid. The larger valuesofownfor four heterobimetallic complexesPUO:Li,
L5UO2K, L8UO2Na, LoUO2K , as compared to their respgetmonometallic analogues (by
approximately 0.3 A) may be ascribable to the steric clash incurred by the spatially
demanding pentadentate cavity housing the relatively largef'Wiety. Because of this

Si t uat iss@emparametéren alfthe urangbntaining compounds kdaower values.
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However, a surprising result was obtained for tREO2Na complex in that the value of
¥ crowniS the lowest at 0.028. We hypothesized that theifNa good fit for thel 5-crown-5-

like cavity, andtherefore, the O atoms of the crowtherlike cavity only slightly deviate

from the plane defined by those atoms.

Table 4.4. Comparison of M1 (H20)m]"™" complex [Ka values, selected bond lengths,

interat omi c

atoms from the plang{ in heterobimetallic UgF* complexes.

di st ances,

and didplaceneeiat of sedegt umatal e

Compound LSUO2Li  LSUO2Na  LSUO2Na?  LSUO2K  LSUO2K?2
pKa of [M(H20)m]™  13.8 14.8 14.8 16.06 16.06
UAAAM (i) 3.4884) 3584(2) 3.668(3) 3.600(3) 3.681(5)
O1AAARO2 (i 2840(2) 2.991(6) 2.973(7) 2.931(8) 2.994(11)
Ui Ooxo (avg., AP 1.781(3) 1.780(7) 1.781(7)  1.791(8) 1.777(10)
Ui Optenoro (A) 2.260(2), 2.281(4), 2.247(6), 2.267(5), 2.244(8),
2.267(2) 2.276(4) 2.262(6)  2.254(6) 2.276(8)
M Oprenono (A) 2.216(4), 2.412(5), 2.584(7), 2.437(6), 2.604(9),
2.289(4) 2.412(5) 2.435(8) 2.389(7) 2.454(11)
¥ crown® 0.400 0.028 0.717 0.365 0.715
¥ salber! 0.108 0.110 0.157 0.119 0.155
y m9 0.594 0.805 0.669 0.831 0.684
pKa of [M(H20)m]™  13.8 14.8 14.8 16.06 16.06

(a) Structural data taken from reference24/(CCDC 1960629) anéd5 (CCDC 1960628). (b) Average ¢
the U O7 and W O8 bond distances. Errors on the average bond lengths and bond angles were de
propagation of error from the individual v al
the root measquare deviation (r.m.s.d.) of the following atoms from the mean plane of their position
02, 03, 04, 05, and 06. (f) rm.s.d. of O1, 02, N1, N2, and N3. (g) Distance between tié atahihe
centroid of the plane defined by O1, 02, O3, 04, O5,@8dAtom labels are consistent with those gi\
in the raw crystallographic data (see Appendix C).
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Il n our previous work mentioned in Chapter 3
in the heterobimetallic complexes is significantly compressed as the Lewis acidity of
increases (as compared to the monometafidO2 andL ®UO2 complexes), correspoimd)
to a drawing together of these macrocyclic atoms upon coordination of theinadtixe
metals’ However, this is not the case with th&JO2Na complex, which has a larger value
of O1AAAO2 s e panalegudi’dOpNabyn0®d® A, consilerig the fact that
the Lewis acidity of Nais larger than K(14.8 vs. 16.1, respectively). This finding could
be attributable to a good size match betweenasa thel5-crown5-like cavity resulting
in drawing away of the O1 and 02 atoms fro
separation. Fainermore, the Lewis acidity of ti has a significant effect on thei @phenoxo
bond distances. These distancesthessmallest in the.>UO:2Li complex, consistent with
the lowest gavalue of the Liaqua species. This situation is also reflected inldhest

value of the UA%dmexdi stance in the Li

With the observation of the apparent stability of the heterobimetalliZ*WOmplexes,
as judged from th&H NMR, we moved to investigate the influence of the ligand structure
and Lewis acidity on thelectrochemical properties of these complexes. Notably, to the best
of our knowledge, systematic electrochemical studies on the macrocyclic heterobimetallic
uranyl complexes with the monovalent ions in close proximity to the?Uén have not
been previasly studied. This could be attributable to the challenges in working with
radioactive U and to the poor stability of complexes containing highly Lewis acidi¢" UO
ion. Here, we will study and compare the Lewis acid effects throoghitu cyclic
voltammery (CV) experiments on two different families of complexes (Figure 4.4). This

was achieved by adding one equivalent of the corresponding metal triflate salts to a solution
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of monometallic uranyl complex (eithePUO: or L8UO?) dissolved in thelectrolyte (0.1

M TBAPFs in CH:CN) solution and subsequently recording the CV data.

0.25 mA cm'{
M not present

j/ mA cm™
=z
n
=

-2.0 -15 -1.0 -0.5
E/V vs. Fc'°

Figure 4.4.In situ cyclic voltammetry experiments for uranium complexes used in this
study.L5UO2 andL®UO2M complexes are represented by solid colofslO2andL ®UO2M
complexes are represented by faded colors. Electrolyte: 0.1 M THARFECN, scan rate:

100 mV/s, electrode: highly oriented pyrolytic graphite.

To begin, CV data fot.°UQO2 and L®UO2 complexes display a chemically reversible
reduction atEi» = 71.60 V andi 1.53 V vs. ferrocenium/ferrocene (denoted hereafter as
Fc0), respectively (see figure 4.4). The peakpeak separation measured at 100 mV/s scan
rate for bot hEy* IWenV am mP m\k respactivglyjpis consistent with
reasonably fast electron transfer. The more posEivevalue for thel 8UO2 as compared
to theL°UO2 could be attributable to a stronger inductive effect provided by the extra O

atom in the 1&rown-6-like cavity in theL®UO2 complex and to the availability of more
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flexible 18crown6-like pendant ether moiety upon reduction. On the basis of studies of
analogoud.®UO2 complexes in our prior work as described in Chapter 3, this process can
be reliably assigned to VYV couple and to an electrochemically reversible process. Since
the anodic and cathodic waves are linearly proportional to the square root of scan rate, both

the U and U forms ofL3UO2 as well ad ®UO- are confirmed as freely difsing2®

Table 4.5.Electrochemical Characteristics of th&lJO2 andL°UO2M complexes.

- pKa of Eiz/ mV k°/cm 8!

M M(H 20)]™  vs. Feo TP/ MV 109) >
No M™ : T1.60 77 9541399 0262005
Cs' 16.34 11.46 108  343%0096  0.43+0.04
Rb* 16.29 11.45 100 4924114 032002
K* 16.06 11.42 91  524+178  0.29+003
Na* 14.8 i1.32 86  7.39+126  0.19+0.02
Li* 13.8 11.26 130 2.01£028  0.36+0.02
Cal* 12.6 10.83 203 0.25+0.05  0.55%0.09

aTaken from reference4. P Taken from referenc2l.

When one equivalent redemactive Lewis acidsare added in the electrochemical
experiment, the CV data retains the chemically reversible process in all cases and shows a
systematic shift in th&/, values to more positive potentials in going front 0sC&* (see
Figure 4.4 and Tables 4.5 and 4.6). Tsiuft of the U'/UY reduction potentials to more
positive values suggests retention of the coordinated Lewis acids in thettrerlike site.

The E12 values with the only divalent ion in our series?Cabhift significantly to positive

potentials (mog than 600 mV with respect to the monometallic28¥@omplexes) as

103



compared to the other analogous complexes. We attribute this behavior to the higher charge
and Lewis acidity of the Gaion. Furthermore, scan rateependent studies reveal that both
the families of heterobimetallic complexds?UO2 andL®UO:2M, in both the Y' and Y

states are freely diffusing.

Table 4.6.Electrochemical Characteristics of th8JO2 andL%UO2M complexes.

- pKa of Ei2/ mV kO/cm 81

M M(H20)]™  vs.Feo  FE/MV 159 >
No Mn+ - i1.53 74 14.6 + 2.46 0.21 +0.01
Cs' 16.34 i1.38 113 5.72 +1.89 0.48 + 0.06
Rb* 16.29 i1.37 89 6.89 + 1.38 0.35+0.03
K+ 16.068 i1.36 83 14.3+1.52 0.25 + 0.02
Na* 14.8 i1.35 79 13.5+2.07 0.23+0.01
Li* 13.8 i1.23 185 0.87 £ 0.13 0.69 + 0.02
Ca2* 12.8 i0.88 348 0.19 + 0.03 0.45 + 0.05

aTaken from reference4. ® Taken from referenc2l.

The noted positive shifts in the reduction potential have been observed for other
heterobimetallic systems, including some of ours, containing one -gadime and one
redoxinactive metal in close proximit§#?%*? In our previous work with [Ni,M] (refer
Chapter 2), and [Zn,M] complexes, we plotted cathodic peak reduction potefijalfr
irreversible processes against tlka palues of the corresponding redimactive metal aqua
comgexes. The plots revealed a clear dependence, and thsdeases fitting of the data

to the linear correlation gave absolute values of 61 + 9 KWAnd 41 + 3 MV/K,,

respectively. However, since all of our heterobimetalli@,>* complexes studied here
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display reversible behavior, we chose ttgip values and plotted them against respective
pKa values taking the same strategy. We omitted the data for the CV experiment with
LSUO2Ca andL®UJO2Ca in our plots due to the broad voltaratric response for both of
these compounds, consistent with obvious slow electron transfer that can complicate our

understanding of the thermodynamic influence of Lewis acids on these systems.

The data with monovalent ions revealed a clear and uniforrd treboth sets of our
bimetallic complexed, *UO2M andL®UO:2M (with a sensitivity of 63 + 10 mVKx and 49
+ 14 mV/pKa,, respectively), suggesting dependence of Lewis acidity on the thermodynamic
potentials of these complexes (Figure 4.5). The sensitivitl ffO2M complexes is
slightly larger than that for the®UO2M complexes. We attributed this to the higher Lewis
acidty of the redoxinactive Lewis acids in5-crown5-like cavity, containing one less

Lewis basic oxygen atom, as compared to therb@n-6-like cavity.

-1.20 . T T y .
M=Li LUO,M (Squares), 63 + 10 mV/pK,
LUO,M (Circles), 49 + 14 mV/pK, |
o -1251 i
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Figure 4.5.Plot of E12(UY"™V) vs. gKa of [M (H20)m]"™.
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To provide support for this theory, warried outa simplein situtest wherein we mixed
the monometallit)O22* complex [ 5UO2or L 8UO2) with one equivalent of NaOTf and one
equivalent of a strong ligand triphenylphosphine oxide §PPhas &P NMR probe. We
chose PPO since in ouiprevious work (as described in Chapter 5), we have shown that
PPRO can be used as® NMR probe to quantify the Lewis acidity of redimactive metal
ions in polar organic solvents, especially in deuterated acetonit®gCN)4 Our
assumption is that the reaction of NaOTf artlO2 or L®UO2 complexes is quick and is
possibly formingL ®UO2Na andL 8UO:2Na, respectively. We can say this confidently since
1:1 experiment in oun situNMR andin situCV experiments showed shifts in the peaks as
soon as the Lewis acidic triflate salts were added to the solution. Os® RRIdy inds-
MeCN showed that the peak in th#®{*H} NMR for L5UO2 case (25.39 ppm) is more
deshielded in comparison to the peak observed fdr&i©: case (25.28 ppm) by 0.11 ppm
(see Appendix C, Figure&1). This suggests that N#&n is more Lewis acidic in thes$s
Lewis basicl5-crown5-like site. As a control, we performed an NMR experiment with only
PPRO and NaOTf present in thds-MeCN solution. The'P{*H} NMR, in this case, is
significantly more deshielded to a value of 25.83 ppm attributable to the lack of a
macrocyclic stabilization environment by Lewis basic crastimerlike sites. We also
monitored®F{*H} NMR in these experiments (see Appendix Qyufe B2). The position
of the single peak observed 10PUO2 andL U0z case in thé®F NMR differ only by 0.01
ppm suggesting that the triflate counteranion is not bound to thieddavhen it is in the
crown-etherlike cavity and that the triflate is replaced by a strongly donating® Riand.

A similar trend was observed when timesitu NMR experiment was performed by mixing
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monometallicUOz?* complex [ 5UO2 or L®UO>) with one equivalent oKOTf and one

equivalent oPPhO (see Appendix C, Figusec83 and C8%

In addition to the uniform trend i1, observed for the heterobimetallic LfO
complexes, the more Lewis acidic metal ions also affect the shape of the voltammograms.
The voltammogram appears to become rather broad systematically as the Lewis acidity of
the redoxinactive metal ions increases. This broadness can be quantified byumreaEp g @
values (see Tables 4.5 and 4.6) at 100 mV/s from the CV data for #i&dd@plexes. As
e X pect &gvaluesifmcreasemwith increasing Lewis acidity of the redaxtive metal
ions indicating diminished electrochemical reversibility, lowates of heterogeneous
electron transfer ratek%, and greater reorganization energy (  Ejfvaluespespecially
for complexes containing €aare four times larger than their corresponding monometallic
analogues suggesting significantly lovk€values and therefore largervalues (a factor
governing the kinetics of electron transfer to the;¥J@omplexes), associated with higher

charge and larger ionic radii of €aon.

This qualitative explanation of° and & can be further elaborated by quaatiite
calculation of these parameters from the CV data KTtalues are determined by using the
method of Nicholsoff while thea-values are based upon methods developed by Savéant
and Costentin (see Appendix €)n general, the faster electron transfer (laideralue) is
associated with higher reorganization energy (lasgedue). The parameterincludes two
components: (i) an inneaphere component corresponding to reorganization of the complex
undergoing eduction (i) an outesphere component representing reorientation of the
solvent/environment around the complex upon reductomever, although reorganization
energy values can be readily calculated using the noted literature methods, the relationship
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of the obtained values to more traditional reorganization energies obtained from studies of
electron transfer in homogeneous solution may not be straightforward. We have calculated
and included the reorganization energy values in this Dissertation for etemgss, but

rigorous interpretation of this aspect of the work deserves further attention.

An interesting feature that we observed in the CV data, particularly faPth®@2Na and
L%UO2Na complexes, was the difference in the shape of the voltammogram between the two
complexes. We wondered if our calculationskdand a-will give some insights into this
phenomenon. To achieve this, we tabulated (Tables 4.5 and 4.6) and separately plotted a
graph ofk®vs. (Ka anda-vs. [Kafor both the families of our bimetallic complexes (Figure
4.6). To our delight, thé® value for theL>UO2Na complex is significantly higher as
compared to the other complexes in tH&JO:M s er i e s, produkeiplotg a Avo
(Figure 4.6). This nomonotonic trend surprises us and suggests thatsNagood fit for
the 15-crown5-like cavity in our series of complexes studied here, complementing the
smallest value of crownfor the L?UO2Na complex from the XRData. As we go higher in
Lewis acidity than Nj thek®values decreases fbPUO2Li andL3UO-Ca, with thek® for
L5UO2Ca being the smallest among the seried &ilO2M complexes. We attribute this
behavior observed for the serieslofUO2Na, L°UO:Li, andL°UO2Ca to a Lewis acid
effect in that the highest Lewis acidic metal ion (see Table 4.3) in the heterobimetallic
species is associated with the slowest heterogenésmisoe transfer rate. Furthermore, as
we go lower in Lewis acidity than Nahek®values decreases again fGtJO2K, L SUO2RDb,
andL5U02Cs, with thek® for L5UO2Cs being the smallest among the series. We attribute
this behavior observed for the seried 8£/02Na, L°UO2K, L 5UO2Rb, andL°UO2Csto a

supramolecular effect in that the Lewis acidic metal ion with the larger ionic radii (see Table
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4.3) in the heterobimetallic species is associated with the slowest heterogeneous electron

transfer rate.
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A similar trend was seen in tkevalues for the>UO2M complexes with thé SUO:2
LSUO:2Na experiencing the smallest reorganization energy. We hypothesize that the
diminished reorganization energy associated with the bimetallic species incorpordting Na
is associated with macrocyclic rigidification, wherein the structures of the oxidized and
reduced forms of the complexes differ less when there is a good size match between the
guest (N3&) and the hostL(°UO2) speciesAgain, we feel at this stage that this viewpoint on
the data is appropriate but further work to understand how our valesoofespond to

more established systems would seem to be called for.

We next moved on to study similar effects in complexes containing appendeoird
6-like cavity, i.e.,L%U0O2 andL®UO2M complexes. Our assumption was that kh&alue
would bethe largest for theL®UO:2 in the presence of one equivalent of KOTf. This
assumption was based on the literature precedence of the good size match bétaekn K
18-crown-6 crown ethef® However, catrary to our assumption, determinatiorkeb. n d &
values and plottinghose parametevs. the Lewis acidiga values reveal a good size match
for both Nd and K" ions with thel. 8UO2 complex (as judged by their higndrand | ower
values in the series). All this suggests that ida binds tightly to thel5-crown-5-like site
in theL°UO2 complex while both Naand K" ions bind strongly to the 1&own-6-like site

in theL %UO2 complex.

With these results in hand, viierned to the quantitative determination of the binding of
the monovalent ions in both the monometallic£@omplexes. In particular, we imagined
that titration studies of 1 equivalent of eitHetUO:2 or L®UO2 complex with increasing
concentrations of thmetal triflate salts of interest could reveal binding/association constants
of the metal ions in the crowetherlike cavities of these monometallic W complexes.
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Thus, we carried out titration studiesdsgrMeCN, beginning with the triflate salts of the
monovalent ions (CsRbE", K*, Na', and Li"). Thel*H, corresponding to the protons of the

Ni CHs, was measured for one equiv. lofUO2 or L®UQ: in the presence of increasing
concentrations of the individual metalts (see Appendix C, FiguregtCi C80for rawH

NMR data). As UtHnadldesshifh imitiakydinderdgoingegregber changes but
eventually leveling off at higher titrant ion equivalencies, as the concentration of metal salt
is increased (Figure 4.7). Inspection of the tAMNMR data (see Appendix C, Figures-S9
S13) also rewvas that the more Lewis acidic ions (based on pri€y gata) result in the

|l argest abstH ute shifts in o

The titration data shown in Figure 4.7 strongly suggest that the monovalent ions in this
study interact with.®UOz or L8UO:in a 1:1 stoichiometryeven in the presence of large
excesses (>5 equiv.) of the individual metal ions. The values of association cdgtand (
maxi mum achievabl e c linadd) canabk exsabtedf(see Tdkles 47 r enc e
and 4.8) bythefitting of the collected data to a 1:1 binding isothéfras was discussed in
our previous work (refer Chapter %).The Ka values quantify the tendency of each
monovalent ion to associate with the monometalliet)@mplexes irs-MeCN, while the
maxH values describe the maximum possible deshielding ofHheenter inL°UO: or
LOUO-, specifically at the condition where the metal ion of interest is maximally occupying
its binding site. As expected, tlifg values for the experiments performed withUO2 as
Ohostd speRbjoei angd &s O6guest 6 spcecaseimthe i ncr e a
ionic radii suggesting a tighter association of tHadt as compared to Cand Rb in the
15-crown5-like site of thel UOz2. The fitting of the titration data for the Land N4 ions

with L°UOz2, however, did not converge areturned poofitting results in both cases. This
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could be attributed to the much tighter association of the smaflentdi Nd ions with15-
crown-5-like cavity of theLUO2c o mp | e x , as judged biydHt he | ev

values at or near 1:1 eqaience in the titration data.
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Figure 4.7.Titration studies showing 1:1 binding of monovalent metal ions and((D-

and (ii) L®UO2. Solvent:ds-MeCN.
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Table 4.7 .Metalaqua complexIga values and fitted parameters from 1:1 binding 4§02

to the monovalent metal ions in this study.

lon pKa of [M(H 20)m]™ Qimax*H / ppm Ka/M't
Cs' 16.34 0.04 547 N
Rb* 16.29 0.05 1365 N
K+ 16.06' 0.07 1836 N
Na* 14.8 0.11 > 150
Li* 13.8 0.12 > 150

aTaken from reference4. "Taken from referencel.

Table 4.8.Metalaqua complexlga values and fitted parameters from 1:1 binding 402
to the monovalent metal ions in this study.

lon pKa of [M(H 20)m]"™* Qimax*H / ppm Ka/ Mt
Cst 16.34 0.03 >10°
Rb* 16.29 0.04 >10°
K* 16.06 0.04 >10°
Na* 14.8 0.009 >10°
Li+ 13.8 0.21 1367 +184

aTaken from reference4. "Taken from referenc2l.

Similar tight associations were observed from the titration experiments®Wd:
complex with relatively larger ions (N&K™, Rb", CS), and therefore, accurate values of the
association constant for these four series of ions could not be obtained4 Babidotably,
these tighter binding effects (>1M'1) are prevalent in the world of supramolecular

chemistry, and the determination of association constant for such data is a limitation of the
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simple NMR titration methods. Therefore, ongoing work in laboratories is focused on
obtaining further information on the association constants for ions that bind strongly to the
crownetherlike sites in our systems by using complex NMR methods such as competition

experiments.
4.3 Conclusiors

In conclusion, we &ave shown that the redamactive Lewis acids and ligand structure
can uniformly and effectively tune the redox properties YW chemistry in both the

families of our macrocyclic U&" complexes. Furthermore, electrochemical and NMR

titration studies suggest -gtuleast o0t sgg shesnt, @asmb

optimized and rapid reduction as well as highest association constant, is formecPWden
interacts with 1 equiadent of Na Through these findings, we were able to determine
thermodynamic reduction potentials, heterogeneous electron transfer rate constants, and
reorganization energy values associated with tH8JY redox manifold, which are useful
parameters fouranium redox cycling. Taken together, these studies reveal the scope of
optimization possible with uranium redox cycling and provide design rules for

supramolecular structures to promote efficient electdrdeen actinide chemistry.
4.4 Experimental Detals
4.4.1 General Considerations

All manipulations were carried out in dry Nifled gloveboxes (Vacuum Atmospheres
Co., Hawthorne, CA) or under Naitmosphere using standard Schlenk techniques unless
otherwise noted. All solvents were of commercial grade dried over activated alumina

using a PPT Glass Contour (Nashua, NH) solvent purification system prior to use, and were
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stored over molecular sieves. All chemicals were from major commercial suppliers and used

as received or after extensive drying. eated NMR solvents were purchased from

Cambridge Isotope Laboratories (Tewksbury, MA, USA).and°F NMR spectra were

collected on a 400 MHz Bruker spectrometer (Bruker, Billerica, MA, USA) and referenced

to the residual protisolvent signaf in the case ofH. %F NMR spectra were referenced

and reported relative to C4Fl as external standards following the recommended scale based

on ratios of ab¥BChemi daleqauinftci @s(dp)are rep
and coupling constas (J) are reported in Hz. All experiments were conducted at room

temperature (298 K).

Regarding special safety precautions needed for this work, depleted uranium is a weak
alphaparticle emitter; all manipulations of-tbntaining materials should be cadiout in

a laboratory equipped with appropriate radiation safety protocols.
4.4.2 Electrochemical Methods

Electrochemical experiments were carried out in a-fll€d glovebox in dry, degassed
CHsCN. 0.10 M tetrag-butylammonium) hexafluorophosphatéBiuN]*[PFs]'); Sigma
Aldrich, electrochemical grade) served as the solvent and supporting electrolyte.
Measurements were carried out with a Gamry Reference 600+ Potentiostat/Galvanostat
(Gamry Instruments, Warminster, PA, USA), using a startiaee electrode configuration.
The working electrode was the basal plane of highly oriented pyrolytic graphite (HOPG)
(GraphiteStore.com, Buffalo Grove, lIl.; surface area: 0.09,dime counter electrode was
a platinum wire (Kurt J. Lesker, JeffersonlBlilPA; 99.99%, 0.5 mm diameter), and a silver
wire immersed in electrolyte served as a pseudoreference electrode (CH Instruments). The

reference was separated from the working solution by a Vycor frit (Bioanalytical Systems,
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Inc., West Lafayette, IN, USA¥errocene (Sigma Aldrictst. Louis, MO, USA; twice
sublimed) was added to the electrolyte solution prior to the beginning of each experiment;
the midpoint potential of the ferrocenium/ferrocene couple (denoted™8sdecved as an
external standard facomparison of the recorded potenti&@sncentrations of analytes for
cyclic voltammetry were typically 1 mM unless otherwise noted. Experiments were

conducted by first scanning cathodically, then anodically on the return sweep.
4.4.3Synthesis and charaterization

ComplexesBaHexa and L®UO2 were prepared according to literature procedures.
ComplexedBaPentaandL °UO2 were prepared following literature procedures used for the
preparation ofBaHexa and L®UO2, respectively. Spectroscopic characterizations of
BaPentaandL°UO2by NMR (see Appendix C, Figures €I3) confirmed preparation of
the desired compounds. Crystaduitable for Xray diffraction were obtained by vapor
diffusion of diethyl ether into a G&N solution ofL °UO2 and by vapor diffusion of diethyl
ether into a CEDH solution ofBaPenta BaPenta,when dissolved in CECN, contains
complex peaks in thtH NMR suggesting different conformers of the complex insCB.
This is also evident from the sandwiching nature ofBBPenta(vide infra in solid-state

(see Appendix C, Figure G8

BaPenta 'H 'H NMR (400 MHz, CRCN) & 13.59 (J=43.3H32H),, 8.

8.16 (d,J = 12.9 Hz, 1H), 6.97 6.73 (m, 6H), 6.44 () = 7.9 Hz, 2H), 6.36 (1) = 7.9 Hz,
1H), 4.22 (tJ = 4.7 Hz, 6H), 4.12 3.90 (m, 7H), 3.88 3.72 (m, 7H), 3.63 (dd} = 6.4, 5.3
Hz, 2H), 2.79 2.66 (m, 6H), 2.47 (d] = 11.7 Hz, 2H), 2.32 (s, 3H), 2.15 (s, 1HF{1H}

NMR (400 MHz, CRCN): i1 80.10.
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L5UO2. 'H NMR (400 MHz, CRCN) 0 9%5 8 2.1(H,t0yn = 1.1 Hz, 2H),
7.19 (dd 3y n = 7.8 Hz,*Jun = 1.6 Hz, 2H), 7.15 (dFJun = 7.9 Hz,*Jun = 1.6 Hz, 2H),
6.66 (t,3Ju 1 = 7.8 Hz, 2H), 5.13 5.01 (m, 2H), 4.59 4.51 (m, 2H), 4.22 4.17 (m, 4H),
4.097 4.04 (m, 4H), 3.90 (tdBJnn = 13.2,°Ju 1 = 4.6 Hz, 2H), 3.62 3.56 (m, 2H), 3.23 (s,

3H). Cyclic Voltammetry (0.1 M"BusN]*[PFe]' in CHsCN): E12=11.60 V vs. FE°.

In situ NMR scale preparation of L°UO2M complexes In a Jyoung NMR tube under
an inert atmosphere, a solutionLdfJO2 in CDsCN was added to 1 equiv. of corresponding
metal salt solution in CLN. The contents in the tube were mixed by vigorously shaking
the tube, and the solution was left to equilibrate for 5 min before recordirt thed°F
NMR (see Appendix C, Figures Q4C15). Crystals suitable for Xay diffraction were
obtained by vapadiffusion of diethyl ether into a GJEN solution of the.SUO2M (M = K,

Na, Li) complexes (see Chapter 4).

L5U0O2Cs. *H NMR (400 MHz, CRCN): 119.52 (dd*Jnn = 2.1 Hz,*Ju 1 = 1.0 Hz, 2H),
7.23 (dd,2Jun = 7.9 HZ,%Jun = 1.6 Hz, 2H), 7.20 (dFJun =7.9 Hz,%Jun = 1.6 Hz, 2H),
6.72 (t,3u 4 = 7.9 Hz, 2H), 5.14 5.03 (m, 2H), 4.62 4.52 (m, 2H), 4.23 4.15 (m, 4H),
4.041 3.96 (M, 4H), 3.89 (tdJnx = 13.2 Hz,*Jy 1 = 4.5 Hz, 2H), 3.68 3.60 (m, 2H), 3.26
(s, 3H. ®F{*H} NMR (400 MHz, CDxCN): U i80.22. Cyclic Voltammetry (0.1 M

["BusN]*[PFe]’ in CHsCN): E12=71.46 V vs. F&O.

LSUO2Rb. *H NMR (400 MHz, CRCN): 1i9.52 (ddJun = 2.1 Hz,*Jun = 1.1 Hz, 2H),
7.28 (dd2Jun = 7.9 Hz,*Jyn = 1.5 Hz, 2H), 7.22 (ddIun = 7.9 HZ,*Jun = 1.6 Hz, 2H),
6.74 (t,3Jun = 7.9 Hz, 2H), 5.16 5.05 (m, 2H), 4.62 4.53 (m, 2H), 4.31 4.19 (m, 4H),

4.08i 4.01 (m, 4H), 3.90 (tIn = 13.2 Hz 4w = 4.5 Hz, 2H), 3.70 3.61 (m, 2H), 3.27
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(s, H). F{*H} NMR (400 MHz, CDxCN): U 180.22. Cyclic Voltammetry (0.1 M

["BwN]*[PFe]' in CHsCN): Exj2 =i 1.45 V vs. F&©.

LSUO2K. 'H NMR (400 MHz, CRCN) U 9%hb 22.1(Hd, Dun = 1.1 Hz, 2H),
7.31 (dd 3 n = 7.9, n = 1.6 Hz, 2H), 7.23 (dFJun = 7.9,%34n = 1.6 Hz, 2H), 6.76 (t,
8Jun = 7.9 Hz, 2H), 5.17 5.05 (m, 2H), 4.64 4.54 (m, 2H), 4.36 4.24 (m, 4H), 4.12
4.02 (m, 4H), 3.91 (tfIun = 13.2 HZ,*Jnun = 4.6 Hz, 2H), 3.7G 3.62 (m, 2H), 3.28 (s,
3H). ®F{*H} NMR (400 MHz, CD:CN): U 780.22. Cyclic Voltammetry (0.1 M

["BusN]*[PFs]’ in CHaCN): E12=71.42 V vs. F&O.

L5UO2Na. 'H NMR (400 MHz, CBC N) 0 9*Juph=22.1(Hd s = 1.1 Hz, 2H),
7.36 (dd3Jun = 7.9 Hz,*Jnun = 1.6 Hz, 2H), 7.28 (dFInn = 7.9 Hz,*Jun = 1.5 Hz, 2H),
6.82 (t,3u 4 = 7.9 Hz, 2H), 5.21 5.10 (m, 2H), 4.66 4.57 (m, 2H), 4.39 4.34 (m, 4H),
4.157 4.10 (m, 4H), 3.96 (tJnn = 13.3 HZ,*Jy 1 = 4.5 Hz, 2H), 3.75 3.69 (m, 2H), 3.34
(s, 3H) ®F{*H} NMR (400 MHz, CDxCN): U i80.21. Cyclic Voltammetry (0.1 M

["BusN]*[PFs]' in CHsCN): E12=71.32 V vs. F&°.

L5UO:Li. 'H NMR (400 MHz, CRCN) U  9%5 92.0(Hd,Dun = 1.0 Hz, 2H),
7.34 (dd 3y n = 7.9 HZ,*Jun = 1.6 Hz, 2H), 7.27 (dFJnun = 8.0 Hz,*Jyn = 1.5 Hz, 2H),
6.82 (1,33 = 7.9 Hz, 2H), 5.16 (m, 2H), 4.664.58 (m, 2H), 4.40 4.31 (m, 4H), 4.17
4.05 (m, 4H), 3.96 (tfIupn = 13.2 Hz,*Jun = 4.5 Hz, 2H), 3.77 3.69 (m, 2H), 3.35 (s,
3H). ®F{*H} NMR (400 MHz, CDxCN): U 780.22. Cyclic Voltammetry (0.1 M

["BusN]*[PFe]’ in CHsCN): E12=71.26 V vs. F&°.

L5UO2Ca. tHNMR (500 MHz, CRCN) & 9. 56 €lgn=8.aM)2H), 774252 ( d,

(d, 3Jnn = 7.9 Hz, 2H), 6.97 (EJun = 8.0 Hz, 2H), 5.23 5.13 (m, 2H), 4.77 4.68 (m,
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2H), 4.61i 4.49 (M, 4H), 4.30 4.18 (m, 4H), 4.01 (tdJun = 13.2 Hz2Jun = 4.7 Hz, 2H),
3.78 (dd,30un = 12.8 Hz,*Jun = 4.0 Hz, 2H), 3.38 (s, 3H)F{'H} NMR (500 MHz,
CDsCN): (i1 80.18. Cyclic Voltammetry (0.1 M'BusN]*[PFg]' in CHsCN): E12=10.83 V

vs. Feo,

In situ NMR scale preparation of L°UO2M complexes In a Jyoung NMR tube under
an inert atmosphere, a solutionldfJO2 in CD:CN was added to 1 equiv. of corresponding
metal salt solution in CTN. The contents in the tube were mixed by vigorously shaking
the tube, and the solution was left to equilibrate for 5 min before recorditig MEIR (see
Appendix C, Figures Gli C24). All the LSUO2M complexes, when dissolved in @CN,
contains two comfrmers in 3:1 ratio, as determined by the integration of peaks itHthe

NMR.

LSUO2Cs. 'H NMR (400 MHz, CRC N) & B=.15 Bz, H), 9.42 9.32 (s, 0.7H),
7.33(ddJ=8.0, 1.6 Hz, 2H), 7.24 (dd= 7.9, 1.6 Hz, 2H), 7.18 (di= 7.9, 1.8 Hz, 0.7H),
6.97 (d,J = 7.6 Hz, 0.5H), 6.76 (i = 7.9 Hz, 2H), 6.64 (td] = 7.8, 4.1 Hz, 0.7H), 5.08
4.88 (m, 3H), 4.64 4.30 (m, 7H), 4.07 3.46 (m, 18H), 3.21 (s, 3H), 3.16 (s, 1i@yclic

Voltammetry (01 M ["BusN]*[PFs]" in CHsCN): E12=171.38 V vs. F&°.

LSUO2K . *H NMR (400 MHz, CRC N) & B=.15 Bz, ZH}, 9.47 9.43 (m, 0.7H),
7.35 (ddJ = 8.0, 1.6 Hz, 2H)7.28- 7.15 (m, 3.5H), 6.78 (1= 7.9 Hz, 2H), 6.62 (}= 7.8
Hz, 0.7H), 5.07 4.93 (m, 3H), 4.65 4.48 (m, 3H), 4.46 4.29 (m, 6H), 4.03 3.54 (m,
18H), 3.02 (s, 3H), 3.19 3.12 (m, 1H). Cyclic Voltammetry (0.1 MBu:N]*[PF]' in

CH3CN): E12=171.36 V vs. F&°.
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LSUO2Na. 'H NMR (400 MHz, CBCN) U 9= 1% Biz, 2H), 9.50 (s, 0.7H), 7.40
(dd,J=7.9, 1.6 Hz, 2H), 7.327.20 (m, 3.5H), 6.80 (1 = 7.9 Hz, 2H), 6.72 (] = 7.9 Hz,
0.7H), 5.12 4.98 (m, 3H), 4.67 4.52 (m, 3H), 4.48 4.34 (m, 6H), 3.99 3.59 (m, 18H),
3.27 (s, 3H)3.247 3.21 (m, 1H)Cyclic Voltammetry (0.1 M'TBusN]*[PFs]' in CHsCN):

Ei»=11.35V vs. F&0,

LeUO:Li.™H NMR (400 MHz, CRCN) U 9J.=2.Q, 1.Q Hzd2H), 9.47 (s, 0.7H),
7.43(ddJ=7.9, 1.6 Hz, 2H), 7.33 (dd= 7.9, 1.6 Hz, 3H), 7.26 (dd= 7.9, 1.6 Hz, 0.7H),
6.81 (t,J= 7.9 Hz, 2H), 6.73 (} = 7.8 Hz, 0.7H), 5.21 5.02 (m, 3H), 4.67 4.45 (m, 8H),
4.027 3.63 (m, 17H), 3.33 (s, 3H), 3.293.22 (m, 1H).Cyclic Voltammetry (0.1 M

["BusN]*[PFs]' in CHsCN): E12=11.23 V vs. F¢P°.
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Chapter 5

On the Use of Aqueous MetaAqua pKa Values as a Descriptor of Lewis

Acidity

This chapter is adapted from a published manuscript:
Kumar, A;Blakemore J. D.On the Use of Aqueous MetAlqua Ka Values as a

Descriptor of Lewis Aciditylnorg. Chem.2021, 60, 11071 1115.
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5.1 Introduction

Promotion of smalmolecule activation processes by Lewis acids has emerged as an
effective strategy for achieving otherwise difficult transformations. For example, the rate of
COz reduction by reduced metal complexes can be profoundly aatezdry incorporation
of Lewis acids that promotei© bond cleavagéSimilarly, the strong WO bonds of the
uranyl ion (UQ%") can often only be activated throutite concerted action of both Lewis
acids and strong chemical reductaiité\s the interactions between redagtive metals and
the Lewis acid play a crucial role in determining reaction outcomes, significant effort
remains devoted to development of ligand frameworks designed to bring Lewis acids into

close proximity of metal cears, substrates, or reactive moieties of interet.

Inspired by the presence of an essentidl @a in the OxygerEvolving Complex (OEC)
of Photosystem B? numerous research groups have turned to ratiotive metal ions as
a useful clas of Lewis acids for modulating redox reactivity? Common metal ions used
for these purposes span a significant range of sizes/coordination numbers, and are often
chosen from among monadi-, and trivalent ions such as*KNa', C&", Y**, and Ld".
Strongly Lewis acidic trivalent cations such asg*Sttract especially significant attention,
as the effects they promote are typically more pronounced than those engendered by weaker
acids!231415 Indeed, understanding the relative effect(s) of Leadils is of particular

interest from the standpoint of tunability and rational catalyst design.

Quantification of Lewis acidities remains an area of significant work despite dffatts
have spannedecades® Perhaps the most common Lewis acidity sésleased upon the
pKa value(s) of bound water ligands in mestaua complexes of the corresponding Lewis

acidic 1ons. These values were compiled neas
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volume}’ and although some ions are associated with only a fessurements ia values

are available for most monali-, and trivalent ions, giving this scale significant power. It

has been successfully deployed in many studies in recent years, including those aimed at
understandinghe modulation of reduction pot#ials in important bioinorganic model

compounds and diverse redagtive specie&!®

Most studies of Lewis acidic iemodulated chemistry are carried out in acetonitrile
(MeCN), dichloromethane (Gi€l2), and other polar organic solvents; consequently, t
pKa-based Lewis acidity descriptor measured in water is often used to parametrize behavior
in these other solvents, a situation of significant concern since solvent effects are known to
strongly influence the outcomes of chemical reactivity. In our vieevabundance of Lewis
acid effects that can be successfully interpreted with this scale is surprising. Fukuzumi and
co-workers have attempted to bridge the gap, however, by developing an alternative scale
based upon parameters derived from Lewis-atidulated electron paramagnetic resonance
spectra collected oim situ-generated superoxide specié$. However, this scale is less
intuitive and requires specialized equipment for further development, likely impeding its
wider adoption. And, more recently, specialized luminescent probe molecules have been
studied for quantification of Lewis acidity; in the approaches, the tailored probes and a

fluorescence spectrometer are requfied.

On the other hand, we were surprised to find that the GutBaokett method, in which
Lewis acidity is interrogated b¥P nuclear magnetic resonance (NMR) spectroscofly wi
a suitable phosphorteontaining probe molecule, typically a phosphine oxide, has not been
employed for systematic quantification of the Lewis acidity of reidaxtive metal iong>2*
As this method has been found to be effective for alkaline eattl otanplexes and some
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transition metal compound’?® we anticipated that studies of the wider family of redox
inactive metal ions by this method might enable direct comparisons with the common
aqueous Ka scale as well as provide insights for new studies of Lewis-raodulated

chemistry.

Here, we reporthe first uniform measurements of the Lewis acidities of maig and
tri-valent redoxinactive metals (in the form of their triflate salts) with a modified form of
the Gutman#Beckett method. The chemical shifit{P) values of triphenylphosphine oxide
(TPPO, our chosen probe molecule) in the presence of various ions display clear trends in
bothds-MeCN and CICl,, confirming the usefulness of this method in assaying the Lewis
acidity of these metal ions. Titration studies reveal that TPPO binds to alentins (L1,
Na’, K*, Rbf, and C3) with 1:1 stoichiometry, whereas it can bind multiple divalent ions
(B&?*, SP*, and C&") cooperatively as shown by Hill analysis. Together with related findings
for the trivalent ions, these studies highlight thedagiation constants and concentration
dependent speciation should be considered carefully in studies of Lewisedidated

chemistry.
5.2 Results

In order to carry out this study, we selected the triflate (OF&lts of common
monovalent (Li, Na', K*, Rb', Cs), divalent (B&*, SF*, C&*, Zr?*) and trivalent (L&,
Y3 Lu*, SAEY redoxinactive metals. These salts are attractive in that most are
commercially available, all are soluble in common polar organic solvents (MeCITI$H
and they alfeature the weakly coordinating triflate counterion that should not interfere with
binding of other ligands (like phosphine oxides) to the metal centers under our conditions.

In the case of the commercially available LiOTf, NaOTf, KOTf, Ba(@TQa(OTf},
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Zn(OTf), La(OTfy, Y(OTf)3, Lu(OTf)s, and Sc(OTH, we confirmed the purity of the salts
after extensive drying (180°C, 24 h; see Experimental SectioAgpendix D by infrared

(IR) and'H and'®F NMR spectroscopies, encountering no unuf@alires. RbOTf, CsOTHf,
and Sr(OTf), which are not commercially available, were prepared by addition of triflic acid
(HOTTf) to aqueous suspensions o80s, C3CO;s, and SrCQ@followed by extraction with
MeCN. Characterization by NMR and powderray diffraction (XRD) analysis (see
Experimental Section andppendix D confirmed clean generation of the desired salts,

which were also dried thoroughly before use.

I n Gut mannos Ztiethyiphasphinenogide W(TEPX was used as a Lewis
base to determine the Lewis acidity of weakly coordinating solvents by observing changes
in the 3P chemical shift valuelif'P) when dissolved in the various \wets of interest.
Beckett later extended this method, using TEPO to study the Lewis acidity oflmsed
Lewis acids?* In our work, we selected the more commonly available triphenylphosphine
oxide (TPPO) as a Lewis basic probe molecule; TPPO has the simultaneous advantages of
high chemical stability and low sb(less than $1 per gram) in comparison to TEPO (ca. $70
per gram). And, appealingly, the predicted steric profiles of TPPO and TEPO are similar,
based on geometric considerations from other related comp®&ulmdaccord with these

considerations, ourridings donot suggest any unusual steric influences here.

In order to provide a direct comparison of the Lewis acidities of each of the metal cations
in this study, we prepared 1:1 mixtures of each corresponding metal salt and TPPO in both
ds-MeCN and CICl; and interrogated the samples®y{*H} NMR. In all cases, th&*'P
of TPPO was shifted downfield, indicating association between the Lewis acidic ions and
the TPPO probe molecule. ¢-MeCN, all of the samples (exceptIand Sé') revealed
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asingle® NMR r es on an d’&P;valueswere obsearvad for thepmonovalent
metal ions, while greater downfield shifts were measured for tlaaditrivalent metal ions

(see Figures.1). In CD:Cl,, similar phenomena were observed, except the additior*of Y

and LU resulted in the appeance of multiple resonances (gggpendix D FiguresD7 and

D8 for all spectra). Reasonable trends were observed in the data; for example, a fairly large
PP (12.5 ppm) was measured for Zn(QTf)ds-MeCN in comparison with the value for

Ca(OTfR (7.0ppm), consistent with the similar charge but smaller size &2/

Ph;PO l

Ph3;PO + 1 equiv. Na(OTf) l

Ph;PO + 1 equiv. Ca(OTf), J

PhsPO + 1 equiv. Y(OTf); .‘
|
|

A AP A AT A A A Y B A PR Nt 5 st et A SOt . S P PR i

45 40 35 30 25
Chemical Shift (ppm)

Figure 5.1.*'P{*H} NMR spectra of selected metal ions in the presence of 1 equiv. of TPPO
showing the downfield shift with the increase in the Lewis acidity of the ions.

Theplotting oft h e t a BFtPIvauese(see Tabldd2 andD3 Appendix D for each
Lewis acid in each solvent as a function of tlk palues of the corresponding aqueous
metataqua complexééreveals clear and uniform trends in both cases (see Fig)rdn

both solvent systems, th&Kpa n di*'Pgvalues are tightly cbnear, suggesting similar

Lewis acid behavior of the ions in water, acetonitrile, and dichloromethane.
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The calinearity of the data spans the full series of valencies studied here, indicating that

the GutmansBeckettl i k e d e sBY dcqpmnoodates dhargp and ionic radius effects
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in a similar manner to that of th&pscale in water. This is perhaps not surprising, however,
since deshielding of'P in TPPO by Lewis acids is not unlike the withdrawal of electron
density from bound watenolecules in metahqua complexes. Changes in Lewis acidity
are, indeed, commonly invoked as a cause of metal fiediorced protonation/deprotonation
events in systems that display protwupled electron transfer behavid@ comparson of

the ds-MeCN and CDCl> solvent systems reveals greater scatter in the dichloromethane
data, as judged by both goodnessit (0.92 for CDxCl2 versus 0.99 fods-MeCN) and error

on the slope of the linear fit (10% and 4%, respectively); this may be due lestes
coordinating nature of dichloromethane, which could make data collected in this solvent
more sensitive to trace coordinating impurities (e.gQ HERO, tetrahydrofuran) that could

be present under our otherwise aind moisturdree conditions.

As mentiored above, a shortcoming of the aqueous raah [iKa values tabulated by
Perrint’ is the lack of data for certain challenging and/or uncommon ions. For example, no
pKa values are available for the less acidi¢ @sd RB ions, and only a single imprecise
value is availabléor K* (16.0-16.5), attesting to the experimental challenge of working at
extreme pH values in water. However, with the relationships mapped in Bigutbe (Ka
values for C§ Rb", and K in water can be estimated by straightforward measurement of
the i**P values for TPPO in the presence of 1 equivalent of the corresponding triflate salts.
As expected, based on their increasing atomic radii, the estim&tedlpes determined in
this way for K, Rb, and C§ decrease across the series (16.06, 16.29, and 16.34; see Table
5.1). Notably, our value for Kis within error of a value (16.25) determined by ionization
studies not i ncl ud&stimations cRreed out witld data tokebtedlinat i on .

CD2Cl> provide similar results within error (see Tablé Appendix D.
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Table 5.1. Data regarding select monovalent ions from this study.

Mn* UsP / ppm qu*P / ppm Estimated pKa"*
K 25.68 0.57 16.06 + 0.79
Rb* 25.34 0.20 16.29 + 0.79
Cs" 25.25 0.12 16.34 +0.78

#pKa values for C§ Rb, and K in water were estimated by measurifitP values for TPPO in the presen
of 1 equivalent of the corresponding triflate sdfsrors on the estimated&pvalues were derived from th

uncertainty on the linear fit of the relationship betwekna n di**Pgas shown in Figurg2a.

With our modified form of the GutmanBeckett method in hand, more detailed studies
are also possible, allowing movement beyond simple measurements on 1:1 solutions of
metal triflate salts and TPPO. This is important, in part, due to the closeness of the estimated
pKa values for the monovalent ions given above. In particular, we imagined that titration
studies of 1 equiv. of TPPO with increasing concentrations of individual metal salts could
reveal association constants and speciation information of interest inetitegirewis acid

induced effects in diverse systefds.

Thus, beginning with the triflate salts of the monovalent ions &, K*, Rb", and C9),
we carried out titration studies (Figus&) in ds-MeCN wherein théi*'P was measured for
1 equiv. of TPPQOn the presence of increasing concentrations of the individual metal salts.
As ant i citPPavaluesishift as thecorgpentration of metal salt is increased, initially
undergoing greater changes but eventually leveling off at higher titrant iovakmugies.
Inspection of the ra’*P NMR data (seAppendix Q FiguresD9-D13) also reveals that the

more Lewis acidic ions (basedon priééael at a) result in théP.l argest
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Figure 5.3. Titration studies showing 1:1 binding of monovalent metal ions and TPPO.
Solvent:ds-MeCN. [TPPO§ = 3.59 mM.

The titration data shown in FiguBe3 strongly suggest that the monovalent ions in this
study interact with TPPO in a 1:1 stoichiometry, evethepresence of large excesses (>5
equiv.) of the individual metal ions. This is borne out by fitting of the collected data to a 1:1
binding isothern?? from which both the association constaf)(and maximum chemical

s hi fimkP) cgn be extractedde Tablé.2) using the following equation (Equation 1):

Yy op ) p . P
T . .

- 0 T0
5 P
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In this expressiomiimaxis the maximum achievable chemical shift differeri€eis the
association constaril is the number of equivalents of the given metal ion per TPPO and is
equal to the ratio of total conceflHoat i on of
TheKa values quantify the tendency of each monovalent ion to associate with TRERO in
MeCN,wh i | e Und’'R ®aluep describe the maximum possible deshielding oflfhe
center in TPPO, specifically at the condition where the metal ion of interest is maximally
occupying its binding site on TPPO. From the data, an obvious trend emerge<in the
values: the more strongly Lewis acidic ions associate more strongly with TPPO, as shown
in the largelK, values for the smaller ions (see Tabl2 and Figurd>25). TheKa value for
Li* is the largest by far in this series, perhaps consistent with itslgtge chargéo-radius
ratio. Similarly, Li" serves to most strongly deshield tHE center in TPPO when it is
maximally bound. N&also induces a largfimac'P value, while the values for'kRb", and
Cs' are all similar. Thus, these more detailedliilys measured id-MeCN reinforce that

the larger monovalent ions'KRb", and C$ all display similar properties in this solvent.

A plot of log(@imac P) vs. Kafor the data given in Tabi&.2 reveals a tightly colinear
relationship between these quantities (Fighi. Thus, we conclude that botilimad P,
measured for bound TPPOdg-MeCN, and KaVvalues, measured for aqua ligands in water,
similarly report on the ability of the monovalenns to modulate the electron density on
bound ligands. In the measurements of matpla complex Iga values, an implicit
assumption underpinning the measurements is that the water molecule (aqua ligand)
undergoing deprotonation/protonation at a givervplde is resident on the given metal ion.
Stated another way, the water molecule which is serving as the probe of Lewis acidity must

be closely associated with the metal complex and thus maximally able to readout the Lewis

137



acidity of the metal center. Acatingly, the qiina’ P values in Tabl®.2 are especially
tightly correlated with the aqueoukgvalues, because tioginac P values represent a direct
guantitation of the maximal deshielding effect that a single monovalent Lewis acid can
induce on our TPPO probe molecule. In line with this picture, the error on the slope of the
relationship in Figur&.4 (3.5% errori 0.601 +0.021 ppm/Ka, R? = 0.99§ is significantly
smaller than that for thedi*’P data at the arbitrary 1:1 ratio (4.0% eriick:635 + 0.065
ppm/Ks, R? = 0.987 shown in the upper panel of Figuig.

Table 5.2. Metalaqua complex ga values and fitted parameters from 1:1 binding of TPPO

to the monovalent metal ions in this study.

M+ pKaof [M(H20)m]™ r/AforC.N.=8 Ka/M'?  qimadP / ppm

Li* 13.8 0.92 1009 +228  4.89+0.18
Na* 14.82 1.18 66.3+4.7  1.10%0.02
K* 16.08 1.51 61.2+6.0  0.23+0.01
Rb* 16.29 1.61 55.4 + 6.7 0.15+0.01
Cs' 16.34 1.74 45.1+4.4 0.13 +£0.01

aTaken from refl7. °pK, values for C§ RbY, and K in water were estimated by measurii¢P values for
TPPO in the presence of 1 equivalent of the corresponding triflate %attsn ref 30. “Errors were

calculated from the direct nonliaer f it of Equation 1, and are
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Figure 5.4. Plot of qiima P for TPPO binding ins-MeCN to monovalent metal ions versus
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Titration studies were also extended to the cases of the divalent iBh$SBa and C&'

(see Figure&s ,

upper

panel ). As we f odWdaluwfort h t

TPPO shifts as thconcentration of the given divalent metal salt is increased\(gendix

D, FiguresD14-D1 6

measured
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apparent maximal value in the cases of all three divalent ions. This indicates that each of the

ions tightly associates with TPPO. However, unlike the cases of the monovalent ions, fitting

to a 1:1 binding isothertf returns obviously poor results in each case, indicating that

multiple binding events are involved in this chemistry and that 1:1 models for the behavior
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of these systems are inappropriate. §,;iwe conclude that multiple TPPO probe molecules

can interact with a single divalent metal iordipMeCN.
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Figure 5.5. Titration data showing fit to the Hillangmuir equation given in the main text.

Significant work across several fields has been devtd the problem of determining
association constants for systems behaving with stoichiometries other than 1:1. From the
perspective of supramolecular chemistry, the
TPPO is the fdhost oneoriwéal iors and bouleh sttrveeas lhotha r o

terminal ligand or bridging ligand between two metal centers. As structural work is limited
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on complexes of the redaractive metals with phosphine oxide ligarfél§itle prior work

can guide interpretation of our results on the divalent metals. ThorddGonnors®® and

others have considered the significpitfalls in extracting equilibrium binding constants for
even the 1:2 and 2:1 situations in Wgsgest chemistry; in these situations, contrasting with
the relatively simple case of 1:1 binding, the needed binding isotherm equations are cubic

and featurenultiple unknown parameters that are challenging to extract.

On the other hand, the two regimes in our titration data for the divalent ions (with a nearly
linear regime at low metal ion concentration and plateauing region at moderate to high
concentratior) resemble behavior common in enzymology that can be described by the Hill
Langmuir Equatiori”*83% Indeed, we find that our titration data can be described by a form
of the Hill-Langmuir equation; this enables quantitation of the influence of divaletdl
ion concentration on the deshielding of 4@ center in TPPO according to the following
equation (Equation 2):

Y 0
07 0

(¢

In this equationgal i} is the maximum achievable chemical shift difference determined
with this relationshi Kiistbie halfsaximal eoncerntration c o e f f i
constantN, as in Equation 1, is the number of equivalents of the given metal ion per TPPO
at a gven condition. Notably, Eq. 2 can be rearranged to give its linearized form known as

the Hill equation (Equation 3) as follows:

Y

I IH 11 1ToC 11 1uG
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I n bot h of these expressions, t he Hi | | C
cooperativity of binding of th&pprayidesat 06 i on
measure of the affinity between the metal ion and TPPO by reporting the equivalgnts of

required to achieve half the valuecpi NPP.

Ouir titration data obey the Hillangmuir Equation for both the challenging divalent ions
as well as for the monovalent ions (see T&iB. In the case of the monovalent ions, the
K1 values match thedénd found for theka values from the nonlinear fitting to the 1:1
binding isotherm; the stronger Lewis acids with largervalues also have small&

values, meaning the haliaximum chemical shift difference is achieved at lower

(

concentrations than in the case of weaker L e

unity for most of the monovalent ions {LNa", and K, consistent with strictly:1 binding
that does not involve interaction of multiple ions with a single TPPO unit (see B)gGre

and Tables.3).

On the other hand, the VandG&suggéstingslightty | es s
negative cooperativity, perhaps due to the ipdgy of binding of multiple TPPO molecules
to these large ions at low metal ion concentrations (see 3&)ler'his may be reflective of
the larger radii of these ions, which are known to give rise to a variety of structural effects
in binding to liganis like crown ethers in supramolecular systems. At higher metal ion
concentrations, the data saturate at a maximum value, suggesting 1:1 binding of the metal
ion to TPPO. The negative cooperativity measured here is consistent with these findings and
suggess that the Lewis acidity of a single Rir Cs is diminished upon binding of a single
TPPO, resulting in a small&s value for the second binding event than the fftstowever,

as the values of U are only gdpleiTBPOMmMbIgculdsess t h

142

t



does not play a major role in the chemistry under these conditions. Similarly, a titration of

TPPO with Na conducted at more deeply substoichiometric loadings Apgendix D,

FiguresD30 andD31) suggests that multiple TPPO molecuas be favored to bind to even

this ion when the conditions are right. Overall, though, we anticipate that TPPO can be

reliably concluded on the basis of the direct fits to the-lEalhgmuir expression to interact

with essentially only a single monovaleo in these systems az-MeCN.

Table 53. Fitted parameters from modeling of titration data with the-Ealhgmuir

Equation.
M™  pKaof [M(H20)m]™  qaiNgCP / ppm¢  Kie / equiv.© Ue
Ca®* 12.6 7.20 £ 0.06 0.11+0.01 2.42 £0.10
Sr2* 13.2 541+0.11 0.11+0.01 1.76 £ 0.15
Ba?* 13.4 4.45 + 0.05 0.13+0.01 1.31 £ 0.05
Li* 13.8 5.28 +0.01 0.79x0.01 1.03+£0.01
Na* 14.8 1.26 £ 0.03 6.24 + 0.30 0.96 £ 0.01
K* 16.06 0.30+£0.05 8.27 £ 3.19 0.90 + 0.08
Rb* 16.29 0.26 = 0.07 17.9+10.2 0.81 £ 0.06
Cs' 16.34 0.23+0.04 199+7.4 0.83+0.04

aFrom refl7. PpK, values for C§ Rb', and K in water were estimated by measuriii¢P values for TPPC

in the presence of 1 equivalent of the corresponding triflate Salt®rs were calculated from ehdirect

nonlinear fit of Equation 2 n d

ar e

given as

N1¢a.

Conversely, the fitted parameters extracted for the cases of the divalent ions reveal

significant

positive

cooperativity i
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than unity). Cooperativity of this type also implies a scenario in whicimétal ion can bind
effectively with multiple TPPO probe molecules. However, this situation differs due to the
ions®é high Lewis acidity from the cases of
TPPO molecules can likely bind to each acidic divataetal ion (for example, at small
ion/TPPO ratios) and (ii) multiple divalent metals could bind to a single TPPO unit (for
example, at large idMPPO ratios). In line with this theory, the few relevant results available
from singlecrystal Xray diffraction (XRD) studies reported in the Cambridge Structural
Databas® reveal that phosphine oxides can serve as bridging ligands between redox
inactive metal ions like Naand C3*.3%*2 Thus, it is reasonable to imagine that the positive
cooperativity measured for the divalent ions is associated with, in part, the formation of
multimetallic complexes bridged by TPPO ligands. The formation of such streiciuuéd
presumably help satisfy the demanding coordination requirements of the voraciously Lewis

acidic divalent ions.

The quantified parameters described above are consistent with those that can be derived
from plotting the measured data with the linead form of the HilLangmuir expression to
produce a s@alled Hill Plot (Figures.6). The apparent linearity of the data for, Kla", and
Li* confirms the 1:1 binding stoichiometry and thus 4cooperative nature of the binding
to TPPO. On the other hanithere are significant and obvious deviations from linearity in
the data for the divalent ions, Baand C&" in particular (seéppendix D,FigureD22 for
other Hill plots). Indeed, the-§haped response for €aand B&" is consistent with the
positvec ooper ati vity indicated by t AmentdixDial ues
FiguresD21-D23). Extrapolation of tangents from the extremes of the data in Fifires

andD22 for the divalent ions can be used to estimate an interaction energy describing the

144

t



di fference in free energy change ( pmpG)
associations with TPPO in these systems displaying cooperative behavior that amses fr
the greater than 1:1 binding stoichiometry (8@@endix D,FigureD28 and Tabld5).4°

The interaction energies for €a SP*, and B&" are 3.13 1.50, and 0.82 kcal/mol,
respectively. Perhaps unsurprisingly, these values trend in accord with the Lewis acidity of
these ions as judged by the aquedtsvalues as well as their ionic radii (s&ppendix D,
FiguresD26 andD27). This can be attribudeto sizedriven variations in their coordination
environments, which promote formation of dimeric or multimeric units under these

conditions, contrasting with the behavior demonstrated by the monovalent ions.

With these results in hand fotrations of the monoand divalent ions, we were excited
to pursue similar work with trivalent ions. In particular, we have been interested in the
trivalent ions since these highly Lewis acidic species can be reliably used to induce large
changes in thehemistry of multimetallic systeni$? However, we find that titration of
TPPO with L&*, Y3, Lu®*, and S&' indicates complex speciation in all four cases, as
evidenced by the observation of multiple specie¥®{*H} NMR (seeAppendix D Figures
D17-D20). Moreover, the spectra do not unifdy or gradually shift but rather display
abrupt transitions, indicating formation andagipearancef multiple species that cannot be
readily identified. Although unsate€toryfor titration analysis, these results are consistent
with the highly Lewis aidic nature of the trivalent ions and their tendency to display higher
coordination numbers that could promote the speciation behavior observed here. However,
the maximum shifts i*!P are the greatest for the trivalent ions among all those in our study,
confirming the usefulness of the behavior at 1.1 stoichiometry (FgR)eas a descriptor

of the Lewis acidity of these challenging ions.
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direct nonlinear fit of the data to Equation 2. Errorgdare small and provided in Figure

D68 of Appendix D

5.3 Discussion

We were inspired to carry out this study #ese of the widespread and successful
utilization of metalaqua [Ka values as descriptofor Lewis acidity. In our own work, we
have measured linear fremergy relationships for various properties of heterobimetallic
complexes of Ni and Ug' (see Chapters 2, 3, andwith ranges of redeinactive metal
ions using this scale, despite makthg measurements for our compounds in MeCN rather

than HO.”* The measurements and trends described in the work reported here help to

respecti ve UiNpdetermihed foomthe hei r
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explain the usefulness of the meagjua Ka descriptor, however, since we have found that

t he c h @tPdoeTPPin the presence of various mode, and tri-valent metal ions

in d3-MeCN and CDCI; areco-linear with the Ka values of the corresponding megajua
compl exes. The iMPaepesent dnectrintegogaiidn ofdhe Lewis acidity

of the metal ions themselves, as they induce deshielding étRheenter in TPPO when
bound. UARd:-MéCal or@DRCly) and Ka (H20) values are tightly correlated, we
plan to continue usinghé intuitive aqueouska scale, even for work in polar organic
solvents. In our ongoing effort to interrogate changes in the chemical and electrochemical
properties of tailored heterobimetallic complexes, we anticipate Khdased descriptor

will continue to be useful for botthe conceptualization of trends atftk plotting of linear

free-energy relationships.

On the other hand, this study also highlights that there is significant further work needed
in order to better understand and quantify the cheynig the di and trivalent metal ions.
In particular, experimental work to reveal details of the speciation chemistry of these ions in
both aqueous and organic media would be helpful to better understand the roles that the di
and trivalent Lewis acidsan take in modulating the chemistry of other species. In our
titrations with TPPO with the strongly Lewis acidic trivalent ions, we directly observed the
formation of various species B¥? NMR under conditions where only TPPO, §Eindds-
MeCN wereavailable as ligands. These conditions are not unlike those often used for
modulation of molecular catalysts in which exogenous Lewis acids are added to solutions
containing reactive metal complexes that do not necessarily feature obvious binding sites for
secondary metal ions. For example, the nature of interactions betwdam®enetaoxo

intermediates remains an area of vigorous investigatiSitt onsequently, we anticipate that
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significant opportunities lie ithe continued development of heterotopic ligand frameworks
that can rationallydirect binding of Lewis acids to redactive metal complexes and
catalysts. In such constructs, the speciation challenges of the trivalent ions may be overcome,

unlocking their full potential to engender new, useful chemical reactivity modes.
5.4 Conclusiors

We have used triphenylphosphine oxide (TPPO)%B AIMR probe to quantify the Lewis
acidity of redoxinactive metal ions in polar organic solvents, nanagyterated acetonitrile
(d®-MeCN) and deuterated dichloromethane §CB). A plot of the Ka values of the
corresponding metalqua species, [M{#D)m]™*, measured in D, vs. the’ P NMR shifts

of TPPO in the presence of these metals reveals a tightigear relationship, reinforcing

the utility of the common approach of using the aqee®ia values as a descriptor of Lewis
acidity, regardless of solvent. Our results show that concent@gjpendent speciation and
formation of multiple metal ioffigand adducts are possible, especially for the more Lewis
acidic di and trivalent metalsTaken together, these studies provide new insights into the
behavior of the Lewis acidic metal cations in polar organic media and provide a new,
uniform measure of Lewis acidity that may be useful in a variety of applications, especially

the expanding fiel of smaltmolecule activation.
5.5 Experimental Details
5.5.1General Considerations

All manipulations were carried out in dry-ffllled gloveboxes (Vacuum Atmospheres
Co., Hawthorne, CA) or underN2 atmosphere using standard Schlenk techniques unless

otherwise noted. All solvents were of commercial grdts weredried over activated
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aluming using a PPT Glass Contour (Nashuél)Solvent purification system prior to use,

and were stored over molecular sieves. All chemicals were from major commercial suppliers
and used as received or after extensive dryinggGBDand CDRCI, were purchased from
Cambridge Isotope Laboratories (Teskkiry, MA, USA) and dried over 3 A molecular

sieves.

4, B3C, 3P, and!®F NMR spectra were collected on a 400 MHz Bruker spectrometer
(Bruker, Billerica, MA, USA) and referenced to the residual prstitvent signdf in the
case ofH and*®C. 3P and'®F NMR spectra were referenced and reported relativeR@H
and CCiF, respectively, as external standards following the recommended scale based on
ratios of abso*uChee nfirceag u esnhciifetss ((?0)). are repo.
coupling camstants J) are reported in Hz. All experiments were conducted at room
temperature (298 K). Individual error values in this report are based upon numerical fits to

multipoint datasets unless otherwise noted.

Infrared (IR) spectra were collected underraari atmosphere in a dryHilled glovebox
(Vacuum Atmospheres Co., Hawthorne, CA). Spectra were collected with a Shimadzu
IRSpirit FTIR spectrometer equipped with a QABRsinglereflection attenuated total
reflectance (ATR) accessory and diamond pridatep Solid samples of the dried triflate

salts were interrogated (sAppendix D).

Following the general concept of GutmaBackett method, where triethylphosphine
oxide (TEPO) is commonly used as a probe moledifeywe implemented a modification
by using triphenylphosphine oxide (TPPO) in place of TEPO for our experiments. The
selection of TPPO as probe molecule was based on its wide availability and low cost. Here,

dilute solutions of thoroughly dried triflate salf&ppendix DO FiguresD32-D67) were
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prepared irds-MeCN or CDCl» dried over molecular sieves. Undarinert atmosphere in

a glovebox, a weighing balance (with 0.1 mg precision) was used to prepare samples
containing TPPO and the desired triflate salt.eBtimate the error on the mass values,
replicate mass readings were taken d@ér(Appendix O TableD6) on a representative
sample of triflate salt (ca. 5 mg); the average value and estimated standard deviation were
5.5 + 0.1 mg, representing a tolemlil.8% error. For NMR measurements, dilute solutions

of the triflate salts were preparediMeCN; subsequently, varying volumes (ranging from

10 to 1000 L) of these standard triflate
via Hamilton microgringe. The*'P{*H} NMR shifts for the TPPO probe molecule were

then recorded; the chemical shifts are reported here with an accuracy of 0.01 ppm. Our group

has found that this level of accuracy is appropriate, based on external referencing studies.
5.5.2 Synthesis andCharacterization

Synthesis of Sr(OTf}. Sr(OTfy was synthesized by following a modified literature
procedure’® A threenecked flask was loaded with strontium carbonate (Sr2®9 g, 17.5
mmol) and CHCN, forming asuspension. Under an inert atmosphere gfthflic acid
(CRSGOsH, 5.0 g, 33 mmol) was added dropwise to the suspension. After the addition was
complete, the reaction mixture was refluxed fe4 B. The resulting clear solution was
filtered to remove unaxted SrC@) the filtrate was evaporated and dried in vacuo at 180°C
for 24 h to obtain a white solid, which was used without further purification. Yield: 99%

(4.13 g).

Synthesis of RbOTf. RbOTf was synthesized by following a modified literature
proceduré’’ A threenecked flask was loaded with rubidium carbonate(Rhb, 4.05 g,

17.5 mmol) and water, forming a turbid solution. Under an inert atmospherg tffilt
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acid (CBSQsH, 5.0 g, 33 mmol) was added dropwise to the solution. After the addition was
complete, the reaction mixture was stirred at room temperatutehfand then refluxed for
4 h. Water was evaporated, and the resulting solid was extracted wifiNCté remove
unreacted RICOs. The filtrate was evaporated and dried in vacu@atC for 24 h to obtain

a white solid, which was used without further purification. Yield: 86% (6.72 g).

Synthesis of CsOTf. CsOTf was synthesized by following a modified literature
procedure’® A threenecked flask was loaded with cesium carbonateGOs 5.71 g, 17.5
mmol) and water, forming a turbid solution. Under an inert atmosphere, dfifNic acid
(CRSGOsH, 5.0 g, 33 mmol) was added dropwise to the solution. After the addition was
complete, the reaction mixture was stirred at room temperatutenfand then refluxed for
4 h. Water was evaporated, and the resulting solid was extracted wifBNCteé remove
unreacted G£0s. The filtrate was evaporated and dried in vacuo at 180°C for 24 h to obtain

a white solid, which was used without furtherification. Yield: 93% (8.70 g).
5.5.3Spectroscopic characterization.

The purities of these triflate salts were confirmed by IR'8RMMR spectroscopies and

powder Xray diffraction (PXRD;Appendix D FiguresD1-D6).
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Chapter 6

Understanding the Roles of Triethylaluminum in Phosphinimide

Supported Titanium Catalyst Systems for Ethylene Polymerization

This chapter is adapted from a published manuscript:
Barr, J. L.; Kumar, A.; Lionetti, D.; Cruz, C. ABlakemore J. D.Understanding
the Roles of Triethylaluminum in Phosphinimi8epported Titanium Catalyst

Systems for Ethylene Polymerizatidbrganometallics2019 39, 21502155.
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6.1 Introduction

Despite several decades of research into homogeneous catalysis of ethylene
polymerization, industrial production of polyethylene (PE) remains dominated by
heterogenous chromium systems, such asPihidips Catalyst, titaniurbased Ziegler
catalysts, and to a much lesser extent, sinijée catalystd?? In terms of both their
applicability and adoption into the field, singdei t e cat al ysts are a o6fro
development of new apphtions of PEbased materials. The discovery of constrained
geometry catalysts by Berchand halfsandwich titanium phosphinimide catalyst systems
by Stephahare two rare examples of successful homogeneous systems that overcame the
barriers to entryrito this mature and highly demanding area of catalygieese catalysts
have proven industrially useful for production of linear ddensity polyethylene (LLDPE)

film resins.

Al ong this |ine, Phillips Petrol eyuandds (now
development of solid superacid materials capable of serving to both activate homogenous
complexes for ethylene polymerization and act as a solid carrier for catalysts and polymer
particled®® prompted us to explore their behavior with other bgemeous ethylene

polymerization catalysts that could be industrially relevant.

Here, we report the use of a haHndwich titanium phosphinimide -catalyst,
[(Ind)(tBusP=N)TiCk] (1; Ind = indenyl) with solid superacid materigShart 6.1) Our
work shows that this compound is an effective ethylene polymerization catalyst.
Furthermore, polymerization results prompted us to probe the nature of the active catalyst
species with chemical and electrochemical studies, including synthetic ¢ffatthave

enabled isolation of a new heterobimetallic comfeikt (Chart 6.1) With 1 and 2-Et
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available for study, structural and spectroscopic investigations have been used to reveal the
multiple influences on this system, including its polymerizatiehdvior, which arise from

use of the strong Lewis acid triethylaluminum (A)Et

Chart 6.1. Half-Sandwich Ti Complexes Supported by Phosphinimide Ligands
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6.2 Resultsand Discussion

The reaction ofl, prepared according to the literatdfayith two to five equivalents of
triethylaluminum in benzene or pentane at room temperature yields a deep emerald green
solution after ca. 30 minutes of reaction tirté.and3'P NMR studies carried out insDs
after 30 minutes reveal neither discernaldals corresponding to the starting material, nor
new peaks corresponding to indenyl or phosphinimide fragments that could be present in
new diamagnetic compounds (s&ppendix E Figures E5 andE6 for example spectra).
Removal of the solvent from the reiact vessel, followed by addition of pentane, filtration,
and evaporation of volatiles vacuoyields an emerald green crystalline sokeHt) in 83%
isolated yield (see Experimental Section). Notably, these reaction conditions do not yield
any detectabl&étanium alkyl species, which are often required for ethylene polymerization

activity 1!
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Allowing a saturated pentane solution containiBt to stand at 35°C yielded dark
green crystals suitable for singteystal X-ray diffraction (XRD) studies. Additionally, XRD
results forl have not previously been available, and thus crystals of this precursor complex
were also grown by layering a toluene solutiori @fith hexane at 30°C. The data reveal
that2-Et (see Figures.1, left structure) is a diethylaluminum adductb{see Figures.1,
right structure) with two bridging chloride ligands, formulated as [(INd){EBUN)Ti(je-
Cl)2AIEt,]. The first coordination sgire around the titanium metal center retains fie [
Ind] and phosphinimide ligands bf but with a shorter intraligand P=N distance of 1.589(4)
A'in 2-Et in comparison with 1.622(5) A ih The average TCl distance elongates to 2.527
A'in 2-Et from 2299 A in1, as expected upon formation of the bridging interaction with the
[AIEt2] fragment. Formation of the diamond core motif, however, significantly constrains
the CiI Tii Cl angle from 103.6(1)° ifi to 81.5(1)° in2-Et. Notably, the PNi Ti angle in2-

Etis 175.9(2), denoting doubkoond character in theiNi interaction, similar to the angle

of 172.5(3%in 1.

Figure 6.1. Solid-state structures (from XRD) @Et (left) and1l (right). All H-atomsare
omitted for darity. Displacement ellipsoidsreshown at the 50% probability level.
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Precedent for generation of Ti(lll) phosphinimide complexes is limited, and includes the
reaction of dimethyl titanium phosphinimide compounds with excess trimethylaluminum to
yield CpTi(u2-NPRs)(u*-C)(AIMe2)s and [CpTi(if-Me) (u?-NPRs)(L°-C)(AlMe2)s- (AlMes)]

(where Cp is cyclopentadienyf3** Notably, the behavior of dialkyl titanium
phosphinimide catalysts with alkyl aluminum reagents appears quite different than the
formation of the reduction produgtEt reported here. This observation supports the notion
that divergent reactivity occurs teeen the case df and [(Ind)(BusP=N)TiMe;] during

catalyst activation, leading to divergent PE materials in each case.

Complex2-Eti s stri kingly SSijund)iAlgts(N)t(Chart®.d)tfirstads Cp
reported in 1957 N can be readily prepardxy reaction of titanocene dichloride with one
equivalent of triethylaluminum, yielding the blue heterobimetdNlicComparison of XRD
data for2-Et andN reveal similar average distances for theQliand Al Cl interactions
(2.5 A), and similar distorted tetrahedral Ti and Al geometfidhe likeness betweehEt
andN is perhaps not surprising, however, given the extrapolated steric similarity between

phosphinimide and cyclopentadiertybe ligands-’

To further characteriz€-Et, we performed electron paramagnetic resonance (EPR)

spectroscopy. Before reductidnis diamagnetic and EPR silent, with a Ti(IV) center having

a d® configuration ands = 0. On the other hand, the reduced spe&i€d has a formally
Ti(lll) center with ad* configuration. As expected, treatmentlafith AIEt; results in a new
spectrum (Figuré.2), attributable t®-Et, that displays axial symmetry and characteristic
features ag = 1.98 and 1.94 in toluene at 55 K. These observations are consistent with
formulation of2-Et as having the expected Ti(Idf system withtS= 1/218 As no hyperfine
coupling to the!*N (I = 1) or3P ( = %) atoms contained in the phosphinimide ligand is
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visible, the radical appears mostly localized on the titanium(lll) center. Notably, only a
single species is apparent by EPR under our conditions in a variety of nonpolar organic
solvents and the spectrum in toluene can be readily modeled as a sihglgeties. (See
Appendix E FigureE20 for other EPR spectra and Figi2l for modeling results.) Thus,

we conclude that reduction btto form2-Et proceeds cleanly, as judged lbhgth NMR and

EPR.
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Figure 6.2. X-band continuousvaveEPR spectrum a2-Et in toluene. Conditions: T = 55
K; modulation amplitude = 4.0 G; time constant = 5 ms.
These results compare well with prior spec
complex N,'® which are centered a = 1.94 and display minimal hyperfine coupling.
Notably, other reaction produéfghat can be generated from the reaction ofTGH 2 with

triethylaluminum and other aluminum alkyls display significantly different spectra,
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including larger hyperfine couplings in some ca$ésin all cases, however, treatment of
the titanium(IV) starting material with aluminum alkyls leads to reduction of the metal center
concomitant with gas evolutid®!® Consistent with these prior findings, gas
chromatography results examining chemical reductiohwith AlEtz show productiorof

ca. 1 equiv. of eHe per Ti center (seAppendix E FigureE18). Production of €Hs suggests
cleavage of TiC bonds following alkylation results in generation of transiehtsCadicals,
which could scavenge-Atoms from the excess Algbresent or solvent. Based on these
observations foR-Et and N, aluminum alkyls can be viewed as ablly serving as both

reducing agents and sources of [flBquivalents in these systems.

Testing for ethylene polymerization activity with and 2-Et was conducted in an
automated, senmbatch reactor under slurry conditions with isobutane diltrerisee
Experimental Section for details.) Experiments were carried out for 20 minutes (excluding
charging time) using industrially relevant reaction temperature, ethylene, hydrogen, and 1
hexene concentratiod3In addition, 150 ppm of AlEtin the isobutane dient was added
to the reactor with these other gases during operation, where it serves as an alkylating agent
as well as a scavenger of catalyst poisons. The polymerization reactions were halted via fast
evaporation (flashing) of the isobutane diluent, pratuct was collected as frilewing
small particles. For this work, titanium catalyst was introduced into the reactor in the form
of a toluene solution containirig(assynthesized, in the Ti(IV) state) or a freshly prepared
benzene solution containirtge heterobimetallic compleXEt, formed by treatment of

with AlEtz in situto yield the usual emeralgreen colored solution.

Gratifyingly, the results confirm that both and 2-Et are precatalysts for ethylene
polymerization, with significant turnover and yield of polyethylene (PE) in each case (see
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Table6.1 for details). As the activity on a [Ti] basis is not significantly different between
the two catalyst preparations, we cand e t hraetd uficpt i eoform 2-Eb does not
significantly decrease the number of [Ti] sites available for catalysis. However, the two
catalysts systems differ slightly in the molecular weight distribution (MW&MV) of the
product PE produced kthe reactor in each case. Specifically, the us2©Bf (formed by
prereduction ofl) results in a narrower MWD (3.05) material in comparisoh (8.29), as
determined by gel permeation chromatography (see Fig@rand Table6.1). In these
experimentsthe polymer produced witk-Et also exhibited a higher molecular weight than
that produced with, with My values increasing from 132 to 288 mol?, despite the use

of identical reactor conditions. These results suggest thatguetion ofl to form 2-Et:

(1) alters the nature of the catalytically active species, (2) does not significantly change the
total number ofactive sites, and (3) the selection betwéesr 2-Et as catalyst results in

product PE with usefully different properties.

Table 6.1. Comparison of Select Ethylene Polymerization Conditions* and Polymer

Properties.
Pre-  Ti:Al  Polymer [TlggAlgtl'E\;gy Mn/1000 Mw/1000 Mp/1000 Mu/M
. . 4 Wi n
reduced Ratio Yield (g) Cat./hr) (g/mol)  (g/mol) (g/mol)
No 1:100 93 279,000 40.11 132.09 86.53 3.29
Yes  1:100 85 255,000 85.83 261.95 210.40 3.05

*Conditions: Polymerization experiments were carried out using 0.001 g of Ti catalyst, 0.1 g of solid suj
150 ppm of additional Alktspecies added to the reactor relative to the isobutane diluent, 125 ppnTef |
80°C andt = 20 min. See experimental section for full experiment defal, is number average molecul:
weight; M, is weight average molecular weight; M peak moleglar weight*Experimental error: M +2%;
Mw/Mn £7%.
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Figure 6.3. Gel permeation chromatograms for comparison of PE produced under a variety
of conditions. Upper panel: PE produced witfred line), Cr on silica catalyst (solid gray
line), and a metallocene (dadbt gray line). Lower panel: PE produced witkired line

and Apr el gahtadc witth otriethylaluminum prior to introduction into the

polymerization reactor (blue line).
For comparison, use of a singdiée catalyst (such as a metallocene) yields significantly
narrow MWD values of 2.B 2.8 under similar ggmerization conditiong* These findings
contrast with our work, indicating that there are likely multiple types of active
polymerization sites, each producing polyethylene chains of different molecular weights and
thus contributing to our wider MWD of39 with 1 as catalysfFigure 6.3) Such a situation
is reminiscent of heterogeneous polymerization catalysis, in which a system like the Phillips
Cr/silica catalyst produces broader MWD vi a

work with other phephinimide catalysts suggests that these systems behave
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homogeneously, yielding monodisperse polyethylene materials with narrowv MWDs

between 1.5 3 in virtually all cases, the results were especially intrigéiag).

A notable difference between our work witland findings from the literature lies in the
nature of the phosphinimide pecatalyst used in the polymerization experiments. Published
work has largely utilized dialkylated phosphinimide precatalysts actibgt&diAO, borate
salts or boranes for ethylene polymerization screening, whereas our work has focused on the
dichloride precursot!”?® In our system] and/or2-Et are presumably alkylated by AlEt
in the polymerization reactor in the presence of the solid superacid. This suggests that the
difference in MWD may be a result of divergent-pegalyst initiation chemistry. Stated
another way, formation of active catalyst(s) by alkylation in the poesehsuperacid is a
step that could occur for bothand2-Et. However, the observed propensityldd undergo
oneelectron reduction by Altsuggests that partial reduction of precatalysbuld occur
in the reactor, during the initiation phase ofyéthe polymerization reactions. Thus, the
amount of2-Et can be increased by carrying out the-pgguction step before any titanium
is introduced into the reactor. If battand2-Et can undergo alkylation to produce different
catalysts, a more broadlyepated polymerization system containing both Ti(IV) and Ti(lll)
species that are active for catalysis would be expected from direct Gsesqirecatalyst
(i.e., carrying out catalysis without [Ti] preduction). Consistent with this model,
polymerizaton carried out witl2-Et results in a narrower MWD in comparison to that with

1.

The facile oneslectron reduction df by AlEtz in the synthetic work prompted us to carry
out electrochemical investigations aimed at learning more about the propertissgétam

with regard to electron transfer. We elected to carry out the electrochemical work with
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rather thar2-Et; 2-Et is often an inconvenient, sticky solid when isolated, whitan be
reliably isolated as a freflowing powder. Cyclic voltammetrycarried out on a solution of

1 in THF solvent containing 0.1 M NBBFs as supporting electrolyte, shows a single
observable reduction eventBic=12.12 V vs. the ferrocenium/ferrocene couple (denoted
hereafter as F&; Figure6.4, upper panel) within the limits of our experimental conditions.
As the peak currents corresponding to reductichasfd those for oxidation/reduction of an
equimolar amount of Go are quite similar, we assign the observed reductidnasf a
oneelecton process (seppendix E FigureE12 for data). This reduction wave appears
totally irreversible at slower scan rates, indicating that the titanium(lll) species resulting
from reduction ofl is unstable under the electrochemical cell conditions andutidergoes
further reactivity. Notably, however, increased reversibility can be obtained at faster scan
rates, suggesting that [(IntBUsP=N)Ti"'Cl,]" is transiently produced and undergoes re
oxidation atEp 2° V1.9 V vs. F&° measured at 300 mV/s scate (seé\ppendix E Figure

E14). This overall profile is consistent with an Hgpe mechanism, in which
electrochemical reduction is followed by a rapid chemical reaction that depletes the
population of the reduced compound near the electoleaddition, on the basis of the
reductive peak currents measured as a function of scanlrege;onfirmed as a freely
diffusing species in homogeneous solution under these conditionsgserdix E Figures

E14 andE15 for data).
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Figure 6.4. Cyclic Voltammetry data ot (red, upper panel}, in the presence of 6 eq. of
AlEt3 (blue, lower panel). Conditions: electrolyte, 0.1 M [aB{iPFe] in THF; scan rate:
100 mV/s.

Two analogous complexes, @(sP=N)TiCl (4) and Cp(tBusP=N)TiCL (5) were also
interrogated by cyclic voltammetry under our conditions in THF electrolyte. These
compounds each undergo a single,-eleztron reduction in an Efype process at quite
negative potentials, measuredsgt =12.18 V vs. F&° for 4 andEy c=12.36 V vs. F&for
5 (seeAppendix E Figures E10 andE11) 28 Notably, comparison of thg, ¢ values for three
titanium(lV) complexes reveals the expected trend with cyclopentadienyl donor power, in
which the [Cp*] compound undergoes the most negagdection (2.38 V vs. F£°) and
the [Cp] and [Ind] compounds undergo reduction at more positive poteiial® (andi
2.10 V vs. FE0, respectively). Notably, the reductionf4, and5 to the titanium(ll) state

was not apparent in any case undercmnditions.
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Cyclic voltammograms collected on solutions contairfirappd 6 equiv. of AlEtreveal
the appearance of a new oxidative featur&sat= 11.32 V vs. FE° that is assigned to
oxidation of2-Et (see Figurés .4, lower panel). On the reductive side, the cathodic feature
measured forl alone is retained with a very similar profile in the presence ofzAlEt
indicating that AlE4 does not interact significantly with when titanium is in the +4
oxidation state. Hoewver, upon onelectron reduction, a fast reaction occurs with AlEt
leading to a new compoun@-Et; seeAppendix E FigureE22) in the reactiomliffusion
layer near the electrode which undergoes oxidatiot.82 V vs. F&°. On the basis of scan
ratedependent voltammetrg;Et is freely diffusing in homogeneous solution (sgpendix
E, FiguresE14 andE15). Moreover, the cathodic wave corresponding to reducti@moés
not display a return oxidation at any accessible scan rates in the presentgtspf A
confirming rapid reaction of orelectron reduced with AlEts (seeAppendix E Figure

E14).

The anodic oxidation d?-Et occurs aEpa=11.32 V at 100 mV/s; this potential is well
positive of the anodic oxidation of [(IndBusP=N)Ti""Cl;]' observed aEp.° 1.9 V at
faster scan rates (sé@pendix E FigureE14). Thus, we conclude that the [AdEfragment
behaves as an effective wis acid to the titanium center REt. In general, Al* can be
considered to be a potent Lewis acid; we note here the ratheKlovalpe associated with
its metal aqua ion . ° 5 in H0).2° The specific role of [AIEA as a Lewis acidic moiety
is supported by the ca. 580 mV positive shifEgn between the two cases measured here.
The finding of a positivehshifted reduction potential f&-Et vs. 1 is also in accord with
recent studies from our laboratory aimeduantifying the effects of trivalent redaxactive

Lewis acids on reduction potentials in heterobimetallic compotfiisecifically, we have
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measured a positive shift of c&7 mV/pKa across a family of heterobimetallic nickel

complexes with various Lewiacids.

The proposed electrochemical reaction sequence is in accord with the observed slower
reaction ofl with AlEts under purely chemical conditions, as the reaction to produce the
emeraldgreen solution of2-Et occurs on the minutes timescale at rotemperature,
apparently limited by sluggish kinetics ofiA&l bond cleavage under the chosen conditions.
This cleavage, however, leads to formation of transient radicals that drive redudtimmdof
formation of 2-Et. Notably, in the electrochemical workhe electrode serves as an
accelerating source of single reducing equivalents, allowing formatidhEdfnear the
electrode to proceed more quickly. Consistent with this model, bulk electrolykis tifie
presence of AlRtati 2.4 V vs. F¢° generatesa. 1 equiv. of @Hs per Ti center, similar to
the case of the chemical work with AtiEdone (seéppendix E FigureE19). Furthermore,
as only a single anodic wavEp=11.32 V vs. Ft°) is observed in voltammetry under
these conditions, we conclude that electrochemical reductidnnothe presence of Algt

leads to clean generation Et, similar to the purely chemical reaction with AJEt

To confirm that2-Et is the product of et#grochemical reduction df in the presence of
AlEts, we turned to spectroelectrochemistry. For comparisas,yellow, and displays a
lowest energy absorption band, attributable to ligamahetal charge transfer, at 390 frmJ
= 1049 M1cm'Y) in pentandseeAppendix E FigureE7). Consistent with its emeralyteen
color, 2-Et (when prepared chemically) displays a lowesergy absorption band,
attributable to al-d transition in thai® system, at 636 nm = 2 dn$?) inbentane and
709 nm 0 390 M'cm'l) in THF. Consistent with these observations, electrolysis of a
solution containing and AlEg ati 2.4 V vs. FE° with simultaneous UwWisible monitoring
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results in growth of a new absorption band centered at 709 nm (see &gurehe new

band is virtually identical to that measured for chemically preparBd in THF (see
Appendix E FigureE8), confirming that2-Et is indeed produced under electrochemical
conditions. Isosbestic behavior is observed near 535 nm in these spectra, supporting clean
interconversion ol to 2-Et. Switching the electrolysis potentialitd.8 V vs. FE° (positive

of the anodic wave measudréor 2-Et, Figure6.4) results in loss of the absorption band at

709 nm, consistent with assignment of the anodic wai&.&1 V vs. F&° as oxidation of

2-Et and consequent regeneratioriof

2.0 g

Absorbance

400 500 600
Wavelength (nm)

Figure 6.5. Spectroelectrochemical data for electrolysis in the presence of 2 eq. of Akt
Initial potential for the experiment wa.8 V vs. FE¢° and step potential for generation of
2-Et (characteristic feature at 709 nm) Wa&s4 V vs. F&°. Conditions: 0.1 M [nBsN][PFe]

in THF.
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6.3 Conclusions

In conclusionl undergoes reduction in the presence of Al&torm the heterobimetallic
[Ti'""AI""] compound2-Et. Both of these compounds function as precatalysts for ethylene
polymerization, suggesting that catalyst activation/alkylation and chain termination is
affected by the propensity @fto undergo onelectron reduction with Alt Chemical and
electrochemial studies reveal that oredectron reduction df in the presence of Algteads
to generation o2-Et with concomitant evolution of ££s. These results also reveal that the
Lewis acidic [AIEg] fragment effectively stabilizea Et, likely contributing tathe narrower
molecular weight distribution of PE produced with this compound as precatalyst in place of
1. Ongoing work in our laboratories is focused on obtaining further understanding of the
role(s) of Lewis acids in modulating the reduction potentidl @atalytic properties of these

useful compounds.
6.4 Experimental Details
6.4.1General Considerations

All manipulations were carried out in dry>ffllled gloveboxes (Vacuum Atmospheres
Co., Hawthorne, CA) or underNitmosphere using standard Schlenk techniques unless
otherwise noted. Ethylene was obtained from Airgas and was further purified through
columns of 13X molecular sievesHexene was obtained from Chevron Phillips Chemical
Company LP and dried over201 ype activated alumina. All solvents were of commercial
grade and dried over activated alumina using a Pure Process Technology (PPT; Nashua, NH)
solvent purification system prior to use, and were stored over molecular sieves or anhydrous

solvents were pur@sed from Sigm&ldrich and purified and stored over 13X molecular
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sieves. Benzends was purchased from Cambridge Isotope Labs, dried and stored over 13X
molecular sievestH and3!P NMR spectra were collected on 400 and 500 MHz Bruker
spectrometers an@ferenced to the residual presolvent signal in the case 4fl and to

the deuterium lock signal in the cas€®f unless otherwise noted. Triethylaluminum (1 M
solution in hexane or 0.6 M solution in heptan®usP and trimethylsilylazide were
purchasd from SigmaAldrich or Acros Organics and used as received. [(Indg[i®hs
purchased from Strem Chemicals and used as recdiveul the solid super acid activator
were prepared according to literature methtdd$3® All chemicals were from major

commercial suppliers and used after extensive drying.

Electrochemical experiments were carried out inzdild glovebox in dry, degassed
THF. 0.10 M tetra(rbutylammonium) hexafluorophosphate ([nBili'[PFs]'); Sigma
Aldrich, electrochemical grade) served as the supporting electrolyte. Measurements were
made with a Gamry Reference 600+ Potentiostat/Galvanostat using a standard three
electrode configuration. The working electrode was the basal plane of highly oriented
pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo Grove, Ill.; surface area: 099 cm
the counter electrode was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5
mm diameter), and a silver wire immersed in electrolyte served as a psewaaefer
electrode (CH Instruments). The reference was separated from the working solution by a
Vycor frit (Bioanalytical Systems, Inc.). Ferrocene (Sigma Aldrich; tvgigkelimed) was
added to the solution after each experiment; the midpoint potential of the
ferrocenium/ferrocene couple (denoted as’Fcserved as an internal standard for
comparison of the recorded potentials. Concentrations of analyte for cyclic voltammetry

were ca. 1 to 2 mM unless otherwise noted.
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Electronic absorption spectra were colleictath an Ocean Optics Flame spectrometer,

in a cm path length quartz cuvette.

Spectroelectrochemisty was carried out in the same glovebox as described above (N
atmosphere), with 0.10 M [nBN]*[PFs]' in THF as electrolyte. A thin layer quartz cell was
used with a Teflon cap for housing the electrodes (ALS Co., Ltd., path length: 1.0 mm). The
working electrode was a platinum mesh/flag electrode covered with a PTFE shrink tube up
to the flag, and the counter and reference electrodes were both platiresn(AlS Co.,

Ltd.).

Gas analysis for determination of gas evolution was performed with a Shimadzu GC
2014 CustorGC gas chromatograph with a thermal conductivity detector and dualflame
ionization detectors. A custom set of eight columns and tivaéces enable quantitative
analysis of hydrogen, nitrogen, oxygen, carbon dioxide, carbon monoxide, methane, ethane,
ethylene, and ethyne. Argon serves as the carrier gas. The instrument was calibrated with a
standard checkout gas mixture (Agilent 51¥19) prior to experimental runs to obtain

guantitative data for ethylene.

Bulk electrolysis experiments were performed in a customdwamber electrochemical
cell equipped with connections to achieve-tight operation. The working electrode was a

HOPG plde (Graphitestore.com, Buffalo Grove, lll.; surface area: 1%).cm
6.4.2Bench Polymerization Experiments

Polymerizations were performed on a 2.2 L stainless steel reactor equipped with a marine
stirrer rotating at 500 rpm. The reactor was surrounded digimlesssteel jacket through

which a stream of hot water was circulated, which permitted precise temperature control to
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within half a degree centigrade. Prior to polymerization, the reactor was purgediat 110
120°C with nitrogen for at least 30 minuteshéreactor was then cooled and charged with
0.1 g of solid superacid, 0.5 mL of triethylaluminum (1 M in hexane, 0.5 mmol), and 0.001
g of 1as a 1 mg/mL solution of catalyst in toluene, and filled with 1.2 L of isobutane liquid,
in that order, under a si@@m of isobutane vapors at’@s Finally, ethylene was added to the
reactor to equal the desired pressure, which was maintained during the experimesshd

(10 g) was pumped directly into the reactor from a weighed storage vessel upon initiation of
the polymerization experiment. Hydrogen was metered into the reactor along with the
ethylene to a prescribed 125 ppm level. After the allotted reaction time, the ethylene flow
was stopped, and the reactor was slowly depressurized and opened to recoveuthe gra
polymer powder. The reactor was clean with no indication of any wall scale, coating or other
forms of fouling. The polymer powder was then removed and weighed, and the activity was

determined from this weight and the measured time based on the arhcaiaiyst charged.
6.4.3Melt Index Determination

Approximately 7 g of polymer was loaded into the barrel of a Tinius Olsen EP600
extrusion plastometer melt flow apparatus that was preheated 1G.18fer a 6minute
melting time, a 2.16 kgveight (melt index) was automatically loaded onto the plunger to
force the molten polyethylene through a circular die. The distance travelled by the weight
and time are measured and used to calculate melt indexnmndg Following melt flow
determinatio, additional weights to produce a total of 21.6 kg (high load melt index) was
automatically loaded onto the plunger to force the molten polyethylene through the circular
die. The distance travelled by the weight and time are measured and used to @liglate
load melt index in dg mih
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6.4.4SEC Measurements

Molecular weights and molecular weight distributions were obtained using a Polymer
Labs (now an Agilent company) F220 gel permeation chromatograph with 1,2,4
trichlorobenzene as the solvent dloav rate of 1 mL/min and at 146. 2,6di-tert-butyl-4-
methylphenol (BHT) at a concentration of 0.5 g/L was used as a stabilizer in the solvent. An
injection volume of 400 €L was wused with
Dissolution of the stadlived sample was carried out by heating at°Co@or 5 h with
occasional agitation. Three WatersHaE columns (7.8 x 300 mm) were used and calibrated
with a broad linear polyethylene standard (Phillips M&tIB¥B 5003) whose molecular

weight had previosly been determined.
6.4.5 Synthesis and Characterization
Synthesis of 1

1 was prepared according to Stephan and/oetkers®! 'H NMR spectracollected for the
synthesized material were in accord with prior results. Elemental analysis confirmed
preparation of the desiHu€ElMNPTNEt5602iHa71.61, NAn al

3.11. Found: C, 55.85; H, 7.42, N, 3.23.
Synthesis of 2Et

In the glovebox under an inert atmosphere of nitrogen, a 20 mL scintillation vial was
loaded withl (100 mg, 0.222 mmol) and suspended in 10 mL pentane or benzene. Using a
syringe, 2 equiv. of 0.6 M solution of triethylaluminum (AJEin heptane (0.7 mL, 04}
mmol) was added dropwise to this yellowgteen color suspension or solution

respectively, over a period of 15 minutes. The color of the solution changed from yellowish
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green to emerald green within half an hour of addition. The resultant homogehdisns

was stirred for another hour and concentrated. This viscous liquid was then refrigerated at
35°C to give deep emerald green crystalg-&t. Satisfactory elemental analysis results for
2-Et were not obtained despite several attempts, likely dube acute sensitivity of this

compound to air and moisture.
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Chapter 7

Heterobimetallic [Ti,Al]l Complexes: Divergent Synthesis, Redox

Properties, and Ethylene Polymerization Catalysis

This chapter is adapted fronsabmittedmanuscript:
Kumar, A.; Barr, J. L.; Cruz, C. ABlakemoreJ. D.Heterobimetallic [Ti,Al]
Complexes: Divergent Synthesis, Redmoperties, and Ethylene Polymerization

Catalysis Organometallics2021, in press
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7.1 Introduction

Aluminum alkyls of the form AlIRare prevalent in the polymerization industry and are
known to perform numerous functions in the formation of polymers, like polyethylene.
conjunction with famous catalysts such as the Zielykta catalyst the Phillips catalyst,
and some metaltenes, these aluminum alkyls modulate polymer properties and enhance
polymerization activity. They are also used as scavengers to remove poisons such as residual
moisture and oxygen from catalytic reaction mixtures. Furthermore, methylaluminoxane
(MAO), the product of treating trimethylaluminum (Alb)evith water, has been commonly
used as a catalyst activator (oraatalyst) for olefin polymerization by molecular systems
since its accidental discovery in 1976 by KamingRjhese aluminum reagents drewis
acids that can generate cationic metal centers from precatalysts and thereby form active

catalysts capable of polymerizing ethyléne.

I n studi esd tef6 @oilrygneeg i zati on catalysis, mo |
have attracted significarattention; these systems have been known as especially useful
catalysts for the production of linear ladensity polyethylene (LLDPE) since the late
1950s’ Group IV transition metal complexes, in particular, emerged out of initially niche

applicationsn the industry?

Some o f t hs#ted dhomogenous gatadysts include systems that are
heterobimetallic in nature® For instance, Marks & coworkers have reported a [Ti,Cr]
olefin polymerization catalyst that selectively produces high molecdahiv(Mw) n-butyl
branched polyethylene (P&} Cr sites in the catalystith branch densities that are ca. 3
times greater than those achieved by analogous tandem syStEms approach, wherein

two transition metal centers are present in close proximity, can thus elicit pronounced
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cooperative effects engendering greater polymerization activities and high molecular weight
polymers® Polymerization catalysts in which redactive metals like titanium or zirconium

are paired with highly Lewis acidic metals like aluminum have attracted significant
interestt#1314 Along this line, Do & coworkers have prepared two families of
heterobimetallic N and Pd® complexes featuring pendant polyethylene glycol that house
Li*, Na’, and K as Lewis acids. Their polymerization data display a significant increase in
the polymerization activity, molecular weight, and branching frequency in contrast to their

monometallic counterparts.

These newer systems are complemented by earlier examplégterobimetallic
structures that were discovered in the early days of polymerization chemistry. In particular,
Natta and Tebbe provided notable examples in this area (compeard T, see Chart
7.1).1%1819 Their pioneering work showcased the rich coordination chemistry of titanium
supported by t wo-Cp §ganbsoapdelinkedata an elanyinum ¢ewter by
bridging chloride K) and/or methylenel() groups. Such metallocefygpe systems remain
popukr in the field to this daf?° as there continues to be significant developments around
use of these structures for polymerization chemf&y.Structural diversity is readily
accessible in these compounds through substitution of the simple Cp ligand with related

analogues like indenyl (Ind) or pentamethylcyclopentadiene (Cp*).

The phosphinimideype ligands developed by Stephan aondiorkers are conceptually
related to these traditional cyclopentadietyyde ligands, and can be readily incorporated
into structures suitable for polymerization chemige’’. In particular, phosphinimide
ligands resemble Cp ligands in that they ar®mini donors that present significant steric
bulk; despite their rather distinctive structural connectivity, phosphinimides are sterically
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similar to Cp. Complexes supported by phosphinimide ligands demonstrate high activities

for olefin polymerization, comarable to or even better than traditional metallocéhglis

high activity may be attributable in part to the rather geometrically accessible nature of the

Ti center in these compoun d6penfoddistAndefoPca.di st an c

2.2A).%¢

Chart 7.1. Heterobimetallic [Ti,AljJcomplexessupported byphosphinimiddigands

s
-{\ ~,/ ‘Bu— P Cl

2-Et
Natta 1957 Tebbe 1978 Barr & Kumar 2019

= =
n 1
NTR NTN
tBu_/P\é Cl tBU—/P\& C|
Bu 'Bu Bu  'Bu
2-iBu 2-Me
This Work This Work
Building on this prior work with metallocene and phosphinimide ligands, we have
recently studied the chemistry of a heterobimetallic [Ti,Al] spestipported by indenyl and
a phosphinimide ligand2¢Et, see Chart7.1)?” As 2-Et is the first example of a
heterobimetallic complex of titanium supported by a phosphinimide ligand, we have been

particularly interested in the influence of the Lewis acididIh center on the properties of

this compound® Our work to dat¢Chapter 6has shown that Al(lIl) stabilizes the formally
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Ti(lll) center in2-Et, and suggested that formation of this species impacts the outcomes of
polymerization catalysi€3° However, considering the promising catalytic activity2Et
toward ethylene polymerization, we wondered if a broader family of complexes could be

accessed and if these species could serve as tunable catalysts.

Here, we report the formation of two new hetenoetallic complexes of titanium
[(Ind)(tBusP=N)Ti(-Cl)2AliBuz] (2-iBu) and [(Ind){BusP=N)Ti(-Cl)2AIMe>] (2-Me;
see Char?.1) and findings regarding the influence of the remote alkyl groups in the][AIR
fragment on the properties of the [Ti,Al] species. Synthetic work and complementary cyclic
voltammetry (CV) experiments reveal similar chemical reactivity (on short time scales of
seconds to minutes) upon reductiori@fith AliBus or AIMes, in comparison with the prior
case of AIE4.2" However, the heterobimetallic compounds display varying stabilities over
longer timescales, and behavetguifferently when employed as ethylene polymerization
catalysts, particularly with respect to activity and the molecular weight distribution of
product PE. Taken together, the spectroscopic, electrochemical, and catalytic results
obtained here implicat®les for the alkyl groups in stabilizing the heterobimetallic species
and tuning their involvement in polymerization catalysis. The selection of starting AIR
reagent used to generate the precatalyst affords a useful route to modified polymer

properties.
7.2 Results

The procedure to synthesize compleeBu and2-Me was adapted from our previous
report” using Stephan's useful precursor complex (lBdP=N)TiClk (1).3! The reaction
of 1 with 2i'5 equivalents ofAliBus or AIMes in pentane at room temperature yields an

emerald green or yellowisfireen solution, respectively, after ca. 30 minutes of stirring (see
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Experimental Section). Interrogation of the reaction mixtures dbirad®*P NMR in GDs

reveals neither discernabjeeaks corresponding to the starting material nor new peaks
corresponding to indenyl or phosphinimide fragments Aggeendix F FiguresF1-F4 for

spectra), suggesting paramagnetic species are formed in each case. These results are similar
to what wasobserved in the case of Alzin that the exposure dfto AlEts results in an

emerald green solution that, following by workup, yields the isolable heterobimetallic
specie-Et. Based on these observations, we were encouraged to attempt isolation of the

anticipated new producgiBu and2-Me.

The emerald green solution resulting frtme reaction ofl with AliBus for 30 min was
subsequently concentratedvacuoand stored &dt35°C. The crystals obtained were emerald
green in color and correspond to Htricture oR-iBu (vide infrg as predicted based on the
solution coloration and similarity to results Et. The structure o2-iBu obtained from
singlecrystal Xray diffraction analysis is quite similar to thatEt (see Figure’.1) and
revealghe expected diamond core motif containing Wwoenters and two bridging chloride
ligands. The first coordination sphere around the titanium metal center retains the expected
/P-Ind andtBusP=N ligands frond, while the terminal chloride ligands provided bgach

a d o p:tbridgingsnode between thermally Ti(lll) and Al(IIl) centers in2-iBu.

Generally speaking, the bond distances and anglkeEirand2-iBu are very similar (see
Tables 7.1 and7.2). For example, the averagei Tl distances are 2.526 A and 2.527 A,
respectively. Notably, these values are significantly longer than the avei&jadiGtance
of 2.299 A in the monometallic precurshrthis change is attributable to both timdging
nature of the chlorides in the bimetallic compounds as well as the formal reduction of Ti(lIV)
in 1to Ti(lll) in 2-Et and2-iBu. The titanium and aluminum centeruit and2-iBu adopt
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similarly distorted geometries in both cases, accommodating acGf€Gr12 (81.5(1)° and
80.8(1)°) and CIlAIT CI2 (93.8(1)° and 92.6(1)°), respectively. Further, the intraligand P=N
distance in2-iBu (1.590(2) A) is essentially indistinguishable from the value24it
(1.589(4) A). Thus, we conclude that the substitutidriBu for Et exerts only a minor
influence over the electronic properties of the Ti center, consistent with the disposition of

the alkyl groups on the aluminum at a significant distance from the titanium center.

Figure 7.1. Solid-state structures (from XRD) d&-Et (left structure) and-iBu (right
structure). All Hatomsareomitted for clarity. Displacement ellipsoids are shown at the 50%
probability level.

On the other hand, there is a small2but
iBu (3.484 A) vs. that ir2-Et (3.455 A). Presumably, this change is caused by steric strain
induced by interaction of the more geometrically demanding isobutypgrpresent on the
Al center in2-iBu. Furtherevidence for structural change prompted by this enhanced bulk
comes from a measure of deformation of the diamond core; this was quantified with the
Ydiamond Pparameter, signifying the root mean square deviatibthe four atoms in the

diamond core from the mean plane defined by the position of those atoms TIJble
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Previously, we have used this parameter to measure macrocycle deplanaizatere,
the steric clash from the bul ky i s odgambhd Yy I
value in2-iBu (0.041)as compared t&-Et (0.028). This distortion apparently drivesnor
elongation of the AICI distances as well as noticeable narrowing of thé TIXCI2 and

CI11 Al CI2 angles.

Table 7.1. Comparison oselectbondlengths (A).

Bonds 1 2-Et 2-iBu 3
Tii N 1.729(5) 1.797(4) 1.799(2)  1.972(5)i 1.997(6)
Tii Clavg 2.299 2.526 2.527 2.294, 2.296
P=N 1.622(5) 1.589(4) 1.590(2) 1.621(4), 1.637(4)
TiT Ind centroid 2.113 2.077 2.081 -
Ali Clavg - 2.259 2.264 -
Ti AARAA - 3.455 3.484 -

Table 7.2. Comparison ofelectbondangles ).

Angles 1 2-Et 2-iBu 3
Pi Ni Ti 172.5(3) 175.9(2) 176.6(1)  139.1(4)i 141.5(4)
Cli Tii Cl 103.6(1) 81.5(1) 80.8(1) 112.6(1), 123.7(1)
CIi TiT Navg 102.6 104.4 104.6 108.2, 111.2
Cli Ali Cl - 93.8(1) 92.6(1) -
AlT Cli Tiavg = 92.3 93.1 -
¥ diamond” - 0.028 0.041 0.054

#Defined as rootmean square deviation (rmsd) of the following atoms from the mean plane defir
their positions: Til, CI1, CI2, and Al1.
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In addition to the emerald green crystal2-oBu, very few orangeolored crystals were
also visible when magnified. The diffraction pattern of those crystals identified the species
as a homobimetallic titanium compourdd (see Appendix F Figure F26) which has
undergone loss of the indenyl ligand asIvas dimerization during the reduction. The
diamond core in this species, formulated as [@iJi>-tBusP=N)], contains two
titanium(lll) centers bound to two bridging chloride ligands each, which in turn is further
bridged by two phosphinimide ligandtémactions. However, unlike in the structure2ef
iBu, 3 does not contain an aluminum center. The structuBashighly symmetrical, with
similar Tii Cl, Tii N, and Ti Ni Ti bond lengths and angles for the two titanium atoms (see
Tables7.1 and7.2). In canparison withl, 2-Et, and2-iBu, the R Ni Ti geometry in3is less
linear, with an angle of 139.1(#)141.5(49, attributable to the bridging role of the nitrogen
atoms. The P=N distances in the homobimetallic sp8asegery similar to the P=N distance
in 1, a situation attributable to the presence of two phosphinimide ligands per Ti(lll) center.
Since this speciation produgtwas not encountered in the case of preparatio@sktf we
conclude that the presence sbbutyl groups on the aluminum center contributes to reduced
stability of the heterobimetallic [Ti,Al] species and/or the preference for its formation. To
the best of our knowledg8,is also the first structurally characterized species containing a

Tiz2,N2 diamond core.

2-iBu could also be generated by reaction lofvith a related aluminum reagent,
diisobutylaluminum hydride (ABuxH), producing a teatolored solution within 15
minutes.In this reaction we were only able to identifgrystals of2-iBu (seeAppendix E
FigureF25), after removing all the volatiles from the solution and storing the Vi&=€.

No other crystals (03 or any other compounds) were visible under those conditions, which
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may be due to the greater stability and lower reactivity d8ésH. On the other hand, the
formation of multiple species may be occurring despite not being able to collect crystals of
3. This assumption is in accordance with gas chromatogragsg spectrometric (GRS)

data yide infrg that reveals the formation of biindene and isobutane when the reaction
mixture obtained from the reductionbivith AliBuzH (or AliBus) in benzenés quached??
Surprisingly, reactions of with AlEts, AliBuz or AliBu:H do not yield any identifiable
titanium alkyl species, a reaction commonly believed to be a prerequisite for achieving

ethylene polymerization activit}?>*

Following the success of collecting significant quantities of crystallnBu, we
attempted to isolat2-Me. However, attempts to obtain crystals suitable faa)Xdiffraction
were not successful. Often, such attempts led only to formation of solutitng dark
yellow coloration instead of the expected vibrant green color, suggesting speciation or
decomposition. However, we do believe that a compound formulagtass forming on
the basis of (i) the distinctive yellowigireen coloration at the iya stage of the reaction
and (ii) complementary cyclic voltammetry data implicating elepmmoted formation of

the speciesvfde infra).

The striking structural similarity betweétiEt and 2-iBu and apparently diminished
stability of 2-Me prompted us to carry ouh situ electrochemical studies related to
generation of these complexes and compare their profiles by cyclic voltammetry°(CV).
Cyclic voltammograms collected on a solution contairdilagd 5 6 equiv. of AIBuzin THF
display a cathodic peak (Figur@.2, blue trace) atEpc = 12.08 V vs. the
ferrocenium/ferrocene couple (denoted hereafter &) Fevhen the scan is reversed, a
return oxidation peak is observed at a more positive patenEy .=i1.32 V vs. FE°. The
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CV profile of 1in the presence of Musis analogous to the voltammogram observed when
AlEtswas employed (Figuré.2, black trace), suggesting similar reactivity occurring on the
time scale of the cycligoltammetry. Like in the AlRtcase Epc=12.06 V vs. F£9), we

can reliably assign the cathodic process as aetawtron reduction leading to the initial

formation of a monometallic fispeciesl Mpm the starting 1Y speciedl (Figure7.3).

j/ mA cm™

1 L | 1 |

2.0 1.5 -1.0
E/V vs. Fc'0

Figure 7.2. Cyclic voltammetry data fat (dottedblack) andl in the presence of six equiv.
of AlEts (black), six equiv. of ABuz (blue), and six equiv. of AlMg(green). Conditions:
0.1 M ["BuN]*[PFg]' in THF; scan rate: 100 mV/s.

Previously, we showed that the cyclic voltammogram of the absence of aluminum
reagent displayan irreversible reduction &,.=12.12 V at slower scan ratésHowever,
at a faster scan rate of 300 mV/s, a coupled return oxidation wave could be obsEpwed at

°71.9 V vs. F¢°, implicating formation othe transient Tl speciesl K§eeAppendix F
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FigureF13). Appealingly, a similar redox feature was recently observed by Gansauer and
coworkers when they conducted voltammetry oaT&pl2.3° On the basis of this profile, we
assign the reduction dfas an E@ype even’ wherein initial reduction of to 1 Mjvolves

a follow-up chemical reaction leading to formation of redioxctive products and,
effectively, decomposition of the Ti complewhen a trialkylaluminum reagent is not

available to react with the nascdni\j

Ind Ind
'I!i vo___ & o m
e G e — "Cl
(‘Bu);PN \C| © (Bu)sPN” g
1 1
+ AIR;
—[AR,J* -R
[ Ind 1+ Ind

1!_ v ﬁll

1., '

yd Cl 'CI,,
(tBu)spN \CIR R

R _ R

2R 2R
(R = Et, Bu, Me) (R = Et, jBu, Me)

Figure 7.3. Electrochemical pathway for the formation2eR from 1.

When AiBus is present in the electrochemical cell, the transiently generdtespécies
1 Nan react with ABus, generating the heterobimetallic compxBu in the reaction
diffusion layer near the electrode (see FiguBy. This oneelectron reduction folloed by
a chemical reaction leading to the formation2eBu from 1 NMan be concluded to be

relatively rapid because the redox wave remains irreversible even at high scan rates (see
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Appendix F FiguresF9 andF10). Stated another way, the lack of observatid a return
anodic wave indicates rapid consumptiod gfroduced at the electrode surface, by reaction
with the aluminum reagent. The related control experiments carried out in the absence of
aluminum reagent do show limited reversibility at the higsean rate$! confirming the

production and intermediacy &f Mjthis process.

On the basis of the voltammetric data, spe2#Bu can undergo rexidation from the
Ti" form to a TIV form at a modestly more positive potentid) §=11.32 V vs. F&°) to
generate another unstable transient spezi#Bu, which presumably releases [8luz]*
cation to return the monometallic speciesThe anodic wave for this process closely
resembles the rexidation process observed BEt atEp.=11.32 V vs. FE¢° (Figure7.3).
Consistent with these identical peak potast2-Et and2-iBu are geometrically similar as
judged by XRD studies, implicating similar environments for the Ti centers in both cases
and thus supporting the tight similarity of their redox properties. Considering all of this, we
conclude that the preace of ethyl versus isobutyl groups on the [AliRagment does not
significantly change the reduction potentials associated with the interconversidh w@f Ti
Ti'". Furthermore, as no new processes or discernible side reactions are visible in the case
of 2-iBu, we conclude that the electrochemical generatio-i&fu is clean, as we have
found for2-Et in prior work (Chapter 6§’ This contrasts with the diminished stability2sf

iBu over the minuteso-hours timescale as judged by the formation of the side pr8duct

Having observed the apparent similarity betweeretbetrochemical profile &-iBu and
2-Et, we next endeavored to investigate the electrochemisfrynate presence of AlMe
Indeed, the CV profile ot in the presence of 6 equiv. of AlMa THF, displays a single

cathodic reduction &, =i 2.06V vs. F¢’°, similar to the case of AlEand AiBus, (Figure
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7.3, green trace). As in the other cases, this cathodic process remains irreversible at higher
scan rates (se®ppendix F FiguresF11l, andF12). However, similar to what we observed

in the presence of AIEZ and AiBus, a peak is observed on the oxidative sweep at a more
positive potential Epa=11.33 V vs. FEY), consistent with r@xidation of Ti' to Ti'V.

Thus, we conclude that the full famibf [Ti,Al] heterobimetallic complexesncluding the
apparently less stable compl2Me can be generated at short times under electrochemical
conditions, as judged by their similar redox chemistry on the timescale of cyclic

voltammetry.

In all cases, the more positive potential of the anodic peak corresponding to oxidation of
the complexe®-R (when compared to the apparent reduction potentid) if attributable
to the influence of the Lewis acidity of the corresponding pAiRagment This shift in
potential is in accord with work being carried out by some of us in the area of quantification
of Lewis acid effects in redox chemis&/Specifically, we have measured a positive shift
of ca. 61(x9) mV/EKa and67(x9) mV/pKa in two families of heterobimetallic uranyl and
nickel complexes, respectively. In the case of the complexes explored here, the measured
redox potentials are notegatly affected by the various alkyl groups present, consistent with

the assignment of titaniwcentered redox events in all cases.

With these results in hand, we moved to further investigate the influence of the alkyl
groups present in the heterobimetationplexe2-R with in situ UV/visible spectroscopy.
As manifested in the synthetic work, complefdst and2-iBu are emerald green in color
and display lowesenergy absorption bands at 709 s 390 M*cm'?) and 715 nm=
202 M! cm'Y) in THF, respectively (seedppendix F Figure F5). These bands are
attributable to @-d transition in the Ti(lll)d systems present in both complexes. In the less
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polar solvent pentane, these bands are slightlydtifeed to 617 nme 194 M *cm'Y) and

638nm (U= 136 M'cm'Y), respectively (seAppendix F FigureF6). However, attempts at

in situ preparation oR-Me do not show an analogoudsd band in either solvent system,
suggesting decomposition or sluggi sdéalec hemi ce

(seeAppendix F, FiguresF5 andF6).

In the context of understanding ligand influences on the properties of titarypene
complexes, we previously investigated the electrochemical properties of two analogues of
1, namely CpBusP=N)TiCl (4) and Cp*(BusP=N)TiCl, (5) with cyclic voltammetry?’ In
this work, measureé, ¢ values for similar " reductions ofl, 4, and5 confirm the
expected ordering of donor strength (Ind < Cp < Cp*). Similar behavior was observed for
dimethyl titanocene complexes which give a -89 anodic shift in the ™" reduction

potential upon swapping Ind for Cp.

However, as our polymerizah studies included tests with Cp and Cp* liganddg
infra), we added to our work with these compounds here by probing the electronic properties
of 4 and5 using UV/visible spectroscopy. Mhand5, Ti is in the +4 oxidation statesl{
system), and the loweshergy absorption bands can be attributed to ligandetal charge
transfers (LMCT) which appear at 401 nb=(840 M*cm'Y) and 367 nm{= 2320 M*
cm'Y), respectively (se@ppendix F FigureF7).3%4%41 Notably, 1 displays acorresponding
LMCT band at 414 nmU= 1670 M*cm'Y). With these data plus the correspondifg
values mentioned above in hand, we plotted them together to reveal a tight linear correlation
(Figure 7.4) This linear relationship confirms that titeentity of the ligand (Ind vs. Cp vs.
Cp*) influences the electronics of our phosphinimlidgated system. A similar relationship

for Group IV bent metallocenes was reported by Loukova & cowofR&rSuch differences
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in electronics could contribute to variation in olefin polymerization behavior whrand

5 are employed as catalysts (gg@pendix F FigureF8).
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Figure 7.4. Dependence of thE, (Ti'V"") of titanium complexed ([IndTi]), 4 ([CpTi]),
and5 ([Cp*Ti]) on ligandto-metal charge transfer (LMCT) band.

With all this information in hand from our synthetic and electrochemical stwadasext
turned to electron paramagnetic resonance (EPR) spectroscopy to confirm the presence of
Ti(lll) centers in the isolated compounds, as wekk@®pare isolated samples2iBu and
2-Et with in situ generated samples &fmixed with AIRs. We anticipatd such an effort
would be fruitful, even for the recalcitraBtMe system, because the cyclic voltammetry
data suggest reasonable stability of all the bimetallic complexes on short time3aask.

on the similar signals observed with EPR for cases dhade complexes (see Figuf®),
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we indeed conclude that analogous bimetallic species are formed at short times in all three

cases.

dA/dB /a.u.

3200 3400 3600 3800
B/G

Figure 75. X-band continuousvave EPR spectra of isolatétiEt (black; simulated
spectrum in grey), isolateg-iBu (blue; simulated spectrum in light blue) aimd situ

generate@-Me (green; simulated spectrum in light greenjrozen toluene.

EPR spectra (perpendicular mode) of isolaZeidBu in frozen toluene display axial
symmetry and characteristic featureg at1.986 and 1.939 at 10 K (Figufé, black trace).
These features are very similar to those found in the spectrisolated2-Et (g=1.984,
1.940; Figurer 5, dark blue trace). These finds agree with the spectrum of isolagHt
measured in our prior worfsee Chapter 6 and in both cases, are consistent with the
expected formally Ti(lll) centers havird} configurations withS = %. Due to the lack of

resolved hyperfine coupling to the Ti nuclelis=(¥2) or sperhyperfine coupling to the
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nearby*N (I = 1) and®’P ( = %) atoms in the phosphinimide ligands, we assign the reduced
metal species &= %2 Ti(lll) systems with the unpaired electron localized on the titanium
centers in both cases. This assignmenimeftatbased radicals is consistent with the

significantg anisotropy in the spectra.

The experimental EPR spectrum ?2iBu could be successfully modeled using the
EasySpin software. The axial spectral profile was weglroduced using a single= %
system ang values consistent with a singlé'T$pecies (se@ppendix F FigureF20). Thus,
we conclude that the reductionlfo form2-iBu proceeds cleanly at a shorter time scale of

approximately 12 hours, as judged by CV and EPR studies.

To compare with these clean results, however, we prepared a reaction mixture containing
1 and 56 equiv. of AlBuz and allowed it to stir for a longer period of 24 hours at room
temperature, contrasting with the 30 min used for preparati@nBu (vide suprd. In the
case of the longer reaction time, a distinct mageatared solution was observed.
Interrogation oft hi s sol utionds EPR spectrum produce
complex features than those evident in the cleanly isoiatBd (seeAppendix F Figure
F20) as well asn situgenerate@-iBu interrogated at shorter time scales (8ppendix K
FigureF22). Considering the observed formation of homobimetallic titanium spiereter
similar reaction conditions by XRD, we conclude that the more complex EPR spectra are
consistent with formation of one or more additional products begoBd. A paralletmode
spectrum for the magentdored solution was also collected, but revealed no additional

signals consistent with integepin complexes (se®ppendix F FigureF23).

These results compare well with observation of multiple products in thestndycted

by Obaid & coworkers when GpiCl, was reduced with the increasing amounts oBAd.*3
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When stoichiometric amounts of titanium and aluminum reagents were used, a green color
solution was obtained, which was assigned to the heterobimetallic eompthe form

CpeT i £Ci)2AliBuz. TheEPR spectra of this postulated species revealed an isotropic signal
atg = 1.976. However, increasing the amount of addae@&uland allowing the reaction
mixtureto stir for 1-2 days resulted in a solution color aga from green to violetd; this

color change is reminiscent of that in our case when we employRdsAls a reagent. Obaid

& coworkers attributed this change in color to the presence of excess amounitBuaf Al
leading to decomposition products. Liedtcharacterization of this violedd solution from
Obai dodéos work suggested 'fdpeces whereindhe Tiscentert e d
experiences a weak interaction with a single proton. The source of the proton was
hypothesized by other researchéo be minor amounts of lu,H present in ABus3
reagent, which have been reported to form via slow decomposition ove¥fititowever,

in our case, the reaction bivith AliBuzH yielded crystals exclusively @fiBu (vide supra,
suggesting unlikeliness of the formation of dirBdérom the presence of hydride impurities.
Notably, a wide variety of spectral profiles have been obtained by other researchers from the
reaction of CpTiCl> with aluminum alkyl reagents, attesting tloergplexity of these systems

and their sensitivity to precise details of the conditions used from study to*3tbitfy#84°
Nonetheless, based on the similarity of the obtained spectral profid&f@and2-iBu, our

work here confirms that a key praztwof initial mixing of1 and AlRs is 2-R.

To complete our comparative study, we further recorded the EPR spectrum of a frozen
solution of toluene containing a mixture dbfand two equiv. of AIMe This sample was
prepared by layering dfand the aluminum reagent in the EPR tube under inert atmosphere

followed by freezing in liquid nitrogen; the sample was then allowed to melt and mix only
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briefly before immediate rreezing and collection of EP&ata.This method was used to

avoid degradation of the postulated/le species over longer timescales. As anticipated on
the basis of our other results, the EPR spectrum of the prepared mixture reveals an axial
signal ¢ = 1.980, 1.932) very similar todke obtained for isolatédEt and2-iBu (see also
Appendix F FigureF21). Thus, we assign the spectral features as being associatéa with
siti-generate@-Me. The spectral intensity was lower for this sample compared to the others,
however, suggestinthat a lower total concentration @fMe was present in the sample,
likely due to both the limited reaction time used as well as the modest stability of the

complex.

In the proposed mechanism for elegimoted generation of the complexeR (vide
suprg), we postulate the formation of a transierf Tonometallic species. We implicated
this species as existing because of the observation of a reductidg with2.30 V vs. F¢°
in cyclic voltammetry, both with and without the presence of amialum reagent. And,
because the reduction could be measured in the absence of aluminum, we anticipated that a
chemical reduction experiment could be performed to characterize the implied transient
titanium(lll) specied [$ee Figurd.3) with EPR spectra®py. Our layering technique was
performed again here, by slowly thawing layersl@nd a substoichiometric (0.9 equiv.)
amount of ketyl radical (N§benzophenoné&]Ei,=12.30 V vs. F&%in THF)*’in THF and
allowing them to mix only immediately befocollecting EPR data. Before reductidrns a
Ti(IV) complex with ad® configuration and = 0 making it EPR silent. However, the EPR
spectrum of the mixed solution (s@ppendix F FigureF17) revealed a new signal negar

= 2 consistent witln-situ generation of the predicted reduced spetid§
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This spectral data fdr dipuld be modeled using the EasySpin software, revealing that the
sample was a twoomponent mixture containing a species which could be satisfactorily
modeled as the nascent but transient Ti(lll) specid§otably, the appearance of the second
radical signal is not consistent with ketyl radical, which displays a relatively narrower signal
centered aya 2 Appemdi F FigureF18). The distinctiverss of the spectral data for
the mixture oflL B compared to the spectrum of ketyl radical itself provides good support
for the formation oflL .Nyloreover, the spectrum obtained here for our mixture is dissimilar
to the EPR signature previously reported S$tgphan & coworkers for a "iTi'"" dimer
containing phosphinimide ligandsintriguingly, this TI"'-Ti"" dimer was also synthesized
by reducingl, highlighting the modularity of this starting material for organometallic Ti

chemistry.

In our previouswork with 2-Et (see Chapter &Y we showed reduction of by
triethylaluminum results in generation®Et as well evolution of ethane g&<'3 This result
suggested to us that alkylation of“Téenters could be followed by cleavage dGf@ibonds,
resulting in release of transiendk radicals, which could abstract&toms from the solvent
or excess aluminum reagent present under the reaction conditions. With this motivation, we
conducted an at@gous gas chromatographic analysis for the reactidnwoth AliBus as a
reductant. To our surprise, headspace analysis of the emerald green colored reaction mixture
containingl plus 2 equiv. of ABuz generated small amounts of methane gas after 1dfiour
stirring (seeAppendix F, FigureF14). This emerald green color solution could be quenched
by quick exposure to air and mixing in a closed container to avoid loss of volatiles, resulting
in a clear color change to yellow/orange; product analysis bBySGhowed the formation

isobutane as well as of biindene, implying that radical chemistry consufassvell as the
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alkylating reagent) and gives rise to cadmmmtaining small molecules. Similar to tAdt

case, the formation &-iBu under purely chemical conditions could begin with alkylation
of 1 followed by cleavage of TIC bonds. This reactivity pathway would generate isobutyl
radicals and, following Fatom abstraction, yield the detected isobutane. The formation of
biindene is dtibutable to the loss of the indenyl ligand from Ti, albeit in modest yield as
confirmed in the synthetic work which yield8dn small amounts3 thus represents the-Ti

containing product of indenyl radical loss frdm

When1l and AiBus were allowed tdoe stirred for a longer period of 24 hours, an increase
in the concentration of methane gas was observed in GC. Moreover, a new gas, ethylene,
was also observed (s@&ppendix F FigureF15). These results agree with the color change
of the solution to magea as discussed above, in that longer reaction times promote radical
reactions that could generate multiple products and more generally promote speciation of
the system. On the other hand, the use of Alddea reductant generated only methane (see
Appendx F, Figure F16). This suggests that the cleavage afCTibonds following
methylation results in the generation of transient @dlicals, which could scavenge H
atoms from reaction media. However, the correspondingiSGlata do not show signals
correspnding to biindene or isobutane. The lack of biindene as a product suggests that the
speciation chemistry of th&Me system is fundamentally different than that of Zhid3u

system, as well.

The synthesized [Ti,Al] complexe®-R were, finally, tested for catalytic ethylene
polymerization activity. The experiments were conducted in an automatedpaemi
reactor under slurry conditions with isobutane dilesee Experimental Section for
details) similar to those in our prior repdftExperiments were carried out for 20 min
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(excluding charging time) using industriallglevant reactiortemperature and ethylene,

hydrogen, and -hexene concentratioi$>* The catalyst material, along with these other
gases, was charged in the r emrcdroaducmedowoc adsi €f
titanium catalyst was introduced into the reaatdhe form of a toluene solution containing

1. In addition, 150 ppm of aluminum reagent (AIRf interestin the isobutane diluent was

added to the reactor, where it could serve as an alkylating agent as well as a scavenger of
catalyst poisons. Altermai vel y, in the Aprereducedod case, ¢
containing the heterobimetallic compléxR, formed by the treatment df with an

appropriate aluminum reageintsitu, was introduced into the reactor. The polymerization

reactions in all cases were halted via fast evaporation (flashing) of the isobutane diluent, and

the product PE was collected as ffaving small particles.

The polymerization results confirm that use of all the complexes and conditions studied
here reslt in formation of competent precatalysts for ethylene polymerization, with
production of significant yields of polyethylene and high turnovers on a titanium basis in
each case (see Talde3 for details). In the cases of prereduction, wheend analogue
bearing Cp or Cp* in place of Ind were treated with AdRtside the reactor, decreased [Ti]
activity were measured in all cases except thdt -®fAlMes, where a 5% enhancement in

[Ti] activity was measured.
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Table 7.3. Comparison of Select Ethylen@olymerization Conditions* and Polymer

Properties.

[Ti]
Pre- L- AIRs Polymer Activity Mn/1000 Mw/1000
reduced type Type Yield(g) (gPE/g (g/moly* (g/mol)*
Cat./hr)

Mw/Mn#

1 No Ind  AlEts 93 279,000 40.11 132.09 3.29
2 Yes Ind AlEts 85 255,000 85.83 261.95 3.05
3 No Ind AlMes S 177,000 19.78 104.90 5.30
4 Yes Ind AlMes 62 186,000 25.37 140.17 5.53
5 No Ind AliBus 122 366,000 20.70 181.92 8.79
6 Yes Ind AliBus 116 348,000 43.12 461.93 10.71
7 No Cp AlEts 26 78,000 84.06 389.28 4.63
8 Yes Cp AlEts 24 72,000 139.35 657.11 4.72
9 No Cp* AlEts 126 378,000 22.59 103.10 4.56
10 Yes Cp* AlEts 118 354,000 18.86 86.15 4.57
118 No Ind AliBus 102 201,000 57.25 700.19 12.23

128 Yes Ind AliBus 64 192,000 20.50 175.80 8.58

*Conditions: All polymerization experiments were carried out using 0.001 g of Ti catalyst, 0.1 g of
superacid, 150 ppm of additional A¥Species added to the reactor relative to the isobutane diluent, 12!
of Hp, T = 80°C and t = 20 min.*Note that these experiments do not use a solid super acid, but inste
tris(pentafluorophenyl)borane as an activator. See the experimental section for full experimentigisil
numberaverage molecular weight; Ms weightaverage molecular weighExperimental error: M £2%;
Mw/Mp £7%.

However, prereduction represents a valuable strategy, as it resulted in different molecular

weight distributions (MWDMw/Mp) in each caséFigure 7.6) These shifts in MWD could
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be attributable to differences in the initiation and/or speciation cheroidting precatalysts.

With regard to [Ti] activity, the observation of higher turnovers in the-prereduced
method is likely a consequence of the greater water and/or oxygen sensitivity of the reduced
Ti" forms. Furthermore, as the activity on a [Ti] basis does not differ significantly between
the methods, the compounds likely undergo redudtiasitu during the initiation phase of

the polymerization process with AJlRdded to the reactor with the otheputs.
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dw [dlog(M,,)]™*
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Figure 7.6. Gel permeation chromatograms for comparison of PE produced under a variety
of conditions. Upper panel: PE produced wiitand AlEg; not prereduced (black line) and
prereduced (dotted black line). Middle panel: PE produced withind AliBus; not
prereduced (blue line) and prereduced (dotted blue line). Lower panel: PE producg&d with
and AlMes; not prereduced (green line) and prereduced (dotted green line).

Indeed, both the prereduced and 4poaereduced methods can be considered useful for

the generation of PE with a broader MWDs of 10.71 and 8.79, respecteelylable 7.3,
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entries 5 and 6). For comparison to these entries based on AliBu3, bridged
cyclopertadienyl/indenyl metallocene catalysts generate polymers with narrov MWDs
between 2.3i 2.8 under similar polymerization conditiotssAn d , Stephanos
comparing metallocere and phosphinimiddéased catalysts yielded monodisperse
polyethylene materialwith significantly narrower MWDs (1.5 3).252% Thus, our results

with thel + AliBus system represent a notable counterpoint to prior work in the field.

At the start of this work, we had questioned whether Ind would be essential fosisataly
and therefore, we looked specifically at the more s@esystem with Cp and Cp* ligands
in place of Ind (Tabl&.3, entries 710). And, as the complexes supported by f§@aad Cp*
(5) ligands predate the Ind/Phosphinimide systems that we have been developing, we were
intrigued to use them as precatalysts. Bbdnd5, supported by Cp, gives usefully broad
MWD values that are larger than those accessible Withowever, the activityn a [Ti]
basis with4 is significantly lower than that accessible with most of our other tested systems
(Table7.3, entries 7 and 8). On the other hab@dppears to be more stable during catalysis
with the highest [Ti] activity. This good activity, howar, comes at the cost of among the
narrowest MWD values in our study, regardless of the stage whercisARIded to the

Ti(IV) precursor (Table.3, entries 9 and 10).

Tris(pentafluorophenyl)borane (BCF) was also tested as an activator for ethylene
polymerization in place of the solid superacid, usirag the catalyswith AliBuz as added
aluminum reagentl gave polymerization activity in both cases, but the MWD is different
in both cases, which a nicely broad MWD of 12.23 in the case of thereosdiced
conditions. On the other hand, if prereduced, the [Ti] total polymer yield is lower, giving
only ca. 55% of the output PE of the rorereduced conditions. These findings suggest that
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use of BCF as a further modification to the catalytic conditionsompatible with our

catalyst systems based upbn
7.3 Discussion

PE materials with broad MWDs are especially useful in processes such as extrusion blow
molding, where the extruded polymer must be-sefiporting before solidifying. In such a
case, amaterial requires enough melt strength to prevent collapse. A broad MWD s
advantageous in such a scenario, because the polymer viscosity will be low in tbledagh
portions of the process. High molecular weight PE also tends to exhibit greater tsughnes
and chemical resistance. Broad MWD polymers thus permit easier processing when
employed as a raw material for generating useful end protfutsshown in Figure’ 5,

MWD for the 2-iBu system { prereduced with ABus) is quite broad and significantly
different (Table7.3, entry 6) from all of both the prereduced and-poereduced catalysts
studied here. In particulag;iBu system outperforms th2 Et system that we previously
reported (Tabl&.3, entry 2)’ This finding is in contrast to the work by Kojoh & coworkers,
which showed an enhancement of activity with Al&ter AliBus (when incorporated as

cocatalysts) for polymerization of propylene at temperatures H1BOC>’

The results from the chemical and electrochemical studies described earlier in this report
are reflected in the polymerization results, including some hotadnds. First, regarding
the appealing tunable MWD values, thaB\lz based system is the champion, giving the
largest MWD of any of the standard conditions tested. On the basis of our chemical and
electrochemical studies, we anticipate that this magttoutable to formation of multiple
active sites under the catalytic conditions. The stability of this system is reasonable, as

supported by the successful isolation2aBu. But, the system is prone to speciation as
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shown by the tim@&lependent changés EPR spectra as well as solution coloration. Such
speciation may occur under catalytic conditions as well. Second, the polymer yield and [Ti]
activity appear to vary with the steric bulk of the [AJRinit; 2-Me gives poor yields and
activities regardiss of the activation approach, whereas the analogous valuggforare
excellent and the values f&Et lie in between. These observations support the findings that
2-Me is stable only at short timescales and, on the basis of tiRI&@sults, underges
speciation pathways that differ significantly fr@émBu. Third and finally, our findings from

the electrochemical work show that the redox properties of all three heterobimetallic species
are similar; consequently, the observation of PE production &tbroases may not be
surprising. Similar redox processes are accessible at short times with alfedifents
explored here, while on the other hand, the R groups play a significant role in governing the

polymer yield and MWD distributions, as describ&d\ze.
7.4 Conclusions

In conclusion, 2-iBu and 2-Me can serve, like2-Et, as precatalysts for ethylene
polymerization. In comparison to the behavior previously reportegt iy our results show
that, at 80°C, the polymerization activity is enhanced ®&4tBu both in terms of broader
MWDs and polymer yields. Cyclic voltammi@gms of the precursor complexin the
presence of AlRreagents (where R = Me, Et, argli) display EGtype cathodic behavior
and show that interaction with aluminum reagents stabilizes tH¢ §kidation state. EPR
spectra confirm that the reductioh bis metaicentered and also confirm the presence of
similar Ti(lll) centers in2-Me, 2-Et, and 2-iBu. However, results from chemical and
electrochemical studies show that thMe and2-iBu complexes are less stable tiakt,
a finding also supported by the results of the polymerization studies. Taken together, the
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findings reported here show thatrepresents a quite useful polymerization catalyst
precursor, especially in light of the ability to tune the product PE chastict®rusing

various AIR; activators.
7.5 Experimental Details
75.1 General Considerations

All manipulations were carried out in dryffllled gloveboxes (Vacuum Atmospheres
Co., Hawthorne, CA) or underNitmosphere using standard Schlenk techniques unless
otherwise noted. Ethylene was obtained from Airgas and was further purified through
columns of 13X molecular sievesHexene was obtained from Chevron Phillips Chemical
Company LP and dried over201 ype activated alumina. All solvents were of commercial
grade and dried over activated alumina using a Pure Process Technology (PPT; Nashua, NH)
solvent purification system prior to using, and were stored over molecular sieves or
anhydrous solvents were phased from Sigmaldrich and purified and stored over 13X
molecular sieves. Benzeile was purchased from Cambridge Isotope Labs, dried, and
stored over 13X molecular sievébl and3'P NMR spectra were collected on 400 and 500
MHz Bruker spectrometers dmeferenced to the residual presiolvent signal in the case
of H and to the deuterium lock signal in the case3®%f unless otherwise noted.
Triethylaluminum (1 M solution in hexane or 0.6 M solution in heptane),
triisobutylaluminum (1.1 M solution inoluene), trimethylaluminum (1 M solution in
heptane)tBusP, [(Ind)TiCk] and trimethylsilylazide were purchased from major suppliers
and used as receivet].2-Et and the solid super acid activator were prepared according to
literature method=2®° All chemicals were from major commercial suppliers and used after

extensive drying.
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Electrochemical experiments were carried out in affiléd glovebox in dry, degassed
THF. 0.10 M tetra(routylammonium) hexafluorophosphate’B{uN]*[PFs]'); Sigma
Aldrich, electrochemical grade) served as the supporting electrolyte. Measurements were
made with a Gamry Reference 600+ Potentiostat/Galvanostat using a standard three
electrode configuration. The working electrode was the basal plane of highly oriented
pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo Grove, Ill.; surface area: 099 cm
the counter electrode was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5
mm diameter), and a silver wire immersed in electrolyte served as a psergtarefe
electrode (CH Instruments). The reference was separated from the working solution by a
Vycor frit (Bioanalytical Systems, Inc.). Ferrocene (Sigma Aldrich; tvgigelimed) was
added to the solution after each experiment; the midpoint potential of the
ferrocenium/ferrocene couple (denoted as’Fcserved as an internal standard for
comparison of the recorded potentials. Concentrations of analyte for cyclic voltammetry

were ca. 1 to 2 mM unless otherwise noted.

Electronic absorption spectra were coketivith an Ocean Optics Flame spectrometer

in a cm path length quartz cuvette.

Gas analysis for determination of gas evolution was performed with a Shimadzu GC
2014 CustorGC gas chromatograph with a thermal conductivity detector and dualflame
ionization detectors. A custom set of eight columns and timed valves enables quantitative
analysis of hydrogen, nitrogen, oxygen, carbon dioxide, carbon monoxide, methane, ethane,
ethylene, and ethyne. Argon serves as the carrier gas. The instrument was calitieaed
standard checkout gas mixture (Agilent 51319) prior to experimental runs to obtain
guantitative data for methane, ethane, and ethylene.
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Bench Polymerization Experiments

Polymerizations were performed on a 2.2 L stainless steel reactor equigpadmwarine
stirrer rotating at 500 rpm. The reactor was surrounded by a stastéesgacket through
which a stream of hot water was circulated, which permitted precise temperature control to
within half a degree centigrade. Before polymerizationrehetor was purged at 1i11P(°C
with nitrogen for at least 30 minutes. The reactor was then cooled and charged with 0.1 g of
solid superacid, 0.5 mL of the appropriate alkyl aluminum (1 M in hexane, 0.5 mmol), and
0.001 g ofl as a 1 mg/mL solution of theatalyst in toluene, and filled with 1.2 L of
isobutane liquid, in that order, under a stream of isobutane vapor&at4ally, ethylene
was added to the reactor to equal the desired pressure, which was maintained during the
experiment. dhexene (10 gyvas pumped directly into the reactor from a weighed storage
vessel upon initiation of the polymerization experiment. Hydrogen was metered into the
reactor along with the ethylene to a prescribed 125-lgpel. After the allotted reaction
time, the ethylea flow was stopped, and the reactor was slowly depressurized and opened
to recover the granular polymer powder. The reactor was clean with no indication of any
wall scale, coating or other forms of fouling. The polymer powder was then removed and
weighed,and the activity was determined from this weight and the measured time based on

the amount of catalyst charged.

Melt Index Determination

Approximately 7 g of polymer was loaded into the barrel of a Tinius Olsen EP600
extrusion plastometer melt flow apparatthat was preheated to 280 After a 6minute
melting time, a 2.16 kg weight (melt index) was automatically loaded onto the plunger to

force the molten polyethylene through a circular die. The distance traveled by the weight
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and time is measured and dge calculate the melt index in dgn™. Following melt flow
determination, additional weights to produce a total of 21.6 kg (high load melt index) was
automatically loaded onto the plunger to force the molten polyethylene through the circular
die. The dstance traveled by the weight and time is measured and used to calculate a high

load melt index in dg mith
SEC Measurements

Molecular weights and molecular weight distributions were obtained using a Polymer
Labs (now an Agilent company) F220 gel permeation chromatograph with 1,2,4
trichlorobenzene as the solvent at a flow rate of 1 mL/min and &12%di-tert-butyl-4-
methylphenol (BHT) at a concentration of 0.5 g/L was used as a stabilizer in the solvent. An
injection vol uma withfa nadmih@ potyrmer corcentratios ef 1 g/L.
Dissolution of the stabilized sample was carried out by heating &C1f80 5 h with
occasional agitation. Three Waters4aE columns (7.8 x 300 mm) were used and calibrated
with a broad linear polyethylerstandard (Phillips MarlékBHB 5003) whose molecular

weight had previously been determined.
Synthesis of 2iBu and 3

In the glovebox under an inert atmosphere of nitrogen, a 20 mL scintillation vial was
loaded withl (100 mg, 0.222 mmol) and suspended@mL pentane. Using a syringe, 2
equiv. of 1.1 M solution of triisobutylaluminum #us) in toluene (0.44 mL, 0.444 mmol)
was added dropwise to this yellowdgheen color suspension over a period of 15 minutes.
The color of the solution changed from pelish green to emerald green within half an hour

of addition. The resultant homogenous solution was stirred for another hour and
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concentrated. This viscous liquid was then refrigeraté83IC to give a mixture of two
kinds of crystals. Deep emerald gremgstals were identified @iBu and comprised the
bulk of the product. On the other hand, orange crystals were identifdraswere only
visually detected under a microscope prior toay data collectionSatisfactory elemental
analysis results fd2-iBu and3 were not obtained despite several attempts, likely due to the

acute sensitivity of this compound to air and moisture.

Synthesis of 2Me

In the glovebox under an inert atmosphere of nitrogen, a 20 mL scintillation vial was
loaded withl (50 mg, 0.111 mmol) and suspended in 10 mL pentane. Using a syringe, 2
equiv. of 1 M solution of trimethylaluminum (AIMgin heptane (0.22 mL, 0.222 mmol)
was added dropwise to this yellowdgheen color suspension over a period of 15 minutes.
The color of the suspension changed from yellovgisten to a homogenous light green
solution within half an hour of addition. The resultant solution was stirrechfither 34
hours and concentrated. This viscous liquid was then stoiie@64 and used as it is for
spectroscopic analysis. Satisfactory elemental analysis resutdMerwere not obtained
despite several attempts, likely due to the acute sensiti¥itiii® compound to air and

moisture.
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