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cooled and 0.1 T field cooled.
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Figure B.2

P: orange, N: blue) shown at 50% probability. All hydrogen at
and CH groups on liganéBu groups are omitted for clarity.

Cyclic voltammograms of-Cel (3mM in 0.1M ['BusN][BPh4] in
THF), 2-CeBn and 2-CeNpt (3mM in in 0.2M [BuN][PFg] in
PhF) at 298K. Allpotentials are referenced against FEARCTHF
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SUMMARY

The lanthanides were traditionally observed primarily in the 3+ oxidation state,
particularly undemambient/agueous conditions. In 2019 our research group introduced one
of the first examples of THin a molecular complex, complete with thorough magnetic
and physical characterization. Extending this method“or€sulted in a fleeting complex
which was thermally unstable and only characterizable in solution. Due to these restraints,

the full characterization of its physical properties was not achievable.

Chapter 1 consists of an introduction to the field of higlent lanthanide
chemistry, including earlier examples from our research group. To understand the factors
that modulate the potential of the lanthanide 3+/4+ redox couple in imidophosphorane
compkxes, a complete alkali metal series was synthesized and rigorously studied (Chapter
2). To address the stability of*Pm an imidophosphorane ligand framework, the reported
[NP'Bug]! ligand was employed, resulting in a thermally robust Pnidophosphorane
complex (Chapter 3). In addition to structural characterization, tffecBmplex was
magnetically characterized and crystal field effects compared to the isoelectréhic Ce

congener were evaluated.

In addition to imidophosphorane frameworks, the utility of an anionic
phosphoramide ligand was explored. The synthesis of the novel phosphoramide ligand, as
well as a broad variety of coordination chemistry at diamagneticis aetailed (Chapter
4). Overall, significant advancements in ragueous tetravalent lanthanide chemistry are

covered, and the thorough characterization &fiRra molecular complex is reported.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

The lanthanide elements (Uau) have become criticalomponentsn a range of
technological uses.Usesof the lanthanidespan nearly almodern technologies, and
largely take advantage tifeir unique magnetiand optical propertieg.he lanthanides, in
addition to Sc and Y, make up thea r e  eslamentd) although this somewhat of a
misnomer, as all lanthanide elements are more naturally abundant than elements such as
Ag, Au, Hg, and even i.However,therare earth elements are found in minerals which
consist ofa mixture of rare earth elements wldw concentrations oéachindividual
elemeniWith ionic radius being the primary differentiation among the series in aqueous
conditions, separations can be difficult, particularly between neighboring elements of
nearly identical size. The aqueestable tetravalent oxidation state in*Cis critical in the
facile separation of Ce from the rest of the rare earth eleraariyson in the purification
from mineral source$A thorough understanding of the factors that modulate tH€*n
redox couple has potential in expanding retlased lanthanide separations of‘Lions

beyond C&".

Historically, lanthanides were described as exhibiting similar behavior, with the
trivalent oxidation state being the thermodynamically most preféikedable exceptions
to this generalization are &¢* 4 which adopts a formally closeshell 4f electronic
configuration, and E&, which exhibits the particularhgtable halffilled 4f’ electronic
configuration. Similarly, YB*, with a full 4£4electronic configuratiors accessiblgn part

due to the special exchange stabilization of half and full orbitatkalis.The tetravalent



state is also of interest due to effects on regahd bonding and the electronic structure

of Ln*" ions, as it accompanies an increase in metal 4f and 5d mixing with ligand orbitals
(i.e. covalency). The expansion of molecular oxidation states is a rapidly growing field,
and the work presented herencompasses developments iif Rhemistry, as well as
insights into the modulation of the ¥#&* couple by alkali metal cations in an

imidophosphorane ligand framework

‘Bu
EtN_ N )
/4 _N‘ Ph;Si
'Bu,’ ‘e N Bu (‘BuO)asi\ o
N, NE | w N ) _Bu Ph;si—o, | -t
[\ >Fspy—Lntiy = =N (BuO)Si._ | O "L
| O=— Tp? ot 0" | ™~
¢ N : Si(0'Bu), L
Bu N\\ $ \o/ Ph,Si T
- tBu0),Si—
A NEt, ( )a $IPhs
tBuv LIN-tBu
Ln=Pr, Tb
Ln=Pr, Th L = MeCN, THF
La Pierre Mazzanti Mazzanti
& co-workers & co-workers & co-workers
2019 2019 2019
2022 2020

Figure 1.1 First reports of tetravalent terbium and praseodymium, wBere tert-butyl and Ph
phenyl.

1.2 Tetravalent Lanthanide Chemistry

The molecular divalent oxidation state has been document for the entire lanthanide
series (save radioactive Pr¥or at least a decade, and the breadth of ligands supporting
the 2+ oxidation state ia rapidly developing fiel§'? In contrast, higkvalent g.g.4+)
lanthanides have only been reported much more recently, independently in Th by La Pierre
and ceworkers, and Mazzanti and -weorkers in 2019Figure 1.1)'** These seminal

examples use complementary methodologiesvhich an anionic potassium salt of the
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Figure 1.2 (A) Representation df-Pr* and (B) Xband EPR spectrum &fPr* in toluene

Th®* complex is oxidized to a chargeutral TB* complex. The stability of the Tbis

quite different between the two systems, with the imidophosphorane framework introduced
by La Pierre & ceworkers producing a TH complex which has much higher solution
stability than the siloxide framework introduced by Mazzanti anevarkers. In 2020,
Mazzanti & coeworkers extended this methodology td*HPr*(OSiPh)al 2] (1-Prsiox),

which is the next most readily oxidizable¥ mfter Th, measured to be about 0.1 V more
difficult.> 1€ In contrasto the thermally robust T complex the NP* ligand framework

at P produced a dark blue, highly thermatignsitive PY complex,[Pr*( NP ( Mi: N6
tert-butylethylenediamide)(diethylamide)1-Pr* ), which could only be characterized

situ (Figure 1.2) The UV-vis spectrun, acquired at low temperaturis, consistent with

that of the PY complex reported by Mazzanti & agorkers, and the electron paramagnetic
resonance (EPR) spectrum demonstrates the large hyperfine coupling to the 100%
abundant, spin 52'Pr nucleugFigure 1.2B)Notably,1-Prsiox wasreported by Mazzanti

and ceworkersto be EPR silent at %¥and (~9.5 GHz) frequencyComparison of the



electronic and magnetic properties .oPr* and 1-Prsiox is complicated by the lack of
magnetic data fat-Pr* and EPR data fd-Prsiox. 1-Prsilox iS noted tdhavenearly identical

magnetic propertie® the Ce**, 4f congener.

A thorough comparison of the original reports of*'Pin siloxide and
imidophosphorane frameworks required overcoming the synthetic hurdle of the poor
thermal stability of1-Pr*. Chapter 3 of this thesis documents the development of a
thermally robust, molecular £rcomplex, supported by the [Nz ligand. The
exceptional thermal stability of P¢(NPBus)s (1-Pr) allowed for extensive
characterization, which was not possible given the thermal constrairtsPof, by
magnetic measurements angddge Xray absorption neagdge spectroscopy (XANES),
as well as structural authentication by singtestal Xray diffraction (SEXRD). This
work demonstrated the modulation of thé*Pnagnetic properties by the crystal field, and
supports the assignment dfPr* as the tetrahomoleptic Prcomplex that was

characterizedh situ.

1.3 Alkali Metal Effects

The alkali metal in the L3 precursors to L complexes was demonstrated to
modulate the redox properties of3<Cby Schelter and eworkers* 1&1° The alkali metal
is an important part of the thermodynamic driving force to produéé complexes, by
taking advantage of the lattice stabilization energy of the salt that generally eliminated
upon oxidation* 2% Imidophosphorane complexes of the lanthanides are not extensively
studied, and the particular impact of the alkali metal cation had not been delineated, until

the work that is covered in Chapter 2 of this thé&siEhe indepth understanding of the



effect of the alkali metal is important in the context of targeting the expansion of the
tetravalent oxidation state. While seminal studies by Schelter andr@rs shed light on

these effects in BIOLate complexes (BINOL = binapthol), there are some key distinctions
between the BINOLate complexes and the imidophosphorane complexes. Notably, the
imidophosphorane complexes impart significant steric bulk around the metal center, and

innersphere functioalization has not been documented in tetrahomoleptigptexes.

1.4 Ligand Design for Lanthanides

Due to the largely ionic metdigand bonding in the lanthanides, the criteria for
ligands which stabilize unusual oxidation states and moieties differs from those in the
transition metals, and to some extent, the actimdesr example, ligands such as
phosphines and {Heterocyclic carbenes (NHCs), which are ubiquitous in transition metal
coordination and organometallic chemistry, have a reduced affinity for the lanthanides,
though there are exceptioffd-or lanthanides, stericalsncumbering ligands which have
a hard anion (weakeld ligands in the context of the spectrochemical series defined for

the transition metals) generally have a stabilizing effect on tetravalent lanth&fitiEs.

20,2325
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Figure 1.3 Resonance representationsLof



Encouraged by the increased basicity conferred on imidophosphorane ligands by the
c hel at i-ditgrt-butyletNyienediamide backbone in NP* a related ligand was
prepared. Various resonance contributions can be drawn for the phosphoramide ligand
developed, and studies at the diamagnetit’ bare conducted to probe the binding

preferences for thehosphoramidégand.

1.5 Conclusion

The following chapters demonstrate developments in theagaeous chemistry of
tetravalent lanthanides. The effect of the alkali metal cation on the redox properties of the
Ce** imidophosphorane complexes supported by K ligand framework Further
studies at Tb and Pr could demonstrate the transferability of the effects determined at Ce.
The modulation of the potential by alkali metal cations rayseful in search of the
tetravalent oxidation state in the lanthanides Nd and Dy, which have been identified as

Nd** and Dy** in extended solid systems.
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CHAPTER 2. ALKALI METAL CATION EFFECTSINC ¢€*

IMIDOPHOSPHORANE COMPLEXES

A portion of this chapter is adapted with permission from an articlertten by the
author:Boggiano, A. C.; Studvick, C. M.; Steiner, A.; Bacsa, J.; Popov, ILAPierre,
H. S. Structural distortion by alkali metal cations modulates the redox and electronic
properties of C¥ imidophosphorane complexe€hemical Scienc023 14, 11708

11717.

2.1 Introduction

The Cé"** redox potential is remarkably sensitive to ligand coordination
environment, spanning a uniquely large range of potentials for a singlebraséal redox
couple? This dependence on coordination chemistry and solvation is demonstrated by the
range of redox properties exhibited in cerium systems. For examgtea@enonium
nitrate (CAN) is among the strongest isolable chemical oxidértsthe other extreme,

Cée" imidophosphorane' l=PRs;, R = alkyl/amido) complexes exhibit redox potentials

among those of the most potent chemical reduct&rts?®

Over the past few decades, the molecular chemistry of the lanthanides has seen a
rapid expansion, with developments revealing that the lanthanides exhibit aamgerof
molecular oxidation states than previously thought pos&idi&>1s 1724252733 However,
the number of ligand systems and synthetic pathways supporting tetravalent lanthanides,
except for C&, is very limited. Rational control of the E#** (Ln = lanthanideyedox

potential through ligand design is a powerful tool for expandirfj timemistry.Seminal

1C



studies® ° 3* py Schelter and cworkers shed light on the critical role that ligand
reorganization takes in €&* redox kinetics and thermodynamics. Identity of the cation
results in divergent rates, potentials, and reactivity patterns among analogous complexes.
In aggregate, this body of work demonstrated the critical role of structural aspects of the
coordination phere in C&"* redox chemistry. Comprehensive studies of tuning the
molecular LA*#* potential within a given ligand framework are limited to BINOLate

( Bl NOL a t-m-2-naphtho)ate)ocomplexes. Rationally leveraging characteristics of
the outercoordination sphere to modulate metal redox properties of a metal center is noted

as a challenging, but promising approach to control metal speciation.

Imidophosphorane ligands dramatically shift the redox potentiald-tbck
complexes, and have demonstrated accessibility of molecular tetravatégt P’ and
the most reducing Gecomplexes reportet!* 2% 22 The factors that modulate the redox
potentials of Ln imidophosphorane complexes have yet to be delineated, though the alkali
metal is shown to be influential in the oxidatf@riThe isolation of new tetravalent Ln
complexes requires a thorough understanding of the factors that modulate the oxidation
potential. Herein, an alkali metal series ofGmidophosphorane complexes is presented.
The comparison of cyclic voltammetry data and structural parameters derived from the
solid-state structures demonstrate a positive, linear correlation between the degree of ligand
sphere distortion and the measu@ddation potential (k). Lewis acidity of redox
inactive metals has previously showrb&stdescribe the modulation of the redox potential
in transition metdf** and urany?* 4° systems, however, structural aspects of the
coordination sphere and the size of the alkali metal cation display better correlation in the

imidophosphorane system reported here. Analysis 8f&lleali metal series indicates that

11



structural distortion can play a critical role in modulating thé*€epotential across
diverse ligand frameworks!8 1% 34 however, in this imidophosphorane ligand systepa, E

is relatively unperturbed and,&spans 600 mV. The electronic effects of the structural
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Figure 2.1 General synthetic scheme witbnditions as follows: (a) Li wire, ED, 14 h. (b) N§,
Et:O, 3 h. (c) KG, hexanes, 20 min. (d) Retexanes, 20 min. (e) C§E&E®LO, 15 min. (f) KG, 2
equivalents 18crown6, EtO, 15 min. (g) KG, [2.2.2}cryptand, EXO, 15 min.
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perturbations on & are amplified by the unique binding of each alkali cation in the

secondary coordination sphere of the zwitterionic imidophosphorane ligands.
2.2 Results

2.2.1 Synthesis

All Ce®*" alkali metal complexes were prepared via reduction of the previously

reported® tetravalent cerium complex, [E¢ NP ( Mi-texto
butylethylenediamide)(diethylamide)) (1-Ce, [ N=Rii-teMt; N O
butylethylenediamide)(diethylamidé)] = NP*). The trivalent complexes,

[M][Ce3( N P ( Mi;tedt-dutylethylenediamide)(diethylamidg)YM = Li* (2-Ce-), Na"
(2-CeNa), K* (2-CeX), Rb" (2-CeRP), Cs (2-Ce®9), K*([2.2.2}cryptand) R-Cek?22), K*(18-
crown6); (2-Ceft8c®) span the alkali metal seriesi(0s), with the outesphere potassium
analogues Z-CeX?22, 2-CeX18%) serving as controls for minimal interaction with the
counter cation2-Cé-' and2-CeNa were prepared via reduction biCe in the presence of
excess Li or Na metal, respectively. An alternative method for the synthesis of the
previously reported 2-CeX using the potassium graphite intercalation compound, KC
reported here with improved yield (69%). The compou@e<18c and 2-Cef??? were
prepared in an analogous manne2-toeX, with the addition of 2 equivalents of-t8own

6 or 1 equivalent of [2.2.Aryptand, respectively. The rubidium and cesium congegers,
CeRP and2-Ce®s, were prepared using the corresponding alkali metal graphite intercalation
compound. A new direct synthesisIbCe s reported, providing an improved crystalline
yield of 85%, compared to the 48% total yield in the previously reportedwssep

preparatiort?
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2.2.2 Cyclic Voltammetry

Cyclic voltammograms were measured in tetrahydrofuran (THF) with either 50
mM ["BwN][BPhs] or 100 mM [BuwN][PFe] as the supporting electrolyte. Analyte
concentration was generally 3 mM, except2aCeR? and2-Ce®s, which were measured
at 1 mM concentration2-Ce?* and 2-Ce®s in solutions of 100 mM "BusN][BPhy]
generated a colorless precipitate, so 50 mM electrolyte concentration was used in all
experiments for consistency. OnlBsN][BPh4] allowed for measurement of all analytes
in the series. The vaés measured ifBusN][PFe] solution are reported where possible
(Table 2.1), though the following discussion is limited to values measured with
["Buw:N][BPhy4] as the supporting electrolyte.Except BCe-, the features in the cyclic
voltammograms arelectrochemically irreversible, with pedédcp e a k s ep agy at i on
ranging approximately 0i7.2 V. In2-Ce~,  gd€much smaller at ~250 mV, indicating
a quasireversible event. fzis modulated across a range of ~600 mV by the identity of the
alkali metal. Theelectrochemicafteduction (Ekc) shows a smaller response to the alkali
metal, occurringvithin a <200 mV range, excludirgyCe-'. The anodic feature occurs at
more positive potentials traversing the alkali metal series frotn Os 2-Cée-' is the least
reducing compound, measured hy &1 1.37 Vvs.Fc'/Fc. The most reducing compound
is 2-C€°s, with Epa=11.98V. The Na, K, and Rb congeners display intermedigtediies,
progressing to more negative values as the size of the cation inc&&s¥3.and2-CeX
display secondary features arourid9 V. The secondary feature is well resolvedZor
CeV®in both electrolytes, however, it is unresolved 20€e with ["BusN][PFe] as the
supporting electrolyte. The ratio of the current response at the primary and secondary

events varies with scan rate for b@iCeN® and2-Cef (Figures 2.54-2.56) 2-Ce<8< and

14



2-Cef??2 serve as controls in which structural distortion by the cation is minimized.
CeK18% and2-Cef??2 are among the stronger reductants of the series, witrdtues ofi

1.92 V andi1.94 V, respectively. Their oxidation potentials are close to that of the
tetravalent complexi-Ce (Epa=11.83 V), where no alkali metal counter cation is present.
The similarity of the oxidation potentials @CeX18c6, 2-Ce<??2, and 1-Ce validate 2-
CeX186 and2-Cef??2as models for studying redox processes with minimal interaction with

the alkali metal.
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Table 2.1 Redox potentials (V vs. F=c) measured by cyclic voltammetty.

2-Céi 2-CeMa 2-Cel 2-CeRd 2-Ce"s 1-Ce 2-Cef1® 2-Cek222

Epd B il.3 1.4 §1.7 i1.8 il1.9¢ i1.8 il.92 il.94
Epd B il. 7. 2.7 §2.7 i2.8 i2.7%i2.8 i2.78 i2.74
Eod PF i1.2: i1.4 il1.4 i1.%: il.6 il1.63 il.62
Eond PF il.4° 2.8 i2.8 i3.%0¢ i2.8 i2.80 i2.8¢

@ Tabulated anodic (& andcathodic (Ec) potentials measured by cyclic voltammetry in THF.
Electrolyte cation is "BuN]* in all experiments. Electrolyte concentrations = 50 mM for
["BusN][BPhs] and 100 mM for TBusN][PFe]. All analyte concentrations = 3 mM, except fr
CeR? and2-Ce®s, which were measured in 1 mM analyte concentration in 50 TBNAN][BPh].

P Features are not as well defined, Begire2.61.

2.2.3 Chemical Oxidation

Chemi cal redox reactions were 280 or med
in THFY’® and decamethylcobaltocenium hexafluorophosphate®{@d][PFs) , EAO6 =
1.91 V in MeCN¥® to probe the divergent,Emeasured foR-Ce-. The irreversibility of
many of the redox features complicates estimating chemical redox potential, but the
potential was approximated to lie betweeps Bnd Ec for each complex. Initially,
benzophenone was chosen for its E#fof2t hat i
Ce (i1 1.56 V), and more positive thanpddf 2-CeX18 (1 2.78 V), suggesting capability
of being reduced bg-CeX186 but not2-Ce-'. At room temperature, addition of a solution
of 1 equiv. of benzophenone wHCeX*8¢in THF-ds results in an immediate color change
from light yellow to dark green. The corresponding reaction i@e- does not effect a
color change. Nuclear magnetic resonance (NMRpanalysis indicates complete

consumption of benzophenone in the cas2 @818, while benzophenone signals in the
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aryl region of théH NMR are present witB-Ce- (Figure2.73, Figure2.77). Heating the
reaction mixtures for 1 h at 60°C led to complex degradation, however, the major species

in the reaction o2-Cé-' was the trivalent starting materi&igure2.79Figure2.80).

[Co**Cp*2][PFe] (E A 671.91 V in MeCN?® was identified as a more chemically inert
reagent with EA®6 in the target edCp|RBfRjge. At
to a solution oR2-CeX186 in THFdg results in an immediate color change to a red/orange

color characteristic of-Ce. The corresponding reaction withCe- does not produce a

visually apparent change at room temperature. Both reactions were subjected to heating at
60°C and analyzed via NMR, demonstrating the production of'{tpd;] by oxidation of

2-Cef18¢6 put not2-Ce-' (Figures 2.65 2.72). Reactions with both benzophenone and

PCcPCsPROPKPNaQ@L PP PN

Figure 2.3 Ball and stick model overlay @&Ce"', 2-CeM3, 2-CeX , 2-Ce??, and2-Ce®s generate
from SCGXRD data. C and H atoms omitted, and N atoms not bound to the Ce center ai
hollow for clarity. Where more than one molecule is present in the asymmetric unit, tl
disordered was selected.
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[Co®*Cp*;][PFe] indicate the reducing power 2fCe- is significantly less tha-Ce<18cs,

in agreement with the CV data. Divergent behavior in the Li analogue is consistent with
the C&* BINOLate complexes reported by Schelter anevookers!® The steric bulk of

the imidophosphorane ligand differentiates the series presented here compared b the Ce
BINOLate complexes, as innsphere functionalization is unlikely due to the
inaccessibility of the Ce center. Density functional theory (DFT) analysis of the molecular
orbitals (MOs) composition and energy levels of the radahinant MOs in the-CeM

series Yide infrg) supports the result thatCe-' is a much lespotent reductant compared

to the rest of the series.

2.2.4 Structural Analysis

The crystallographically characterized complex@sC¢€-, 2-CeNa, 2-CeX, 2-
Cek18c6 2-CeRd, and 2-Ce®S) exhibit pseuddetrahedral geometry in the primary
coordination sphere. Two adjacent ligands form a pocket in which the alkali metal is bound
(except for2-Ceftecé where the alkali cation is outer sphere). There are two distinct types
of Cé& N bonds, those binding the alkali metal {Gleappeg and those only bound to the
metal center (QeNtermina). The differences in bond lengths betweefi Kegppesand Cé
Neerminas@re about 0.1 A, measuring approximately 2.3 and 2.4 A, respectively, across the
series. The contraction to about 2.2 A in the structufe®@é is consistent with the ~0.14
A contractiorf® of the Ce ionic radius upon oxidation. THeNmnido distance is, on average,
1.53(3) A across all trivalent complex@sCé-' exhibits notable deviations, witli Rimido
bond lengths ranging from 1.495(8) to 1.59(1) A, with an average of 1.544L &<18c6
exhibits shorter PNimido bonds, including the shortesi Rmiso bond among the Cé

complexes at 1.44(1) A.
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Table 2.2 Ce--M* distances and distortion parameters of th&" Cemplexes derived from SC
XRD datd

2-Cehib 2-Cela 2-Cek 2-CeRb 2-Cet® 2-Cek1®
Cel Lt M 3.02( . 4.131¢(:

. 3.367(13.785 3.947¢(: 9.56( 1!
Distdnge2. 97 ( ( ( 4.061(: (
(h dvi cer 0.928 0.915 0.929 0.945 0.941 0.948

NI e 0.889 : : 0.903 '
Gh dicei 0.906 0.957 0.923 0.935 0.956 0.970
Fice? 0.919 - : : 0.980 '
. 49. 4 28.5
Fopa 0 dlivcein 37.3 34.0 29.5 15.7
(A) 53. 4 30.9
.y 43.6 13. 4
Fop1 0 dpigei 25.9 23.0 18. 4 8.71
(A) 31.2 6. 1

a2 Numbers in parentheses are estimated standard deviations of the last digit.

b More than one crystallographically unique molecule is present in the asymmetric unit, metrics for each
molecule are presented.
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The structures were examined for connections between the degree of distortion and

the redox potentials measured by cyclic voltammetry

Table2.2). T h e indéX’” was calculated as a measure of structural distortion

2-Ceib 2-Cegha 2-Cek 2-Cehb 2-CeC® 2-Cel1®
Ce: Lt M 3.02(¢ . 4. 131¢(:

. 3.367((3.785( 3.947(: 9.56 (1!
Distdnge2. 97 ( ( ( 4.061(: (
O dicei 0.928 o 9515 o0.9290 o0.945 9941 4 9458

NI 0.889 : : 0.903 '
3 0.906 0.956

dri cer 0.957 0.923 0.935 0.970
U deicei 0.919 0.980
Fop1 o dnisceN 49. 4 28.5

: 37.3 34.0 29.5 15. 7
(A) 53. 4 30.9
Bo1 o drigerp 43.6 13. 4
: 25.9 23.0 18. 4 8. 71
(A) 31.2 6.1

present, defined as 360°( U+ b ) )/ 141A (where U and b are
coordination t et r aphoewhs asodonsidefed and ip definadasthee r E
sum of the absolute difference between the ideal 109.5° and each of the six angles that
compose the tetrahedral coordination sph&eg: o 9iSsa component to an equatién
previously used to describe distortion of the geometry around boron in complexes with

NY B moieties and has been implemented for similar Ln imidophosphorane comfSlexes.

The U a n dp1 oBvadues were calculated with the terminal N atoms constructing the
primary coordination sphere, as we4the as th
values using the N coordination sphere show linear correlation witihd@vever 2-Ce®s
breaks the trend wvalud{Figare2.820n o Ball @ uusitgyhe Ingw U0
secondary P coordination sphere results in linear correlation wgthriEl2-Ce“s does not

return an anomalous valEigure2.83). When using the primary N coordination sphere,

Fw1 o displays linear correlation withpE(Figure 2.83C). When c aphocausthgat i ng

the secondary P coordination sphere, remarkable linear correlation is observed (Rth E
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= 0.981 excludin@-CeX186 R2 = 0.958 including?-CeX1éc6, Figure2.83). SeeDiscussion

for furtheranalysis.

2.2.5 Electronic Absorption Spectroscopy

The UV-Vis spectra are consistent with previously repdftetf ° Ce*
imidophosphorane complexes, featurirfgbd transitions at the edge of the biNsible
spectral wi ndo waforihéd45d paosgions vares ovey & 53am (0.43
eV) range, from 361 nm i2CeX86t0 414 nm in the loweenergy feature in the spectrum
of 2-Cée-. The molar extinction coefficients are generally iS00 M*cm?, consistent
with those of similar complex&8.23°° The spectra a?-Ce- and2-CéeMa diverge from the
rest of the series, with two distinguishable featufégure 2.4A). The spectrum of the
previously reported®-Ce< displays one feature, identified as f5d transition?® The
spectra of2-CeX, 2-CeRP, and2-Ce®s appear remarkably similar. Computational studies
(vide infrg) predict subtle differences between the K, Rb, and Cs congeners, however, they
are not visually identifiable given the resolution of the measurement. The observation of
two 4f-5d transitions in the spectra 2fCe- and2-CeM2is due to crystal field splitting of

the o orbitals due to lower molecular symmetiy3
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Figure 2.4 (A) Experimental UWis spectra measured in toluene, excepf@e &6, which wa
measured in THF. (B) Calculated spectra fromDBT, with half width at half height at 0.15 ¢
Direct comparison of TEDFT and UMvis spectra for each complex is shown separately it
2.95 2.102.

2.2.6 Density Functional Theory

DFT calculations were employed to assess the effects of incorporating alkali metal

cations, M (M = Li, Na, K, Rb, Cs, K(18c8), in the C&" imidophosphorane complex.

Specifically, changes in the metajand bonding as a function of structural distortion

induced by M were evaluated, the nature of electronic excitations were assigned, the

energy shift of the #5d transitions in this series were examined, and the degree of

structural rearrangement occurring upon oxidation was assessed. Overall, the optimized

structures show good agreement with the bond metrics from the XRDTadutie 2.3),
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with the average GeM*Alistances, QeN bond lengths, and the average BeP angles

deviating less than 2.4%, 2.9%, and 3.7%, respectively, validating the theoretical models.

In all complexes where Moccupies a binding pocket in between the ligands, the
Céi Neappeadistances are distinct from Oterminay €.9, 2.405 Avs 2.294 A in2-CeMa,
respectively. This result agrees with the smaller total participation of Ce atomic orbitals
(AOSs) in the CéNcappedbonds relative to GéNterminaiin the entire series from Lio Cs:
7.717.9%vs 11.0 12.0%, respectivelyT@ble2.4). In both types of QeN bonds, there is
little variation in the Ce AOs contribution throughout the series, in accordance with the
minimal bond length changes: within 0.011 A exp./0.006 A theor. foN&gresand 0.030
A exp./0.030 A theor. for G&Nwerminar Despite this, there is a recognizable trend, showing
that, as the degree of structural distortion from the approximate tetrahedral symmetry
decreases, there is a commensurate decrease in the disparity of bond lengths bétween Ce
Ncapped and Ce&Nterminal (Table 2.3). This trend is also supported by the decreasing
difference of the %Ce AOs patrticipating in thé Q@gxppedand C& Nterminabondse.g, from

4.1% in2-Cé-' to 3.2% in2-Ce®s.

Adaptive Natural Density Partitioning (AdNB#®®) analysis of the alkali metal
coordinated complexes revealed a chemical bonding pafeyaré 2.84, 2.85, Tables
2.4i2.6) which is qualitatively similar to the one previously reported for
[Ce(NP(NMe)s)4]'.2° The Ce contributionintheC¥ & bonding is compar

Cé Ncapped(7.00 7.2%) and CiENterminal (8.0r 8.2%), and is appreciably larger than in the

CaNiP ° bonding, wheriNeagpedP i’'s bsoimadls) cemparéfor t h e
to Cd Neerminal P~ b 01B.d%). The3diff€rence in the %Ce A@sthe bonding with
NcappedVS Nterminalis due to the presence ofM wher e t he ° el gctr on
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lone pairs extending to Ce and P are appreciably disrupted atfpeidom compared to

Nterminay resulting in longer QéNcappedbonds.

The average %Ce AOs, considering aliBe G + b o n tstabilizad C& he M
imidophosphorane complexes (9948%), is slightly higher than in the b&€Ce' (9.0%).
The overall stabilizing effect of coordinating'Mations is also tracked in their MO energy
levels relative to that &-C€' (Figure2.92). The decreasing contribution of the Ce AOs in
the averaged GC&l bonds goes in tandem with the increasing energy level of thé-Ce 4
dominant highest occupied molecular orbital (HOMO) through the series:iBd®8 eV
in 2-Ce-' to13.81 eV in2-Ce®s, increasing td 3.40 eV in2-Ce¥16, and reaching the most

positive value of 3.32 eV in2-C€e (Figure2.86Figure2.92).

The increasing HOMO energy levels linearly correlate with increasingNCe
distances in the series from*ltb [K(18c6)]*, with R? = 0.985Figure 2.93). The close
proximity of Li* to the Cé&* center enables the strongest-Qd* interactions, substantially
stabilizing the HOMO level ir2-Ce-'. On the other hand, the significantly increased
Ce--M* charge separation RBxCeX*8 brings about the smallest changes in the geometric
and electronic structure, with its HOMO ence
2-C€. The appreciably distinct MO energy levels of the complexes with the Rast (
CeX186) and mostZ-Ce-') distorted tetrahedral structures support their chengeakivity
patternsyide supr&. Th e hi gher HOMO 08lne¥)ragwell ds the larger ( p =
energy gap between thedominant HOMO and liganrdominant HOM@1 (@ = 0. 20 ¢
in 2-Cef18c6ys 2-Ce- explains a greater likelihood of theuhpaired electron ig-CeX18c6
to participate in reactions, in accordance with its observed reactivity in reactions with

benzophenone and [E€p*;][PFe].
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The stepwise trends in the MO energy levels that appear as a result of decreasing
structural distortion from Lito [K(18c6)]" also manifest into a series of changes in the
computed absorption spectra. The tidependent DFT (TEDFT) spectra show an
excellent agreement with the Wis features Figures 2.4, 2.94i2.102), very well
reproducing the absorption peak positions of the expedtéd #ansitions and splitting
between them, where they are experimentally obseivaol€2.7). The two distinct UV
Vis absorption features @&Ce-' and2-CeN@ found at 360363 nm and 393414 nm are
identified as the most predominarft58l transitions by natural transition orbital (NTO)
analysis, with 8487% probability for a single electron excitation from one orbital to
another for each peak#ble2.7, Figures 2.103 2.105). The splitting between the lower
and higher energyf4d transitions is slightly smaller in-CeNa than in2-Cé", i.e., 31 nm
exp./33 nm theors.51 nm exp./4B54 nm theor., respectivelfFigure2.5). This manifold
of two 4f-5d transitions is maintained for the complexes with largérM = K, Rb, Cs)
and 2-Cef18<6 as well, albeit, with decreased splitting as the distortion in the complexes
lessensi.e., dropping to 22 nm ig-CeX, thento 13 16 nm in the2-Ce?? and2-Ce®s, and

further to 4 nm ir2-CeX18 (Tables 2.7, 2.8, Figures 2.95/ 2.102).

Vertical and adiabatic detachment energies (further referred to as VDE and ADE,
respectively) were calculated to assess the degree of structural rearrangement (VDE, none;
ADE, total) and probability of the retention/ejection of'Mpon oxidation in the series
(Table2.10). Comparing VDE values for the Mjected 2-CEMY 1-Ce) and M retained
(2-CeMY 1-CeM) redox reactions, two qualitatively different pictures are noted.2For
Cée", the more negative VDE value corresponding to tHedthined reaction relative to

the M' ejected reaction 0.69 Vvs.10.35 V) suggests that the retention of isi favored
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upon oxidation. In contrast, for all othiemersphereM* counterparts (M = Na, K, Rb,
Cs), the VDE for the ejection of Ms appreciably more negative than for its retention
(ranging fromi 1.30 V toi 1.83 Vvs.10.76 V toi 0.80 V). The difference between VDE
values corresponding to the retention/ejection 6faldruptly increases from 0.54 V/0.63
V in 2-CeN?/ 2-CeX to 1.00 V/1.05 V i2-CeRP/2-Ce®s. This gap indicates thatCeRb/2-
Ce®s are much more likely to eject the alkali metal cation upon oxidatiana-CeNe/2-

CeX.

The VDE values of the Mejected reactions @CeRP / 2-CeCs are very close to their
experimental k values with["BuNg4][BPh] as the supporting electrolyté 1(79 V
theor.1 1.87 V exp for Rbandi 1.83 V theor#1.98 V exp. for C9, indicating minimal
structural changes occurring upon oxidation. Conversely, the VDE for the retentidn of M
in 2-Cé- (1 0.69 V) is substantially different from the experimental oxidation potential of
11.37 V. The corresponding ADE valueidf.33 V matches thepkvalue implying large
structural rearrangement upon oxidation, in agreement with the largest deviation from the
tetrahedral symmetry ¢f-Ce" in the seriesThe VDE values for the M ejected redox
reactionof 2-CeN/2-CeX (1 1.30 Vi 1.40 V) suggest less structural rearrangement2han
Ce", but appreciably more thaiCeRP, 2-Ce®s, and2-Ce<18%6, Furthermore, the ADE
values for the2-CeMY 1-CeM redox reaction oR-CéMa (i 1.38 V) and2-CeX (i 1.43 V),
which are close to their respectivesEalues,imply that theM*-retained oxidatioms also
possible. However, this would require a larger structural rearrangement than #r the
CeMY 1-Ceredox reaction as the VDE values for thé-idtained redox reactions (da.
0.76 V) are significantly more positive than their experimental/&ues. This suggests a

possibility of both innerand outersphere complexes f@CeNa/2-CeX.

27



0.008 - 2-Ce™
0.004 4, e e B
O . \: _ ~ — 5 ~, -
7 2-Ceha
0.008 - 33nm _
0.004 -~ S
1IN ~ o
= U ! - K
(@)] 0 008 _ 22 nm 2-Ce
o ] ~Sa
= \
B 00041 7T esl N
S 0 73 =
© . nm _ Rb
S 0.008 4\ //’*\\ 2-Ce
w -
O 0.004 4 \\ 7 > \
0+——n o
i iy 2-CeCs
_ N
0.008 \\ PN
- ARVIN Y
00044 = el N
04— - —
7 2 \ 2-CekK1806
0.008 -
1 -7 4mm®
0.004 —>I |<— \\
0 I |I T T T |\‘ | p— T T T T
325 350 375 400 425 450

Wavelength (nm)

Figure 2.5 TD-DFT spectra accentuating the splitting between the higher and lower enigsgd
transitions in the Cé& complexes. Vertical bars depict the theoretical oscillator strength of
electron excitations. Halviidth at half height is 0.15 eV.

2.3 Discussion

Quantification of structural distortion for-eébordinate metal complexes is often
quantified by thezs index?’ Given the flexibility of the imidophosphorane coordination
sphere, the absence of consideration of the smallest angles rendess reliable in
bi s t rouocgreuidesd mok cosnplederdéescription of tie ligand

descri ng
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sphere by including all six tetrahedral angles. Based on size of the alkali metal and
proximity to the Ce center, structural distortion could be predicted to increase as follows:
2-Cel18¢6 < 2-Cebs < 2-CeRP < 2-Cef < 2-CeMa < 2-Cé-'. Pi Cel P angles were used to
guantify distortion, as NCe&l N angles returned anomalously Iay value for 2-Ce®s
because it fails to capture the distortion of the secondary coordination sphere. The
improved performance afsing Pi Ce P anglescould be expected, due to the distartio
largely affecting the secondary coordination sphere, rather than the primaly Ce
coordination sphere. Usingi €& P angles, the amount of structural distortion is
proportional to the size of the alkali metal cation in the ispdrere complexes (Figure

3B). Structural metrics o2-Cek8c are similar to those a?-Ce®s, indicating minimal

structural influence of the alkali metal catior2h€eCs,

The modulation of f by the alkali metal cation spans a range of about 600 mV,
which is comparable to the reported series of Ce BINOLate compfex@sThe
electrochemical reduction g§ is less sensitive to alkali metal identity spanning less than
200 mV, except foR-Ce-' (Epc=11.74 V), which is about 1 V more positive than the rest
of the series. The more positive,cEand quasteversibility of 2-Ce-' suggest the
electrochemically oxidized product diverges from the rest of the series. NMR experiments
demonstrate that the geometry2e€e"' is constrained and intramolecular Innobility is
relatively slow at room temperature by the presence off{dH} signals Figures2.13,

2.14). Computational studies support the retention ofilithe electrochemical oxidation
of 2-Ce-'. The VDE for2-Ce-' was calculated for the case of alkali metal ejection and
retention upon oxidation. In contrast to the rest of the series, the VDE for retention of the

Li* ion is more negative than that considering ejecti@6® Vvs.10.35 V, Table2.10.
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The VDE for ejection of the alkali metal for the rest of the series (where applicable) was
calculated to be much more negative than that of retention. For example, the 2DE of
Ce®sis calculated to bel1.83 V in the case of ejectias. 0.80 V for retention of the Cs

ion. The VDE for the ejection of Css much closer to the experimentally measured value
(1 1.98 V), suggesting-Ce°sY 1-Ceredox reaction witiminimal structuratearrangement

upon oxidation.

Within this framework, the larger alkali metal cations exert less influence on the
ligand coordination sphere as they lie toward the outer edge of the secondary coordination
sphere. The similarities between the cyclic voltammogram2-6€3° and 2-Ce®s
compared to2-Cef??? and 2-Cef'86 suggest that less interaction with the secondary
coordination sphere facilitates €@xidation,i.e., results in more negative,&/aluesThe
Lewis acidity of the alkali metal cation unequivocally influences thé" ©zidation
potential, however, the relationship betweei{MO)x pKa (as a measure of ‘M.ewis
acidity) and Eais not as well correlated compared to examples in the transition metals and

uranyl complexeg¢Figure2.83F) 3639 44 45 56:58

A secondary feature is observed afida9 V in the cyclic voltammograms 2fCeNa
and 2-Ce¢ (Figure 2.2). Differential pulse voltammetry (DPV) demonstrates that two
features are indeed present for the anodic eveMGE< (Figure2.64). This behavior is
attributable to an equilibrium between the inrmmnd outersphere complexes in solution.
The potential of the secondary features is close to those of the outer sphere cdhigeners
CeK186 and2-Cef???, as well as the predicted potential for the hypothefie€aé’ (Table
2.10. The similarity between the potentials of the secondary features and thephees

congeners supports that somedteN? and2-Cef may dissociate into the corresponding
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chargeseparated, outer sphere complexes in electrolyte solution. NMR studies in cyclic
voltammetry conditions in THi#s display a broadenetdP{'H} signal for2-Ce< (FWHM

= 80 Hz,Figure2.82) and a small secondary signal ®CeN? (Figure2.81), supporting
exchange between innaand outersphere complexes in solution. These data suggest that
the alkali metals of intermediate size (Na, K) can dissociate from the coordination sphere
without Cé* oxidation in THF electrolyte solutions. Evidence for such a process does not
present itself foR-CeR and2-Ce®s, which is likely due to the larger ionic radii of Rind

Cs' precluding significant perturbation of the coordination sphere that is observed for

smaller cations.

The NMR spectra of all complexesxcept for2-Ce-, indicate that the cation is
mobile within the secondary coordination sphere on the NMR timescale, and a single
31p{*H} signal is observed in these systems at room temperature. Solution states UV
datademonstrat¢hat the structural distortion of the coordination sphere is indeed present
in the solution state, despite intramolecular mobility of the cation. Th&/Id\épectra of
2-Ce-' and2-CeMa display two features, which are assigned faSd4transitons through
NTO analysis. The observation of twb5t transitions in the solutieetate measurements
is an important piece of evidence supporting the presence of structural distortion in
solution. The splitting of thedborbitals can be rationalized through crystal field theory as
a splitting of theE state in the reduction of the symmetry of the complex from tetrahedral.
This splitting would not be observed if the structural distortion is not maintained in
solution. That is, if the solution structure wast distorted by the alkali metal cation due
to exchange or diffusion of the alkali metal from the coordination sphere, theidJV

spectra should resemble that2€e<18%6, A good linear relationship @= 0.953,Figure
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2.83) between measureg4and the calculated HOMO energies of the georraptymized
complexes further supports that the electronic structure $fi€modulated by the alkali

metal cation in solution.

While variabletemperature NMR (VAINMR) data indicate that the cations have
intraamolecular mobility in solution at temperature$ 60°C, the room temperature UV
Vis, CV, as well as computational results support that the structural effect of the alkali
metal is present, despite exchange of the cation between different pairs of ligands. A clear
relationship between the coalescence tentpexdTc) and structural metrics and/op-HS
not readily identifiable. This result suggests intramolecular mobility islated, but
distinct, phenomenon to structural distortion. The match in size between the secondary
coordination sphere and the alkali metal is likely important, withuiquely exhibiting

mobility down toi 80°C in 2-CeX (Figure2.39).

Cyclic voltammetry studies in solution reveal the modulation of th¥ @eédation
potential by the identity of the alkali metal cation. Distortion parameters frofKFIT
data provide good linear correlation with,Edlemonstrating that structural aspects of the
coordination sphere and size of the alkali metal cation influence the oxidation potential.
Solutionstate U\VVis data further demonstrate that the structural distortion measured in
the solidstate is reflecteih solution spectroscopic data. Thideet is indicated by the
presence of twof4sd transitions in2-Ce-' and2-CeNa, This splitting of the-d transition
is due to 8 crystal field splitting caused by reduction of symmetry at the Ce center. TD
DFT results and NTO analysis support this assignment of th&/ig\épectra, and good
correlation between Jzand the calculated HOMO energies provide additional evidence

that the distortion by the alkali metal modulates th& @Ggidation potential.
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2.4 Conclusion

The correlation between the shift ipaBnd electrostatic/Lewis acidic properties of
the redoxinactive metal cation is well established in the literature acrodsple classes
of transition metal and uranyl complex&4>°6°8 The data presented herein demonstrates
the impact ofstructural distortionby alkali metal bound in the secondary coordination
sphere on the Cg oxidation potential within an imidophosphorane framework.
Quantification of the di st ophdguoidatesmafinearhe | i
positive relationship between structural distortion and oxidation potential. Specifically,
structural distortion by the alkali metal cation modulates the electronic structure of the
ligand and C¥& ion, making oxidation more difficult as the coordination geometry deviates
from the ideabseudetetrahedral geometry. This distortion observed in the sbéite is
reflected in solution electronic absorption spectroscopy, which reveals the reduced
molecular symmetry at Geas a function of the alkali metal. The effect of alkali metal
binding on the donation properties of the zwitterionic ligand and electronic structure of the
trivalent lanthanide establishes a new ligand design consideration. Similar effects of
zwitterionic ligands have been reported on Cu redox properties and small molecule
activation chemistry*%? In this imidophosphorane system, optimization of alkali metal
binding can be used to tune the potential of anionic metal complexes through the counter
cation. This approach could be implemented across the periodic table, and potentially be

applied to expad the range of molecular tetravalent lanthanides.
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2.5 Experimental Details

Unless otherwise noted, all reagents were obtained from commercial suppliers and
used as received. All manipulations were performed with rigorous exclusion of oxygen and
water using Schlenk techniques under UHP argon, or in a glovebox (Vigor) under a
dinitrogen atmosphere (<0.1 ppn/B20). The glovebox is equipped withtw8 5 e C
freezers and a cold well. All glassware and cannulas/needles were stored in an oven

overnight (>8h) at ca. 160 eC prior to use

Materials: Cel i t e and mol ecul ar sieves were dried
for a minimum of 24 h. 6Ds (Cambridge Isotope Laboratories or Sigiddrich) was pre

dried over 3 A molecular sieves then vacuwemsferred from purple
sodium/benzophenone and stored over 3 A molecular sieves prior to useds THF
(Cambridge) was degassed by 3 frepmenpthaw cycles and dried over sodium metal,
then vacuum transferred stored over 3 A molecular sieves prior to-Bs@tane, hexanes,
diethyl ether, toluene, and tetrahydrofuran (THF) were purged with-gHbée argon
(Airgas) and passed through columns containirg/@umina and molecular sieves in a
commercial solvent purification system (JC Meyer Solvent System® Prwcess
Technology). All solvents in the glovebox were stored in media bottles over 10% v/v 3 A
molecular sieves. Fluorobenzene was distilled fras@sRand stored over 3 A molecular
sieves inside the glovebox. Methanol was dried by refluxing over magnesium turnings
activated with iodine overnight under argon and then distilled and stored over 3 A
molecular sieves. Supporting electrolytes for electrochananalysis were purified as
follows: ["BusN][BPhs] (SigmaAldrich, 99% or electrochemical grade >99%yas

recrystallized twice from 10:90 water:acetone followed by a final recrystallization from
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30: 70 diethyl ether:acetone, then dried un:q
to use. [BusN][PF¢] (Oakwood) was recrystallized three times from absolute ethanol, then
dried wunder vacuum at 85eC for a mini mum
decamet hyl ferrocene wer e subl i noetdrt pri ol
butylethylenediamide)(diethylamidé)] (KNP*), Cebk(THF)s, KCg, and benzyl

potassiurfi were prepared according to the published proceduress RixC Cs@ were

prepared analogously to KGQGraphite was flame dried in a Schlenk flask several times

under vacuum on a Schlenk line prior to use. Potasturbutoxide was sublimed prior

to use in the synthesis of benzyl potassium. Immersion oils (Pafidto@argille Type

NVH) were degassed on a Schlenk line by stirring under active vacuum with gentle heating

(to facilitate stirring, ca. 40°C) overnight pritar use.

Analytical: NMR spectra were obtained on a Bruker Avance Ill 400 or 500 MHz
spectrometer at 298 K, unless otherwise notdd**C{*H}, and *'P{*H} NMR chemical
shifts are report el NMRarelreferepcadrta the rgsidddd mi | | i
resonances of the solvehC{'H} NMR are referenced to the resonance of the deuterated
solvent.X*C DEPT-135 NMR spectra are referenced to the stantf@{tH} spectra. Peak
position is listed, followed by peak multiplicity, integration value, and proton assighme
where applicable. Multiplicity and shape are indicated by one or more of the following
abbreviations: s (singlet); d (doublet); t (triplet); g (quartet);dd (doublet of doublets); td
(triplet of doublets); m (multiplet); br (broad). UWXsible-NIR spectoscopy was
performed in smalvolume screwcap quartz cuvettes (Starna Scientific) with a 1 cm path
length on a Hitachi UH4150 UVis-NIR scanning spectrophotometer from 1100 to 280

nm. ATR infrared measurements were performed on a Bruker ALPHA FTIRcmeter
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from 400 to 4000 cminside a dinitrogen glovebox. Elemental analyses were determined
at the University of California Berkeley Microanalytical Facility (Berkeley, CA).aX
structural determinations were performed at the Georgia Institute of Technology X
CrystallographyFacility on a Bruker D8 Venture diffractometer. Crystals foray
analysis were coated in either Paratone N or Cargille Type NVH immersion oil inside a

glovebox and brought out in a capped 20 mL scintillation vial.

‘Standard and electrochemical gradBuiN][BPhs] were examined for use in cyclic
voltammetry experiments. Even electrochemical gididplayed a small impurity in the
background scan and required recrystallization. There was no observable difference

between the standard or electrochemical grades after 3x recrystallization.

[ Ce ( N Rdi-tdrt-bNt@lethylenediamide)(diethylamidg]) 1-Ce: This a modification of a
previously reported procedutdnside a gloveboxiKNP* (1.55 g, 4.7 mmol, 4 eq.) was
transferred to a scintillation vial and dissolved in 18 mL of diethyl ether. This solution was
then transferred to a scintillation vial charged with a gtasded stir bar and G£THF)4

(0.962 g, 1.2 mmol, 1 eq.). The reaction mixture was allowed to stir at room temperature
for 2 h, then Agl (0.293 g, 1.2 mmol, 1.05 eq.) was adxed solid. Any remaining Agl

was suspended in 1 mL diethyl ether and transferred to the reaction vial via pipette. The
reaction mixture was stirred overnight (14 h) at room temperature. The precipitates were
removed via filtration through a fine frit paatt with Celite. The filter cake was washed
with diethyl ether until the filtrate ran clear (about 80 mL), then the brgghfiltrate was
brought to an orange solid vacuo The crude product was extracted with 25 mL of n
pentane and filtered through #ette packed with a glass fiber filter and Celite. The

volume of the filtrate was concentratedvacuoto a volume of 15 mL, after which red
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crystals started to form. The solution was placed-BbaC freezer overnight during which

time red crystals formed. The supernatant was then decanted off, and residual volatiles
were removedh vacuoto give the title compound as a brigked crystalline solid (1.31 g,
85%). All spectroscopic data are consistent with the previously reported-apateet 2.6

2.8)

[ Li Ce ( Ndrterbbutpebhylenediamide)(diethylamide)) 2-Cé-'. 1-Ce (425 mg,

0.2 mmol, 1.0 equiv.) was dissolved in 15 mL of diethyl ether and transferred to a 50 mL
Schlenk flask equipped with a glassated stir bar and a glass stopper. The vessel was
removed from the glovebox and connected to a Schlenk line. Theluédrsavas sparged

with argon for 3 min and, under a flow of argon, coarsely divided lithium wire (ca. 140
mg, 20 mmol, excess, approximately a 3 cm piece) was added. The reaction mixture was
stirred vigorously at room temperature for 14 h. The resultalgyellow solution was

then decanted via cannula and the volatiles were remiovedcuo The vessel was
transferred to a glovebox, and the pad#iow solid was taken up in 5 mL of diethyl ether
and filtered through a pipette packed with a gkissr filter. The solution was concentrated

to 2 mL volume, then placed in35°C freezer overght during which time yellow crystals
grew (suitable for XRD analysis). The mother liquor was decanted off and the volatiles
were removedh vacuoto give the title conpound as a bright yellow solid (250 mg). The
supernatant was concentrated to <1 mL and placed356°&€ freezer overnight to yield a

second crop of crystals (344 mg combined mass, 81% total isolated yield).

IH NMR (400 MHz, toluen@ds) T = 80AC o 4.45 (s, 8H, FWH

FWHM = 22 Hz), 1.49 (s, 72H), 0.66 (br, 16H, FWHM = 220 H£)00 (br, 24H, FWHM

= 56 Hz).2*C{*H} NMR (101 MHz, toluened) T = 80AC & 53. 65,
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12.11.3%P{*H} NMR (162 MHz, tolueneds) T = 8 0 ACIRUATR):&[chl= (br ) .

2965 (M), 1474 (vw), 1460 (vw), 1376 (W), 1355 (w), 1265 (W), 1249 (w), 1194 (m), 1144
(s), 1094 (m), 1050 (m), 1022 (s), 973 (m), 925 (m), 867 (w), 794 (m), 692 (s), 628 (M),
593 (vw), 498 (s), 447 (wElemental analysis, 4H126CeLiN16Ps, found(calculated): C

52.14(51.87), H 9.95(9.95), N 17.08(17.28).

[ Na Ce ( N@&-{etdhutyléthylenediamide)(diethylamide)) 2-CeNa: 1-Ce (228 mg,

0.18 mmol, 1.0 equiv.) was dissolved in 10 mL of diethyl ether and transferred to a 20 mL
scintillation vial charged with a glas®ated stir bar and a smear of Na metal (51.1 mg, 2.2
mmol, excess). After stirring at room temperature for 3 hptieyellow solution was
filtered through a pipette packed with a glass fiber filter and Celite. The volume of the
filtrate as concentrateid vacuoto 2 mL and the solution was pked in a-35°C freezer.
Yellow crystals grew overnight, and the supernatant was decanted off. The residual
volatiles were removeith vacuoto give the title compound as a pgiellow solid (135 mg,

59%). Crystals suitable for XRD analysis were grown via slow evaporation of a

concentrated-pentane solution aB5°C over several days.

IHNMR (400MHz,GDs) o 5.29 (s, 8H, J=WBIH,8H FIVBM Hz ) ,

=19 Hz), 1.62 (s, 72H), 0.06 (br, 16H, FWHM = 120 H2)43 (s, 24H, FWHM = 55 Hz)

3C{IH} NMR (101 MHz, GDs) U 53. 58, 43. 65PHBNMR(LE2 238 .

MHz, CsDg) U 111.53. IR (ATR):3 [cm] = 2966 (m), 1477 (vw), 1375 (w), 1355 (w),
1248 (m), 1195 (m), 1148 (s), 1092 (m), 1051 (m), 1023 (m), 971 (m), 925 (m), 865 (m),
793 (m), 691 (m), 628 (w), 519 (m), 497 (m), 468 (w), 452 @ElEmental analysis,

CseHi12é8CeNaNePs, found(calculated): C 51.32(51.24), H 9.92(9.83), N 16.78(17.07).
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[ KCe ( N HA{tét;biydethylenediamide)(diethylamide)) 2-Ce<: 1-Ce (122 mg,

0.095 mmol, 1.0 equiv.) was added as a solid to a vial charged with 7 mL hexages, KC
(13.4 mg, 0.010 mmol, 1.05 equiv.), and a glesated stir bar. The bronze suspension
rapidly turned black, concomitant with the bleaching of the bright red color of the
supernatant to a pale yellow. The reaction mixture was allowed to stir at roonmaamgpe

for 20 min and was then filtered through a pipette packed with afi@sdilter and Celite.

The filtrate was concentrated to 2 nrvacuoand placed in a35°C freezer. Yellow
crystals grew overnight, and the supernatant was decanted off. The residual volatiles were
removedin vacuoto give the title compound as a pgielow solid (87 mg, 69%). All
spectroscopic data are consistent with the previously reportedFdgtae$ 2.18i 2.20).

Note: This reaction proceeds in diethyl ether, however, crystallization of the crude product
provides higher yield in hexanes. To simplify reaction wapk the reaction iperformed

in hexanes.

[K(18-crown6),] [ Ce ( N-HiteN-butyléthylenediamide)(diethylamide]) 2-

Cel186; 1-Ce (271 mg, 0.2 mmol, 1.0 equiv.) and-&é®wn-6 (111 mg, 0.4 mmol, 2.0
equiv.) were dissolved in 15 mL of diethyl ether. The solution was then transferred to a 20
mL scintillation vial charged with K&€(29.8 mg, 0.22 mmol, 1.05 equiv.) and a glass
coated stir bar. The bronze suspension rapidly turned black, concomitant with the bleaching
of the bright red color of the supernatant to a pale yellow. The reaction wasabo stir

at room temperature for 15 min, then the mixture was filtered through a pipette packed
with a glasdiber filter and Celite. The solution was concentrated to 3imacuoand

placed in a35°C freezer. Overnight, nearly colorless crystals grew, and the supernatant
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was decanted off. The volatiles were remoweegacuoto give the product as a pafellow

solid (313 mg, 80%).

IHNMR (400 MHz, THFdg) & 3. 75 (s, 16H, FWHM J=20 Hz)
12.1 Hz, 8H, FWHM = 19 Hz), 2.48 (s, 8H, FWHM = 11 Hz), 1.06 (s, 96H, FWHM = 6.6
Hz).3C{'H}NMR (101 MHz, THRdg) U 7 1. 56, J581HxR406%236G 1 ( d,
15.26 31P{*H} NMR (162 MHz, THRds) 11 107.28. IR (ATR)3 [cm] = 2957 (m), 2895

(m), 1456 (w), 1382 (w), 1295 (vw), 1251 (m), 1210 (m), 1195 (m), 1175 (s), 1147 (m),

1107 (s), 1049 (m), 1025 (m), 969 (m), 914 (m), 861 (w), 838 (w), 791 (m), 686 (M), 623

(m), 592 (w), 569 (vw), 518 (m), 495 (m), 469 (m), 449 (E)emental analysis,

CgoH176CeKN16012P4, found(calculated): C 51.47(51.73), H 9.60(9.55), N 12.34(12.07).

[K(2.2.2]-cr y pt and) ]-fi-@eduiMiEhyldhedatide)(diethylamide))  2-

Cef??2; 1-Ce (179 mg, 0.14 mmol, 1.0 equiv.) and [2.2c2yptand (52.2 mg, 0.14 mmol,

1.0 equiv.) were dissolved in 10 mL of diethyl ether and transferred to a 20 mL scintillation
vial charged with K€ (19.7 mg, 0.15 mmol, 1.05 equiv.) and a glesated stir bar. The
bronze suspension rapidly turned black, concomitant with the bleaching of the bright red
color of the supernatant to a pale yellow. The reaction mixture wasdstor 15 min at

room temperature, then filtered through a glass pipette packed with Celite and a glass fiber
filter. The volatiles were removeid vacuoto give the crude product as a pgkdlow
powder. The powder was taken up in 2 mL of fluorobenzene and filtered through a glass
pipette packed with a glass fiber filter into a 4 mL shell vial. The solution was layered with
2 mL of n-pentane and placed in -85°C freezer. Overnight, a pajellow powder
precipitated out, which was collected on a fpwosity frit and washed with 1 mL pentane.

Residual volatiles were removea vacuoto give the title compound as a p3gielow
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powder (210 mg, 89%). Growth of crystals suitable for XRD analysis was not readily

achievable.

'H NMR (400 MHz, THFdg) U 3. 76 (br, 16H, FWHM *» 22 H
=4.4 Hz, 12H), 2.84 (dl=12.0 Hz, 8H, FWHM = 21 Hz), 2.58 @~ 4.7 Hz, 12H), 2.47

(s, 8H, FWHM = 10 Hz), 1.06 (s, 96H, FWHM = 6.0 HAC{*H} NMR (101 MHz, THF

d) U 71.51, 68. 67 J=&8Hz)946.64,28.27, 15.8P{*HANMR6 2 ( d ,
(162 MHz, THFdg) U  1IR (ATRJ: 8 [cmY] = 2959 (m), 2890 (m), 2822 (m), 1477

(W), 1458 (w), 1382 (w), 1354 (m), 1298 (vw), 1251 (m), 1210 (m), 1195 (m), 1174 (s),
1149 (m), 1134 (m), 1105 (m), 1079 (m), 1046 (m), 1026 (m), 970 (m), 951 (m), 916 (M),

862 (w), 833 (vw), 791 (m), 754 (vw), 687 (m), 623 (m), 592 (vw), 572 (vw), 520 (m), 495

(m), 470 (w), 450 (w)Note: Since isolation of this compound in crystalline form was not
readily achievable, elemental analysis was not performed, however, NMR spectra are free

of impurities and no insoluble solids are observed upon compound dissolution in organic

solvents.

[ Rb Ce ( N&-tetdhutyiéthylenediamide)(diethylamidg],) 2-CeR°: 1-Ce (168 mg,

0.13 mmol, 1 equiv.) was added as a solid to a 20 mL scintillation vial charged wigh RbC
(26.0 mg, 0.14 mmol, 1.05 equiv.), 8 mL of hexanes, and a-gteded stir bar. Any
remainingl-Ce was dissolved in 2 mL hexanes and transferred to the reaction vial. The
bronze suspension rapidly turned black, concomitant with the bleaching of the bright red
color of the supernatant to a pale yellow. After stirring at room temperature for 20 min, the
reaction mixture was filtered through a pipette packed with a glass fiber filter and Celite.
The paleyellow filtrate was concentrated to 5 nm.vacuoandplaced in a35°C freezer.

Nearly colorless, palgellow crystals grew overnight. The supernatant was decanted off
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and the residual volatiles were removedsacuoto give the title compound as a nearly
colorless, palgellow solid (145 mg, 81%). Crystals suitable for XRD analysis were grown

from a concentrated hexanes solution with 1 drop of diethyl eth854E.

IHNMR (400MHz,GDe) U 4.76 (s, 8H, FWHM = 14 Hz),

= 17 Hz), 1.69 (s, 72H)1.17 (s, 24H, FWHM = 36 Hz}1.63 (br, 16H, FWHM = 230

Hz). BC{*H} NMR (101 MHz, GDs) U 53. 07, 43. 0 #pP{’HBNMMRO9 2, 28
(162 MHz, GDs) U 1IR QATR):& [cmY] = 2967 (m), 1476 (vw), 1374 (w), 1355

(W), 1249 (m), 1207 (m), 1194 (m), 1145 (s), 1093 (m), 1051 (m), 1022 (m), 973 (m), 918

(m), 864 (m), 794 (m), 687 (m), 623 (w), 517 (m), 497 (m), 468 (m), 449H@nental

analysis CseH126CeNieP4Rb, found(calculated): C 48.95(48.91), H 9.41(9.38), N
16.14(16.30)Note: This reaction proceeds in diethyl ether, however, crystallization of the

crude product provides higher yield in hexanes. To simplify reaction-umrthe reaction

is performed in hexanes.

[ Cs Ce ( Nd-{erNqutidéihylenediamide)(diethylamide)) 2-Ce®s: 1-Ce (123 mg,

0.095 mmol, 1.0 equiv.) was dissolved in 6 mL of diethyl ether and transferred to a 20 mL
scintillation vial charged with a glags®ated stir bar and Cs(22.9 mg, 0.10 mmol, 1.05
equiv.). The bronze suspension rapidly turned black, concomitant with the bleaching of the
bright red color of the supernatant to a pale yellow. After stirring at room temperature for
15 min, the reaction mixture was filtereddbhgh a pipette p&ed with a glass fiber filter

and Celite. The volume of the yellow supernatant was concentrated tamwvatuoand

the solution was placed in 85°C freezer. Overnight, nearly colorless, XxigDality

crystals grew. The supernatant was decanted off, and the residual volatiles were removed

in vacuoto give the title compound as a nearly colorless,-pall®w solid (98.6 mg, 73%).
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IHNMR (500MHz,GDs) U 4.30 (s, 8H, FWHM = 15 Hz),

= 18 Hz), 1.62 (s, 72H}0.93 (s, 24H, FWHM = 46 Hz}1.28 (br, 16H, FWHM = 540

Hz). BC{*H} NMR (101 MHz, GDs) U 52. 88, 42. 4 8P{*HBNMR18, 238
(162 MHz, GDs) U 1IR (ATR):& [cmY] = 2967 (m), 1477 (vw), 1375 (w), 1355

(W), 1250 (m), 1208 (m), 1193 (m), 1145 (s), 1095 (m), 1050 (m), 1021 (m), 974 (m), 918

(m), 864 (m), 794 (m), 686 (m), 623 (w), 516 (m), 496 (m), 467 (m), 448HImnental

analysis, GsH126CeCsNePs, found(calculated): C 47.16(47.28), H 8.94(9.07), N

15.49(15.75).
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Figure 2.38 Variable Temperaturé'P{*H} NMR of 2-CeM?in tol-ds.
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Figure 2.41 Variabletemperaturé'P{*H} NMR of 2-Ce®". *= HNP*, * = 1-Ce.
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Figure 2.42 Variabletemperaturé'P{*H} NMR of 2-Ce®s. *= HNP*, * =1-Ce.
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Figure 2.45 Gaussian fitting of UWis spectrum oR-Ce"' in toluene.
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Figure 2.46 Gaussian fitting of UWis spectrum o2-CeM? in toluene. Note: A satisfactory fit 1

this spectrum is complicated by large features on the edge of the UV window, in addition
amounts of highly absorbirigCe. Rather than ovegparametrizing, a crude fit is presented sho

two features present.
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Figure 2.47 Variabletemperature UWis spectra oR-Cée"' in toluene.
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Figure 2.48 Variabletemperature UWis spectra oR-CeM?in toluene.
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Figure 2.50 Cyclic voltammogram of decamethylferrocene vs. ferrocene in 50 BMN][BPhs]
in THF, scan rate = 20@\V/s.
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Figure 2.51 Scanrate dependence of 3 mi4Ce in 50 mM [Bu:N][BPh4] in THF (top) an
RandlesSevcik plot (bottom).
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Figure 2.52 Scanrate dependence of 3 mRACe-' in 50 mM ['BusN][PF¢] in THF (top) an
RandlesSevcik plot (bottom).
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