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Abstract of the Dissertation

Investigating Unusual Reduction Methods for the Generation of Low Oxidation State
Rare-Earth Organometallic Complexes
By
William Nicholas Graham Moore
Doctor of Philosophy in Chemistry
University of California, Irvine, 2023

Distinguished Professor Emeritus William J. Evans, Chair

This dissertation describes a variety of reduction techniques applied towards the synthesis and
characterization of low oxidation state rare-earth metal compounds in order to determine the techniques’
efficacy and the ability of these methods to yield species with interesting properties different from those
generated from the widely used potassium-based reduction systems. The research results described herein
add to the fundamental knowledge base on the coordination and redox chemistry of the rare-earth metals,
which are scandium, yttrium, and the lanthanides.

In Chapter 1, an array of alkali metal (M) and organic chelate (L) combinations were used to
generate nine [M(L)][Cp’3Y"] (Cp’ = CsHiSiMes) complexes in order to determine whether K/crypt (crypt
= 2.2.2-cryptand) is indeed the most suitable for reducing Cp’sY'"™ and isolating Y(II) complexes. During
the process, two new Y(II) complexes were crystallographically characterized, namely
[(THF)Nay(18¢6):][Cp’3Y"]> and [Na(crypt)][Cp’sY"]. EPR, UV-visible absorbance, and IR spectroscopies
revealed minimal differences in the spectroscopic characeristics of these complexes. Interestingly, the
decomposition profiles of these species at room temperature show marked differences. This Chapter
initiates a discussion of the factors that determine the stability of these low oxidation state-complexes.

"and generate a series

In Chapter 2, cesium metal smears were used to reduce Cp’3Yb" and Cp’sTm
of ytterbium(Il) and thulium(II) complexes that display an extended structure by single crystal X-ray
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diffraction (XRD). The structures are composed of layers of hexagonal nets with alternating vertices of
Cs(I) and Ln(II) ions. This structure is robust with respect to the level of THF-solvation, as compounds
with 0, 1, and 2 bound THF molecules per monomer unit were characterized. The Tm-containing species,
[(THF)Cs(u—:1°—Cp")sTm'"]s, was synthesized in order to investigate whether the trigonal arrangement of
S =% Tm(Il) ions yielded spin frustration at low temperatures and whether single crystals were exfoliatable.
By collaborating with Alexandre Vincent from the lab of Professor Jeffrey R. Long at the University of
California, Berkeley, SQUID measurements were collected to show that the thulium ions are in the +2
oxidation state and non-interacting. And by collaborating with TJ McSorley from the lab of Professor Luis
A. Jauregui in the Department of Physics at the University of California, Irvine, exfoliation of single crystals
was successful down to approximately 50 layers.

In Chapter 3, a method was adapted to induce the reduction of Ln(Ill) organometallic complexes
(Ln = Sc, Y, La) by exposing them to y-irradiation in a glassy matrix. The method was first utilized to
reduce Ln(I11) complexes to known [Ln(I1)]'" anions, which were identified by EPR and UV-visible
spectroscopies. That y-irradiation method was extended to generate and characterize a new anion, namely
[La"(NR2)s]' (R = SiMes). Furthermore, the formation of [Cp’sY"]'™ was monitored over time to show the
low conversion rate of the method (<1% over 6.5 hours). This method may have broader implications for
the generation and characerization of low oxidation state species otherwise unisolable by chemical means.

In Chapter 4, an attempt to generate a bridging [C=C]*" unit for reduction to the magnetically
interesting, previously unknown [C=C]*" bridge is described. The reaction of (CsMes),Y (u—Ph),BPh, with
NaC=CH did not yield the desired (CsMes). Y (CC)Y (CsMes), and instead forms an interesting C—C coupled
product, namely (CsMes), Y (u—#*:'-CCCCH,)Y (CsMes).. This represents the second crystallographically
characterized butatrienylidene dianion. The product was characterized by 'H, *C, and HMQC NMR, UV-
visible absorbance, and IR spectroscopies. Theoretical calculations were conducted to investigate the nature
of the C—C bonding in the butatrienylidene bridge.

In Chapter 5, results are reported on separate approaches to reduce organometallic rare-earth metal
complexes using photoredox reactions and using barium powder. The photoredox approach focused on
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reducing Cp’sY™ in collaboration with Professor Harry B. Gray and his graduate student Dr. Javier Fajardo
Jr. at the California Institute of Technology using a powerful photoreductant developed in their lab, namely
W(CNuipp)s. Upon excitation with UV-visible light, the reduction potential is shifted approximately 2.3 V
more negative {E12 of W(CNaipp)s =—0.72 V vs Fc™°, E1/2 of [W(CNuipp)s]* ~—3.0 V vs F¢”°}. The reduction
of Cp’sY™ by this species was attempted in toluene with the inclusion of a suite of sacrificial reductants.
No isolation or characterization of Y(II) product was observed. Regarding the use of barium as a reductant,
barium powder was generated in order to maximize its surface area and improve the speed at which a
reduction reaction would occur. Reductions were attempted in the presence of crypt with Cp’sLn (Ln =,
Tm, Yb). Reductions were observed for thulium and ytterbium. Crystals isolated from a sample dissolved
in wet acetonitrile demonstrate the electrostatic attraction of Ba(Il) and anionic ligands, yielding the

structure [Ba(crypt)Cp][Cp2Yb(1—OSiMes3), YbCpa].
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Introduction

Rare-earth metals are composed of scandium, yttrium, and the lanthanide elements, see Figure 0.1.
These elements are grouped together because they tend to share similar physical and chemical properties.

For instance, they all form primarily ionic bonds that do not involve significant metal-ligand orbital mixing.
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Figure 0.1. Periodic table with rare-earth elements denoted in red boxes.'
Furthermore, all of these elements are most commonly isolated in the +3 oxidation state.”® In fact, for a
long time it was thought that they were only isolable in the +3 oxidation state, with the exceptions of Sm,
Eu, and Yb, which can form stable +2 oxidation state compounds as a result of their resulting electron
configurations being at or near half or fully filled 4f shells: 4f° Sm(II), 4f” Eu(II), and 4f'* Yb(II). Similarly,
Ce could be isolated in the +4 oxidation state due to stabilization from its 4f° electron configuration, see

Figure 0.2, top, for summary of available oxidation states up to 1997.



1997
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Valence 3 4 5 g 7 8 9 10 11 12 13 14 15 16 17
Electrons
Oxidation 3 303 3 3 3 3 3 3 3 3 3 3 3 3
States
2
2023
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Valence 3,5 ¢ 7 8§ 9 10 11 12 13 14 15 16 17
Electrons
4 4
Oxidation
States 303 3 > > >
5 3 2 2 2 2

Figure 0.2. Isolated oxidation states, aside from the zero oxidation state available to all metals in their
elemental form.

Early synthetic explorations focused on isolating elements beyond Sm, Eu, and Yb in the +2
oxidation state were geared towards the synthesis of Lnl, species (Ln = rare-earth metal).”” By heating a
finely ground mixture of the rare-earth metal and the triiodide (Lnls) in a sealed tungsten tube under inert
conditions, a comproportionation reaction occurs, and several of these species were isolated and
characterized crystallographically (Ln = La, Ce, Pr, Nd, Sm, Gd, Dy, Tm, Yb). Interestingly, most of these
species were determined to contain Ln(IIl) with a free electron in the lattice, rather than Ln(III) ions. Only
the diiodides of Nd, Sm, Dy, Tm, and Yb were determined to contain legitimate +2 ions. Subsequently,
efforts by Bochkarev and coworkers in collaboration with the Evans group were able to generate the first
crystalline Tm(II) compound, Tml(MeOCH,CH,OMe);, by heating thulium metal with Tml; in
dimethoxyethane (DME) at reflux in another example of a comproportionation reaction.'® In addition,
crystalline Dyl(DME)s* and Ndl,(THF)s*? were isolated soon thereafter.

Only in 2008 was another rare-earth element isolated in the +2 oxidation state by Lappert and
coworkers."? Using potassium graphite as a reductant, an organometallic lanthanum complex in a trigonal

"_

ligand environment, Cp'';La (Cp" = CsH3(SiMe3),), was reduced in the presence of an organic chelate, 18-

crown-6 or 2.2.2-cryptand, to yield [K(18c6)(OEt,][Cp"sLa] (18c6 = 18-crown-6) and [K(crypt)][Cp'3La]



(crypt = 2.2.2-cryptand). The La(Il) ions in these complexes were characterized by EPR spectroscopy and
Superconducting Quantum Interference Device (SQUID) magnetometry. A 4f°5d" electron configuration
was proposed for La(II) based the small (< 0.05 A) changes in metal-ligand bond distances upon reduction,
which was very different from the 0.1-0.2 A increase in distances observed for 4f* Ln(III) to 4f""" Ln(II)
reductions.

The use of similar reduction procedures incorporating potassium-based reductants and organic
chelates enabled isolation of the entire rare-earth metal series in the +2 oxidation state using the tris Cp’
(Cp' = CsHaSiMes) ligand system by MacDonald et al.'*'® Figure 0.2, bottom, shows a compilation of
elements isololated in the new +2 oxidation state and Figure 0.3 shows the synthetic scheme by which they
were obtained. Upon reduction of the 4f" Ln(Ill) precursors, most of the complexes adopt a “non-
traditional” electron configuration of 4f"5d', while Sm, Eu, Tm, and Yb adopt a “traditional” 4f""! electron
configuration.'” These mixed principal quantum number complexes exhibit interesting properties, notably

18-21

producing record high monometallic single molecule effective magnetic moments, room temperature

quantum bits,?? and a suite of reductive reactivity.”>>

SiMe
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Figure 0.3. Synthesis of [K(crypt)][Cp'sLn] species (Ln = Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, YD, Lu).

All of the non-traditional 4°5d" Ln(II) complexes decompose at room temperature. As a result, an
important aspect of most of their syntheses is keeping them at low temperatures (<35 °C). Syntheses
attempted at room temperature often led to transient formation of the Ln(II) complex followed by rapid
decomposition. Some decomposition products isolated during the early stages of these explorations from

Ln™A3/K (A = anion) reactions that form transient “(Ln"A3)'™ products include the potassium salt of the



free ligand (i.e. KA where A = anionic ligand),” the tetrakis salt (i.e. [K(chelate)][Ln™A4]),*"*!
cyclometallated products (i.e. [K(chelate)][A2Ln"™(A-x1,x2)],>* and solvent-activation products (i.e. THF
ring-opening or DME C—-O bond cleavage products, where THF = tetrahydrofuran and DME =
dimethoxyethane).

Variation in the synthetic method was mainly limited to sporadic use of alternate alkali metals or
chelates. For instance, the use of rubidium and sodium as reductants in combination with 18c6 as a chelate
enabled crystallographic characterization of the [Y(NR2);]'~ anion.”® Additionally, it has been found that
some Ln(Il) complexes are isolable using alkali metals such as lithium and cesium in the absence of an
organic chelate.*

In an effort to characterize and isolate low oxidation state rare-earth metal ions and compounds,
some other techniques have been employed as well (see Figure 0.4 for abbreviated chronology). In 1966,
Fong et al subjected a KC1 matrix doped with Sm** to increasing amounts of y irradiation.** Characterization
of the resulting crystals via UV-visible absorbance spectroscopy and magnetic studies was consistent with
the formation of 4f°6s' Sm'* ions. Around the same time, it was discovered that doping Ln*" ions into CaF,
matrices and subjecting them to y irradiation yielded spectra of the corresponding Ln*" ions.*® A couple
decades later in the 1980°s and 1990’s, Cloke and coworkers found that employing metal-vapor chemistry
to co-condense Ln(0) atoms with 1,3,5-tri-t-butylbenzene (Bz*) was successful in yielding a series of
Ln’(Bz*), (Ln =Y, Pr, Nd, Gd, Tb, Dy, Ho, Er, Lu) sandwich complexes, several of which were
crystallographically characterized, including those containing Gd and Ho.*’ Similar co-condensation
methods also yielded a Sc(0) complex, Sc’(7—Cs'BusMeH,), and a Sc(I) complex, [{#°—P3C>'Buz)Sc'}2(u—

n°:n1°~P3C3'Bus)].*®



1966: Sm™ ion
characterized by
Fong et al

Pre 1950: only
Ln(lll) thought to
be isolable except
for Sm, Eu, and Yb

1987-1991: molecular
Gd(0) and Ho(0)
isolated by Cloke and
coworkers

2013: molecular
Ln(ll) isolated for
the whole series by
MacDonald et al

2011: molecular
Y(Il) isolated by
MacDonald et al
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1 1 1 1
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1968: Ln?* ions
characterized by
Diecke
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1997-2001: molecular 2008: molecular
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isolated by Bochkarev by Lappert and

and coworkers coworkers

Figure 0.4. A chronology showing selected events in the history of generating and characterizing low
oxidation state rare-earth metal ions.

This dissertation describes efforts to expand upon reduction methods used to generate and
characterize organometallic complexes of the rare-earth metals. The foundational and exploratory work
described above served as a reference point throughout the work described herein as well as the construction
of this thesis.
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Chapter 1:
Optimizing Alkali Metal (M) and Chelate (L) Combinations for the Synthesis and Stability of

[M(L)][(CsH4SiMes3)3Y] Yttrium(IT) Complexes

INTRODUCTIONY

As described in the introduction, historically, the rare-earth elements, i.e. scandium, yttrium, and
the lanthanides, have had a limited number of oxidation states. The +3 oxidation state is the most stable for
all these elements and, for many years, the only lower oxidation states accessible in molecular species were
Eu(II), Yb(I) and Sm(II).' By 2001, Tm(II), Dy(II), Nd(II),>* and Sc(II)* had been added to this list, but at
that time, +2 ions of the other rare earth metals were not expected to be stable in solution.>®

It was a surprise when the first crystallographically characterized complexes of La(Il), namely
[K(crypt)][Cp'sLa] and [K(18c6)Et,O][Cp”;La], were isolated in 2008. These syntheses were
accomplished by reducing Cp”sLa™ (Cp” = CsH3(SiMes),) with potassium in the presence of a chelate. A
similar method was used to isolate the first Y(II) complex: [(18¢6)K(u—Cp')Y"Cp’2].® In the crystal structure
of this complex, the potassium cation interacts with one of the Cp’ rings in an 7> fashion. It was later found
that by using crypt as the chelate, a more stable Y(II) complex was obtained, namely [K(crypt)][Cp’sY"].}
In this crystal structure, no interaction is observed between the K cation and the Cp’ rings. Decomposition
measurements on these two Y(II) species at 3 mM concentrations indicated that the 18c6 complex
undergoes a first order decomposition process in THF at room temperature with ¢, = 8 min and the crypt
complex follows a second order decomposition process with 1, =~ 140 min.’

Subsequently, the K/crypt combination has been used extensively to generate other Y(II)
complexes. Although many were characterized by EPR spectroscopy, e.g. from reduction of the Y(III)

complexes (CsHs):Y,'" (CsHsMe)sY, ' [CsH3(SiMes)2]5Y,'? (CsMesH); Y, ' and Y(OCsH,-2,6-Bus-4-Me)s, !

T Portions of this Chapter have been published: Moore, W. N. G.; Ziller, J. W.; Evans, W. J. Optimizing
Alkali Metal (M) and Chelate (L) Combinations for the Synthesis and Stability of
[M(D)][(CsHaSiMes);Y]  Yttrium(Il) Complexes. Organometallics, 2021, 40, 3170-3176. DOIL:
10.1021/acs.organomet.1c00379
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crystallographic characterization of an Y(II) product was possible in only two cases, both with the
[K(crypt)]'* countercation: [K(crypt)][Y(OCsH2-2,6-Ad-4-Bu)s]*? and
[K(crypt)]{[CsH3(SiMes)2]oY(CsHs)} '°. With an amide-based ligand set, it was found that 18c6 facilitated
more rapid crystallization and therefore isolation of [K(18-crown-6),]{Y[N(SiMe;).]s}."*'* These Y(II)
systems are of considerable interest because [K(crypt)][Cp’3Y"] was found to behave as a qubit at room
temperature. '

Although the combination of potassium as a reductant and crypt as a chelate for the potassium ion
was successful in these cases, it was unclear whether this was the optimum M/L combination (M = alkali
metal, L = organic chelating agent) for the synthesis and isolation of [M(L)][Cp’3Y"] complexes. The
reduction of 4™ Ln(III) complexes to 4f"5d' Ln(II) complexes was extensively studied with K/crypt,”'**
but a comprehensive comparative study of different M/L combinations had not been done with either the
lanthanides, yttrium, or scandium.

To evaluate the effect of M and L on the generation and stability of [M(L)][Cp'5Y"] complexes,
eight other combinations of reducing metal and chelating ligand were examined for comparison with
K/erypt. In addition, chemical evidence of the putative Y(II) species was sought in the form of a clean
oxidation to reform Cp’sY". This was achieved using Hg, which previously has been shown to react with
{[(Me3Si)aN, Y (THF) } 2 (u—1* 11>~ No)[K(THF 6] to cleanly generate its precursor,
{{(Me;Si)NLY(THF)}o(u—7":7"-N2). >
RESULTS

Spectroscopic Characterization. Nine alkali metal (M)/chelate (L) combinations were
investigated for the generation of [M(L)][Cp’3Y] complexes following the synthetic reaction shown in
Figure 1.1. All of the products were characterized by IR, UV-visible absorption, and EPR spectroscopies.
For EPR data collection, the dark purple solutions formed according to the reduction reactions shown in
Scheme 1 in an argon glovebox were pipetted (using glassware pre-cooled to —35 °C) into EPR tubes also
pre-cooled to —35 °C, the tubes were capped, and the tubes were inserted into a liquid nitrogen bath outside
of the box. In frozen THF solutions at 77 K, the X-band EPR spectra for all products showed an axial signal
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split by the ¥Y nucleus (/ = %4, 100% abundance), with gx = gy = 1.99 (g1 = 1.99) and g, = 2.00 (g; = 2.00).
The hyperfine coupling constants are also identical for all products with Ais, = 36 G (100.9 MHz). The
consistency of these data indicates that the countercation is not interacting with the yttrium metal center or

any of the Cp’ ligands in the frozen THF solutions.

SiMe, [M(L)] SiMe, E/_I;’z_ngmbinations:
| Cl

Q
,@
.
T S
Y
<

Na/18c6
M, L _@) K/18c6

Rb/18c6
% Cs/18¢6
: x _ K/DB18c6
Me,Si SiMe; Me,Si SiMe; Na/crypt
— — Klerypt
M = Li, Na, K, Rb, Cs K/no chelate

L = 18c6, DB18cb, crypt
Figure 1.1. Synthesis of [M(L)][Cp’sY"] species from Cp’sY™.

The UV-visible absorbance profiles of the [M(L)][Cp’sY"] complexes showed similar
characteristics. Each spectrum has three absorption maxima near 390 nm (¢ = 1100 M 'ecm ™), 530 nm (¢ =
1300 M 'em™), and 700 nm (e = 450 M 'cm™"), which have previously been assigned by TDDFT studies
as d—d and d—p* metal-to-ligand charge transfer bands.’ The high energy shoulder is most variable with
Jmax Tanging from 380-400 nm and molar absorptivities ranging from 1000-2000 M cm™. It is unknown
whether this variability is inherent to the molecules or a result of minor decomposition. The lack of
variability in the lower energy peaks is also indicative of negligible interactions between the countercation
and [Cp’3Y"]" unit in THF solutions.

IR characterization was obtained for all complexes except the Li/18c6 and K/none pairings. Both
of these decomposed in the solid state before reliable IR data could be obtained. The remaining complexes
exhibit spectra similar within chelate groupings, i.e. all of the M/18c6 pairings yield near identical IR

Spectra.
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Crystallographic Characterization. Four of the M/L combinations provided crystallographically
characterizable complexes. Two of these are the previously reported structures, [(18c6)K(u—Cp')Y"Cp'2],}
1-Y, and [K(crypt)][Cp’sY"], 2-Y,” which were identified by unit cell determination, and two are new
structures, [(THF)Nax(18c6):][Cp’3Y"]2, 3-Y, and [Na(crypt)][Cp’sY"], 4-Y.

Crystals of the Na/18c6 reduction product, 3-Y, differ from those of the K/18c6 product, 1-Y, in
that the alkali metal is not located near any cyclopentadienyl ring. In 1-Y there are K-C(u—Cp') distances
of 3.055(2) — 3.079(2) A, whereas in 3-Y the closest Na-C(Cp’) distance is 5.809(3) A. The structure of 3-
Y is further unusual in that the unit cell contains two (Cp’sY")'™ anions with the charge balanced by a
[(THF)Nax(18c6),]*" dication that has two different types of Na'" coordination environments. The
[Nax(18c6).]*" dication has previously been observed in several structures,”?’ but never with a single
additional THF molecule. Hence, this structure adds another example to the many variations of
countercations comprised of alkali metal cations and 18c6.'> Each sodium in [(THF)Nay(18c6).]*" is
coordinated to the 6 oxygen atoms of an 18c6 ring as well as one oxygen of the other 18c6 ring. One of the
sodium atoms also has a THF attached trans to the single oxygen of the other ring (see crystal structure of
3-Y in Figure 1.2).

The crystalline product of the Na/crypt reduction, 4-Y, is similar to that of the potassium analog,
2-Y. The Na'* cation is bound only by crypt and does not interact with any cyclopentadienyl rings or solvent

molecules. The bond distances and angles in the (Cp’sY")'” components of (1-Y)-(4-Y) are all very similar.
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Figure 1.2. Crystal structures of 3-Y (left) and 4-Y (right) with displacement ellipsoids drawn at 50% and
hydrogen atoms omitted for clarity.

Decomposition Studies. In solution, all of the reduction products begin to decompose upon
warming to room temperature from —78 °C. No decomposition is observed if the temperature is maintained
at —40 °C. Analysis of the K/18¢6 product after 5 minutes at room temperature yields a '"H NMR spectrum
in THF-ds which shows more than 9 peaks between 5.5-7.0 ppm and more than 4 peaks between 0.0-1.0
ppm. These are attributed to Cp'ring protons and Cp'memyt protons, respectively, in different chemical
environments. However, none of these peaks correspond to the yttrium starting material, Cp’sY™", or KCp’
and remain unidentified. This suggests that a number of decomposition pathways may be occurring, and
mechanistic analysis would be complicated given that the identity of the products is unknown. A
mechanistic analysis is further complicated by the observation of an EPR signal in agreement with the
presence of an electride, [K(chelate)][e”], in the decomposed samples. For example, leaving
[K(DB18c6)][Cp’3Y"] in THF solution at room temperature for 1 minute and then freezing the sample to

77 K yields an EPR spectrum containing an isotropic signal (giso = 2.00) consistent with [K(DB18c6)][e ],
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in addition to the Y(II) signal.?® The observation of EPR signals that look like [K(chelate)][e ] in the spectra

2939 and this electride may contribute to the formation of

of reduced rare-earth complexes is not uncommon,
many different decomposition products. After one week, all solutions shift from dark purple to colorless
with no absorptions in the UV-visible region. The attenuation of the absorptions was used to monitor the
decreasing concentrations of the Y(II) species during decomposition.

The relative stabilities of the nine M/L combinations were quantitatively analyzed using the
following standardized method. First, a solution of Cp'sY (40 mg, 0.08 mmol) and chelate (0.08 mmol) in
1.00 mL THF was cooled to —78 °C in a scintillation vial. A vial with excess reductant and a pipette were
similarly cooled. A 0.1 cm Schlenk cuvette was cooled to —35 °C. The solution of the Cp’sY and chelate
was added to the cooled vial containing the reductant using the cooled pipette. The reduced solution was
then placed in the Schlenk cuvette. This cuvette was immediately removed from the argon glovebox and
inserted into a UV-visible spectrometer. The absorbance at 700 nm was monitored for # > 3 x ¢, (for the
species that yielded reliable half-life data), or until less than 5% of the Y(II) material was remaining (for
the species that decomposed too rapidly for effective half-life data). Assuming complete conversion to
[M(L)][CpsY"] during reduction which is consistent with the lack of decomposition observed when the
samples are kept at —40 °C, the initial concentration is about 80 mM for these reduced species. These

9-16,18-23 and

conditions and concentrations are similar to previously-reported syntheses of Ln(II) complexes
yield observable decomposition data for all complexes. Decomposition profiles for all complexes are shown
in Figure 1.3. By conducting the decomposition measurements in triplicate, effective ¢, values at this 80
mM starting concentration were determined for three complexes: 71 = 7 min for K/crypt, 23 + 3 min for
Na/crypt, and 16 = 2 min for K/18c6. Clearly, the K/crypt combination yields the most stable Y(II) species.

For the other M/L combinations, the products decomposed significantly during the transfer process and did

not yield reliable #,, values.
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Figure 1.3. Plots of the concentration of [M(L)][Cp’sY] species as a function of time, obtained by
monitoring the 700 nm absorption in their UV-visible spectra.

Oxidation Studies. A reaction was sought that would provide a clean one-electron oxidation of
these Y(II) species to regenerate the starting material, Cp’sY", which would be useful in chemically
characterizing the Y(III)/Y(II) redox couples in general. Mercury was tried since it was found to affect a
clean oxidation of an (N2)* complex, {[(Mes;Si):N].Y(THF)}a2(u—n*#~N2)[K(THF)s], to its (N2)*~
precursor, {[(Me;Si)N].Y(THF)}2(u—n*#*—Nz).** A freshly prepared solution of [K(18¢6)][Cp’3Y"] in THF
was reacted with a drop of Hg. No reaction occurred immediately, but upon vigorous agitation, the solution
converted from dark purple to a faint yellow, consistent with the color of Cp’s5Y™. A 'H NMR spectrum
taken in situ during an analogous reaction in a THF-ds solution showed growth of peaks associated with a
single diamagnetic, Cp'-containing species and free 18c6 (see Figure 1.4 below). The "H NMR spectrum
taken after filtration confirmed the reformation of Cp’sY'" and free 18c6. The initially shiny Hg drop dulled
in color to a light grey and broke into small clumps, which is consistent with the presence of potassium
mercury amalgam, K(Hg). This suggested that K(Hg) is not a powerful enough reductant to reduce Cp’3Y".

This process was independently confirmed when no reaction was observed between K(Hg) and Cp'sY™" in
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the presence of 18c6 in a THF solution. The Y(II) sample without a chelate, i.e. [K(THF),][Cp’sY"], readily

went colorless with Hg, but the reaction of Hg with [K(crypt)][Cp’3Y"] took one day to discolor.
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Figure 1.4. "H NMR taken in situ during reaction between [K(18c6)][Cp’sY"] and Hg(0).

A similar oxidation was attempted with the trityl radical since [K(crypt)][CPhs] is an isolable red
crystalline product.’’ Reactions of [K(18¢6)][Cp’sY"] with freshly synthesized -CPh; gave a red product in
some cases with absorbance maxima at about 430 nm and 500 nm, characteristic of the [CPh3]'™ anion.*
Additionally, the "H NMR spectra of these red solutions showed the three resonances associated with
Cp'sY"™. The reaction was not reliably reproducible, and the 'H NMR spectrum also contained other species.
It is plausible that even a small amount of [K(18c6)][CPhs] could account for the color due to its high molar
absorptivity (¢ = 20,000 M™' cm™).*?

DISCUSSION

The choice of alkali metal reductant and chelating agent has a significant effect on the generation
and stability of [M(L)][Cp'3Y] products. The K/crypt, Na/crypt, K/18c6, and Na/18c6 combinations give
crystallographically-characterizable Y (II) products, however, the Li/18c6 combination and K without any
chelate do not yield isolable solids. In these cases, only EPR and UV-visible absorbance spectroscopies
show the presence of an Y(II) ion. The combination that gives the product with the longest stability in THF
solution is K/crypt. This is consistent with the isolation of many Ln(II) and An(II) (An = actinide)
complexes with [K(crypt)]'" as the countercation.”**’

The factors that lead to K/crypt as the optimum combination for this complex are not easily

discerned. Since the decompositions do not cleanly go to Cp’;Y and multiple unidentified decomposition
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products are observed, mechanistic analysis is complicated. The data suggest that there may be multiple
reaction pathways. Comparison of the M/18c6 combinations indicates that the Lewis acidity of the alkali
metal cannot be the primary factor. Potassium yields the most stable complex of these combinations, but
its Lewis acidity, as gauged by the pK, = 16.06 of [K(H,0),]'",*® is intermediate compared to lithium
([Li(H20)a]"" pKa = 13.8)*" and cesium ([Cs(H20).]"" pKa = 16.34),”® both of which decompose much more
readily.

Interestingly, the equilibrium constants for the association of [M(L)]" complexes in solution, which
take into account solvation effects, are also inadequate to explain the trends observed. The [K(crypt)]'"
cation does have the highest equilibrium constant for complexation (log Keq = 5.3)***! of all cation/chelate
combinations investigated in this study as well as the longest #1» at room temperature. This suggests that
the encapsulation of the alkali metal cation may be an important factor in the solution stability of these
complexes. However, this argument does not hold true for the less stable complexes. For instance, the
[Na(18c6)]"" cation has the lowest equilibrium constant (log Keq = 0.8)*** aside from [K(THF),]'", but the
Y(II) decomposition 12 is not the shortest. Furthermore, isolation of the [(THF)Na,(18¢6),]*" dication in
crystals of 3-Y indicates that simple [M(chelate)]'* species are not the only cations accessible in this system.
The fact that 18c6 allows for more M" binding modes'® may help explain the discrepancies between
equilibrium constant and ¢, observed for the 18c6 complexes.

Options for increasing stability by using other metals for the reductions or other solvents that give
higher [M(L)]™" formation constants are limited. For instance, although barium ions have a much higher
equilibrium constant (log Keq = 9.5)***'** in crypt and could generate a more stable cation, it typically needs
activation to effect reduction. No reaction was observed between Cp’3Y"" and Ba metal shavings over the
course of 72 h at —78 °C. Solvents such as acetonitrile or DMF would also increase this equilibrium constant
(log Keq = 10.46 for K/crypt in MeCN),*** but [M(L)][Cp’3Y] complexes decompose rapidly in both.
CONCLUSION

Nine M/L combinations have been used to generate [M(L)][Cp’sY"] complexes at —78 °C. Their
EPR and UV-visible spectra indicate that the countercation is not interacting with the [Cp’sY"]'” anion in
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THF solution. Two new Y(II) crystal structures with the Na/crypt and Na/18c6 pairings were obtained and
revealed an unusual [(THF)Na(18c6),]*" dication which crystallizes with two [Cp’3Y"]'" anions.
Decomposition studies show that all complexes decompose in THF solution at room temperature, with the
K/crypt complex providing the most stable Y(II) complex. The three other crystallographically
characterized variations (Na/crypt, K/18c6, Na/18c6) were also the next three most stable according to the
decomposition data. No single countercation characteristic yet appears to explain the entire stability order
observed.
EXPERIMENTAL

All manipulations and syntheses described below were conducted with the rigorous exclusion of
air and water using standard Schlenk line and glovebox techniques under an argon atmosphere. Solvents
were sparged with UHP argon and dried by passage through columns containing Q-5 and molecular sieves
prior to use. Deuterated NMR solvents were dried for one week over NaK alloy or molecular sieves,
degassed by three freeze-pump-thaw cycles, and vacuum transferred before use. 'H NMR spectra were
recorded on Bruker AVANCEG600, GN500, or CRYO500 MHz spectrometers. All spectra were collected at
298 K, unless otherwise stated, and referenced internally to residual protio-solvent resonances. Infrared
spectra were collected on an Agilent Cary 630 equipped with a diamond ATR attachment. UV-visible
absorbance spectra were collected on an Agilent Cary 60 UV-vis. EPR spectra were collected using the X-
band frequency (9.3-9.8 GHz) on a Bruker EMX spectrometer equipped with an ER4119HS-W1
microwave bridge. 2.2.2-Cryptand (Aldrich) was placed under high vacuum (10> Torr) overnight before
use. 18-Crown-6 (Alfa Aesar) was sublimed before use. Dibenzo-18-crown-6 (Fisher) was placed under
high vacuum (107 Torr) at 40 °C overnight before use. Alkali metals (lithium, sodium, potassium, rubidium,
and cesium) were purchased from Aldrich, washed with hexanes, and scraped to yield fresh surfaces before
use. Gomberg’s dimer,* Cp’3Y,* [K(crypt)][Cp3Y],’ and [K(18¢c6)][Cp’3Y]* were synthesized via literature
procedures.

[Li(18¢6)][Cp’3Y]: A vial containing Cp'3Y (43 mg, 0.090 mmol) and 18c6 (23 mg, 0.090 mmol)
dissolved in 1 mL THF and a separate vial with a lithium smear were each cooled to —78 °C. The solution
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of 18c6 and Cp'sY was pipetted onto the Li smear, and an immediate color change from light yellow to dark
purple was observed. Removal of the solvent in vacuo resulted in a dark purple microcrystalline material
(64 mg, 96%) consistent with [Li(18¢6)][Cp’3Y] based on UV-visible and EPR spectroscopies. UV-vis Amax,
nm (¢, M~ em™"): 400 (1300), 530 (1000), 700 (500). EPR: g, = 1.99, g; = 2.00, 4 = 36 G (100.9 MHz).

[Na(18¢6)][Cp'3Y]: Cp’3Y (43 mg, 0.090 mmol) was reacted with a sodium smear in the presence
of 18c6 (23 mg, 0.090 mmol) as described above for [Li(18c6)][Cp’3Y] to yield a dark purple
microcrystalline material (60. mg, 89%) consistent with [Na(18c6)][Cp’sY] based on UV-visible, IR, and
EPR spectroscopies. Black, X-ray quality crystals of [(THF)Nax(18¢6).][Cp'3Y ]2, 3-Y, were grown from a
concentrated solution in THF left at —35 °C over two nights. IR ¥, cm™': 3054w, 2946w, 2889w, 1444w,
1400w, 1352m, 1295w, 1240m, 1181w, 1109s, 1037s, 959m, 905m, 825s, 748s, 718m, 684m. UV-vis Amax,
nm (g, M~ em™): 390 (1100), 530 (1400), 700 (4500). EPR: g, = 1.99, g, = 2.00, 4 = 36 G (100.9 MHz).
Anal. Calc. for [Na(18c6)][Cp’3Y] CssHesNaOsSizY: C, 54.87; H, 8.06. Found: C, 40.98; H, 5.69; N, 2.34.
The low percentage values and found CH ratio (CssHeo) close to the calculated ratio are consistent with
incomplete combustion, as sometimes is the case with silicon-containing rare-earth complexes.*”™

[Rb(18¢6)][Cp'3Y]: Cp’3Y (42 mg, 0.090 mmol) was reacted with a rubidium smear in the presence
of 18c6 (23 mg, 0.090 mmol) as described above for [Li(18c6)][Cp’3Y] to yield a dark purple
microcrystalline material (68 mg, 95%) consistent with [Rb(18c6)][Cp’3Y] based on UV-visible, IR, and
EPR spectroscopies. IR 9, cm™': 3054w, 2946w, 2884m, 1471w, 1444w, 1401w, 1350m, 1284w, 1241m,
1181w, 1109s, 1037s, 959m, 905m, 825s, 748s, 718m, 684m. UV-Vis Amax, nm (e, M~ cm™): 390 (1600),
530 (1300), 700 (450). EPR: g, = 1.99, g, =2.00, 4 =36 G (100.9 MHz).

[Cs(18¢6)][Cp'3Y]: Cp'3Y(39 mg, 0.090 mmol) was reacted with a cesium smear in the presence
of 18c6 (22 mg, 0.090 mmol) as described above for [Li(18c6)][Cp’3Y] to yield a dark purple
microcrystalline material (64 mg, 92%) consistent with [Cs(18¢c6)][Cp’3Y] based on UV-visible, IR, and
EPR spectroscopies. IR 9, cm™': 3044w, 2946w, 2884m, 1471w, 1444w, 1401w, 1350m, 1283w, 1241m,
1181w, 1109s, 1037s, 959m, 905m, 825s, 748s, 718m, 684m. UV-vis Ama, nm (g, M! cmfl): 380 (2000),
530 (1400), 700 (450). EPR: g, =1.99, g, =2.00, 4 =36 G (100.9 MHz).
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[K(DB18c6)][Cp'3Y]: Cp'3Y (46 mg, 0.090 mmol) was reacted with a potassium smear in the
presence of DB18c6 (35 mg, 0.090 mmol) as described above for [Li(18c6)][Cp’3Y] to yield a dark purple
microcrystalline material (0.070, 85%) consistent with [K(DB18c¢6)][Cp’3Y] based on UV-visible, IR, and
EPR spectroscopies. IR O, cm™ (1): 3067w, 2948w, 2890w, 1595w, 1504m, 1453w, 1360w, 1324w, 1244s,
1213m, 1178m, 1126m, 1039m, 992w, 946m, 903m, 827s, 773s, 739s, 685m. UV-Vis Amax, nm (e, M cm™):
373 (1000), 530 (1200), 690 (500). EPR: g, =1.99, g,=2.00, 4 =36 G (100.9 MHz).

[K(THF).][Cp'5Y]: Cp'5Y (35 mg, 0.090 mmol) was reacted with a potassium smear in THF as
described above for [Li(18¢c6)][Cp’sY], except without chelate, to yield a dark purple microcrystalline
material (48 mg, 71% assuming n = 6) consistent with [K(THF),][Cp'3Y] based on UV-visible and EPR
spectroscopies. UV-vis Amax, nm (g, M™' ecm™): 391 (1400), 530 (1300 ), 700 (500). EPR: g, = 1.99, g =
2.00, 4 =36 G (100.9 MHz).

[Na(erypt)][Cp'3Y], 4-Y: Cp3Y (41 mg, 0.090 mmol) was reacted with a sodium smear in the
presence of crypt (35 mg, 0.090 mmol) as described above for [Li(18¢6)][Cp’3Y] to yield a dark purple
microcrystalline material (69 mg, 94%) consistent with [Na(crypt)][Cp’sY] based on UV-visible, IR, and
EPR spectroscopies. Slow diffusion of pentane into a concentrated THF solution resulted in dark black X-
ray quality crystals of 4-Y. IR ¥, cm ' 3075w, 2948w, 2865m, 2714w, 1444w, 1398w, 1360m, 1298w,
1242m, 1177w, 1104s, 1038s, 980w, 904m, 825s, 752s, 686m. UV-Vis Amay, nm (&, M cm™): 380 (1100),
530 (1300), 700 (500). EPR: g, =1.99, g,=2.00, 4 =36 G (100.9 MHz). Anal. Calc. for [Na(crypt)][Cp'3Y]
Ca2H7sN2NaOsSisY: C, 56.04; H, 8.04; N, 3.11. Found: C, 39.83; H, 6.14; N, 2.47. The low percentage
values and found CHN ratio (C42H77N>) close to the calculated ratio are consistent with incomplete
combustion, as sometimes is the case with silicon-containing rare-earth complexes.*”*

X-ray Data Collection, Structure Solution, and Refinement for [(THF)Na,(18¢6):] [Cp':;Y“]z,
3-Y. A purple crystal of approximate dimensions 0.142 x 0.251 x 0.417 mm was mounted in a cryoloop and
transferred to a Bruker SMART APEX II diffractometer system. The APEX2%* program package was used
to determine the unit-cell parameters and for data collection (40 sec/frame scan time). The raw frame data
was processed using SAINT® and SADABS™ to yield the reflection data file. Subsequent calculations
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were carried out using the SHELXTL®’ program package. The diffraction symmetry was 2/m and the
systematic absences were consistent with the monoclinic space group P21/n that was later determined to be
correct. The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®® for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. Least-squares analysis yielded wR2 = 0.0830 and
Goof = 1.032 for 910 variables refined against 19528 data (0.78 A), R1 = 0.0345 for those 16111 data with
1> 2.06(]).

X-ray Data Collection, Structure Solution, and Refinement for [Na(crypt)][Cp’;Y], 4-Y. A
black crystal of approximate dimensions 0.246 x 0.350 x 0.393 mm was mounted in a cryoloop and
transferred to a Bruker SMART APEX II diffractometer system. The APEX2>* program package was used
to determine the unit-cell parameters and for data collection (30 sec/frame scan time). The raw frame data
was processed using SAINT>® and SADABS>® to yield the reflection data file. Subsequent calculations
were carried out using the SHELXTL? program package. The diffraction symmetry was 2/m and the
systematic absences were consistent with the monoclinic space group P2,/n that was later determined to be
correct. The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors®® for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. Least-squares analysis yielded wR2 = 0.0816 and
Goof = 1.009 for 505 variables refined against 13634 data (0.75 A), R1 = 0.0347 for those 10924 data with
1> 2.0o(I). There were several high residuals present in the final difference-Fourier map. It was probable
that the residuals were due to disordered pentane solvent. The SQUEEZE®’ routine in the PLATON®
program package was used to account for the electrons in the solvent accessible voids.
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Chapter 2:
Synthesis and Characterization of Lanthanide-Containing Thin Films for the

Construction of van der Waals Heterostructures

INTRODUCTIONT

As part of an effort to expand upon alkali metal reductions conducted in the absence of organic
chelates and to investigate the generation of layered structures, cesium-based reductions of rare-earth
organometallic precursors were conducted. The results, including the synthesis of extended structures
containing layered hexagonal nets and a collaboration aimed at determining if these crystals could be
exfoliated to form thin film heterostructures, are described in this Chapter.

Thin films have garnered significant interest as they have been shown to exhibit unusual emergent
properties.’® The range of synthetic methods used to generate these materials includes chemical vapor
deposition (CVD),’ liquid exfoliation,>® chemical growth,® spin-coating techniques (SCT),*° layer-by-layer
(LbL) assembly deposition,* and mechanical exfoliation of available layered solid-state materials.'?*3
Exfoliation is advantageous in that the bulk properties of a material can be elucidated prior to generation of
thin films.

The materials most suitable for exfoliation to thin films are classified as van der Waals (vdW)
materials, which are characterized as having layered solid-state structures in which there are strong bonds
in two dimensions, but only weak interlayer interactions at distances greater than or equal to 3 A in the third

dimension.* Interest in this class of materials was sparked with the initial exfoliation of graphene,*? and

T Portions of this chapter have been published: Moore, W. N. G.; McSorley, T. J.; Vincent, A.; Ziller, J.
Z.; Jauregui, L. A.; Evans, W. J. Characterization and Exfoliation of a Layered Paramagnetic Tm(II)
Compound Crystallized from Solution Phase. ACS Appl. Nano Mater. 2023, in press. DOI:
10.1021/acsanm.3¢c00662.

! Portions of this chapter have been published: Huh, D. N.; Ciccone, S. R.; Moore, W. N. G.; Ziller, J.
W.; Evans, W. J. Synthesis of Ba(I) Analogs of Ln(I)-in-(2.2.2-Cryptand) and Layered Hexagonal Net
Ln(Il) Complexes, [(THF)Cs(u—#’:"—CsHaSiMes)sLn"].. Polyhedron, 2021, 210, 115393. DOI:
10.1016/j.poly.2021.115493.
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subsequent studies of atomically thin layers increased significantly.® Several exfoliation methods have
been developed, including micromechanical exfoliation with Scotch or Nitto low residue tape,*
sonication,'” and commercial blending.*®

Solid-state compounds with layered structures like graphite, boron nitride, and transition-metal
dichalcogenides (TMDs) are well-studied vdW materials, but the variety available is limited.** One way
used to generate new layered materials is by stacking films of these precursor materials on top of each
other.® The construction of thin film heterostructures from molecular precursors synthesized in solution is
a less-explored area that has the potential to dramatically increase the array of possible compositions for
thin films.® In addition, solution-phase chemistry could be used to rationally design the specific components
of the thin films. This has some precedent for these known vdW materials® and would be beneficial to
extend to new systems such as those that contain rare-earth metal ions. Rare-earth metal containing thin
films synthesized via other methods are garnering interest as molecular sensors,”® luminescent materials,?
and spin liquid candidates.?

As part of a general effort to expand Ln(ll) chemistry, an organometallic rare-earth compound,
[(THF)Cs(u—:°—Cp")sYb'"]n, 5a-Yb (Cp’ = CsH.SiMes), was synthesized and found to have a layered
structure (see Figure 2.3) that could potentially be exfoliated to form thin films.? Compound 5a-Yb is one
of several recent structures that crystallize with layers of hexagonal networks comprised of three M(ll) ions
(M = Ba, Yb, and U) and three Cs(I) ions connected by bridging Cp' ligands.?*?® The trimethylsilyl groups
of the Cp’ ligand and the methylene groups of the bound THF molecules extend outwards perpendicular to
the layer plane but do not form covalent bonds with other layers. The interlayer distance of approximately
1.8 A between these functional groups is on the shorter side for a vdW material, but this crystal system
seemed promising for exfoliation studies.

An initial investigation was undertaken to determine if this layered structure was robust in the face
of differing solvation levels. As such, the results of subjecting 5a-Yb to vacuum and crystallizing from a
different solvent matrix are described herein. The resulting structure, [Cs(u—:7°~Cp")sYb"]s, 5b-Yb, is
reported here and compared with [(THF)Cs(u—#°:n°~Cp")sBa" (THF)].*® (5-Ba) and 5a-Yb.
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A subsequent investigation focused on adapting the synthesis to a paramagnetic Ln(ll) metal center.
Substituting diamagnetic Yb(Il) with a paramagnetic analog was of interest because the hexagonal network
incorporates these ions in a triangular orientation that offers the potential for spin frustration at low
temperatures. In order to explore the exfoliation of this type of structure with an S = '/, paramagnetic
compound, rather than diamagnetic 5a-Yb, the 4f* Tm(ll) analog, [(THF)Cs(u—>:1°~Cp’):Tm"]n, 5-Tm,
was synthesized. Reported here are the synthesis and X-ray crystal structure of 5-Tm, its characterization
by SQUID magnetometry as a 2Fz, Tm(ll) compound, and its successful exfoliation to make a
heterostructure with hexagonal boron nitride. Synthesizing otherwise inaccessible crystal lattices (heavy
elements/rare earths/more complex geometries) that can be incorporated into a nanodevice/heterostructure
with other two-dimensional layered materials inherently creates opportunities to study new materials.
RESULTS AND DISCUSSION

Solvation Level Investigation. [(THF)Cs(u—#°:#°~Cp')sBa(THF)],, 5-Ba, was synthesized
directly from Bal,, KCp', and excess Cs metal as shown in Figure 2.1. A THF suspension of Bal, was
added to a THF solution of two equivalents of KCp’, stirred overnight, and then filtered into a vial
containing a Cs metal smear. The colorless mixture was stored in a —35 °C freezer overnight and
subsequently filtered into a layer of Et,O. Colorless single crystals obtained the next day were structurally
characterized as [(THF)Cs(u—;>:n°—Cp")sBa(THF)]». Since no net reduction by Cs was observed with
barium, the reaction constitutes an unusual method to introduce a cesium cation to this complex. The

reaction mechanism remains unknown.

SiMe;
2 KCp' 2&
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% SiMe;

Figure 2.1. Synthetic scheme for the isolation of [(THF)Cs(u—#":°~Cp')sBa(THF)]» where curved

brackets indicate the bounderies of the monomer unit.
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The structure of [(THF)Cs(u— °:7 °~Cp")sBa(THF)]., 5-Ba, is very similar to that of [(THF)Cs(u—
7> :°—Cp")sYb'"],2 5a-Yb, except that in 5-Ba both Cs(l) and the Ba(ll) ion have coordinated THF
molecules. Both structures are composed of layers of hexagonal nets containing three Cs(l) ions and three
M(II) ions.

Examination of the variable temperature *H NMR spectra of the Yb(Il) complex [(THF)Cs(u—
7> :°—Cp")sYb'"]n, 5a-Yb, in THF suggested that an equilibrium exists between 5a-Yb and Cp2Yb"(THF),
and CsCp’. When 5a-Yb was recrystallized from acetonitrile/diethyl ether, a solvent-free analog of the
mono-THF 5a-Yb and bis-THF 5-Ba complexes was formed: [Cs(u—#°:7°~Cp')sYb'"]s, 5b-Yb, Figure 2.2.
This crystal structure demonstrated that the layered motif could be accessed using solvent-based
crystallization methods in three levels of solvation (0, 1, and 2 THF molecules present per formula unit)

and that neither acetonitrile nor diethyl ether readily coordinated in the THF locations of 5a-Yb and 5-Ba.
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Figure. 2.2. Side view of the extended structure [Cs(u—#>:%°~Cp")sYb"]», 5b-Yb, where Cs = brown and
Yb = magenta.

Metrical data on 5a-Yb, 5b-Yb, and 5-Ba are presented in Table 2.1. The Yb-Cp'cent (Cp'cent = Cp’
ring centroid) distances in 5a-Yb and 5b-Yb are similar as expected for the similar coordination
environments for Yb in each species. The Cs—Cp'cent distances in 5a-Yb and 5b-Yb overlap, but the higher
coordinated 5-Ba has some longer distances as expected for a higher coordinate metal atom. The Ba—Cp/cent

distances are about 0.35 A longer than the Yb—Cp'cent distances in 5a-Yb and 5b-Yb which is a difference
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close to the 0.28 A larger size of Ba(ll) and the 0.05 A increase in bond distances that accompanies an

increase by one of coordination number according to Shannon radii.*®

Table 2.1. Summary of bond length (A) ranges of select [Cs(u—,:#°—Cp’)sM]. oligomeric complexes, 5a-

Yb, 5b-Yb, and 5-Ba, RMSD calculations (mnex, A) for Cs(1)/M(11) hexagons, and dihedral angles (°).

M(l |)—Cp'cent Cs(l)—cp'cent hex (A) '[A):;elcejral
[(THF)Cs(u—°:°—Cp")sBa(THF)]x

2.852-2.875  3.202-3.244 0.697 29.70
5-Ba
[(THF)Cs(u—>:1°—Cp')sYb]n5a-Yb  2.503-2.510  3.159-3.268 0.671 20.26
[Cs(u—#"1"~Cp')sYb]n 5b-Yb 2.510-2.523  3.141-3.183 0.500 12.89

To determine how the degree of THF solvation affected the planarity of the hexagonal rings, the
root-mean-square deviations (RMSD) of the six metal vertices from the mean plane of their positions for
5a-Yb, 5a-Yb and 5-Ba were calculated. The mnex = 0.697 A value for the bis-THF 5-Ba is remarkably
similar to the mnex = 0.671 A value for mono-THF 5a-Yb. However, the mhex = 0.500 A value for THF-free
5b-Yb is much smaller, indicating a more planar structure.

To further assess the effect of THF on the corrugated nature of these structures, the dihedral angles
between adjacent planes of six metal atom hexagons were measured. The solvent-free Yb structure 5b-Yb
yields a dihedral angle of 12.89°, and the mono-THF Yb structure 5a-Yb yields a dihedral angle of 20.26°,
consistent with the difference seen in the RMSD value. Interestingly, complex 5-Ba shows a marked
difference with respect to 5a-Yb, in this case, with a greater dihedral angle of 29.70°. Together, these three
structures demonstrate that the hexagonal layers can be reliably replicated with zero, one, and two
coordinated THF molecules in the repeat units.

The structures can also be compared with [Na(u—#:7°~CsHs)sYb"]n,%" 6-Yb, which can be
generated by reduction of (CsHs);sYb with sodium naphthalenide or by reaction of (CsHs).Yb with
Na(CsHs). Complex 6-Yb is an analog of 5b-Yb, but with Na in place of Cs and unsubstituted CsHs instead
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of CsHsSiMes. Complex 6-Yb differs from 5a-Yb, 5b-Yb, and 5-Ba in that crystals were obtained by
sublimation at 400 °C. Although 6-Yb has an extended structure, it is a 3-dimensional structure and does
not exist in layers. The difference in structure could be due to the different size of the alkali metal, the
different method of crystallization, or the fact that 6-Yb does not have the SiMe; groups that are found
between the layers in 5a-Yb, 5b-Yb, and 5-Ba. All of these differences provide bases upon which to test
crystal engineering in this system in the future.

Synthesis and X-ray Crystal Structure of a Layered Tm(Il) Complex. [(THF)Cs(u—>:#°-

Cp')sTm"]s, 5-Tm, was synthesized by reduction of Cp’sTm""

with a cesium smear in THF at —35 °C (Figure
2.3), resulting in a color change from lime green to dark green/black. Crystallization by slow diffusion of
Et,O into a concentrated THF solution of 5-Tm at —35 °C yielded dark green/black hexagonal blocks
approximately 0.276 x 0.288 x 0.628 mm in size. Single crystal X-ray diffraction studies revealed that

compound 5-Tm (Figure 2.4) is isomorphous with compound 5a-Yb.

SlMe3 SiMe;
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Figure 2.3. Synthesic scheme for the isolation of [(THF)Cs(u—;>:#°~Cp’)sTm],, 5-Tm.
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Figure 2.4.
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Top view of single layer of 5-Tm
with —SiMe; and THF removed for clarity
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Side view of multiple layers of 5-Tm showing
interlayer orientation of THF and —SiMe,

The bond distances and angles in 5-Tm are similar to those in 5a-Yb, which is consistent with the

ORTEP of extended structures of both ([(THF)Cs(u—>:n"-Cp’)sYb"]s), 5a-Yb, and
([(THF)Cs(u—>:7°~Cp")sTm""]s), 5-Tm. All displacement ellipsoids are drawn at the 50% probability level

(magenta = Tm, pink = Yb, tan = Cs, green = Si, red = O).

similar radial size of Tm(Il) and Yb(Il). There are also metrical similarities between 2 and the closely
related non-layered complex, [K(crypt)][Cp'sTm'"], 7-Tm.?® For example, the 2.501 A Tm—Cp'et (Cp'ent =
centroid of Cp’) distance in 5-Tm is similar to the Tm—Cp’cn distances of 2.509 A and 2.502 A observed in
5a-Yb and 7-Tm, respectively. The layers in 5-Tm are corrugated, as shown by the 20.17° dihedral angle
between adjacent mean planes of six metal ions. Furthermore, the root-mean-square deviations (RMSD,
wnex) OF the six metal ions from the mean plane of their positions is whex = 0.669 A, versus wnex = 0 for a

completely planar structure. These data are similar to those for the Yb(Il) analog, 1: wnex = 0.671 and
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dihedral angle = 20.26°.2* This observed consistency between 5a-Yb and 5-Tm demonstrates that the
corrugated nature of the individual layers is not impacted by changing the M(Il) center from Yb(ll) to
Tm(1).

Spectroscopic and Magnetic Properties. The solution-phase characterization of 5-Tm via
multinuclear NMR and UV-visible absorption spectroscopies was conducted in THF since 5-Tm is
insoluble in solvents such as diethyl ether, toluene, and hexanes and it is reactive towards other solvents
such as acetonitrile and dimethylformamide. The UV-visible absorption spectrum of 5-Tm features bands
centered at 430 nm (¢ = 600 M'cm™) and 645 nm (¢ = 300 M"'cm™), as well as a shoulder at 340 nm (& =
700 M'cm™). The molar absorptivities are consistent with f—d Laporte allowed transitions typical for
Tm(I1) complexes.?® The spectrum of 5-Tm is quite similar to the spectrum of 7-Tm, which displays
absorbances at 416, 550, and 634 nm.?® The Raman spectrum of 5-Tm is silent from 0-2500 cm™* using
405, 532, and 785 nm lasers.

The variable temperature magnetic susceptibility of 5-Tm (Figure 2.4) was measured under applied
fields of 0.1 T, 0.5 T, and 1 T to establish the ground state electron configuration of the thulium ions and
to evaluate the exchange interactions present (Figure 2.4). The room temperature ymT product was found
to be approximately 3.4 K-emu/mol under each of the three applied fields. Upon fitting these data sets in
PHI,% the results were found to be consistent with a single unique ion in a F+ electronic ground state
possessing temperature-independent paramagnetism (TIP) along with weak intermolecular exchange on the
order of 102 cm™' (Figure 2.5). These results are consistent with a 4f* thulium electron configuration,
which is typical for other Tm(ll)-containing complexes.®*® The vanishingly weak magnetic exchange
observed was in line with expectations since the Tm(ll) ions are spatially isolated from their nearest

neighbors by two closed-shell Cp cyclopentadienyl ligands and a bridging Cs(l) ion.
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Figure 2.5. Variable temperature magnetic susceptibility of 5-Tm from 2 to 300 K. Fitted curves are
shown as black traces. Fits were obtained in a |J, M;) basis using Hamiltonian given in Figure 2.6. Open
circles correspond to experimental data. Applied fields and fit parameters with their parenthesized
uncertainties are reported. a. H=0.1T, z2J=-0.024(4) cm™', TIP = 0.00323(4) K-emu/mol; b. H=0.5T,
2] =—0.0312(4) em ™!, TIP = 0.00297(4) K-emu/mol; c. H= 1T, zJ = —0.043(6) cm™', TIP = 0.00295(4)
K-emu/mol. The intermolecular interaction (zJ) between spins was modelled using the mean-field

approximation as implemented in PHI.%

H= gl#Bij "B
Figure 2.6. Hamiltonian used with the |J, M;) basis.

Despite the paramagnetic nature of 5-Tm, *H and ***Cs NMR spectra were observable. Resonances
in the *H NMR spectrum of 5-Tm are broadened with a full width half maximum (FWHM) of 230 Hz that
is consistent with its paramagnetism. A single **Cs resonance is observed for 5-Tm at —218.62 ppm, and
it is nearly identical to that of the previously characterized Yhb(ll) analog (6 =—218.18 ppm).?* This suggests
that the cesium cations have similar chemical environments in solution. No signal was observed in the X-
band CW EPR spectrum of 5-Tm taken in perpendicular mode at 77 K which is consistent with the strong
spin-orbit coupling associated with the anisotropic 4f** electron configuration that induces relatively fast
electron relaxation.

Exfoliation. In order to obtain thin layers of 5-Tm, a sample of 5-Tm was mechanically exfoliated
using blue Nitto low residue tape under an argon atmosphere inside a glovebox. The tape was then adhered

to a small slab of polydimethylsiloxane (PDMS) that was pre-cooled to —35 °C. Lowering the temperature
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of the PDMS closer to its glass transition temperature has been shown to improve its adhesion properties.™
After removing the tape from the cold PDMS, thin layers of 5-Tm deposited on the surface of the PDMS.
These layers were then transferred onto a SiO2/Si substrate for further studies. After imaging several thin
layers, films containing steps of different thicknesses were observed, demonstrating the layered nature of
5-Tm, Figure 2.7.a. In order to protect the samples from exposure to water or oxygen, the exfoliated flakes
were covered with hexagonal boron nitride (hBN) as shown in Figure 2.7.b. The Raman spectrum of the
sample collected with a 532 nm laser displayed no absorbances between 100-2500 cm™, consistent with

the spectrum of the bulk crystals.
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Figure 2.7. Characterization of thin layers of 5-Tm. a. Optical image of a sample of exfoliated thin flakes
of 5-Tm on PDMS (sample a). Scale bar is 20 um. b. Optical image of sample b encapsulated by hBN.
Scale bar is 25 um. c¢. AFM image of sample b. Inset shows step height along blue trace. Scale bar is 5
um.

Atomic Force Microscopy (AFM). Topographical characterization of the sample in Figure 3b
was performed using an atomic force microscope. This allowed an estimate of the number of layers within
the hBN encapsulated flake. From the optical microscope images, differences in contrast indicated that the
sample was composed of regions of varying thicknesses. In Figure 2.7.c, two plateaus of relatively constant
thickness can be observed, one at 50 nm and another at 58 nm. With a single layer thickness of
approximately 10 A, this suggests that sample in Figure 3b is approximately 50 layers thick.

CONCLUSION
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The synthesis of a layered paramagnetic Tm(Il) compound, [(THF)Cs(u—n°:n"~Cp")sTm"]», 5-Tm,

from the reduction of Cp’sTm"!

with cesium in THF provided an opportunity to determine if heterostructures
could be constructed from molecular species generated in solution. Compound 5-Tm was fully
characterized by single crystal X-ray crystallography, UV-visible and NMR spectroscopy, and magnetic
measurements that show 5-Tm is a 43 2F7,, Tm(l1) compound. Air- and moisture- sensitive single crystals
of 5-Tm were exfoliated to thin films (approximately 50 layers in thickness) and successfully covered with
hexagonal boron nitride to make a heterostructure. This demonstrates the viability of using molecularly
designed compounds of this type for the construction of heterostructures. Given the robust nature of
complex 5-Tm and the synthetic capability to tailor the lanthanide starting material, it is of interest to
incorporate more magnetically interesting lanthanides into this system in the future.
EXPERIMENTAL

All manipulations and syntheses described below were conducted with the rigorous exclusion of
air and water using standard Schlenk line and glovebox techniques under an argon atmosphere. Solvents
were sparged with UHP argon and dried by passage through columns containing Q-5 and molecular sieves
prior to use. Deuterated THF was dried for 1 week over NaK alloy, degassed by three freeze-pump-thaw
cycles, and vacuum-transferred before use. *H and ***Cs NMR spectra were recorded on a GN500 MHz
spectrometer. The *H NMR spectrum was collected at 298 K and referenced internally to residual protio-
solvent resonances. The **Cs spectrum was collected at 298 K and referenced to CsNOs following the
recommended scale based on ratios of absolute frequencies.® UV—visible absorbance spectra were
collected on an Agilent Cary 60 UV—vis spectrometer. Infrared spectra were collected on an Agilent Cary
630 spectrometer equipped with a diamond ATR attachment. EPR spectra were collected using the X-band
frequency (9.3-9.8 GHz) on a Bruker EMX spectrometer equipped with an ER4119HS-W1 microwave
bridge. Cesium (>99.5%, Aldrich) was used as received in the ampule sealed under argon. Cp’sTm and
Cp’sYb were synthesized via literature procedures.?

All magnetic measurements were carried out on a Quantum Design MPMS-XL SQUID
magnetometer. Under an atmosphere of argon, crystals of 5-Tm were mechanically ground into a fine
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powder, 12.0 mg of which was loaded into a quartz tube (inner diameter 5 mm, outer diameter 7 mm). The
powder was covered with a solid layer of eicosane (50.3 mg) and flame-sealed under vacuum. The eicosane
was subsequently melted at 45 °C in order to restrain the sample (prevent crystallite torquing) and to
improve thermal conductivity between the sample and the environment. Diamagnetic corrections were
calculated using Pascal’s constants®® and were applied to all reported magnetic susceptibility values unless
otherwise noted.

[Cs(u—y°:°~Cp’)3Yb]s, 5b-Yb. Crystals of 5a-Yb (50 mg, 0.06 mmol) were evacuated at room
temperature for 30 min and subsequently dissolved in cold acetonitrile. Light blue crystals of 5b-Yb (21
mg, 46%) were grown from slow vapor diffusion of Et,O into the acetonitrile solution at — 35 °C over the
course of 1 day. IR #, cm™" : 3073w, 2947w, 2893w, 1438w, 1400w, 1353w, 1306w, 1242 m, 1176 m, 1035
m, 903 m, 824 s, 742 s, 680 m. UV-Vis Amax, nm (g, M_'cm™"): 375 (950) and 610 (300). *H NMR ¢, ppm
(500 MHz, CD3CN): 5.91 (s, 6H) , 5.79 (s, 6H), 0.12 (s, 27H). ***Cs NMR 4, ppm (65 MHz, CD3;CN):
~106.55 (s). Anal. Caled. for [Cs(u—7":7"~Cp")sYb]n, CaaHaeCsSizYb: C, 40.16; H, 5.48. Found: C, 38.57;
H, 5.17. The incomplete combustion observed with this sample sometimes occurs with silicon-containing
complexes,® but the observed CH ratio, C2:Hss, is close to the calculated.

[(THF)Cs(u—y":1°—~Cp’)sTm]n, 5-Tm. Under an argon atmosphere, a vial with Cp’sTm (45 mg,
0.080 mmol) dissolved in THF (1.5 mL) and a vial with a cesium smear were precooled to —35 °C. The
light green THF solution of Cp’sTm was transferred by pipet into the vial containing the cesium smear, and
the heterogeneous mixture was stirred for 5 min at room temperature, over which time the color changed
to dark black/green. The solvent was removed in vacuo, and the remaining solids were washed with cold
hexanes. Extraction with THF and removal of the solvent under reduced pressure yielded a black
microcrystalline material (42 mg, 69%). Black crystals of [(THF)Cs(u—#>:#>~Cp')sTm], that were suitable
for study by single crystal X-ray crystallography were grown by slow vapor diffusion of Et,O into a
concentrated THF solution at =35 °C. *H NMR (500 MHz, THF-dg): § 19.81 (s, 6H), & 5.51 (s, 6H), & —
0.05 (s, 27H). *¥Cs NMR (65 MHz, THF-dg): 5 —218.62 (s). IR v, cm™': 3073w, 2947w, 2893w, 1438w,
1400w, 1353w, 1306w, 1242m, 1176m, 1035m, 903m, 824s, 742s, 680m. UV—visible Amax, M (e,
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M~'cm™): 340 (700), 430 (600), 645 (300). Anal. Calcd for [(THF)Cs(u—>:1>~Cp")sTm]n,
[C2sH47CsOSizTm]: C, 42.80; H, 6.03. Found: C, 35.65; H, 5.698. Incomplete combustion was observed as
has been found in the past with complexes of this type,® but the observed CH ratio was CgHss.

Heterostructure Formation. h-BN crystals exfoliated via thermal release tape were transferred
onto a stamp of PDMS by applying the tape to the surface of the stamp and peeling it off. A large uniform
flake of hBN was optically located on the PDMS and subsequently transferred to a SiO./Si chip with
recently exfoliated Tm(Il) material. This was achieved by aligning both hBN and Tm(ll) flakes, using a
robotic transfer stage with 12 degrees of freedom inside an argon-filled glovebox. Once the flakes were
aligned, the stamp was slowly lowered until the BN was in contact with the Tm(ll) flakes. The system was
heated to 80 °C, and the stamp was slowly lifted until out of contact. The hBN flake was left behind on top
of the Tm(Il) flake, encapsulating it.

X-ray Data Collection, Structure Solution, and Refinement for [Cs(u—5°:4°~Cp")sYb"]n. A
blue crystal of approximate dimensions 0.078 x 0.169 x 0.214 mm was mounted in a cryoloop and
transferred to a Bruker SMART APEX II diffractometer system. The APEX2* program package was used
to determine the unit-cell parameters and for data collection (45 sec/frame scan time). The raw frame data
was processed using SAINT?® and SADABS™ to yield the reflection data file. Subsequent calculations
were carried out using the SHELXTL* program package. The diffraction symmetry was 2/m and the
systematic absences were consistent with the monoclinic space group P2:/n that was later determined to be
correct. The structure was solved by direct methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors® for neutral atoms were used throughout the analysis.
Hydrogen atoms were included using a riding model. Disordered atoms were included using multiple
components with partial site-occupancy-factors. Disordered carbon atoms C(6), C(7) and C(24) were
refined with equivalent anisotropic displacement parameters (EADP)*®. Least-squares analysis yielded wR2
= 0.0709 and Goof = 1.018 for 284 variables refined against 7928 data (0.75 A), R1 = 0.0302 for those
6282 data with I > 2.0c(I). There were several high residuals present in the final difference-Fourier map.

It was not possible to determine the nature of the residuals although it was probable that diethylether solvent
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was present. The SQUEEZE™ routine in the PLATON*! program package was used to account for the
electrons in the solvent accessible voids.

X-ray Data Collection, Structure Solution, and Refinement for [(THF)Cs(u—y’:n’—
Cp’)sTm"],.. A black crystal of approximate dimensions 0.276 x 0.288 x 0.628 mm was mounted in a
cryoloop and transferred to a Bruker SMART APEX 1I diffractometer system. The APEX2*’ program
package was used to determine the unit-cell parameters and for data collection (15 sec/frame scan time).
The raw frame data was processed using SAINT?® and SADABS®’ to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL*® program package. The diffraction
symmetry was 2/m and the systematic absences were consistent with the monoclinic space group P2:/n that
was later determined to be correct. The structure was solved by direct methods and refined on F? by full-
matrix least-squares techniques. The analytical scattering factors®® for neutral atoms were used throughout
the analysis. Hydrogen atoms were included using a riding model. The structure was polymeric. Least-
squares analysis yielded wR2 = 0.0647 and Goof = 1.141 for 316 variables refined against 9526 data (0.72
A), R1=0.0279 for those 8548 data with 1> 2.0c(I).
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Chapter 3:

Reduction of Rare-Earth Metal Complexes Induced by Gamma Irradiation

INTRODUCTION?

As described in Chapter 1, one of the major advances in the chemistry of the rare-earth elements
(Ln), i.e., scandium, yttrium, and the lanthanides, was the discovery that the +2 oxidation state was not only
accessible for Eu(l1), Yb(I1), Sm(11), Tm(I1), Dy(I1), and Nd(11)*® but also for all the other rare-earth metals

except radioactive promethium.®®

The new Ln(Il) ions were frequently generated in trigonal ligand
environments in which a d,2 orbital was populated to give 3d* (Sc), 4d* (Y), and 4f"5d* (lanthanides)
electron configurations.>®® These new Ln(ll) species are of interest not only due to their highly reducing
reactivity,*"*® but also due to their physical properties.’’”** Synthesis of complexes of the new Ln(ll) ions
generally require sub-ambient temperatures and short reaction times. Although many examples of 4f"5d*
Ln(Il) complexes are now known, reduction of some Ln(lll) precursors with alkali metals yield only
fleeting color changes and the Ln(ll) products have evaded definitive characterization.?°?* Therefore, it
was of interest to explore alternative methods for generating Ln(ll) complexes.

Alternative reduction methods were also desirable because the discovery of molecular complexes
of the new Ln(l1) ions raised the question about the potential availability of molecular complexes containing
Ln(l) ions.2? Since crystallographically characterized Ln(0) complexes, Ln(3,5-tri-tert-butylbenzene),
for Ln = Sc, Y, Gd, and Ho are known®?" as well as an example of a Sc(l) compound, [{(7°-
P3C2'Bu2)Sc}2(u—#%:1n°~PsC3'Bus)],?® the pursuit of molecular Ln(l) coordination compounds for other rare-
earth metals was an intriguing target.

In fact, gamma irradiation was used in 1966 to provide evidence for formation of Sm(l) ions in a

KCI matrix. By subjecting single crystals of Sm(ll) doped into a KCI matrix grown from a melt phase to

T Portions of this chapter have been published: Moore, W. N. G.; White, J. R. K.; Wedal, J. C.; Furche,
F.; Evans, W. J. Reduction of Rare-Earth Metal Complexes Induced by vy Irradiation. /norg. Chem. 2022,
61, 17713-17718. DOI: 10.1021/acs.inorgchem.2c02857
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gamma irradiation on the order of 2-20 Mrad (20 — 200 Gy), data were collected that suggested reduction
of Sm(11) to Sm(1).# Specifically, the growth of an absorption in the UV-visible region at 545 nm occurred
at an identical rate to the decrease in absorptions at 418 and 620 nm, known to correspond to Sm(ll), and
the paramagnetic susceptibility decreased from 7.4 x 107 + 1.1 x 10°%T t0 5.7 x 107 + 1.1 x 10 °/T.

In the 1960’s, Ln(lll) ions doped into MF, matrices (M = Ca, Sr, Ba) were also reduced by
subjecting them to gamma irradiation; the resulting UV-visible absorption spectra were assigned to Ln(11)
ions for the whole lanthanide series.*>! Subsequent studies have shown that gamma irradiation of glasses
containing Sm(l1I) ions results in reduction to Sm(I1) ions based on UV-visible spectroscopy.®*** These
glasses are typically prepared using a conventional melt/quench process and use Sm,Os as the samarium
starting material. Upon gamma irradiation of the glasses using dosages on the order of 3-20 Mrad (30 —
200 Gy), UV-visible spectroscopy usually shows a single peak around 320 nm corresponding to a 4f-5d
transition typical of a Sm(ll) ion.*

Since these previous crystal lattice and glassy matrix rare-earth metal studies required high
temperature melt/quench techniques to prepare the precursors, they were not extendable to molecular
species of lower thermal stability. However, gamma irradiation-based cryoreduction had previously been

successful in bioinorganic systems®**°

and thus the extension to molecular rare-earth metal complexes
seemed reasonable. In this Chapter, the viability of gamma irradiation of frozen solutions of molecular
rare-earth metal species as a method to generate reactive Ln(ll) species is described. These preliminary
studies demonstrate the viability of the method and identify a new La(ll) complex previously inaccessible
in solution. Sc (1 ="/), Y (1 =%), and La (I = ’/2) were the rare-earth metals chosen for this study, since
their d* Ln(I1) ions exhibit definitive EPR spectra due to coupling to their nuclear spins.
EXPERIMENTAL

All manipulations and syntheses described below were conducted with the rigorous exclusion of
air and water using standard Schlenk line and glovebox techniques under an argon atmosphere. 2-MeTHF
was transferred onto dry 3 A molecular sieves and degassed in vacuo until solvent evaporation was

observed. UV-visible absorbance spectra were collected on an Agilent Cary 60 UV-vis. EPR spectra were
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collected using the X-band frequency (9.3—9.8 GHz) on a Bruker EMX spectrometer equipped with an
ER4119HS-W1 microwave bridge. Sc"(NR2)s, CpsY"” Cp’sLa™,* and La"'(NR)s* were synthesized
via literature procedures.

General Gamma Irradiation Procedure. In an argon-filled glovebox, 0.3 mL of a 0.05-0.5 M
solution of the Ln(lI1) starting material in 2-methyltetrahydrofuran (2-MeTHF) was transferred by pipet
into an EPR tube. The tube was sealed with a rubber septum, removed from the inert atmosphere glove
box, and further sealed by wrapping with parafilm. The tube was then rapidly (within one second) inserted
into a Dewar filled with liquid nitrogen because slow insertion led to poor solvent glassing and inhibited
characterization attempts. The Dewar was then exposed to 700 keV gamma irradiation from a **’Cs source
in the UCI Nuclear Reactor Facility (see Figure 3.1 for brief workflow diagram). Caution! Gamma
irradiation is an ionizing form of electromagnetic irradiation that may cause biological damage. Studies
must be conducted using appropriate radiological safety equipment and procedures. Following irradiation,

continuous wave, X-band EPR spectra were collected at 77 K in perpendicular mode.

_.ﬁ_.
RT

77 K liquid

g'_;,ig:ﬁ_m nitrogen bath
77 K liquid Chamber door
nitrogen bath closed, and
inside gamma 137Cs rod
irradiation raised into
chamber compartment

Figure 3.1. Simplified workflow diagram of gamma irradiation procedure.
The following procedure was utilized to collect UV-visible spectra on the irradiated samples. A
finger Dewar was half-filled with liquid nitrogen and clamped so that the finger was as close as possible to

the detection slit of an Agilent Cary 60 UV-visible spectrophotometer while remaining vertical. The finger
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was subjected to a stream of nitrogen gas from a high pressure cylinder to prevent condensation of
atmospheric water. The sample EPR tube was inserted into the finger Dewar and a spectrum was collected
at a scan rate of 300 nm/min. Two more spectra were collected sequentially using the same rate and the
spectra were averaged. The final spectrum was obtained by subtracting the average spectrum of irradiated
2-MeTHF.

RESULTS AND DISCUSSION

Gamma Irradiation of 2-MeTHF. A control sample with no added Ln(lll) compound was
exposed to 16 h of gamma irradiation (about 2 Mrad or 20 Gy total). EPR spectroscopy at 77 K revealed
the intense isotropic signal (gis = 2.002) associated with irradiated organic solvents.**3® UV-visible
spectroscopy of the sample showed a broad absorption increasing beyond the 1000 nm limit of the
spectrometer, which is consistent with known irradiated samples of 2-MeTHF, Ama = 2150 nm (¢ = 3.9 %
10*Mtecm ™). Attempts to minimize the organic radical EPR signal in irradiated rare-earth metal samples
without perturbing the Ln(I1) signal (see below) via photobleaching and annealing at 195 K and 174 K were
unsuccessful: only a weak organic radical signal was observed and no signal from the Ln(ll) ion. Attempts
to subtract the EPR spectrum of irradiated 2-MeTHF collected after identical irradiation periods were also
unsuccessful.  On the other hand, UV-visible absorption spectroscopy allowed for relatively simple
background subtraction. Radical absorption could be subtracted in a straightforward manner by irradiating
samples of pure 2-MeTHF along with the rare-earth samples of interest for the same amount of time and
subtracting the irradiated solvent spectrum.

Gamma Irradiation of Ln(ll11) Compounds with Known Ln(ll) Analogs. The Ln(lll)
compounds Sc"(NRz)s, Cp’sY", and Cp'sLa" (R = SiMes, Cp’ = CsHsSiMes) were chosen to probe the
viability of the method, since their corresponding Ln(ll) compounds have been chemically isolated, exhibit
distinctive EPR spectra, and have UV-visible spectra with distinctive absorptions.”***#?* The known EPR
spectra of [Sc"(NRz2)s]''? and [Cp’sLa"]" '° were clearly discernible even in the presence of the irradiated
solvent peak, Figure 3.2, Table 3.1, but the hyperfine coupling (A) of [Cp'sY"]'” was unresolved under these
conditions. However, the UV-visible spectra for the Ln(ll) species generated from gamma irradiation of
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these compounds in all cases was consistent with those generated from chemical reduction, Figure 3.3,

Table 3.1.

a)
2600 3000 3400 3800 4200
Magnetic Field (G)
b) U
2500 3000 3500 4000 4500

Magnetic Field (G)

Figure 3.2. Normalized EPR spectroscopic comparison of [Ln"Asz]'" species (A = anion) generated from

the gamma irradiation procedure (blue) and chemical reduction (black): (a) [Sc"(NR2)s]'; (b) [Cp'sLa"]"".
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Figure 3.3. Normalized UV-visible spectroscopic comparison of [Ln"As]'™ species (A = anion) generated

from the gamma irradiation

[Cp'sY"]": (c) [Cp'sLa"]"".

procedure (blue) and chemical reduction (black): (a) [Sc"(NR2)s]'"; (b)

Table 3.1. Comparison of spectroscopic data of [Ln"As]'~ species (A = anion) generated from the gamma

irradiation procedure (a) and chemical reduction (b), where crypt = 2.2.2-cryptand.

Amax (NM) s g Aave (G, MHz)
(@) [SC"(NR2)s] 500 1.96 200 2257,6253
(b) [K(crypt)][Sc"(NR2)s] 2 516 1.964  1.997 225,622.6
(a) [Cp'sY'"T"™ 530, 700 . : ;
(b) [Na(crypt)][Cp'sY"] - 390, 530, 700 1.99 2.00  36.6,100.9
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(@) [CpLa™]™ 310, 425, 567, 692 1.96 198  164.2,450.9

(b) [K(crypt)][Cp'sLa"] X 310, 433,502, 554, 692 1.96 1.99  155.4,427.3

Gamma Irradiation of La'"'(NR2)s. Given the similarities between spectroscopic data obtained
after gamma irradiation and chemical reduction experiments with the compounds above, the
characterization of a new Ln(ll) species was attempted. Specifically, generation of [La"(NR2)s]'~ was
pursued since it is a species that previously has not been observable in chemical reductions.?***4 Using
the general gamma irradiation procedure outlined above, La"'(NR2)s (69 mg, 0.11 mmol) was dissolved in
0.3 mL 2-MeTHF and exposed to 12 h of gamma irradiation for a total of about 1.5 Mrad (150 Gy). The
EPR spectrum of the resulting sample at 77 K exhibited the characteristic isotropic signal for the radical
formed by irradiation of 2-MeTHF (giso = 2.002) as well as an eight line signal (g, = 1.98, gi = 2.06, Aave =
504.3 G = 1420.4 MHz) consistent with an unpaired electron in an axial environment coupled to a **La
nucleus (see Figure 3.4). The hyperfine coupling constant is about 3 times greater than that of [Cp’sLa'']'
(Aave = 164.4 G), which is similar in magnitude to the differences observed between [Y"(NR2)s]'” (A=110.0
G)* and [Cp'aY"]" (A = 36.6 G)'**2*%, The UV-visible spectrum of the sample contains distinct bands at
390 and 670 nm. The UV-visible spectrum is consistent with metal-based 5d — 6p transitions observed

for other [Ln"(NR2)s]'~ complexes with 4f"5d* electron configurations.?43%
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Figure 3.4. EPR (left) and UV-visible absorbance (right) spectroscopic characterization of the species
generated upon gamma irradiation of La"'(NR2)s. The simulated UV-visible spectrum is shown in green
(right) with computed TDDFT oscillator strengths shown as vertical lines. A Gaussian line broadening of
0.15 eV was applied and the spectrum was empirically blue shifted by 0.30 eV.

Theoretical Studies on [La"(NR2)s]'". Electronic structure calculations of the putative La(ll)
species [La'"(NR2)s]'~ were performed at the density functional level of theory using the TPSSh hybrid
meta-generalized gradient density functional®® with the D3 dispersion correction*®#” and the resolution of
the identity (RI-J) approximation.*® Scalar relativistic effective core potentials with the def2-TZVP basis
set*® were used for lanthanum and the polarized split-valence basis set def2-SV/(P) was used for other
atoms. The continuum solvent model COSMO®! was used with parameters for THF (dielectric constant
e =7.52, refractive index Ring = 1.41).>* Time-dependent DFT (TDDFT) calculations were performed with
an additional diffuse p primitive added to the La basis set, which was necessary to accurately simulate the
absorption spectrum.**53%5 All calculations were performed with the TURBOMOLE package \/7.4.1.%

Structure optimizations were initiated from the optimized structure of [Gd(NR2)s]'~* by replacing
Gd with La. The resulting ground state geometry of [La"(NR2)s]'" had Cs symmetry. The electronic
configuration was consistent with a (5dz?)* configuration, with the highest occupied molecular orbital
(HOMO) having significant 5dz?-character with 6s admixture, Figure 3.5. These results are consistent with

previous studies on [Ln"(NR2)s]'~ complexes?* and other [La"As]'" species.**2%
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Figure 3.5. Calculated 5dz*like HOMO (e = —1.439 eV) of [La"(NR)s]'~ plotted with a contour value of
0.05.

The simulated UV-visible spectrum of [La"(NR)s]'~ qualitatively matches the spectrum obtained
by gamma irradiation studies, Figure 3.4. Strong transitions between 650-700 nm are metal-based with 5d
— 6p character, consistent with previous studies on [Gd"(NR2)s]'".** Hence, it appears that gamma
irradiation of La"'(NR2)s generated [La'"(NR2)s]'", which has been difficult to generate by chemical
reduction methods.

Rate of Formation of [Cp’3Y""]'". Given the particularly good agreement between the electronic
absorption spectrum of [Cp'sY"]' prepared by either chemical reduction or gamma irradiation and the fact
that the spectra of many different salts of [Cp'sY'"]' are identical regardless of the cation present, the
absorption at 530 nm of [Cp’sY"']'” was used to monitor growth of Y(II) with increasing dosages of gamma
irradiation.”'®# A path length of 0.3 cm was determined experimentally using fluorenone as a known
standard. Additionally, different starting concentrations (0.075 M vs 0.15 M) of the Y (III) complex Cp'sY""
were used to determine if this affected the rate of Y(II) formation. The data, recorded in triplicate, are
plotted in Figure 3.6. Though the relatively large uncertainties prohibit definitive kinetic analysis, there is
clearly growth of Y(II) over time. This concentration study showed that after 6.5 h of irradiation, <1% of

Cp'sY"" has been reduced. Further studies aimed at converting the bulk may benefit from utilizing a higher
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dosage setup. Given the uncertainties associated with these growth curves, yields were not calculated for

the single measurements conducted above on [Sc(NR2)s]'", [Cp'aY]'", and [Cp'sLa]"".
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Figure 3.6. Growth of [Cp’3Y"]'™ over time for two different initial concentrations of Cp’sY'".

CONCLUSION

Gamma irradiation of Sc""'(NR2); and Cp'sLa"" yielded 77 K EPR and UV-visible absorption spectra
indicative of reduction to the highly reactive Ln(11) complexes, [Sc"(NR2)s]' and [Cp'sLa"]'". Asignificant
obstacle for characterization by EPR spectroscopy is the intense signal associated with the organic radical
formed from irradiating 2-MeTHF. This obscured the EPR signal of the Cp'sY"" irradiation product, but
[Cp'sY"]" could be identified by UV-visible spectroscopy. In general, by studying species containing rare-
earth metals with large nuclear spins (I = 7/,) and large coupling constants, the Ln(ll) species formed by
irradiation can be detected. This demonstrates the viability of the gamma irradiation reductive technique
with molecular rare-earth metal species. Extension of this method to La"'(NR)s led to spectroscopic
characterization of [La'"(NR2)s]'~ for the first time and shows that this method can be used to demonstrate
the existence of species not yet isolable by chemical reduction. Hence, gamma irradiation should be more
widely considered for generating highly reactive molecular species when the appropriate spectroscopic

assessments can be made.
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Chapter 4:

Yttrium-mediated Acetylide C—C Bond Formation Yields a Bridging Butatrienylidene Dianion

INTRODUCTION

Detailed studies of rare-earth metal reductive chemistry have provided new oxidation states of
simple diatomic molecules like N> and NO. For example, the first example of the (N2)*~ radical trianion
was observed in {[(R2N)2(THF)Y]»(N2)}'™ (R = Me;Si) which was generated by reduction of the side-on
bridged (N=N)*" complex in [(R2N)(THF)Y]2(u—4*:7*-N>), Figure 4.1.'7 This unexpected development
led to a new class of single molecule magnets,*” as well as the first example of an (NO)*~ complex in
[(RaNT(THF)]}2(u—17:7*-NO).® These results suggest that the rare-earth metals could provide synthetic

pathways to other unusual diatomic anions such as (CN)*" and (CC)*".

(Me;Si),N TI:| E  N(SiMe;), (Me:,Si)zN\ THE  N(SiMe,),
Y[N(SiMe;),]; + KCz+ N N
[N( 3)2la g+ Ny Yy - T ., + i e Y
(Me;Si),N THF 'N(SiMe;), (Me,Si),N THF 'N(SiMe,),
- 2- THF
(N=N) JTHF
THF —K —THF
THF
THF
(1
THFl NO
(MEJSUZN\ S HE N(SiMes);
<
(Me3Si);N e N(SiMes),

Figure 4.1. Synthesis of the (N>)’~ and (NO)*~ bridges in sequence.
Recently, reduced dinitrogen rare earth chemistry has been expanded further by identification of
end-on bound (u—#":#'-N2)*" complexes’® which were found to isomerize to the previously known side-on

(u—n*:n*~N1)* species even in the solid state,” Figure 4.2. Since rare-earth metal complexes of the end-on
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(u—n":n'-C2)*" acetylide dianion are known in (CsMes),Ln(u—":5'-C2)Ln(CsMes), complexes (Ln = Sc,

Sm),'*!! the possibility of reducing these bridges further to (CC)*" is plausible.

B
onl;'i‘i % RN NR, [K2(18-c-6)3] NR, NR;
;e
AN RzN’"‘Ad"'_N=N—Nq"' >-90°C NN, /!-E-'-"-'"NR @)
6 D / \"“NR - RIS
/‘0%? r R;N NR; 2 RaN NR:
EO"';I%'I%-B
OL__/O-/

Figure 4.2. Solid-state isomerization from (u—#':7'-N2)* to (u—1*:n*~N2)* bridge.
To explore further the chemistry of [Ln(u—#':#'—C,)Ln]*" units and their possible reduction to (C2)*~
species, the reaction of (CsMes): Y (u—Ph),BPh, with NaC=CH was explored. This approach was based on
results of Cummins et al in 2010'* and Hayton et al in 2021"* with U(IV) that demonstrated the reaction of

U(NR2):X complexes with NaC=CH to form the end-on acetylides [UNR2)3]2(u—":57'-C), as shown in

Figure 4.3."
2 NaCCH
T THF RZN\ R
o _1.“-: NR2
2 A, 23°C _ hn—c=c— A e (3)
RN™ W o ~2NaX RN & \
2 -HCCH RoN NR;

Figure 4.3. Synthesis of (C,)*” bridges between actinide metals [X = I, NR, = N(#-Bu)(3,5-Me>C¢Hs), An
= U; X =Cl, NR; = N(SiMe;)2, An = U, Th].

Similar chemistry to the reaction in Figure 4.3 seemed conceivable for Y(III) since the
(CsMes).Ln(u—Ph),BPh, complexes readily react with alkali metal organometallic reagents to displace the
loosely coordinated (BPhs)'~ anion and form Ln—C bonds.'*'® However, if an intermediate reaction product
such as "(CsMes),YC=CH" formed, it could simply dimerize as was found with [(CsHisMe)>Sm(u—
C=CCMe3)],"" or it could engage in a C—C coupling reaction to form trienediyl complexes of the type

[(CsMes).Ln]a(u—#*:n*~PhC=C=C=CPh) (Ln = Sm, Y)."*" Notably, a potential intermediate like
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"(CsMes),YC=CH" may also be isolable if residual coordinating solvent is present,”’ as with the case of
(CsMes),Y(C=CPh)(THF).*!

In this chapter, yet a different type of reaction is reported in which a bridging butatrienylidene
dianion is generated from two (C=CH)'" units in a bis(pentamethylcyclopentadienyl) ligand environment.
The reaction involves rearrangement of a terminal hydrogen substituent of an acetylide and yields a
complex with an unusual bonding mode that has been investigated by density functional theory (DFT). The
only previous examples of a butatrienylidene dianion are in the ruthenium clusters, Rus(x’-CCCCH,)(x’—
SMe)(u—SMe)(u—PPhy),(CO)io, A, and Rus(u’~CCCCH,)(u—SMe)a(u—PPhy),(CO)1;, B, made in a
complicated series of transformations starting from Me;SiC=CSiMe;.**

RESULTS

Dropwise addition of 1 equiv of (CsMes),Y (u—Ph).BPh, in a 1:1 toluene:benzene (used to help
solubilize the yttrium complex) mixture to a stirred slurry of 1 equiv of NaC=CH yields a yellow/orange
suspension after stirring overnight. An insoluble white material presumed to be sodium tetraphenylborate
was removed by filtration and washed with hexanes leaving the filtrate as a translucent orange solution in
the mixed hydrocarbons. The solvent was removed in vacuo to provide yellow-orange solids which were
soluble in pentane. Slow evaporation of pentane solutions at room temperature yields crystalline material

in 30% yield suitable for single crystal X-ray diffraction studies which was identified by X-ray diffraction

as (CsMes),Y (u—*:n*~CCCCH,) Y (CsMes)2, 8-Y, Figures 4.4 and 4.5.
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Figure 4.4. ORTEP of (CsMes).Y (u—>:#'~CCCCH,)Y(CsMes),, 8-Y, with displacement ellipsoids drawn

at 50% probability and all hydrogen atoms except for H44a and H44b eliminated for clarity.

WS, & X

S B + 2NaC=CH —— -~ A
toluene, Yo
benzene %/ c
—2NaBPh, \
C.
H H

Figure 4.5. Synthesis of 8-Y described in this work.

Complex 8-Y contains two [(CsMes).Y]** metallocene units bridged by a C4 unit with two hydrogen
atoms on one terminal carbon, (CCCCH_)?". The hydrogen atoms on that carbon were located in the X-ray
crystal structure. The six atoms in the bridge are co-planar with a root mean squared deviation (RMSD) ®
=0.01 A. The six atoms plus the two yttrium atoms are coplanar to o = 0.03 A. In the previous examples,
A and B, cited above, the three carbon atoms of the C4H; unit twist around the ruthenium clusters to give

the six atoms an ® = 0.38 A for A and ® = 0.43 A for B.
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In 8-Y, the C43-C44 distance of 1.331(3) A is essentially identical to a prototypical C=C bond
distance of 1.339 A measured in ethylene.?* Conversely, the C41-C42 distance in 1 of 1.240(3) A is longer
than the C=C triple bond distance of 1.20 A found for acetylene.? This lengthening has also been seen in
the formation of complexes containing a formally [C=C]*" bridge. For instance, in [U(N[t-Bu]JAr)s]2(u—
ntn*—Cz) and {[U[N(SiMes)z]s}2(u—n":n*—Cy), the C=C distances are 1.227(10) and 1.225(10) A,
respectively. The central C—C bond in the butatrienylidene ligand, C42-C43, is 1.404(3), which is
intermediate between a typical C—C single bond and C=C double bond.

The 2.420(2) A Y2-C41 bond distance in 8-Y is equivalent to the 2.419(3) A Y—C(Et) distance in
alkyl metallocene, (CsMes),Y(CH2CHs).? The Y1 center is bound to C43 with a similar distance, 2.430(2)
A, and with longer distances to C42 (2.532(2) A) and C43 (2.779(2) A). In comparison, (CsMes),Y (allyl)
has Y—C(allyl) distances of 2.582(2), 2.582(2), and 2.601(2) A, so the bonding in 1 differs from allyl
coordination.?

Table 4.1. Selected bond distances and angles in 8-Y.

Bond Distance (A) Atoms Angle (°)
Cntl-Y1 2.366 Cntl-Y1-Cnt2 137.6
Cnt2-Y1 2.363 Cnt3-Y2-Cnt3 138.6
Cnt3-Y2 2.328 C42-C41-Y2 131.04(14)
Cnt4-Y2 2.342 Y1-C41-Y2 163.30(8)
C41-C42 1.240(3) C41-C42-C43 157.50(19)
C42-C43 1.404(3) C42-C43-C44 130.11(19)
C43-C44 1.331(3) C43-C44-H44a 119.3(14)
C44-H44a 0.97(2) C43-C44-H44b 123.7(14)
C44-H44b 0.97(2) H44a-C44-H44b 116.9(19)

Y1-C41 2.779(2)

Y1-C42 2.532(2)

Y1-C43 2.430(2)

Y1-C44 3.660(2)

Y2-C41 2.420(2)

Y2-C42 3.367(2)

Y2-C43 4.754(2)

Y2-C44 5.588(2)

The *H NMR spectrum of 8-Y in CsDs displays four separate CsMes resonances from d 1.97 to

2.16 ppm which suggests that the asymmetric structure is maintained in a solution of a non-coordinating
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solvent. Two resonances assignable to the hydrogen atoms on C44 were observed at 6 6.59 and 5.55 ppm
with coupling to each other (Jun = 4.7 Hz), which compares well with the coupling constant for hydrogens
on sp? carbons of ligands bound to yttrium (Jun =~ 4 Hz).? The signal at § 6.59 ppm also displays a smaller
coupling of 1.7 Hz, a magnitude consistent with the yttrium-hydrogen coupling observed for hydrogen
atoms bound to the methylene carbon in (CsMes),Y (CH2CHs) (Jvn = 2 Hz).? The *C{*H} NMR spectrum
exhibits a set of four resonances between 11-13 ppm, in the range expected for the methyl groups of CsMes
ligands bound to yttrium. Additionally, four resonances are visible around 117-121 ppm, in the range for
the ring carbons of the CsMes ligands. Three singlet resonances are visible intermediate between these two
clusters, with chemical shifts ranging from 14-34 ppm. In order to assess if any of the resonances in the **C
NMR spectrum coupled through bonds to the two signals in the *H spectrum apparently corresponding to
the C4H> hydrogen atoms, a heteronuclear HMQC experiment was conducted. Two cross peaks are
observed corresponding to correlations between the *H resonances at § 5.55 and 6.59 ppm and the **C
resonance at 120.11 ppm.

The IR spectrum of this material displays two weak bands at 2722 and 1870 cm™* that are distinct
from the IR spectrum of (CsMes).Y (u—Ph).BPh.. The higher energy band in particular is consistent with
C—H stretching that may arise from the C4H; ligand.

The UV-visible absorption spectrum of yellow/orange 8-Y contains shoulders on the high energy
end of the spectrum with molar absorptivities >1000 M *cm™ consistent with a charge transfer event.

Reaction of 1 with CO,. A light yellow/orange solution of 8-Y (0.057 g, 0.050 mmol) in 2 mL
pentane was frozen in a Schlenk flask subjected to 2 atm of CO,. The flask was warmed to room temperature
and stirred for 1 h. An off-white precipitate forms after 5 min. The suspension was filtered in an argon-
filled glovebox. Removing the pentane from the filtrate yields 0.03 g of material, indicating that the bulk
of 8-Y reacted to form the precipitate. The precipitate was insoluble in hexanes, toluene, benzene, and THF.
An IR of this insoluble material yields the following bands (v, cm’l): 2949w, 2886w, 1530s, 1438m, 1353m,

1231m, 1098m, 1078w, 1016w, 994w, 972m, 931w, 834m, 748m, 704m.
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Theoretical Calculations on 8-Y. Electronic structure calculations of 8-Y were performed at the
density functional level of theory using the TPSSh hybrid meta-generalized gradient density functional®
with the D3 dispersion correction®® and the resolution of the identity (RI-J) approximation.® Scalar
relativistic effective core potentials with the def2-TZVP basis set® were used for yttrium and the polarized
split-valence basis set def2-SV(P) was used for other atoms.® All calculations were performed with the
TURBOMOLE package V7.6.3>3 Geometry optimization of the structure yielded a theoretical model with
bond distances and angles that closely represent the structure derived from XRD studies.

Wiberg bond indices (WBI)** calculated from the geometry-optimized structure for the [Y (u—#*:5*—
CCCCH2)Y]* unit are included in Table 4.2 below. Notably, the sum of the yttrium—(C41, C42, C43)
indices is 2.05, which is consistent with a total of two electron pairs shared with the two yttrium centers,
but this sum is not distributed equally. The WBI for Y2—C41 is 0.72 while index sum of Y1 with the C4
bridge is 1.33. Additionally, the sum of the WBI for the carbon-carbon bonds in the bridge is 4.96, compared
to the 6 predicted from a qualitative assessment of the primary resonance structure (see Figure 4.5).

Table 4.2. WBI values for bonds present in the [Y(CsH.)Y] portion of 8-Y.

Bond Wiberg Bond Index
Y1-C41 0.42
Y2-C41 0.72
Y1-C42 0.32
Y1-C43 0.59

C41-C42 1.95
C42-C43 1.12
C43-C42 1.89

DISCUSSION

The C—C coupling reaction observed in the (CsMes).Y (u—Ph).BPh, / NaC=CH system generates a
dinuclear yttrium complex bridged by a CsH; unit where both hydrogen atoms are bound to a single,
terminal carbon. The bridge itself is asymmetric with Y1 oriented toward three carbon atoms (C41-C43)
and Y2 close to only one carbon, C41. The Y1-C43 and Y2-C41 distances are consistent with Y—C(alkyl)

single bond distances.
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'H, C, and HMQC NMR spectroscopies are consistent with the structural formulation determined
by XRD and suggest that the structure remains intact in non-coordinating benzene. In fact, weak coupling
can be seen (J = 1.7 Hz) that agrees well with known Jv 4 coupling (2 Hz)*® for a methylene unit in close
proximity to an yttrium metal center.

Theoretical calculations were conducted on 8-Y to elucidate the electronic structure of the complex.
The relatively low Wiberg bond index for C41-C42 (1.95) compared with the expected value of 3 based
on the triple bond present in the primary resonance structure trends well with the longer bond distance
observed in the XRD structure. Furthermore, the WBI for the C, unit totals 4.95 which is lower than the
expected total of 6 based on the primary resonance structure. Wiberg bond indeces also corroborate the
unequal bonding nature between the CsH, bridge and each yttrium metal center. The significantly lower
WABI for Y2 suggests that this bond may be more reactive.

CONCLUSION

The reaction of (CsMes), Y (u—Ph),BPh, with NaC=CH was distinct from previous rare-earth metal
alkyne reactions as well as the reaction chemistry of U[NR:]3X complexes with NaC=CH. An unusual
bridged butatrienylidene, (CsMes),Y (u—#*:7'-CCCCH,)Y(CsMes),, was isolated that shows a new form of
hydrocarbyl bonding to rare-earth metallocenes. Though the bonding nature of the C4H, bridge appears to
be complicated, both theoretical calculations and spectroscopic characterization indicate the resonance
structure in Figure 4.5 is a primary contributor.

EXPERIMENTAL DETAILS

All manipulations and syntheses described below were conducted with the rigorous exclusion of
air and water using standard Schlenk line and glovebox techniques under an argon atmosphere free of
coordinating solvents. Solvents were transferred onto activated 3 A molecular sieves and dried in vacuo
until solvent evaporation was observed. UV-visible absorbance spectra were collected on an Agilent Cary
60 UV-vis. IR spectra were collected on an Agilent Cary 630 equipped with a diamond ATR attachment.

'H, *C, and 2D NMR experiments were conducted on a CRYO500 NMR spectrometer at room temperature
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and referenced internally to residual protio-solvent resonances. (CsMes),Y (u—Ph).BPh, was synthesized
via literature procedures.*

(CsMes), Y (u—n*:'~-CCCCH_)Y(CsMes)z, 8-Y. Under an argon atmosphere free of coordinating
solvents, a suspension of (CsMes), Y (u—Ph),BPh; (0.253 g, 0.400 mmol) in 3 mL of 1:1 toluene/benzene
was added dropwise to a slurry of 18% by weight sodium acetylide (0.106 g, 0.400 mmol) in xylenes and
3 mL toluene stirred with a glass-coated stirbar (the reaction proceeds similarly with PTFE stirbars). The
pale yellow color darkens and converts to pink/orange over the next 2 hours. Attempts to isolate products
from aliquots of the solution during this timeframe were unsuccessful. After stirring overnight, the resulting
orange suspension was filtered over a medium frit and washed with hexanes. Solvent was removed from
the filtrate under vacuum to yield 0.055 g of crude product. The product was redissolved in pentane and
placed in the freezer for 1 hour. After a white precipitate formed, the supernatant was decanted, and
recrystallization continued. Upon slow evaporation at room temperature X-ray quality light yellow crystals
of (CsMes). Y (u—1:n'-CCCCH,)Y(CsMes), were isolated (0.043 g, 30%). '"H NMR (500 MHz, CsDs): 6
6.59 (d, 1H, Juu =4.7 Hz, Jyu = 1.7 Hz), 6 5.55 (dd, 1H, Juu = 4.7 Hz), 6 2.16 (s, 15H), 6 2.08 (s, 15H), 0
2.03 (s, 15H), 6 1.97 (s, 15H) ppm. “C{'H} NMR (125 MHz, CsDs): 6 120.11 (s, br), 6 119.16 (s), 6 117.71
(s), 0 117.21(s), 0 34.44 (s), 0 22.73 (s), 0 14.28 (5), 0 12.12 (5), 6 12.10 (s), 0 11.87 (s), 6 11.80 (s) ppm. IR
v, cm ' 3689w, 3651w, 2951m, 2900s, 2878s, 2722w, 1870w, 1587w, 1569w, 1435s, 1376m, 1360m,
1298w, 1260w, 1132w, 1105m, 1018m, 950w, 871m, 830w, 802w, 747w, 698m. UV-visible Amax, nm (g,
M 'em™): 325 (2000), 360 (1000).

X-ray Data Collection, Structure Solution and Refinement for (CsMes)Y(u—n':n'-
CCCCH2)Y(CsMes)z, 8-Y. A yellow crystal of approximate dimensions 0.140 x 0.159 x 0.180 mm was
mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer system. The APEX23
program package was used to determine the unit-cell parameters and for data collection (90 sec/frame scan
time). The raw frame data was processed using SAINT?” and SADABS™ to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL* program package. The diffraction
symmetry was 2/m and the systematic absences were consistent with the monoclinic space group P2;/c that
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was later determined to be correct. The structure was solved by direct methods and refined on F* by full-
matrix least-squares techniques. The analytical scattering factors* for neutral atoms were used throughout
the analysis. Hydrogen atoms H44A and H44B were located from a difference-Fourier map and refined
(x,y,z and Uis). The rest of the hydrogen atoms were included using a riding model. Least-squares analysis
yielded wR2 = 0.0751 and Goof = 1.020 for 443 variables refined against 12094 data (0.70 A), R1 =0.0336
for those 9443 data with I > 2.0c(]).
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Chapter 5:
Attempts to Reduce Organometallic Rare-earth Metal Precursors Using New Methods: Photoredox

Reactions and Barium Powder

INTRODUCTION

The use of potassium and crypt in the chemical reduction of organometallic precursors across the
periodic table is well known, generating low oxidation state rare-earth metal, transition metal, actinide
metal, and main group metal complexes. Interestingly, transition metal and main group metals are also
regularly reduced via other methods, such as photoredox reactions. These reactions involve a more complex
electron-transfer process. On a molecular level, a molecule is first excited by light to yield a highly reducing
excited state. This excited state should have a reduction potential more negative than the species targeted
for reduction. The electron is then transferred to generate the cationic photoreductant in its ground state. In
the absence of reactive species present in solution, oftentimes back electron transfer (BET) is observed. In
order to preserve the reduced species and regenerate the neutral photoreductant in its ground state, a
sacrificial reductant is often included. This is a chemical that serves to reduce the cationic photoreductant
and form a stable countercation for the targeted reduced species.

In order to explore the possibility of generating the Ln(Il) complexes via photoredox reactions, a
relatively strong photoreductant is necessary. The compound, W(CNuipp)s, published by Professor Harry
Gray and coworkers fits this criterion.'” This complex has a ground state reduction potential of —0.72 V vs
Fc'0 (0.5 M ["BwN][PFs] in CH2Cl,), but upon excitation with UV-visible light, the complex enters an
excited state, W(CNaipp)s*, that has a calculated reduction potential of —=3.0 V vs Fc"”° (0.5 M ["BusN][PF¢]
in CH2Cly). This is quite near the experimentally measured reduction potentials of non-traditional Cp'sLn
compounds: —2.9 to —3.1 V vs Fc"* (0.1 M ["Bus][BPhs]).? A potential limitation is that the lifetime of the
excited state for the tungsten-based complex is reported to be 122 ns in toluene.'

Another reduction method that has found success with transition metal and main group complexes
is the use of group 2-based reductants. For example, both [{(°""Nacnac)Mg},] and [{(**"Nacnac)Mg},]
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{PPPNacnac = [(2,6-diisopropylphenyl)NCMe],CH and ®*Nacnac = [(2,6-ditertbutylphenyl)NCMe],CH}
have been used to generate a Ge(0) complex.*® Of the group 2 metals, barium is advantageous in that it has
a similar reduction potential to potassium®’ (Ei2(Ba**’) = —2.91 V vs SHE, Ei»(K"®) = —2.93 V vs SHE)
which is known to reduce organometallic rare-earth compounds. Furthermore, one metric that aligns with
the success of K/crypt for the isolation of reduced complexes is the association constant for the free alkali
metal cation and free organic chelate to form the complex cation. The log Keq value for [K(crypt)]' is 5.3,
the highest of all combinations examined in Chapter 1. As Ba®" has a nearly identical ionic radius to K'*
and double the charge, its log Keq value is almost double at 9.5.® It was therefore of interest to investigate
barium as a reductant for the generation of low oxidation state complexes.

This Chapter describes both alternative methods of reducing rare-earth metal complexes:
photoredox and barium reduction.
PHOTOREDOX RESULTS AND DISCUSSION

The following experimental framework was utilized to study the efficacy of W(CNuaipp)s as a
photoreductant for the generation of Ln(Il) species. First, an organometallic Ln(III) species, W(CNuipp)s,
crypt, and a sacrificial reductant were dissolved in a toluene solution under an argon atmosphere, and this
was subsequently exposed to high intensity UV-visible light (see Figure 5.1 for reaction scheme and
sacrificial reductant variations). In the case of yttrium-based starting Ln(IIl) species, formation of a Ln(II)
salt was assessed by the presence of a darkly colored precipitate. In the case of a lanthanum-based starting

material, formation was also assessed by EPR spectroscopy conducted on the solution.
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CpsY! N
[W(CNdipp)S]* E1/2 =-3.0VvsFc
100 mM ["BuyN][BPh,] / THF
ho Eqp=-3.0Vvs Fc*/°
estimated for
0.5 M ["BuN][PFg] / CH,Cl,
[W(CNdipp)G]
Co'.Yhi-
Eyp=-0.72 V vs Fc*? [Cp5YT]
0.5 M ["BuyN][PFg] / CH,CI,
[\N(CNdipp)B]+
[K(crypt)]™* + Hg K(Hg) + crypt
[Li(crypt)]"* + nBu- nBuLi + crypt
[Li(crypt)]"* + tBu- tBuLi + crypt
[K(crypt)]™* + N*- KN* + crypt
[Etzn]'* + Et- Et,Zn

Figure 5.1. Reaction scheme for the photoredox reactions run with Cp’3Y. Variations in sacrificial
reductants shown as well, including desired products.

The variable explored most thoroughly was the sacrificial reductant. As shown in Figure 5.1,
diethylzinc, potassium bis(trimethylsilyl)amid, tert-butyllithium, n-butyllithium, and potassium/mercury
amalgam were studied. None of these sacrificial reductants enabled precipitation or isolation of an Y(II)
species. A control reaction between Cp’3Y and tBuLi resulted in NMR spectroscopic evidence of 2-
methylpropene, consistent with consecutive salt metathesis and B-hydride elimination. The heterogeneous

nature of 1% KHg amalgam resulted in no reaction.
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In order to explore the possibility that [Cp’3Y]'~ was being generated in situ, but due to BET or
some other pathway could not be isolated, EPR spectroscopy of the reaction mixture was attempted. The
organic radical present on W(CNuipp)s* yielded a large signal that precluded observation of a possible Y(II)
species, similar to the characterization of Y(II) generated from the gamma irradiation method in Chapter 3.
Therefore, a precursor with a known Ln(II) EPR signal that covers a greater range of magnetic field, Cp'sLa,
was employed. Even in this case, no signals consistent with La(Il) were observable in the EPR spectrum.
PHOTOREDOX EXPERIMENTAL
Photoredox Reactions. In order to facilitate product separation, toluene was used as a solvent. Reactions
involved the addition of Cp’sLn (0.011 g, 0.020 mmol), crypt (0.007 g, 0.02 mmol), W(CNuipp)s (0.002 g,
0.002, 5-10% loading), toluene (1 mL), and a sacrificial reductant to an NMR tube that was sealed and
exposed to a Hg-vapor lamp (200-400 nm light) for 1 hr. A number of sacrificial reductants were attempted,
as exemplified in the reaction scheme in Figure 5.1.

BARIUM RESULTS AND DISCUSSION

Barium is known to be a kinetically slow reductant. Consistent with this, stirring fresh Ba shavings
with Cp’sLn (Ln =Y, Sm, Tm, Yb) yields no reaction. Therefore, in order to maximize the surface area
available and facilitate more rapid kinetics, freshly shaved barium was converted to a powder. About 35
mL of ammonia was condensed over a chunk of sodium to dry the ammonia, and then the ammonia was
condensed over fresh barium shavings (2.000 g, 14.50 mmol) in a Schlenk flask cooled in a liquid nitrogen
bath. See Figure 5.2 below for setup. A dark blue solution was observed, and then the temperature of the
apparatues was raised to room temperature. The ammonia evaporated to leave a gold coating of barium on
the flask walls that turned dull grey under vacuum. Collection of the dull grey material in an inert

atmosphere glovebox yielded a fine Ba powder.
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Figure 5.2. Photographs of the experimental setup for condensing the ammonia over sodium (left),

transferring the ammonia onto Ba(0) shavings (top), and slow evaporation of the ammonia (right).

Attempts to condense ammonia onto stoichiometric or excess Ba(0) shavings in addition to Cp'sY
and crypt only yielded the formation of a white precipitate insoluble in hexanes, toluene, diethyl ether, and
tetrahydrofuran. This is consistent with previous studies in which the presence of Fe(IIl) has catalyzed the
formation of highly insoluble metal amides.’'

Reactions of the powdered barium with Cp’;Ln and crypt yielded a variety of results. First of all,
Cp'5Y does not react with the barium powder, even in the presence of crypt, as evidenced by a 'H NMR
showing unreacted starting material. Fortunately, the barium powder does appear to reduce 4f" CpsLn
species with more positive redox potentials that undergo reduction to form traditional electron
configurations, 4f*"!. However, crystals of the putative Ln(II) species were elusive. Crystallization of the
Yb(II) species from acetonitrile dried over activated 3 A molecular sieves yielded dark purple crystals of

sufficient quality for XRD analysis. These crystals were thus identified as [Ba(crypt)Cp][Cp2Yb(u—
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OSiMes), YbCp2], see Figure 5.3. Use of acetonitrile dried over calcium hydride at reflux and stored over

activated sieves have not yielded these or any other crystals yet.

Figure 5.3. ORTEP of [Ba(crypt)Cp][Cp2Yb(#—OSiMes), YbCp2] with ellipsoids drawn at the 50%
probability level and hydrogen atoms omitted for clarity.
[Ba(crypt)Cpl[Cp2Yb(u—OSiMes3); YbCp:]. One half of the bimetallic anion was generated by
symmetry operations indicating that each ytterbium ion has an equal oxidation state of +2.5. It is suggested
that if this material could be generated in bulk, the presence or lack of an intervalence charge transfer
(IVCT) band in the low energy portion of the UV-visible absorbance spectrum may indicate whether it
converts to mixed valent in solution. It is unusual that the structure lacks any Cp’ ligands, given their

presence in the starting material, which is clean by "H NMR spectroscopy. The bridging siloxide ligands
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are likely a result of activation of the C—Si bond in the Cp’ ligand, facilitated by the presence of water in
the acetonitrile.

Also of note in this structure is the presence of barium, encapsulated by crypt, binding to a Cp
ligand. The Ba—Cp distance is 2.856 A, right in the range of the 2.852-2.875 A distances observed for Ba—
Cp’ in the extended structure [(THF)Cs(u—#°:n°~Cp')sBa(THF)]n."" The crypt opens up significantly to
accommodate this ligation. By taking the two mean planes of the nitrogen and oxygen atoms of the open
arms, the dihedral angle can be calculated at 4.75°. A search of [Ba(crypt)] motifs in the CCDC reveals that
in 10/11 (91%) structures, the Ba(Il) ion binds to some Lewis base (whether anionic or neutral) aside from
just crypt. This suggests that barium is unlikely to be coordinatively and/or electronically saturated in the
crypt binding pocket. In order to use this as a synthetic tool, a different precursor was pursued.

In an attempt to leverage this steric preference, stoichiometric Ba(0) powder was combined with
crypt and Cp"3ThBr. Rather than proceed to [Ba(crypt)Br][Cp"sTh], this reaction remains the deep blue of
Cp"sTh. Using an excess of barium powder yields the teal color associated with [Cp”3Th"]'". This indicates
that rather than the proposed product formulation of [Ba(crypt)Br][Cp’’3Th], the reaction is likely occurring
in a stepwise manner to generate BaBr; and [Ba(crypt)][Cp”3Th]..

BARIUM EXPERIMENTAL

Reaction of Cp’;Y, Ba(powder), and crypt. A vial of Cp'3Y (0.051 g, 0.1 mmol) and crypt (0.039
g, 0.1 mmol) in about 1 mL THF was pre-cooled to —35 °C and then pipetted over barium (0.008 g, 0.05
mmol). Stirring at room temperature for over 3 h yields an opaque suspension. Filtration of the suspension
yields a dark grey precipitate consistent with unreacted barium and a light yellow filtrate. Solvent was
removed from the filtrate under vacuum, and '"H NMR spectroscopy confirmed the presence of unreacted
CpsY.

Reaction of Cp’;Ln (Ln = Sm, Tm, Yb), Ba(powder), and crypt. A vial of Cp'sLn (= 0.050 g)
and crypt (= 0.040 g) in about 1 mL THF was pre-cooled to —35 °C and then pipetted over barium (= 0.010

g). Stirring at room temperature for 15 minutes yielded dark solutions (Sm = purple, Tm = green, Yb =
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green). Removal of the THF under vacuum yielded a sticky solid with UV-visible spectra similar to those
of the known [K(crypt)][Cp’sLn"] compounds.

Reaction of Cp';ThBr, Ba(powder), and crypt. In an attempt to synthesize
[Ba(crypt)Br][Cp"'3Th], a solution of Cp"3ThBr (0.101 g, 0.1 mmol) and crypt (0.039 g, 0.1 mmol) in 1 mL
1:1 THF:Et,O was pipetted onto barium powder (0.017 g, 0.1 mmol). No color change was observed after
30 min, but stirring at room temperature overnight yields a deep blue color associated with Cp"3Th. Running
the same reaction with an excess of barium yielded a teal color consistent with [Cp”3Th]'"".

X-ray Data Collection, Structure Solution and Refinement for [Ba(crypt)Cp][Cp:Yb(u—
OSiMe;):YbCp:] . A purple crystal of approximate dimensions 0.122 x 0.253 x 0.319 mm was mounted in
a cryoloop and transferred to a Bruker SMART APEX II diffractometer system. The APEX2'? program
package was used to determine the unit-cell parameters and for data collection (30 sec/frame scan time).
The raw frame data was processed using SAINT'® and SADABS' to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL'> program package. The diffraction
symmetry was 2/m and the systematic absences were consistent with the monoclinic space group P2:/n that
was later determined to be correct. The structure was solved by direct methods and refined on F? by full-
matrix least-squares techniques. The analytical scattering factors'® for neutral atoms were used throughout
the analysis. Hydrogen atoms were included using a riding model. There were two half-molecules of the
dimeric formula-units present, each was located about an inversion center. Disordered atoms were included
using multiple components with partial site-occupancy-factors. Anisotropic refinement yielded non-
positive-definite displacement parameters for several atoms. Those atoms were refined isotropically. Least-
squares analysis yielded wR2 = 0.1999 and Goof = 1.158 for 473 variables refined against 11691 data (0.78
A), R1=0.0818 for those 9557 data with 1> 2.0c(I).

CONCLUSION

Despite promising hypotheses concerning the use of photoredox or Ba-based reductions to generate

new and/or more stable Ln(Il) species, the experiments conducted here suggest otherwise. Regarding the

photoredox reactions, no crystallographic or spectroscopic evidence for Ln(II) was observed. Regarding
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the use of Ba powder, no reaction was observed with the non-traditional metal complex Cp';Y. Fortunately,
reduction of some traditional Ln(III) species was observed. Though crystallization proved challenging, the
use of wet acetonitrile at room temperature afforded crystals determined to be [Ba(crypt)Cp][Cp2Yb(u—
0SiMe;),YbCp,] based on XRD studies. These crystals emphasized that although [Ba(crypt)]'" has a
significantly higher association constant, its higher electrostatic attraction makes it more likely to interact
with the anionic ligands, demonstrated by the binding of cyclopentadienyl in the crystal structure.
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Appendix A:

Fluorescence of [K(2.2.2-cryptand)][CsH4SiMe;3);Eu]

In a broad effort to understand the bonding and spectroscopy associated with the [Cp'sLn]"”
complexes, visiting scientist Dr. Maria Beltran-Leiva enlisted a collaboration with the specific goal of
synthesizing, crystallizing, and obtaining the fluorescence spectrum of [K(crypt)][Cp'sEu]. The
fluorescence spectrum provides important experimental data regarding the energy difference between the
ground and excited state, which can then be compared with values calculated from different methods. In
this case, those methods include both high-precision methods (such as LF-DFT and QTAIM) and ab initio
methods.

Therefore, [K(crypt)][Cp'sEu] was synthesized according to literature procedures.' The relevant
spectra (excitation and emission) were collected on a 1.85 mM solution using a Cary Eclipse fluorescence
spectrometer. The spectra provided to Dr. Beltran-Leiva are included below in Figure A.1. The excitation
wavelength was found to 405 nm, about 80 nm less than the absorption Amax = 483 nm. The emission

wavelength was found to be 449 nm.
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Figure A.1. Excitation (top) and emission (bottom) spectra of [K(crypt)][Cp'sEu] collected in on a 1.85
mM THEF solution at room temperature.
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Appendix B:
Spectroscopic Contributions towards the Characterization of Reductive C—O Cleavage Products of

Ethereal Solvents and 18-crown-6 in Ln(NR3)3/KCs Reactions (R = SiMe3)

TAs discussed in the Introduction and Chapter 1 in particular, the decomposition pathways for non-

traditional 4f"5d"' and 4d' Ln(I) complexes can be complicated, generating a variety of decomposition
products. In an effort to study the decomposition products of the [Y(NR2);]'” Y(II) system (R = SiMes), my
coworker Dr. Amanda Chung crystallized a number of decomposition products in which available C—O
bonds (present in ethereal solvents or the 18c6 chelate) were cleaved, including
[K(crypt)][(R2N); Y(OCH,CH>OCH3)], [(R2N)2Y (4-OCHCH20Me-x0,x0") ]2,
[K(crypt)][(R2N)3Y(OCH,CH>CH2CH3)], {[(RaN)2] Y [u-O2(C10H2004-x0,x0")K]} 2, and
[K(crypt)]{(R2N).Y[N(SiMes)(SiMe>CH,)-kC,kN]}. To examine the spectroscopy (and therefore the
product ratios) underpinning the formation of these decomposition products, several targeted experiments
were conducted.

Reaction of Y{N(SiMe3),}3 with KCs and 18¢6 in tetrahydrofuran. A vial containing Y(NR2);
(R =SiMe3) (0.097 g, 0.17 mmol) and 18c6 (0.046 g, 0.17 mmol) dissolved in about 2 ml THF was cooled
to —78 °C, along with a vial containing KCs (0.026 g, 0.16 mmol). Using a similarly cold pipette, the THF
solution was transferred onto the KCg and immediate conversion to a dark blue suspension was observed.
After stirring for 2 hr at room temperature, the suspension settled into a clear supernatant and black solid
(presumably graphite). The suspension was centrifuged, and the supernatant was decanted. The THF was
pumped off, and the resulting white solid was washed with about 3 mL hexanes. The leftover white powder
yielded a mass of 0.099 g. The '"H NMR spectrum of this material (see Figure B.1) is consistent with the

formation of the cyclometallate [K(18-crown-6)][{(MesSi)N}.Y(CH,SiMe.NSiMe3)] when compared to

T Portions of this appendix have been published: Chung, A. B.; Stennet, C. R.; Moore, W. N. G.; Fang,
M.; Ziller, J. Z.; Evans, W. J. Reductive C-O Cleavage of Ethereal Solvents and 18-Crown-6 in
Ln(NR»);/KCs  Reactions (R = SiMes). [Inorg. Chem. 2023, 62, 5854-5862. DOI:
10.1021/acs.inorgchem.3c00689
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its previously reported spectrum.’ "H NMR (600 MHz, THF-ds): & = 3.63 (s, CH,, 24H, 18-crown-6), 0.12
(s, 36H, NSiMes), 0.01 (s, 15H, N(SiMe;)(SiMe,CH>)), —0.55 (d, 2H, N(SiMes)(SiMeCHa) Jyu = 2.6 Hz).
In the same sample, additional signals at much lower intensity were observed at & = 3.94 (4,
OCH,CH,CH>CH3), 1.59 (quint, OCH,CH,CH,CHs), 1.25 (sext, OCH.CH.CH>CH3), 0.87 (t,
OCH,CH,CH,CHs3), and 0.10 (s, NSiMe;) in an approximate ratio of 2:2:2:3:54, respectively, in agreement
with the formation of [K(18-crown-6)][{(SiMe3),N}3;Y(OCH,CH,CH,CH3)], as a minor product. From
these data, it was determined that the cyclometallate and the butoxide are formed in an approximate 4:1
ratio. The percentage yields of the cyclometallate and the butoxide were determined by this molar ratio to
be 46% and 12%, respectively. The resonances of the CH; protons of 18-crown-6 and the methyl protons
of the two N(SiMes), ligands of the cyclometallate integrate to a ratio of 30.73:36 versus an anticipated
ratio of 24:36 if the cyclometallate had been isolated as the only product. The ratio of the difference between
this ‘ideal’ integration of the 18-crown-6 protons and the ligand N(SiMe;), protons of the butoxide complex
is 6.73:13.57. This ratio agrees with the assignment of [K(18-crown-6)]" as the cation of the butoxide
complex, as quadrupling the ratio (considering the 4:1 product distribution) gives a value of ca. 24:54,

which is expected for the complex [K(18-crown-6)][{(SiMe3)N}3Y(OCH,CH,CH,CH3)].
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Figure B.1. '"H NMR spectrum of decomposition products following the reaction of Y {N(SiMes),}3 with
KCs and 18c6 in tetrahydrofuran.

Reaction of Y{N(SiMe3),}3 with KCs and 18¢6 in diethyl ether. A vial containing Y(NR;)3 (0.102

g, 0.18 mmol) and 18c6 (0.046 g, 0.17 mmol) dissolved in about 2 ml Et,O was cooled to —78 °C, along
with a vial containing KCs (0.027 g, 0.16 mmol). Using a similarly cold pipette, the Et,O solution was
transferred onto the KCs and immediate conversion to a dark blue suspension was observed. After stirring
for 2 hr at room temperature, the suspension settled into a clear supernatant and black solid (presumably
graphite). The suspension was centrifuged, and the supernatant was decanted. The Et,O was pumped off,
and the resulting white solid was massed at 0.051 g. The crude product contains peaks in '"H NMR in C¢Ds
(see Figure B.2) that are consistent with the cyclometallate': § —0.60 (2H, CH,SiMe>NSiMes), 0.64 (>12H,
CH,SiMe;NSiMes), 0.65 (>27H, N(SiMes),), 3.06 (>24H, 18c6). Adventitious Et,O and hexanes were

observed as well. Unidentified peaks remain at 0.74, 0.69, 0.67, 0.60, and 0.51 ppm.
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Figure B.2. '"H NMR spectrum of decomposition products following the reaction of Y {N(SiMes),}3 with
KCs and 18c6 in diethylether.

EPR Spectroscopy of [K(18¢6)][Y(NR2);] (R = SiMes) combined with DME. A vial containing
Y(NR>2)3 (0.055 g, 0.09 mmol) and 18c6 (0.024 g, 0.09 mmol) dissolved in about 0.3 ml Et,O was cooled
to —78 °C, along with a vial containing KCsg (0.014 g, 0.10 mmol). Using a similarly cold pipette, the Et,O
solution was transferred onto the KCg and immediate conversion to a dark blue suspension was observed.
The solution was passed through two pipette filters similarly cooled directly into a quartz EPR tube. About
0.1 mL DME cooled to —78 °C was then added directly to the EPR tube. This solution turned clear within
1 s and was immediately capped and transferred out of the box into a Dewar of liquid nitrogen. The X-band,
continuous wave, perpendicular mode EPR was collected at 77 K (see Figure B.3) and displays a signal at

Ziso = 2.0008.
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Figure B.3. X-band, continuous wave, perpendicular mode EPR collected at 77 K following the reaction
of [K(18¢6)][Y(NR2)3] generated in situ with DME in diethylether.
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Appendix C:
Density Functional Theory Calculations in Contribution to Characterizing the Electronic Nature of

(CsH4SiR3);Th and [K(crypt)][(CsH4SiR3):Th] (R = Pr)

TElectronic structure calculations on both Cp™S;Th"™ and (Cp™S;Th")'™ [Cp™ = CsH,Si(Pr)s]

were performed using density functional theory (DFT) with the TPSSh hybrid meta-generalized gradient
density functional' with the D3 dispersion correction® and the resolution of the identity (RI-J)
approximation.* Scalar relativistic effective core potentials with the def-TZVP basis set’ were used for
thorium and the polarized split-valence basis set def2-SV(P) was used for other atoms.’® The continuum
solvent model COSMO’ was used with parameters for THF (dielectric constant & = 7.52, refractive index
Rina = 1.41).® All calculations were performed with the TURBOMOLE package V7.6.”'° Geometry
optimizations were computed using coordinates derived from the X-ray diffraction crystal structures for
both Cp™S;Th(III) and [Cp"™S;Th(I)]'". All geometry optimizations were calculated with a geometry
convergence threshold of 10 a.u. and energy converge threshold of 1077 a.u. The ground state geometry
for Cp""*5;Th(III) was confirmed by the lack of imaginary frequencies in the vibrational spectrum.'' The
optimized geometry was found to have C; symmetry for all species.

The geometry-optimized structures of the neutral Cp"">;Th'" and the (Cp™**;Th")!" anion have
average Th—Cnt distances of 2.501 A and 2.489 A, which are within 0.03 A of the experimentally
determined Th—-Cnt average distances, 2.520 A and 2.524 A, respectively. The calculated bond angles are
also reproduced within a few degrees for both structures.

The electronic structure suggests (6d,2)' and (6d,2)* electron configurations for Cp™"5;Th" and
(Cp™S;Th™)'", respectively. These are the same ground state electron configurations assigned to the neutral

Cp"3Th™ and the anionic (Cp"sTh")'” of the disilyl-substituted cyclopentadienyl analogs.'? To further verify

T Portions of this appendix have been submitted for publication: Nguyen, J. Q.; Moore, W. N. G.;
Anderson-Sanchez, L. M.; Ziller, J. W. Furche, F.; Evans, W. J. Replacing Trimethylsilyl With
Triisopropylsilyl Allows Isolation of Stable and Crystalline (CsH4SiR3);Th Complexes of Th(IIl) and
Th(Il). Submitted.
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the ground state configuration of (Cp'™S;Th")'", a geometry optimization was run on the same anion
constrained to a triplet state. The total energy was >0.4 eV higher than the singlet ground state. The

qualitative 6d,2 character of the HOMO for (Cp™;Th")!" can be seen in Figure C.1.

Figure C.1. Calculated HOMO (g = —1.235) of (Cp""5;Th")" plotted with a contour value of 0.05.

Time-dependent density functional theory calculations were then conducted on the geometry-
optimized structures. Additionaly calculations were run where a diffuse p primitive was added to the Th
basis set for [Cp"">;Th(II)]', but this was not found to improve reproduction of the experimental spectrum,
so the spectra shown reflect the unaltered basis set. UV-visible spectra were simulated using Gaussian line
profiles with a root mean-square width of 0.15 eV and empirical shifts of 0.30 eV. Molecular orbitals and
electronic transition states were analyzed with VMD?' and Mulliken population analysis. The resulting
simulated UV-visible absorption spectra qualitatively reproduce the experimental spectra observed, Figure

C.2. For Cp™™;Th"™, the strongest absorptions >550 nm primarily correspond to 6d — 5f transitions. For
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(Cp™5;Th™)!", the three absorptions between 450-650 nm with the greatest oscillator strengths correspond
to d — fand/or d — p transitions. See Table C.1 and Table C.2 for all assigned transitions. While further
improvement of the agreement between experimental and computational spectra for Cp''"">;Th™ might be
possible, the observed deviations are within the expected range for this type of calculation and
measurement.

Table C.1. Electronic excitation summary for Cp'">Th(IIl). All excitations computed are single

excitations. Oscillator strengths are reported in the length gauge. Only the dominant contribution to each
excitation is given. Wavelengths are given before the empirical shifts.

Wavelength Oscillator Dominant Contributions Assignment
(nm) Strength (len.) Occupied Virtual % Weight
1331.491 0.002118 200a 201a 99 6d-5f
1146.047 0.000416 200a 202a 99 6d-5f
872.469 0.018094 200a 203a 97 6d-5f
843.977 0.008253 200a 204a 94 6d-6d
804.481 0.015824 200a 205a 91 6d-5f
677.1 0.026727 200a 206a 97 6d-6d
469.252 6.76E-05 200a 207a 99 6d-5f
392.465 0.000466 200a 209a 66 6d-5f/7p
383.342 0.001958 200a 211a 36 6d-7p
378.922 0.000277 200a 208a 77 6p-7s
357.524 0.003224 199a (beta) 200a (beta) 81 ligand-6d
356.794 0.024435 200a 210a 34 6d-7p
349.28 0.020232 200a 212a 19 6d-5f
346.765 0.003313 199a 201a 36 ligand-5f
341.667 0.001892 198a (beta) 200a (beta) 29 ligand-6d
336.391 0.03993 198a (beta) 200a (beta) 52 ligand-6d
332.704 0.000161 199a 202a 45 ligand-5f
329.295 0.011262 200a 215a 24 6d-7p/5f
326.595 0.004668 200a 214a 25 6d-5f/7p
326.278 0.020491 198a 201a 25 ligand-5f
319.37 0.005908 199a (beta) 201a (beta) 42 ligand-5f
318.633 0.005171 200a 216a 53 6d-7p
314.171 0.000716 198a 202a 38 ligand-5f
308.439 0.0018 197a (beta) 200a (beta) 44 ligand-6d
307.558 0.001262 200a 218a 32 6d-5f
305.349 0.002512 200a 217a 77 6d-ligand
302.797 0.000224 196a (beta) 200a (beta) 44 ligand-6d
301.903 0.002958 199a (beta) 202a (beta) 16 ligand-5f
300.2 0.003544 198a (beta) 201a (beta) 47 ligand-5f
299.522 0.001585 199a 203a 29 ligand-5f
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Table C.2. Electronic excitation summary for [Cp™5;Th(II)]'". All excitations computed are single
excitations involving alpha spin to alpha spin transitions. Oscillator strengths are reported in the length
gauge. Only the dominant contribution to each excitation is given. Wavelengths are given before the
empirical shifts.

Wavelength Oscillator Dominant Contributions Assignment
(nm) Strength (len.) Occupied Virtual % Weight
1224.814 0.002683 200a 201a 86 6d-5f
1111.132 0.006445 200a 202a 84 6d-5f
745.839 0.012243 200a 204a 68 6d-5f
715.307 0.092606 200a 203a 65 6d-5f
664.755 0.063639 200a 205a 91 6d-51/7p
581.807 0.001257 200a 206a 99 6d-51/7s
518.257 0.075669 200a 207a 88 6d-51/7p
489.455 0.008859 200a 208a 87 6d-51/7p
470.931 0.004468 200a 209a 83 6d-5f
458.237 0.002657 200a 210a 86 6d-ligand
448.737 0.000637 200a 213a 75 6d-51/7p
414.247 0.000744 200a 211a 97 6d-ligand
405.863 0.008979 200a 212a 82 6d-5f/ligand
397.085 0.01576 200a 214a 51 6d-ligand
391.431 0.004325 200a 214a 43 6d-ligand
380.064 0.034544 200a 217a 34 6d-ligand
377.865 0.024441 200a 215a 54 6d-ligand
368.028 0.037609 200a 218a 50 6d-ligand
364.719 0.05238 200a 220a 28 6d-ligand
358.642 0.037904 200a 219a 37 6d-ligand
355.528 0.013451 200a 222a 42 6d-ligand
346.756 0.02 200a 221a 71 6d-ligand
341.7 0.056314 200a 223a 68 6d-ligand
335.135 0.011736 200a 224a 50 6d-ligand
327.258 0.001551 200a 225a 70 6d-ligand
320.02 0.013957 200a 226a 82 6d-ligand
318.131 0.002525 200a 227a 43 6d-ligand
316.632 0.004579 200a 227a 49 6d-ligand
309.705 0.025676 200a 230a 92 6d-ligand
309.287 0.001987 200a 229a 91 6d-ligand
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Figure C.2. Simulated (blue) and experimental (black) UV-visible spectra for Cp™*>;Th'™ (top), and
[K(crypt)][Cp™™*5;Th"] (bottom). The computed TDDFT oscillator strengths are shown as blue vertical
lines. Each calculated spectrum was empirically blue shifted by 0.30 eV and a Gaussian line broadening
of 0.15 eV was applied.
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Appendix D:

v Irradiation of Organometallic Yb(II) Species

Gamma irradiation was first found successful in the generation of Ln(Il) ions via reduction of
Ln(III) ions by electrons excited from a CaF, matrix by y-irradiation.' These ions were characterized by
optical spectroscopy for ions across the series. Subsequently, Sm(I) ions were generated via reduction of
Sm(II) ions by electrons excited from a KC1 matrix by y-irradiation.? In Chapter 3, an approach designed
for bioinorganic systems was modified to allow for the y-irradiation of organometallic Ln(III) precursors in
frozen glasses of 2-MeTHF at 77 K. The evidence presented in that Chapter demonstrates that the technique
can generate known [Ln"As]'” complexes (A = anion) as well as Ln(II) species that have thus far not been
isolable chemically.

Given the result showing the formation of Sm(]), it was hypothesized that the method described in
Chapter 4 may be able to generate as yet chemically unisolable Ln(I) species as well. Efforts to obtain
spectroscopic characterization of species with oxidation states lower than +2 are included in this appendix.

Gamma Irradiation of Yb(II). Ytterbium was the first nucleus chosen for investigation, because
in the +2 oxidation state, it has a 4f'* electron configuration. Since the 4f shell is full, reduction would likely
result in the occupation of an orbital reflecting majority Yb 6s- and/or 5d-orbital character. This is
important, because anisotropic f-electron configurations typically preclude observation by EPR
spectroscopy due to the rapid relaxation from strong spin-orbit coupling. Ytterbium also has two EPR-
active isotopes, I('"'Yb, 14%) = s and I('*Yb, 16%) = °/». The latter is especially important, as it was found
that though Y (II)-containing complexes could be generated by the y-irradiation method and characterized
by UV-visible absorbance spectroscopy, they could not be characterized by EPR spectroscopy since their
signals overlapped significantly with the organic radical and free electron signals generated from the
irradiated solvent. Hence, the I = */, nuclear spin of '*Yb is beneficial because it could spread the EPR
signal over a greater magnetic field range due to coupling of the unpaired electron with the non-integer
nuclear spin.
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First, an Yb(II) salt was examined. Freshly grown crystals of [K(crypt)][Yb(OAr*);] (OAr* =~
CsHz-Ad>-2,6'Bu-4; Ad = 1-adamantyl) obtained with the help of my coworker Lauren Anderson-Sanchez
were dissolved in 2-MeTHF at room temperature in an argon-filled glovebox, loaded into a quartz EPR
tube, and the tube was capped. After rapidly freezing the tube in a Dewar filled with liquid nitrogen, the
system was exposed to *’Cs gamma irradiation for 16 hours. Analysis of the resulting sample with EPR

spectroscopy yielded the spectrum shown in Figure D.1.

500 1500 2500 3500 4500 5500
Magnetic Field (G)
Figure D.1. X-band CW EPR spectra of 2-MeTHF (black) and 0.09 M [K(crypt)][Yb(OAr*)s] in 2-
MeTHF (blue) collected in perpendicular mode at 77 K after 16 hr y-irradiation.

There are clear differences between the two spectra in Figure D.1, with differences located at g =
7.70 (875 G), g=4.00 (1700 G), g=2.75 (2450 G), and g = 1.70 (3980 G). The average difference between
the low field signals of 787.5 G is similar to half the difference (765 G) between the two higher field signals,
indicating a possible signal near g = 2.00 (3215 G) that is hidden by the organic radical and free electride
generated from y-irradiation of 2-MeTHF. These signals are clearly not due to the irradiated solvent or 4f'*
Yb(II), but their low intensity and ambiguous symmetry environment (isotropic vs axial, vs rthombic)
preclude definitive identification.

Since neutral aromatic rings near reduced rare-earth metal centers are also known to undergo partial

or full reduction, a second Yb(II) salt was attempted as well. Fresh [K(crypt)][Cp'3Yb] was dissolved in 2-
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MeTHEF and subjected to the gamma irradiation method described above. The resulting spectra are shown

4
l—
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below in Figure D.2.

it ]

Figure D.2. X-band CW EPR spectra of 2-MeTHF, 7 hrs (black) and 0.26 M [K(crypt)][Cp’3YD] in 2-
MeTHEF, 7 hrs (blue), and 0.21 M [K(crypt)][Cp’3Yb] in 2-MeTHEF, 6.5 hrs (red), collected in
perpendicular mode at 77 K.

Again, there appear to be signals that are distinct from the irradiated 2-MeTHF sample, which also
do not correspond to Yb(II): g =9.64 (730 G), g = 8.15 (830 G), g=6.80 (990 G), g =6.03 (1125 G), g =
4.83 (1380 G), g =3.95 (1705 G), g=2.50 (2710 G), g = 2.30 (2900 G), g = 2.20 (3060 G), and g = 1.80
(3770 G). These signals are repeatable across different batches of [K(crypt)][Cp'3Yb] as evidenced by the
blue and red spectra in Figure D.2.

To investigate the electronic structure of a potential [Cp’sYb]*  dianion, calculations were
performed using density functional theory (DFT) with the TPSSh hybrid meta-generalized gradient density
functional' with the D3 dispersion correction®® and the resolution of the identity (RI-J) approximation.*
Scalar relativistic effective core potentials with the def2-TZVP basis set’ were used for ytterbium and the
polarized split-valence basis set def2-SV(P) was used for other atoms.® The continuum solvent model
COSMO’ was used with the default parameters, including & = c. All calculations were performed with the

TURBOMOLE package V7.6.*°
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Calculations were conducted starting from the XRD-derived coordinates for the [Cp’sYb]'", adding
an electron, and optimizing the geometry. The calculated HOMO is a diffuse orbital with a mix of Yb
character (approximately 35% s, 40% p, and 5% d). The qualitative picture can be seen below in Figure
D.3, and the orbital is reminiscent of a Rydberg state given the diffuse nature of the electron density. A
diffuse orbital may incur weak coupling with the Yb nuclear spin, which would likely result in an EPR

signal over a narrower range of magnetic field.

Figure D.3. Calculated HOMO (g = —0.946 eV) plotted with a contour value of 0.05.
Additionally, the signals, though different from [Cp’3Yb]'™ and irradiated 2-MeTHF, are not
necessarily attributable to Yb(I). Since simulation with EasySpin has been unsuccessful in yielding spectra
that match the experimental, control studies on a neutral species without another Lewis acidic species
present were conducted. Specifically, the species Cp2Yb(THF)' [Cp"’ = CsHa(SiMes)s] was synthesized.
This solvated metallocene was dissolved in 2-MeTHF and irradiated per the procedure above to yield the

spectrum below in Figure D.4.
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Figure D.4. X-band CW EPR spectra of 2-MeTHF (black) and 0.25 M Cp"’,Yb(THF) in 2-MeTHF (blue)
collected in perpendicular mode at 77 K after 6 hr y-irradiation.

Some signals appear which are not present in the 2-MeTHF solvent control and which do not
originate from the Yb(II) starting material, Cp"", Yb(THF). These signals appear at g = 2.58 (2600 G), g =
(2880 G), g=2.12 (3165 G), g=1.80 (3750 G), g = 1.72 (3900 G), and g = 1.65 (4065 G). It is unknown
what these signals correspond to.

To investigate if alkali metal cations could potentially be reduced from these gamma irradiation
setups, two solutions of CsF were prepared. Cs may be advantageous versus K in observing an EPR signal
given the greater nuclear spin: I(**Cs, 100%) = "/> vs I(*K, 93%) = I(*'K, 7%) =*/>. In one case, CsF (0.055
g, 0.36 mmol) and crypt (0.129 g, 0.34 mmol) were stirred in 2-MeTHF (1.00 mL) overnight to solubilize
the salt. In the other case, CsF (0.346 g, 2.3 mol) is dissolved in DI water (0.3 mL). After subjecting these
samples to the gamma irradiation procedure described above, the aqueous sample turned bright purple,
while the 2-MeTHF sample turned slate blue, see Figure D.5 below. However, both EPR spectra show
nothing different than their respective irradiated solvents. This indicates that the [K(crypt)]'" is likely not

getting reduced in the irradiation attempts of [K(crypt)][ Yb(I)] salts.
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Figure D.5. Photograph of 4.5 M CsF in DI water (left) and 0.34 M Cs(crypt)F in 2-MeTHF (right)
following 7 hrs of y-irradiation.
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Appendix E:

Exploring the Synthesis of Th(SAr"), and Y(SAr*'®); (SAr"" = 2,4,6-trimethylbenzenethiolate)

Organometallic rare-earth and actinide metal complexes are commonly ligated by first row, main
group-based ligands, most predominantly are those based on carbon, nitrogen, and oxygen. Some examples
of mixed first and second row complexes are known as well as a few examples of complexes bound solely
to second row p-block elements, including Sm(SAr®");' (Ar'®" = 2,4, 6-tritertbutylbenzenethiolate) and
Y[P(SiMes),]5%. Since the lower rows in the p-block have more diffuse orbitals, they are considered softer
ligands versus the smaller, more charge-dense “hard” first row elements. Considering that the reduction of
non-traditional Ln(IIT) complexes to Ln(Il) incurs the population of an orbital having largely d character,
this makes the metal center a softer Lewis acid. Given the propensity for soft Lewis acids to bind well with
soft Lewis bases, it was of interest to synthesize organometallic rare-earth and actinide metal complexes
bound by second row p-block ligands.

A commercially available thiolate, SAr™® = 2,4,6-trimethylbenzenethiolate, was chosen for this
investigation. Yttrium and thorium were chosen as the target metal ions because they are diamagnetic in
their most stable oxidation state (+3 and +4 respectively), allowing for the use of "H NMR spectroscopy as
an informative analytical tool. Furthermore, upon reduction, these complexes have diagnostic EPR spectra
that would facilitate characterization of any reduced product.

Y(SArY);. Three equivalents of HSAr™® (0.15 mL, 1.0 mmol) were added dropwise to a stirred
solution of Y(NR»); (R = SiMes) (0.202 g, 0.35 mmol) in hexanes. A white precipitate forms nearly
immediately, and the suspension was stirred for 1 h at room temperature to ensure completion. The white
precipitate was separated by centrifugation, isolated, and dried in vacuo to yield “Y(SArM);” (0.113 g,
64%). "H NMR (THF-ds, 500 MHz): 6 6.70 (s, 2H), J 2.34 (s, 6H), § 2.14 ppm (s, 3H). See Figure E.1 for
spectrum.

Three equivalents of LiSAr™® (0.038 g, 0.26 mmol) in 3 mL THF were added to a solution of YCl;

(0.017 g, 0.09 mmol) in 3 mL THF. The mixture was stirred at 60 °C overnight. Insoluble material was
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filtered, and the solvent was removed from the filtrate under vacuum to yield “Y(SAr"¢);” (0.044 g, 99%).

"H NMR (THF-ds, 500 MHz): § 6.70 (s, 2H), § 2.34 (s, 6H), § 2.14 ppm (s, 3H). See Figure E.1 for spectrum.
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Figure E.1. '"H NMR spectra of the products from multiple synthetic pathways geared towards the

generation of Y(SAr'),.
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Figure E.2. '"H NMR spectra comparison of protonated ligand (HSAr™®), the potassium salt of the ligand

(KSArMe), and the product isolated from a reaction of 3KSAr™® and YCls.

112



Th(SAr™),. A volume of 5 mL of THF was pipetted onto an intimate mixture of ThBry(THF),
(0.098 g, 0.12 mmol) and LiSArMe (0.070, 0.49 mmol). The mixture was stirred overnight at room
temperature. The suspension was centrifuged, the filtrate was decanted, and the solvent was removed in
vacuo to yield “ThSAr™¢,” (0.040 g, 44%). "H NMR (THF-ds, 500 MHz): § 6.67 (s, 2H), 6 2.32 (s, 6H), ¢

2.12 (s, 3H). See Figure E.3 for spectum.
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Figure E.3. "H NMR spectra comparison of protonated ligand (HSAr™®), the potassium salt of the ligand
(KSArMe), and the product isolated from a reaction of 4KSAr™® and ThBr,THF..
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Appendix F

Synthetic and EPR Spectroscopic Contributions to a

Project Examining the EPR Signals of U(II) Complexes

In order to study the EPR spectroscopy of mixed principal quantum number systems, my colleague

Dr. Justin Wedal collected EPR spectra for a number of U(II) complexes, some of which have been
characterized as having 5f°6d' electron configurations and some of which have been characterized as having
5t electron configurations. All U(II) complexes with the latter 5f' electron configurations including
[K(crypt) [{[(**M°ArO);mes]U} (**M°ArO = 2,6-di-1-adamantyl-4-methylphenoxide) and U(NHAr"*),
(NHAr™™ = 2,6-(2,4,6-Pr;CsH,)C¢H3) were found to be EPR silent at 5 K, 10 K, and 77 K. The U(II)
complexes studied that display the mixed configuration include [K(crown)(THF),][Cp”sU],
[K(cryp)][CpsU],  [K(erypt)][Cp*5U] (Cp™ = CsMesH), [K(eryp)][UNRz)] (R = SiMes),
[K(crypt)][(CsMes)U(NR2)], [K(crypt)][(CsMes)U(NR:).], [K(crypt)][(CsMes)U(Cp*)],
[K(crypt)][(CsMes)U(CsHs)], [K(crypt)][U(OAr)s], and [K(crypt)][(CsMes),U(NPh;)]. The first three
homoleptic compounds listed were isolated as crystalline solids from reductions with KCs and crypt, and
the rest were generated in situ from reductions with KCs and crypt. All 5£6d' U(IT) complexes unexpectedly
display similar two-line axial signals with g =2.04 and g, = 2.00 at 77 K in perpendicular mode collected
with an X-band, continuous wave EPR spectrometer. All of the same complexes were silent in parallel
mode.

This result was unexpected because it was thought that the coupling between the 5f electrons and
6d electron would be sufficiently strong to preclude observation via EPR spectroscopy, which has been seen
for lanthanide complexes retaining an 4f"5d' electron configurations. Conversely, if the coupling between
the 5f and 6d electrons were sufficiently weak, an EPR signal might be observable for the 5f electrons

and/or the 6d electron. Qualitatively, this appeared to be the case given the axial signal observed for all of

T Portions of this appendix have been submitted for publication: Wedal, J. W.; Moore, W. N. G.; Villareal,
D.; Fu, W; Lukens, W. W.; Evans, W. J. Perplexing EPR Signals from 5f°6d' U(II) Complexes. Submitted.
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the 5£6d' U(II) complexes. Dr. Wedal also collected spectra on U(IIT) complexes and determined that the

tet

signals near g = 2.00 were not consistent with U(III). For instance, Cp*';U exhibits a broad signal near 2100
G.

In order to further evaluate the results obtained by Dr. Wedal and determine whether these
apparently axial signals were due to the 5£°6d' U(II) complexes or to some other impurity present, several
control experiments were conducted. A control experiment was run by passing a cold (=78 °C) solution of
crypt in THF (0.24 M) through a column of KCg packed above a pipette filter straight into an EPR tube,
freezing the tube in liquid nitrogen, and taking an EPR spectrum. The spectrum shows the signal in Figure
F.1 below, which clearly does not match the U(II) spectrum, indicating that KCs/crypt is not solely
responsible for the signal observed in the spectrum. Additionally, in order to determine whether a low valent
species generated with a small transition metal impurity in the graphite could be responsible for the signal,
[Li(THF)4][Cp"3U] and [Cp"U(u—Cp')2Cs(THF),], were synthesized according to literature procedures
using metal smears rather than graphitic reductants. Both complexes display nearly identical EPR spectra

to those observed for the other 10 5£6d' U(II) complexes (see Figures F.2 and F.3), eliminating the

possibility that the signal is arising from a graphite impurity.
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Figure F.1. X-band, CW EPR spectra collected in perpendicular mode at 77 K of the dark blue solution
generated by passing a THF solution of crypt (0.24 M) through a pipette column of KCjs ( ) and

crystalline [K(crypt)][Cp”3U] generated from reduction of Cp”sU with KCs (black).

3000 3100 3200 3300 3400 3500
Magnetic Field (G)

Figure F.2. X-band, CW EPR spectra collected in perpendicular mode at 77 K of crystalline [Cp"U(u—
Cp")2Cs(THF),], in THF (blue) and crystalline [K(crypt)][Cp''3U] generated from reduction of Cp"3U

with KC; (black).
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Figure F.3. X-band, CW EPR spectra collected in perpendicular mode at 77 K of crystalline
[Li(THF)4][Cp"3U] in THF (blue) and crystalline [K(crypt)][Cp”3U] generated from reduction of Cp''sU
with KCsg (black).

Furthermore, a warming experiment was conducted as follows. After collecting a spectrum on
[Cp"U(u—Cp">Cs(THF),],, the sample was warmed to room temperature for 1 minute by submerging the
sample tube in DI water. The tube was then dried and refrozen. A spectrum collected on this sample shows

that the signal remains present (see Figure F.4), consistent with the conclusion that the signal is not due to

an extremely sensitive byproduct of the reaction.

3000 3100 3200 3300 3400 3500
Magnetic Field (G)

Figure F.4. X-band, CW EPR spectra collected in perpendicular mode at 77 K of crystalline [Cp"U(u—
Cp")2Cs(THF),],, in THF (blue) and the same sample after warming to room temperature for 1 minute and
then re-cooling to 77 K (black).
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Appendix G:

Synthesis of Rare-earth Metal Species Containing the [CsH2(SiMes)s;]'” Ligand

Cyclopentadienyl ligands, CsRs (R = H, alkyl, aryl, silyl) have been essential to the development
of organometallic rare-earth metal and actinide chemistry. Given the large size of these metals, highly
substituted cyclopentadienyl ligands have consistently been successful in terms of isolating soluble
compounds that can be crystallized for X-ray diffraction studies. CsMes (Cp*), CsMesH (Cp'), CsHsSiMe;
(Cp"), CsHi(SiMe;3): (Cp"), and CsHa('Bu); (Cp™) have been particularly popular in the f-element area.
Additionally the bulky Cs'Prs ligand has stabilized a number of neutral (Cs'Prs),Ln(II) species.'

Less studied than these cyclopentadienyls is the CsHz(SiMes)s (Cp"’) ligand. Early attempts to
make a Sm(Il) complex of this ligand provided a crystal structure of the mixed cyclopentadienyl complex,
Cp”'Cp”"Sm(THF).® Although the HCp”' used in its preparation appeared to be pure by *H NMR
spectroscopy, conversion to KCp'”’ via potassium hydride and reaction with SmI, THF, generated the mixed
ligand species that was isolated and characterized by XRD studies and NMR spectroscopy.

Eventually, Cp">Ln(THF) (Ln = Sm, Yb) species* were generated and characterized by XRD
studies and NMR spectroscopy. These structures are notable in that only one THF molecule coordinates to
the metal center. In the case of (CsMes),SmTHF,, two THF molecules are bound. The difference of two
versus one bound THF indicates that Cp'" has a significantly larger steric profile than CsMes. Mills and co-
workers reported the synthesis of a series of Cp™ complexes that included Cp",LnCLK(THF),,
Cp""»Ln(allyl), and Cp""2Ln(u—Ph),BPh, (Ln =Y and Dy).’ Even in the case of the final complex, the metal
centers coordinate the tetraphenylborate ligand via interactions with two phenyl rings, similar to the CsMes-
containing structure (CsMes).Y (u—Ph).BPh,.

In this Appendix, efforts to desolvate Cp’”>Ln(THF) (Ln= Sm, Yb) complexes and to form Cp™'>Nd
are described. Initially, the syntheses of Cp'">Ln(THF) (Ln = Sm, Yb) were replicated in order to obtain
more spectroscopic characterization to help determine if these complexes could be desolvated.

”n

Characterization of the Cp"",Ln(THF) complexes by IR spectroscopy was conducted first, see Figure G.1.
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Furthermore, desolvation of Cp"">Sm(THF) was attempted by placing the complex in a sublimation tube
under vacuum at 10~* Torr. The complex sublimes at = 70 °C and retains the dark purple color characteristic
of the solvated species. An IR of the sublimed product was obtained and is compared with that of
Cp">Sm(THF) below. Few, if any, differences are observable. In fact, two extra bands are visible at
approximately 980 and 920 cm™'. It is possible that under these conditions, the complex decomposes by
cyclometallation of a trimethylsilyl group in the Cp’” ligand or by some other mechanism.

Cp’":Sm(THF); IR v, cm™": 3040w, 2949m, 2892w, 1428w, 1400w, 1341w, 1312w, 1242s, 1178w,
1139w, 1090m, 1077m, 1020w, 1002m, 937m, 922m, 817s, 745s, 680m

Cp'"">Sm(THF) after sublimation; IR o, cm 'z 3684w, 3684w, 3044w, 2951m, 2895w, 1522w,
1432w, 1403w, 1344w, 1315w, 1245s, 1141w, 1115w, 1091m, 1078m, 1003w, 977w, 938w, 924w, 905w,
824s, 749s, 686s

Cp'"2Yb(THF); IR v, em™": 3044w, 2950m, 2892w, 1424w, 1401w, 1342w, 1314w, 1240s, 1139w,

1087m, 1074m, 1023w, 1002m, 939w, 923w, 820s, 745s, 681s
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Figure G.1. IR spectral overlay of Cp'”">Sm(THF) before (black) and after (blue) sublimation.
Given the difficulty of desolvating rare-earth metal metallocenes, the synthesis of these complexes
with starting material free of coordinating solvent was pursued. Therefore, unsolvated NdI; was synthesized
by modifying a procedure published by Prof. Gerd Meyer.°
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NdIs. In an argon-filled glovebox, freshly shaved Nd metal (5.0 g, 35 mmol) and freshly cleaned
ammonium iodide (31.0 g, 214 mmol) were ground together with a mortar and pestle. The mixture was
dispersed evenly along a heavy-walled sublimation tube (7 cm diameter, 30 cm length). The sublimation
tube was closed via a 24/40 adapter, and the apparatus was removed from the glovebox. The apparatus was
then placed in a horizontal tube furnace and attached with Tygon tubing to a three way joint with an argon
inlet and a bubbler release. The line was purged with argon for 30 min. The tube was then opened to Ar and
heated to 300 °C in increments of 50 °C per hour, and then left under dynamic Ar overnight at 280 °C. The
apparatus was then evacuated while the temperature was maintained at 280 °C, and excess NH4I was readily
removed via sublimation. The resulting dark green powder was brought into the glovebox and examined
by IR spectroscopy. No signal for an N-H stretching vibration was visible in the IR spectrum.

Cp'"">2NdI(THF). Solid KCp"" (0.750 g, 2 mmol) was tapped into a vial of NdIs (0.604 g, 1 mmol)
stirring in 15 mL of diethylether. The light green solution turned light blue after 1 hr stirring. The diethyl
ether was removed under reduced pressure after 2 hr. The material was then dissolved in toluene and heated
at reflux for 72 hr. The toluene was then removed under reduced pressure, hexanes were added, and the
suspension was stirred overnight. Centrifugation reveals a greyish-white precipitate and a yellow-brown
solution. The solution was decanted, and the hexanes were removed under vacuum to yield crude
Cp"">2NdI(THF) (0.654 g, 0.8 mmol, 68%). Slow evaporation of a concentrated hexanes solution yielded
light blue crystals Cp'">NdI(THF) suitable for XRD studies. A concentrated hexanes solution left at =35 °C
over two nights yielded crystals of an impurity: [Cp"'Cp"Nd(¢—CI)]..

Crystal Analysis. The crystal structure of Cp'’>NdI(THF) indicates that despite not using THF
explicitly during the synthesis of this complex, it is coordinatively unsaturated enough that it will bind
adventitious THF present in the glovebox atmosphere. It is suggested that future syntheses occur in a
glovebox free of coordinating solvents.

The crystal structure of [Cp"’Cp"’Nd(u—Cl)]> indicates that a free ligand purity of = 80% (by 'H
NMR spectroscopy) is insufficient to yield pure Nd-containing product sans the Cp” ligand. This is
consistent with prior studies using the Cp"’ ligand. Additionally, the presence of the bridging chloride
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ligands suggests that aside from KCp”, another impurity likely derives from the trimethylsilyl chloride used
in the synthesis of the HCp'" intermediate. In this structure, it is interesting that the larger Cp'’ ligands are
cis to one another rather than trans, given their greater steric requirement than Cp”. It was investigated
whether dispersion forces could be playing a role in the formation of this isomer by determining the number
of H...H contacts within 2.4 A. It was found that there are a total of 2 such contacts, with the number rising
to 6 if the limit is expanded to 2.7 A.

Table G.1. Metrical comparison between the two [Cp”'Nd] species crystallized.

Bond [Cp"'Cp"Nd(u—CD]> (A) Cp'"aNdI(THF) (A)
Nd—Cp"’(cent) 2.455 2.481
2.487 2.489
Nd—Cp"'(cent) 2.487 -
2.464
Nd-I 3.144(11) 3.0647(6)
3.145(6)
3.103(6)
3.136(11)
Nd-Cl 2.797(2) 2.695(6)
2.800(3)
2.795(3)
2.799(2)
Nd-THF - 2.4581(18)

Figure G.2. ORTEP of Cp"’,NdI(THF) with ellipsoids drawn at the 50% probability level and hydrogen
g

atoms omitted for clarity.
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Figure G.3. ORTEP of [Cp"'Cp''Nd(u—Cl)], with ellipsoids drawn at the 50% probability level and
hydrogen atoms omitted for clarity.

"

Desolvation of Cp'">Ln(THF) species via sublimation to generate unsolvated metallocenes has
been unsuccessful so far. The use of an unsolvated lanthanide halide starting material does function to
generate complexes with the Cp' ligand bound, namely [Cp”’Cp”Nd(u—Cl)]» and Cp'">NdI(THF).
However, the latter indicates that the Nd metal center (larger than Sm and Yb) is sterically unsaturated even

"

with two Cp"” ligands and an iodide bound. Thus, attempts to synthesize unsolvated Cp’’,Ln species should
occur in gloveboxes or Schlenk lines free of atmospheric coordinating solvents in the atmosphere.
Furthermore, as has been shown in prior studies with the Cp'”’, ligand purification is essential to obtain bulk
purity based on the bridging chloride crystal structure incorporating Cp"’ ligands.

X-ray Data Collection, Structure Solution and Refinement for [Cp’"'Cp’'Nd(u—Cl)].. A blue
crystal of approximate dimensions 0.123 x 0.183 x 0.194 mm was mounted in a cryoloop and transferred
to a Bruker SMART APEX II diffractometer system. The APEX2° program package was used to determine
the unit-cell parameters and for data collection (90 sec/frame scan time). The raw frame data was processed

using SAINT’ and SADABS® to yield the reflection data file. Subsequent calculations were carried out

using the SHELXTL’ program package. The diffraction symmetry was 2/m and the systematic absences
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were consistent with the monoclinic space group P21/c that was later determined to be correct. The structure
was solved by direct methods and refined on F* by full-matrix least-squares techniques. The analytical
scattering factors'® for neutral atoms were used throughout the analysis. Hydrogen atoms were included
using a riding model. The chlorine and iodine atoms were disordered and were included using multiple
components and partial site-occupancy-factors as 95:5 CI1:I1 and 90:10 CI2:12. Least-squares analysis
yielded wR2 = 0.1126 and Goof = 1.083 for 625 variables refined against 21021 data (0.70 A), R1 =0.0581
for those 14170 data with 1> 2.0c(I).

X-ray Data Collection, Structure Solution and Refinement for Cp’’';NdI(THF). A green
crystal of approximate dimensions 0.096 x 0.115 x 0.242 mm was mounted in a cryoloop and transferred
to a Bruker SMART APEX II diffractometer system. The APEX2’ program package was used to determine
the unit-cell parameters and for data collection (30 sec/frame scan time). The raw frame data was processed
using SAINT® and SADABS’ to yield the reflection data file. Subsequent calculations were carried out
using the SHELXTL'® program package. The diffraction symmetry was 2/m and the systematic absences
were consistent with the monoclinic space group P2/c that was later determined to be correct. The structure
was solved by direct methods and refined on F? by full-matrix least-squares techniques. The analytical
scattering factors'' for neutral atoms were used throughout the analysis. Hydrogen atoms were included
using a riding model. Several atoms were disordered and included using multiple components and partial
site-occupancy-factors, and geometric and displacement constraints (SADI, SIMU). The disorder for the
iodine and chlorine atoms was modeled as 75:25 iodine:chlorine. Least-squares analysis yielded wR2 =
0.0732 and Goof = 1.032 for 475 variables refined against 12060 data (0.73 A), R1 =0.0319 for those 9626
data with I > 2.0c(I).
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Code
wgml
wgm?2
wgm3
wgm4
wgmS
wgm7
wgmll*
wgm13
wgml5
wgml6

wgml7

Appendix H:

Crystallographic and Computational Details

Formula

Cp'2Yb(THF),
[(THF)Cs(u—°:n*~Cp')sTm],
[(18c6)Cs][Cp']

[Cs(u—:°~Cp")3Y bl
[(THF)Nay(18¢6).][Cp'sY ]2
[Na(crypt)][Cp'sY]
[Ba(crypt)Cp][Cp2Yb(u—OSiMe3), YbCp:]
(CsMes), Y (u—:n'—~CCCCH2) Y(CsMes),
Cp*2Y-O-YCp*,

[Cp"'Cp''NdCl],

Cp"",NdI(THF)

* Structure is connectivity only.

11.2
9.4

16.7
9.5

11.8
16.2
15.6
16.0
11.5
22.0

16.7

125

11.9

16.8

17.2

19.6

27.1

13.2

21.6

14.7

11.5

25.9

13.1

20.2

21.0

8.7

17.0

27.9

26.0

15.8

17.2

14.2

12.3

20.5

90.0

90.0

90.0

90.0

90.0

90.0

90.0

90.0

90.0

90.0

90.0

90.0

91.9

90.0

90.7

99.3

100.4

97.9

100.7

90.0

102.8

93.3

90.0

90.0

90.0

90.0

90.0

90.0

90.0

90.0

90.0

90.0

90.0

Volume

2699

3347

2500

3179

8853

5485

5296

3972

1878

6871

4471





