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Abstract

Synthesis of low-valent lanthanide organometallics for photocatalysis and electronic structure
studies

by
Amy E Kynman
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Polly Arnold, Chair

Chapter 1. To date, the exploration of ligands that can support cerium, or any other lanthanide
(Ln), in photocatalysis has been limited to halides, pseudohalides, and simple nitrogen donors.
No organometallic photocatalyst has yet been reported that combines the photoexcitable cerium
cation with strongly binding, multifunctional, tunable ligands. This chapter conveys the
synthesis and characterization of a range of cerium photocatalysts, alongside a new family of
photoactive Ln(IIl) compounds (Ln = La, Nd, Sm) supported by a light-absorbing tunable
aryloxide-tethered N-heterocyclic carbene (NHC), tetramethylcyclopentadienyl (CpMe4), and
pseudohalide ligands. The synthesis and characterization of the trivalent uranium analogue of
these species is also presented, alongside investigation into the photophysical properties of
select complexes.

Chapter 2. The complexes described in Chapter 1 are capable of the rare, selective,

photocatalytic C—F bond functionalization of sp3 hybridized C-F bonds, when used in
conjunction with magnesium alkyl reagents. The work described in this chapter is, to the best
of our knowledge, the first example of catalytic C—F bond activation and functionalization
mediated by a rare-earth metal complex. Ligand light-absorption and redox non-innocence
allows for the photocatalysis to be accessed even by typically photo- and redox-inactive metals
including lanthanum and magnesium. Through a combination of experiment and theory, this
work provides unique insight into the cooperativity between metal and ligand in photocatalysis,
and the significance of ligand redox-non innocence in radical mechanisms.

Chapter 3. The studies described in Chapter 2 of this thesis conclude that specialized, light-
absorbing aryloxide ligands are required for the efficient photocatalytic cleavage of strong C—
F bonds by Ln complexes. In this chapter, trivalent Ln tetramethylcyclopentadienyl complexes
(Ln = La, Ce, Pr, Nd, Sm) are shown to photochemically activate the weaker sp3 carbon—
chlorine bond of chlorinated hydrocarbons via a reactive lanthanide alkyl species. Because
light absorption by the CpMe4 ligand is efficient, photocatalytic reactivity is enhanced for
cerium and possible for neighboring, normally photoinactive, Ln congeners. Calculations are
utilized to further understand the mechanism of this process, and preliminary results in the
catalytic dechlorination of polyvinyl chloride (PVC) are presented.
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Research Motivation

Catalytic reactions are crucial in many industrial processes, including the synthesis of valuable
feedstock chemicals, and biologically active compounds that are of use in pharmaceuticals.
Carbon—carbon bond forming reactions are of particular significance, as they allow for the
construction of complex molecules via simple organic building blocks. In many C-C bond
forming reactions the first, and often rate-determining, step in the catalytic cycle is the carbon-
halide (C—X) bond activation of a substrate in a metal-mediated oxidative addition reaction.
Through subsequent reaction of the resulting hydrocarbyl fragment with an appropriate
coupling partner, such as an organometallic nucleophile, a target molecule can be accessed.
Pioneering works by Stille, Negishi, Heck and Suzuki used this strategy to great success, and
as such considerable research effort has been directed at the expansion of coupling partners
and accessible organic halide substrates in related reactions. However, despite advances, the
coupling of C(sp®) fragments remains challenging.

Over recent years, the development of metallaphotoredox catalysis has enabled new, useful
synthetic methodologies to be accessed. Photoredox catalysis centers on ability of metal
complexes or organic dyes to generate reactive intermediates, through their conversion of
visible light into chemical energy through engaging in single-electron transfer (SET) reactivity
with organic or organometallic substrates. This strategy can provide access to diverse reactive
radical species under mild conditions and has consequently aided the development of a wide
range of previously inaccessible organic transformations. Significantly, the ability to ‘switch
on’ a catalyst through irradiation with light of a specific wavelength, particularly low energy
wavelengths at which common organic molecules do not absorb, is useful in optimizing both
the selectivity and energy efficiency of a reaction. However, detailed mechanistic studies of
these systems are challenging due to their complexity.

Photoredox reactions using metal complexes has so far primarily focused on the study of cobalt,
copper, gold, iridium, nickel, palladium, rhodium, and ruthenium, many of which are expensive
and in low supply. Little research has been carried out into photoredox catalysis using f~block
elements, which are generally understudied relative to transition metals. Lanthanides in
particular are cheap, earth-abundant, and generally non-toxic. Their accessibility and unique
reactivity provide an opportunity to supplement or even supersede rare and precious metal
photosensitizers. Amongst the lanthanides, research into photocatalysis has primarily focused
on the study of cerium. Cerium is highly abundant and possesses a unique doublet to doublet
4f — 5d excitation and emission, which can lead to good energy conservation without losses
through spin-state changes. Some cerium photocatalysts have demonstrated photoexcited states
with unparalleled reducing power, allowing for the activation of organic substrates that have
not otherwise been activated by reported organic or transition-metal photocatalysts.

It is widely accepted that coordinating ligands are capable of drastically changing the reactivity
of metal complexes, and large research efforts have been dedicated to understanding the
relationship between ligand structure and activity in chemical transformations. The activity of
photocatalysts can also be manipulated by oxidation state modulation, and catalyst excitation,
both of which can be influenced by ligand design. However, the exploration of ligands that can
support cerium, or any other lanthanide-center, in photocatalysis is extremely limited. By
conducting investigations into f~block metal photocatalysis, their mechanisms, and the effects
of ligands in such reactions—particularly C(sp*)-X bond activations—the capability of rare-earth
catalysis can be expanded, and the fundamental knowledge of these elements improved.

v



Chapter 1

Synthesis and Characterization of Ln and An
Organometallic Photocatalysts



1.1 Overview

To date, the exploration of ligands that can support cerium, or any other lanthanide, in
photocatalysis has been limited to halides, pseudohalides, and simple N-donors.! No
organometallic lanthanide photocatalyst has yet been reported that combines the
photoexcitable cerium cation with strongly binding, multifunctional, tunable ligands. This
chapter conveys the synthesis and characterization of a range of cerium photocatalysts,
alongside a new family of photoactive Ln(IIl) compounds supported by a light-absorbing
tunable aryloxide-tethered N-heterocyclic carbene (NHC), tetramethylcyclopentadienyl
(CpMe4), and pseudohalide ligands. The photophysics of a selection of these compounds is also
explored to give further insight into their photoreactivity.

The author, in collaboration with Dr. Addison N. Desnoyer, carried out the synthesis and
experimental investigation of lanthanide photocatalysts at the University of California,
Berkeley. Dr. Andrea Di Giuseppe first synthesized and characterized cerium complex 1-Ce at
the University of Edinburgh, Scotland. Crystallographic data for 3-Ce was collected by Dr.
Rex Handford at beamline 12.2.1 of the Advanced Light Source (ALS) at Lawrence Berkeley
National Laboratory. Collection of fluorescence measurements was carried out by the author
with assistance from Dr. Leticia Arnedo Sanchez and Dr. Jennifer Wacker at Lawrence
Berkeley National Laboratory. TD-DFT studies were carried out by Yan Yang under the
supervision of Prof. Laurent Maron at the University of Toulouse. The author and Dr. Addison
N. Desnoyer guided these studies and interpreted data. The majority of this work has been
published in: Chem. Sci., 2022, 13, 14090-14100. Additional photophysical data of 1-CeMes,
1-Ce'Bu, 3-Ce and 4-Ce are included, alongside the synthesis and characterization of the
trivalent uranium complex 1-U.

1.2 Introduction

Photoredox catalysis has emerged over the last few decades as a powerful synthetic strategy
towards the construction of complex organic molecules.>* Recent advances have shown that
photocatalysts, which are typically either organic molecules or coordinatively-saturated
transition metal complexes, can undergo single electron transfer (SET) reactivity under
irradiation with visible light to enable a range of challenging transformations under mild
conditions.’ Examples of such processes include C—H activation,®® radical cross-coupling,’!2
and the valorization of lignin.!*'* However, despite their utility, detailed mechanistic studies
of photoredox systems are often challenging due to their inherent complexity and the short
lifetimes of photoexcited intermediates.

Many lanthanides are more abundant than copper and their salts are less toxic than those of
iron, so their potential for applications in catalysis is worthy of exploration.!>"!® In 1990,
divalent Sm, Eu, and Yb complexes Ln(Cp*), (Cp* = CsMes), were shown to more effectively
cleave vinylic C-F bonds when photolyzed, forming stoichiometric Ln(III) halide complexes
and suggesting the increased reducing power of the excited state of Ln(II).!” Subsequently,
analogous reactions to cleave the weaker C—CIl and C—Br bonds could be made catalytic in
Ln(II) halide (Ln = Sm, Eu, Yb), under UV-photolysis conditions, by the addition of sacrificial
reductant such as Zn or Al.2*2! The addition of simple donor ligands enabled benzylic C—Cl
cleavage by Eu(IT) under blue light irradiation.?? In addition the combination of Lewis acidic
LnX3 salts (X = halide, triflate) and an organic photocatalyst, or a photo-absorbing substrate,
has been useful in combining the Lewis acid activation with the enhancement in redox capacity
provided by the excited state of the photocatalyst.?> More efficient light-absorbing ligands such



as porphyrins, phthalocyanins, or porpholactones coordinated to lanthanide centers have been
used to stoichiometrically dechlorinate phenols,?* for certain selective C—H bond oxidations,?
and as sensitizers to generate singlet oxygen for photodynamic therapy.2%?’

Although only a few reports of lanthanide photoredox catalysis exist so far, Ce(Ill) complexes
have received the most attention. Cerium possesses both an accessible (III)/(IV) redox couple
and a formally allowed excitation from the 4/' ground state to the 54" excited state, which can
give rise to luminescence if appropriate ligands are used. The d-character of the excited state
is also significant from a synthetic standpoint as it makes the excited state redox potential
susceptible to changes in the ligand field. As a result, small modifications to a ligand
framework can have substantial effects on the energy of d-orbitals and therefore the excited
state reduction potential of the complex.?® As a by-product in rare-earth element (REE)
separations, cerium is also the cheapest and most readily isolated of the rare earths, offering a
promising alternative to current precious metal photocatalysts.

N(SiMeg), Cl
) BnCl Ph
(Me3Si)oN—Ce" (Me;Si),N—Ce'V + 12 pp >
_ hv \ “N(SiMe3),
N(SIMe3)2 N(SIMe )
3/2

Scheme 1.1. Ce(III) complexes bearing amido ligands as catalysts for halogen atom abstraction
of benzyl chloride, as published by Schelter et al.

Building on the pioneering work surrounding stoichiometric photoluminescent cerium
chemistry,?®3% in 2015 Schelter and co-workers demonstrated the first examples of Ce(III)
photocatalysis.*!3> They reported that Ce(II) complexes bearing amido and guanidinate
ligands were catalysts for the halogen atom abstraction of benzyl chloride (Scheme 1.1), though
the presence of both Na(N{SiMes},) and Ce metal were required for catalytic turnover.3>-3

They presented detailed photophysical studies and proposed an inner-sphere mechanism
involving Ce---CICR3 adduct formation prior to C—Cl bond cleavage, allowing for the
activation of substates that would be inaccessible through utilizing redox potentials alone.
Typically, electron transfer in redox reactions only progresses if the redox potentials of electron
donor and acceptor molecules are well matched, as dictated by the Gibbs free energy of the
reaction.** However, through the formation of a strong C—X bond (Figure 1.1), additional
thermodynamic driving force can be provided to the reaction. Subsequent work from the same
group using a more sterically congested Ce(III) tris(guanidinate) complex as catalyst and aryl
iodide as substrate was found instead to likely operate via an outer-sphere SET mechanism,
highlighting the mechanistic diversity that is possible in these systems as a consequence of
relatively small changes in reaction type.’

Despite this progress, the exploration of ligands that can support cerium, or any other
lanthanide-center, in photocatalysis has been limited to halides, pseudohalides, and simple N-
donors.! No organometallic lanthanide photocatalyst has yet been reported that combines the
photoexcitable cerium cation with strongly binding, multifunctional, tunable ligands. We have
developed a range of applications of organometallic lanthanide complexes in sustainable



catalysis,! 7183637 and considered that organometallic cerium complexes with light absorption
capability and sufficient space to form an inner sphere adduct could achieve efficient C—X

bond activation.
Ar
©/ ©N(SiMey),

HN SlMe3
- [Ce]"
S (SiMeg), X

*

|
[Ce]IV [Ce]lll
Oy %
WA

Figure 1.1. Inner sphere mechanism of C—X activation by a cerium photocatalyst proposed by
Schelter et al.

To probe this hypothesis and inform on the role of ligands in lanthanide photocatalysis, this
chapter presents the synthesis and characterization of a range of organometallic complexes
containing cerium, lanthanum, neodymium, samarium, and uranium. These metal candidates
were chosen for synthetic ease, and to give a range of ionic radii and redox potentials to study
in relation to their effects on f~-block photocatalysis.

The ionic radii of the lanthanides decreases from lanthanum to samarium due to the lanthanide
contraction.®® Trivalent uranium has a similar ionic radii to trivalent cerium,* though the 5/
orbitals of actinides are more diffuse than the 4/ orbitals of lanthanides. This is thought to allow
actinides to participate in more covalent interactions relative to the lanthanides;* the bonding
in lanthanide complexes is primarily ionic.*! Unlike cerium, the other lanthanide ions here do
not possess an accessible (III)/(IV) redox couple, though divalent samarium complexes can be
readily isolated and exploited in organic synthesis as reductants.*? Conversely uranium can
also be isolated in its (IV), (V) and (VI) oxidation states.*

1.3 Results and discussion
1.3.1 Synthesis of lanthanide and actinide complexes

The initial focus of this work was the Ce complex (CpMe4),Ce(L) (1-Ce, CpMe* = CsMesH)
where L is the bidentate aryloxide- N-heterocyclic carbene (NHC) ligand anion [2-O-3,5-'Bus-
CsH2(1-C{N(CH):N('Pr)})] previously studied by Arnold et al. for catalytic CO, conversions
and the transesterification of renewable esters by Ce(L); (Figure 1.2). In this case, the lability
of the NHC ligand is essential for substrate insertion and subsequent catalysis.!”!®
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Figure 1.2. Catalytic CO conversion and the transesterification of renewable esters by Ce(L)3
reported by Arnold et al. The lability of the NHC ligand is essential for substrate insertion and
subsequent catalysis.

The anionic aryloxy-NHC ligand L is capable of binding Lewis acidic metal cations via strong
M-O bonds. An equimolar protonolysis reaction of (CpM*);Ce (2-Ce) and L in toluene
produced the target complex in 82% yield, and crystals suitable for single crystal X-ray
diffraction can be grown from cold hexanes. The solution state 'H NMR spectrum (Figure 1.3)
of 1-Ce in CsDs comprised of resonances with chemical shifts ranging from +22 to -36 ppm,
consistent with a paramagnetic Ce(III) 4/ complex.

In the solid state, 1-Ce crystallizes in the P21/n space group (Figure 1.4). Upon comparison to
Ce(L)3 which occupies the P21/c space group,'” 1-Ce displays shorter Ce—O and Ce—C(NHC)
bond lengths (Table 1.1), suggesting a stronger interaction between the ligand and metal center.
In addition, the O—Ce—C(NHC) bond angle in 1-Ce is larger than the average angle in Ce(L)3
suggesting less steric bulk surrounding the cerium center.
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Figure 1.3. '"H NMR Spectrum of 1-Ce in C¢De.



Figure 1.4. Molecular structure of 1-Ce. Selected ellipsoids shown at 50% probability,
peripheral groups drawn as wireframe, hydrogen atoms and lattice solvent molecules have been
omitted for clarity. Color code: green — Ce; red — O; grey — C; blue — N.

Table 1.1. Bond metrics for the solid-state structures of 1-Ce and Ce(L)s.

1-Ce Ce(L)3

Ce—O bond length /A 2.293(1) | [average] 2.467
Ce—C(NHC) bond length /A | 2.642(2) [average] 2.742
O—Ce—C(NHC) bond angle /° | 72.68(5) [average] 69.14

It was our intention to use 1-Ce in light-driven reactions. Therefore, to aid in the understanding
of the effects of the ligands in this species on any potential catalytic reactions, a series of Ce(I1I)
complexes were prepared—Ce(CpMe4); (2-Ce) [(CpM*).Ce(u—CD)]2?, (3-Ce), (CpMe#),Ce(OAr)
(4-Ce, where OAr = 0-2,6-Bux-4-Me-CsHz),** (CpMe*),Ce(OT)(THF)* (5-Ce, OTf =
OSO:CF;, triflate) and (CpM®#),Ce(Bn)(THF)***7(6-Ce, Bn = CH,Ph, benzyl). The
heteroleptic cerium complexes 3-Ce—6-Ce were synthesized in good-to-excellent yield from
the same homoleptic starting material 2-Ce (Scheme 1.2) and characterized fully by standard
techniques including single crystal X-ray diffraction (XRD) (Figure 1.6).

The bridging chloride species 3-Ce, a potential mimic for the envisioned Ce—chloride adduct
resulting from a photocatalytic dechlorination reaction,®' could be synthesized via several
routes. The first is reaction of 2-Ce with chemical oxidant dichloro(phenyl)-A3-iodane,
PhICl>,*® in THF at room temperature, and the second is through a comproportionation reaction
between 2-Ce and cerium trichloride (CeCls) in THF at reflux. The latter was found to be a
more efficient synthetic pathway that produced fewer impurities. The former route appeared to
generate several unidentified by-products, presumably due to overoxidation, which could be
removed by subsequent recrystallization. In addition, it was favorable to use readily available
CeCls over PhICl, which is not commercially available and decomposes when exposed to heat
and/or light.
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Scheme 1.2. Syntheses of cerium complexes 3-Ce—6-Ce.

3-Ce can be isolated as a bright pink powder, or as yellow crystals which result from layering
a THF solution of the complex with hexanes. 3-Ce has very limited solubility in low polarity
organic solvents, being completely insoluble in hexanes, benzene, and toluene. Analysis of the
solid-state structure of 3-Ce (Figure 1.6, top) reveals a dimeric structure, with a Ce—Cl bond
distance of 2.842 A and Ce—Ce bond distance of 4.341 A. The Ce—Cl-Ce bond angle is 99.72°.
Bond metrics consistent with the few analogous complexes reported in the literature, ligated
instead with 2,5-di-zert-butylcyclopenta-2,4-dien-1-yl or ansa-Cp ligands (CSD-2100439).4-
> When bulkier Cp* or 2,3,5-tri-tert-butylcyclopenta-2,4-dien-1-yl (Cp”) ligands are invoked,
the bis cyclopentadienyl cerium chloride species can be isolated as a monomeric complex
rather than a dimer.>>>?

Further reaction of 3-Ce in a salt metathesis reaction with the sodium salt of 2,6-di-terz-butyl-
4-methylphenol in THF yielded 4a-Ce in 88% yield as a yellow solid.**>*7 The solvent-free
analogue of this complex (4b-Ce) can also be isolated as a red solid via an otherwise identical
route executed in hexanes, though an extended reaction time is needed due to the relative
insolubility of the ligand salt in this solvent. This complex is the analogue of 1-Ce but without
the chelating NHC side-arm on the aryloxide ligand. When comparing the solid-state structures
of 4a-Ce and 4b-Ce (Figure 1.6, middle), the C—Ce—Ce bond angle in 4a-Ce is 122.6°, smaller
than that found in 4b-Ce (126.2°), consistent with the increased steric hindrance from
coordinated THF to 4a-Ce. The Ce~O(THF) bond length in 4a-Ce is 2.582 A, indicating a
weak interaction, while the Ce—O(Ar) bond length in both complexes is shorter and stronger at
2.278 A. In comparison to 1-Ce the Ce—O bond is also shorter, which could be attributed to the
lack of chelating ligand that enforces a rigid coordination geometry.
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Figure 1.6. Molecular structures of complexes 3-Ce (top), 4a-Ce (middle, left), 4b-Ce
(middle, right), 5-Ce (bottom, left) and 6-Ce (bottom, right). Ellipsoids shown at 50%
probability, peripheral groups drawn as wireframe, hydrogen atoms and lattice solvent
molecules have been omitted for clarity. Color code: green — Ce; red — O; grey — C; blue — N;
yellow — S, bright green — F.



Complex 5-Ce was synthesized similarly to 3-Ce, through a comproportionation reaction of 2-
Ce with cerium triflate (Ce(OTf)3) rather than CeCl3.>® 5-Ce is thermochromic, appearing pale
yellow when cold (=30 °C) and bright yellow at room temperature in either solution or solid
state. The solid state structure of 5-Ce (Figure 1.6, bottom left) displays the triflate ligand
bound n? to the metal center.’® This is unusual for cerium complexes which are primarily
observed with triflate binding n' to the metal, and could arise in this case due to the relative
lack of steric bulk around the metal center and the weak coordination of THF.

Further reaction of 5-Ce with half an equivalent of dibenzyl magnesium (MgBn2(THF),) in
THF and subsequent work up yielded benzyl complex 6-Ce as a yellow microcrystalline
powder. The complex is dichroic in solution, appearing green in a dilute (ca. 5 mM) hexane
solution and yellow in a more concentrated hexane solution (ca. 50 mM). Recrystallization
from cold hexanes yielded a sample suitable for X-ray diffraction studies (Figure 1.6, bottom
right). The isolation and crystallographic characterization of lanthanide benzyl complexes is
rare due to their instability and synthetic complexity.®° Indeed, upon prolonged exposure to
vacuum 6-Ce decomposes to a brown oily material, presumably due to irreversible loss of
coordinated THF and subsequent decomposition of the benzyl ligand, which could occur via
B-hydride elimination.®! Analogous complexes bearing Cp’ ligands can be isolated without a
molecule of THF coordinated to the cerium center, which can be attributed to the greater steric
bulk of the Cp’ ligand relative to Cp™Me4 4647

Aryloxy-NHC ligand L has two important characteristics that could open up photoredox
catalysis to typically redox-innocent lanthanides with other electronic configurations than
cerium. Like other planar aromatic heterocycles that fluoresce, the aryloxy-NHC L absorbs
visible light when coordinated as a rigid bidentate ligand to a lanthanide. The aryloxide group
also has the potential to engage in one-electron redox chemistry. The involvement of phenoxy
ligand radicals in redox catalysis, including at cerium,® have been previously reported.5>-66

In order to further probe the applicability of the ligand’s capacity to contribute light and redox
reactivity to other lanthanides, the /° lanthanum analogue of 1-Ce, (CpM®*),La(L) (1-La), was
synthesized, alongside [(CpMe).La(u—Cl)]2 (3-La). Smaller lanthanide adducts with different
J-electron configurations were also prepared; (CpMe*),Nd(L) (1-Nd) and (CpM*#),Sm(L) (1-
Sm), alongside the uranium adduct CpM**),U(L) and cerium complexes of differently
substituted aryloxy-NHC ligands (CpMe#),Ce(LM*) (1-CeMes) (LM = 2-0-3,5-'Bu,-CsHa(1-
C{N(CH):N(Mes)}) and (CpMe*),Ce(L®Y) (1-Ce'Bu) (L®" = 2-0-3,5-Bux-CsHa(1-
C{N(CH)2N('Bu)}).

Bu
- .
N t N(\N-'Pr
Bu
\ >/N‘ipr X Ln = La (74%)
Ln— ‘Bu O—H o—Ln-., Ce (82%)
S l Sm (59%)
Q HL By E / Nd (64%)
Tol
2-Ln

Scheme 1.3. Synthesis of 1-Ln from 2-Ln, Ln = La, Ce, Nd, Sm



All complexes 1-Ln (Ln = La, Ce, Nd, Sm) and 1-U were synthesized via the same procedure.
Reaction of the corresponding tris cyclopentadienyl starting material (2-Ln, 2-U) with HL in
toluene and subsequent work-up yielded the target complexes in good yields (Scheme 1.3);
complex 1-U was synthesized in 69% yield. Complexes 1-Ln, 1-U (Figure 1.7, Figure 1.8),
and 2-La were characterized by single crystal XRD. 1-Ln, 1-U, 1-CeMes and 1-Ce'Bu were
characterized by UV-Visible spectroscopy (vide infra.).

The complexes 1-Ln and 1-U exhibit near identical solid-state bond metrics, (Table 1.2),
though a slight contraction in M—O bond length and increase in O-M—-C(NHC) bond angle can
be observed with decreasing atomic radii. All complexes have bond lengths and angles
comparable with similar structures reported in the literature, though limited solid state
structures of trivalent, monomeric lanthanum,**’-%°  neodymium®’%7! and samarium’>74
complexes ligated by NHC ligands and/or chelating oxygen donors exist.

Table 1.2. Bond metrics for the solid-state structures of 1-La, 1-Ce, 1-Nd, 1-Sm and 1-U.

1-La 1-Ce 1-Nd 1-Sm 1-U

M-O bond length /A 2.323 2.293 2.262 2.239 2.264
M-C(NHC) bond length /A 2.647 2.642 2.579 2.568 2.569
O-M-C(NHC) bond angle /° 71.44 72.68 73.14 74.49 72.81

C(CpM*)-M-C(CpM=*) bond angle /° | 130.8 129.5 130.7 129.8 130.7

A larger number of examples of uranium complexes ligated by chelating alkoxy-NHC ligands
can be found in the literature.”>"”’. In particular, (1-(2,6-di-isopropylphenyl)-3-(2-methyl-2-
(oxido)propyl)imidazolidin-2-ylidene)-bis(bis(trimethylsilyl)amido)-uranium, published by
Arnold et al. in 2010, contains a trivalent uranium center coordinated by the alkoxy-NHC and
two bis(trimethylsilyl)amido ligands. The U-O bond distance is shorter in this complex (2.112
A) relative to 1-U, while the U-C(NHC) distance (2.693 A) is longer. In addition, the O-M—
C(NHC) bond angle (74.53°) is larger, suggesting the bis(trimethylsilyl)amido ligands are less
sterically encumbering than the CpM** ligands that ligate 1-U.

Figure 1.7. Molecular structure of 1-La. Ellipsoids shown at 50% probability, peripheral
groups drawn as wireframe, hydrogen atoms and lattice solvent molecules have been omitted
for clarity. Color code: green — Ln/An; red — O; grey — C; blue — N.

10



Figure 1.8. Molecular structures of 1-Nd (top), 1-Sm (middle) and 1-U (bottom). Ellipsoids
shown at 50% probability, peripheral groups drawn as wireframe, hydrogen atoms and lattice

solvent molecules have been omitted for clarity. Color code: green — Ln/An; red — O; grey —
C; blue — N.
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1.3.2 Photophysical and computational studies

As the aim of this research was to use the previously described complexes in photocatalytic
reactions, the light-absorbing and photophysical properties of the complexes were investigated.
Further data is presented in Appendix A of this thesis.
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Figure 1.9. The absorption spectra of 1-Ce, 1-CeMes, 1-Ce'Bu, and proligand HL.

Complexes 1-Ce, 1-CeMes and 1-Ce'Bu are bright orange. This is to be expected by trivalent
cerium ions coordinated by aromatic ligands; such ligand sets have been shown to red-shift
cerium luminescence into the orange wavelength range.’*’® The UV-Visible spectrum of the
f! molecule 1-Ce is shown in Figure 1.9, overlaid with the spectra of 1-CeMes, 1-Ce'Bu and
proligand HL (2-HO-3,5-Buz-CeHz(1-C {N(CH)>N('Pr)})). Through comparison with the
absorption spectra of 1-CeMes and 1-Ce'Bu, clear metal (ca. 500 nm) and ligand (ca. 380 nm)
absorptions can be seen, suggesting the possibility for further catalyst refinement by tuning the
positions of these absorbances and optimizing the wavelength of light used. For example, a
more electron-donating substituent on the ligand as shown by 1-CeMes can shift the primarily
metal-based excitation to a higher energy, (Table 1.3) due to increased electron density on the
metal center.’® In addition, the intensity of the primarily ligand-based excitation in 1-Ce'Bu is
shown to drastically increase relative to 1-Ce and 1-CeMes, perhaps due to increased rigidity
in the structure.*” This suggests the possibility of improving the efficiency of light absorption
and quantum yield of the cerium complexes by using ligands that shift the two absorbances
closer together. Conversely, separating the two excitations could be used to impart selectivity
in chemical transformations.
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Table 1.3. Wavelengths of the primarily metal-based absorptions of Ce complexes 1-CeMes,
1-Ce'Bu and 1-Ce.

Complex Amax (NM)
1-CeMes 490
1-Ce'Bu 497
1-Ce 503

The presence of two distinct photoexcitations in 1-Ce was then corroborated using
fluorescence spectroscopy (Appendix A). The collection of an emission spectrum at a
maximum excitation wavelength of 390 nm, monitored at the maximum emission wavelength
of 600 nm, yielded the emission and excitation spectra shown in Figure 1.10. Two clear
excitations are observed—a high intensity absorption at approximately 280 nm that can be
attributed to a primarily ligand-based excitation and a lower intensity band at approximately
505 nm that can be assigned to a primarily 4/ — 5d metal-based excitation (vide infra.). The
normalized absorption spectra of 1-Ln and 1-U are shown in Figure 1.11, where similar ligand-
based excitations can be observed, which suggests the possibility of using these complexes in
light-driven reactions despite the lack of 4/ — 5d transition possessed by the trivalent cerium
ion.

1.0 -
—EXxcitation

Q —Emission
n

c

]

=

c

o

9

= 0.5

£

(1T}

°

[}]

N

©

£

|

)

2

0.0 + r - ¥ v r v 3
250 350 450 550 650 750 850

Wavelength[nm]

Figure 1.10. Emission and excitation spectra of 1-Ce recorded in THF. The emission spectrum
was collected with an excitation wavelength of 390 nm; the excitation was monitored at an
emission wavelength of 600 nm. All data were calibrated to the detector efficiency.

13



12 1 0.05 \

475 500 525 550

Normalized Absorbance

300 350 400 450 500 550
Wavelength[nm]
—1-La 1Ce —1-Nd 1-Sm —14U —HL

Figure 1.11. UV-Visible spectra of 1-Ln, 1-U and HL recorded in THF.

The Stokes shift of the ligand- and metal-based excitations in 1-Ce are 325 and 155 nm
respectively in THF, and 212 nm and 184 nm in toluene. These values are large compared to
the Stokes shift of other cerium complexes reported in the literature (ca. 2343 nm).”*% While
a small Stokes shift can be useful for a photoactive complex due to smaller energy losses from
the excited state, a large Stokes shift can also be beneficial through the reduction self-
quenching arising from molecular self-absorption.?! This is supported by the long excited state
lifetime of 1-Ce, measured to be 101 ns. Complex 4-Ce which does not possess a chelating
NHC substituent but does have an aryloxy moiety that can absorb light, was shown to also
possess excitations at 425 and 530 nm, but with a shorter lifetime of 79 ns. Interestingly the
photophysical data of 4-Ce suggests multiple excited states lying close together in energy
(Figure A.7, Figure A.8, Appendix A), indicating that small changes to the ligand framework
can have large effects on the photoexcitation of cerium complexes due to the d-orbital character
of the excited state. This is due to strong orbital overlap between ligands and orbitals with d-
character, despite the poor f-orbital extension that typically reduces covalency in lanthanide
bonding in the ground state.>’ In addition, it suggests that the encapsulation of the metal center
by chelating ligand L can reduce vibrations and unwanted interactions with solvent in order to
extend the lifetime of the excited state.

To study the potential light-absorbance by cerium complexes without an aryloxy group,
fluorescence and lifetime measurements of 3-Ce were collected. Lanthanide Cp complexes
have been shown to have some capacity for light absorption,®? and 3-Ce displays excitation
and emission spectra consistent with both a ligand and metal based excitation, albeit at a higher
energy (ca. 300 and 450 nm). The excited state lifetime of 3-Ce is 175 ns, which is among the
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longest excited state lifetimes of a cerium complex shown in the literature. Only two reported
cerium complexes possess longer excited state lifetimes—
[(Me3Si)NC(N'Pr):]>Ce(N(SiMe3)'Bu) and [(CsHs)Ce(u—O3SCF3)(THF),].  published by
Schelter et al. display lifetimes of 221 ns and 205 ns respectively.”*”*%3 Interestingly
[(CsHg)Ce(u—O3SCF3)(THF)]2, like 3-Ce, is a dimeric complex, which could provide
additional shielding to the metal center and reduce energy losses through non-radiative
pathways. Indeed, [(CsHg)Ce(u—Cl)(THF)2]2, a complex analogous to 3-Ce which bears
cyclooctatetraene (COT) rather than Cp ligands, also has a long excited state lifetime of 145
ns.”

Quantum yield measurements could not be collected for the complexes previously described,
as the spectrophotometer used was not equipped with an integrating sphere.3* However, related
dimeric  cerium  chloride  complex  [(Cp®B“?):Ce(u—CD]. (CpB*?  =1,3-di(zert-
butyl)cyclopentadienyl) displays a high quantum yield of 61(2)%. This was thought to be
related to a low vibrational coupling strength and consequent inefficient thermal quenching.®
Notably, the interaction between the two cerium centers through the CI ligands enhanced the
photoluminescence intensity through a potential self-absorption effect between the ions. In
addition, high quantum yields have been reported for sterically encumbered complexes such
as [Eu(CpB©),] (CpB'¢ = (4-"Bu-C¢Hs)s-cyclopentadienyl)),® implying that the coordination
of bulky ligands such as L, LM* and L8 and further substituted analogues to lanthanides
could lead to improved quantum yields for these ions.

While photophysical data of 1-La could not be acquired as only the ligand-based excitation
could be observed within the accessible wavelength range of the instrument, time-dependent
density functional theory (TD-DFT; B3PW91) calculations were performed on both 1-Ce and
1-La to explore and compare the orbitals involved in the photoexcitation for a metal with
(cerium) and without (lanthanum) an accessible 4f —5d transition. The calculated and
experimental absorption spectra agreed well for 1-Ce (Figure 1.12) and 1-La (Figure 1.13). As
expected, the SOMO of 1-Ce is comprised predominately of 4/ character with minor orbital
contributions from the aryloxide ligand (Figure 1.14).

Figure 1.9. Computed UV-Visible spectrum of 1-Ce using TD-DFT.
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Figure 1.13. Computed UV-Visible spectrum of 1-La using TD-DFT.

The visible absorption found at 504 nm corresponds mainly to the SOMO-LUMO and SOMO-
LUMO+1 transitions. This is an excitation from an f-orbital onto either the Ce-NHC or Ce—
CpMe* orbitals. The LUMO+1 is calculated to be a Ce-based (89%) hybrid of /- and d-orbitals
(54% 5d and 46% 4f mixture) with no significant contributions from the ligands (11%).
Notably, the LUMO, which also contributes to the calculated absorbance bands at 504 and 384
nm, is calculated to be primarily of p-character and delocalized over both the aromatic ring and
NHC moiety of the ligand L.

In the case of 1-La, the HOMO was calculated to be composed of significant m-orbital
contributions from both the CpM®* and L ligands, Figure 1.15. As expected, given its formal /°
electron configuration, there is no appreciable contribution from any La-based orbital to the
HOMO. Interestingly, it was found that the LUMO+1 is composed of predominately d-
character (63% 5d and 23% 4f). TD-DFT predicts that the transition from HOMO to LUMO+1
results in a band at 325 nm. For both complexes, transitions are calculated in the higher energy
region (between 320 and 390 nm) that involve nt-type orbitals (Ln—Cp™**, Ln—-NHC). Although
UV-Visible spectroscopy confirms that 1-La does absorb light in the visible region, it does not
display the same distinct features as 1-Ce (Figure 1.14).
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SOMO | LUMO+1

Figure 1.14. Depictions of the TD-DFT-calculated SOMO (left) and LUMO (right, upper) and
LUMO+I (right, lower) orbitals of 1-Ce.

HOMO LUMO+1

Figure 1.15. Depictions of the TD-DFT-calculated HOMO (left) and LUMO+1 (right) for 1-
La.
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1.4 Conclusions

In conclusion, this chapter presents the synthesis of a new family of Ln(Ill) compounds
supported by a light-absorbing aryloxide-tethered N-heterocyclic carbene, CpM**, and
pseudohalide ligands, alongside the synthesis and characterization of a trivalent uranium
complex also supported by CpMe*and chelating aryloxy NHC ligands.

All complexes have been fully characterized, and the photophysics of key complexes
evaluated. UV-Visible and fluorescence spectroscopies suggest that a distinct ligand-based
photoexcitation is possible for metals that do not possess the 4 — 5d excitation, as well as for
cerium. Computational experiments also highlight the synergy between ligand-based and
metal-based orbitals in the photoexcitation process. This indicates that not only could the
chosen ligand framework allow for the generation of an efficient cerium photocatalyst by
exploiting two possible routes for photoexcitation,? but also allow photoredox catalysis to be
extended to other typically photoinactive metals.

1.5 Experimental

General details. All moisture and air sensitive materials were manipulated using standard
high-vacuum Schlenk-line techniques and MBraun gloveboxes and stored under an atmosphere
of dried and deoxygenated dinitrogen. All glassware items, cannulae and Fisherbrand 1.2 pm
retention glass microfiber filters were dried in a 160 °C oven overnight before use.

Solvents and reagents. Hexanes, tetrahydrofuran (THF), diethyl ether (Et,O) and toluene for
use with moisture and air sensitive compounds were dried using an MBraun SPS 800 Manual
solvent purification system and stored over activated 3 A molecular sieves. Benzene-De,
pyridine-Ds were purchased from Cambridge Isotope Laboratories and were refluxed over
potassium metal for 24 hours, freeze-pump-thaw degassed and purified by trap-to-trap
distillation prior to use. THF-Dgwas purchased from Cambridge Isotope Laboratories and dried
over sodium/benzophenone before being freeze-pump-thaw degassed and purified by trap-to-
trap distillation prior to use. All solvents were purchased from Sigma-Aldrich or Fisher
Scientific and stored over 3 A molecular sieves for 4 hours before being used.

PhICl, was prepared according to the literature procedure®” and stored at —30 °C.
Dihydrocarbyl magnesium reagents,®® HL, HLM® and HL®"3 KCsMesH,” lanthanide
triiodides (Ln = La, Ce, Nd, Sm),”*? lanthanide tris(tetramethylcyclopentadienyl) complexes
(Ln = La, Ce, Nd, Sm),*>, Ulz(dioxane), and UCpMe4; °° were all prepared using published
methods. All other chemicals were purchased from commercial suppliers and degassed and/or
dried under vacuum or over 3 A molecular sieves for 12 hours before use.

Characterization. NMR spectra were recorded on Bruker Avance 400, 500 and 600 MHz
spectrometers and are referenced to residual protio solvent (3.58 and 1.72 ppm for THF-Ds,
7.16 ppm for C¢Ds) for 'H NMR spectroscopy. THF was used as solvents for No Deuterium
(NoD) NMR experiments,'? and was referenced to added tetramethylsilane (0.00 ppm for both
'H and *C{'H} NMR spectroscopic experiments). Quantitative '"H NMR data were acquired
with a minimum of eight scans, with the delay time set to 5 x the longest T value present.
Chemical shifts are quoted in ppm and coupling constants in Hz. Tetrakis(trimethylsilyl)silane
(TMS*) was used as internal standards for quantitative "H NMR spectroscopy. NMR spectra
were taken at 25°C unless otherwise noted. Structural assignments were performed using
HSQC and HMBC NMR spectroscopic experiments when necessary. Elemental analyses were
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carried out by the microanalytic services in the College of Chemistry at the University of
California, Berkeley. Multiple attempts to collect data have been made but poor carbon
combustion has been a problem.

Photophysical data. Quartz cells with a 10 mm pathlength equipped with a J-Young valve
were used to contain samples prepared under a dinitrogen atmosphere for electronic absorption
spectra (UV-Visible) and fluorescence measurements. UV-Visible measurements were
collected on an Agilent Varian Cary 50 UV-Visible spectrophotometer. Emission and
excitation spectra were collected on Fluorolog®-3 spectrofluorometer.

Crystallography. Single crystal X-ray diffraction data of 1-Ce were collected using an
Excalibur Eos diffractometer, fitted with a CCD area detector and using MoKa radiation (A =
0.71073 A) at 170 K. X-ray diffraction data for 3-Ce were collected at beamline 12.2.1 of the
Advanced Light Source (ALS) at Lawrence Berkeley National Lab, using a Bruker D8
diffractometer coupled to a Bruker Photonll CPAD detector with Si(111)-monochromated
synchrotron radiation (17 keV radiation). Single crystal X-ray diffraction data of all other
compounds were collected using a Rigaku XtaLAB Synergy-S diffractometer fitted with a
HyPix-6000HE photon counting detector using MoKa (A =0.71073 A) or CuKa (A= 1.5418A)
radiation. All structures were solved using SHELXT in Olex2 and refined using SHELXL in
Olex2.89999495 Absorption corrections were completed using CrysAlis PRO (Rigaku Oxford
Diffraction) software. Analytical numeric absorption corrections used a multifaceted crystal
model based on expressions derived by Clark and Reid.® Numerical absorption correction was
based on a Gaussian integration over a multifaceted crystal model.

Computational details. All the structures reported in this study were fully optimized with the
Becke’s 3-parameter hybrid functional®’ combined with the non-local correlation functional
provided by Perdew/Wang (denoted as B3PW91).”® The basis set used for lanthanum and
cerium atom were the Stuttgart-Dresden small core ECP in combination with its adapted basis
set.?1% For the Mg atom a 6-311++G(d,p) basis set was used whereas for all the other atoms
a 6-31G(d,p) basis set was set.!°192 Tn all computations no constraints were imposed on the
geometry. All stationary points have been identified for minimum (number of imaginary
frequencies Nimag=0). The vibrational modes and the corresponding frequencies are based on
a harmonic force field. Gibbs free energies were obtained at T=298.15K within the harmonic
approximation. GAUSSIANO9 program suite was used in all calculations.!® The UV-Visible
spectra were simulated at the TD-DFT level using the same functional.

Synthesis of (CpM*4),Ce(L) (1-Ce). In a glovebox, to a magnetically stirred green solution of
(CpMe#)3Ce (2-Ce) (1.21 g, 2.40 mmol, 1.00 equiv.) in toluene (50 mL), was added HL (0.756
g, 2.40 mmol, 1.00 equiv.) and the solution stirred overnight. After this time, volatiles were
removed under reduced pressure and the orange solid washed with cold (—30°C) hexane (2 x 5
mL) to afford (CpM*),Ce(L). Yield: 1.34 g, 82%. Diffraction quality crystals were grown from
a concentrated hexane solution at —30°C.

"H NMR (500 MHz, C¢Ds, 298 K): 8 16.66 (s, 2H, CHcyp), 12.59 (s, 1H, CHim), 11.03 (s, 1H,
CHpn), 7.29 (s, 6H, CH3cp), 4.53 (s, 1H, CHim), 2.05 (s, 9H, CH3wu), 1.57 (s, 6H, CHscp), 0.59
(s, 6H, CHscp), -3.84 (s, 6H, CHacp), -4.27 (s, 9H, CH3zmu), -8.23 (d, Ju-n = 6.7, 6H, CH3ipy), -
41.41 (s, 1H, CHipy). 3C NMR (125.8 MHz, CsDs, 300 K), 186.1 (s, C-O), 157.20 (s, Cqcp),
155.8 (s, Cpn), 149.6 (s, Cpn), 142.8 (s, Cqcp), 141.0 (s, Cpn), 138.9 (s, Cqcp), 137.1 (s, CHim),
135.6 (s, Cqcp), 124.2 (s, CHpn), 123.1 (s, CHpn), 121.3 (s, CHim), 34.8 (s, CiBu), 33.7 (s, CiBu),
32.8 (s, CH3u), 24.7 (s, CH3wu), 13.31 (s, CHscp), 0.61 (s, CHacp), 0.15 (s, CHscp), -5.69 (s,
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CHacp). Anal. Caled for C3gHssCeN2O: C, 65.58, H, 7.97, N, 4.03. Found: C, 64.11; H; 7.82;
N, 4.03.

Synthesis of (CpM*),Ce(LM*) (1-CeMes). In a glovebox, to a magnetically stirred green
solution of 2-Ce (38.4 mg, 0.0760 mmol, 1.00 equiv.) in toluene (5 mL), HLM® (30.0 mg,
0.0760 mmol, 1.00 equiv.) was added and the solution stirred overnight. After this time,
volatiles were removed by vacuum evaporation and the orange solid washed with cold (—30°C)

hexane (2 x 2 mL) to afford (CpMe4)2Ce(LM"S). Yield: 45.2 mg, 77%.

IH NMR (400 MHz, C¢Ds, 298 K): 6 17.69 (br s, 2H, CHcp), 13.33 (s, 1H, CHm), 11.49 (s,
1H, CHpn), 8.46 (s, 1H, CHpnp), 8.34(s, 6H, CHscp), 5.50 (s, 1H, CHim), 3.62 (s, 6H, CH3wmes)
2.07 (s, 9H, CHszmu), 0.36 (s, 2H, CHwmes), -1.54 (s, 3H, CH3wmes), -3.14 (s, 6H, CHacp), -3.36 (s,
6H, CHscp), -4.31 (s, 9H, CH3amu), -7.53 (br s, 6H, CH3cp). Anal. Caled for Ca4Hs1CeN2O: C,
68.27, H, 7.94, N, 3.62. Found: C, 63.83; H, 7.85; N, 3.92.

Synthesis of (CpM**),Ce(L®") (1-CetBu). In a glovebox, to a magnetically stirred green

solution of 2-Ce (125 mg, 0.254 mmol, 1.00 equiv.) in toluene (50 mL), HL B (83.9 mg, 0.254
mmol, 1.00 equiv.) was added and the solution stirred overnight. After this time, volatiles were
removed by vacuum evaporation and the orange solid washed with cold (— 30°C) hexane (2 x

2 mL) to afford (CpMe4)zCe(LtB“). Yield: 142 mg, 78%.

TH NMR (400 MHz, C¢De) 8 17.58 (br s, 2H, CHcy), 13.06 (s, 1H, CHim), 11.31 (s, |H, CHpn),
8.49 (s, 1H, CHpn), 7.97 (s, 6H, CHscp), 4.51 (s, 1H, CHim), 2.15 (s, 9H, CHsmuern), 0.46 (s,
9H, CH3wu), -1.65 (s, 6H, CHscp), -4.28 (s, 6H, CHscp), -4.51 (s, 9H, CHspucrn)), -8.67 (5, 6H,
CHacp). Anal. Caled for C39HssCeN,O: C, 65.88, H, 8.22, N, 3.94. Found: C, 65.75; H,8.43;
N, 4.14.

Synthesis of [(CpM¢4),Ce(u—Cl)]2 (3-Ce). Method A: In a glovebox a vial was charged with
2-Ce (47.0 mg, 0.0933 mmol, 1.00 equiv.) in THF (5 mL), resulting in a green solution. With
stirring, a colorless solution of PhICl, (13.5 mg, 0.0484 mmol, 0.520 equiv.) in THF (1 mL)
was added dropwise. Upon addition, the color of the solution quickly changed from green to
orange-yellow. After stirring for two hours at room temperature, the volatiles were removed
under vacuum, resulting in a pink-orange powder which was subsequently washed with
hexanes (2 x 0.5 mL). The powder was redissolved in a minimum of THF (1 mL), and the
bright orange-yellow solution was filtered through glass fiber into a 1 mL vial, layered with
hexanes (3 mL) and stored at —30 °C for three days to yield large orange blocks of
[(CpMeH)2Ce(u—Cl)]2 that were dried in vacuo. Yield: 21.5 mg 54%. Crystals grown via this
method were suitable for X-ray diffraction studies.

Method B: A Teflon-stoppered ampoule was charged with CeCls (11.5 mg, 0.0467 mmol, 1.00
equiv.) 2-Ce (47.0 mg, 0.0933 mmol, 2.00 equiv.) and THF (5 mL), resulting in a green slurry.
The ampoule was sealed and heated to 70°C for 24 hours, resulting in a color change from
green to yellow. The volatiles were removed under vacuum, resulting in a pink-orange powder,
which was subsequently washed with hexanes (2 x 0.5 mL). The powder was redissolved in a
minimum of THF (1 mL), and the bright orange-yellow solution was filtered through glass
fiber into a 1 mL vial, layered with hexanes (3 mL) and stored at —30 °C for 3 days to yield
large orange blocks of [(CpMe*)2Ce(u—Cl)]> that were dried under vacuum. Yield: 28.0 mg,
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70% Note: [(CpMe#),Ce(u—Cl)]2 is dichroic, appearing as a pink solid when isolated as a
powder and orange-yellow in THF solution.

"H NMR (500 MHz, THF-Ds) 6 8.79 (br. s, 6H, CHscyp), 6.83 (br. s, 1H, Hep), —0.93 (br. s, 6H,
CHacp). Anal. Caled for: C3sHs2Ce2Cla: C, 51.72; H, 6.27. Found: C, 51.28; H, 6.09.

Synthesis of (CpM¢4),Ce(OAr) (4-Ce) (OAr = 1-0-2,6-tBuz-4-Me-CeHbz). In a glovebox, a
vial was charged with [(CpM**),Ce(u~Cl)]> (3-Ce) (31.5 mg, 0.0377 mmol, 1.00 equiv.),
sodium 2,6-di-tert-butyl-4-methylphenolate (18.3 mg, 0.0754 mmol, 2.00 equiv.) and hexanes
(5 mL). The reaction was stirred at room temperature for 48 hours and following a gradual
color change from yellow to deep red, volatiles were removed under vacuum. The red residue
was extracted into hexane before being dried to give a red powder identified as
(CpMe#),Ce(OAr) by '"H NMR spectroscopy. Yield: 18.4 mg, 80%. Diffraction quality crystals
of (CpM*4),Ce(OAr)(THF) (4a-Ce) were grown from a THF solution layered with hexanes
at —30°C, crystals of (CpM**),Ce(OAr) (4b-Ce) were grown from a concentrated hexane
solution at —30°C.

'"H NMR (400 MHz, C¢Ds): & 28.01 (br. s, 2H, Hcp), 6.57 (s, 2H, Hm-pn), 3.18 (br. s, 12H,
CHacp), 2.18 (s, 3H, 3Hp-pn), -4.18 (br. s, 12H, CH3cp), -6.26 (br. s, 18H, CH3mu). Anal. Calcd
for: C33H49CeO: C, 65.86; H, 8.21. Found: C, 66.00; H, 8.03.

Synthesis of (CpM¢4),Ce(OTH)(THF) (5-Ce). In a glovebox, a teflon-stoppered ampoule was
charged with 2-Ce (1.04 g, 2.07 mmol, 2.01 equiv.), Ce(OTf)3 (0.607 g, 1.03 mmol, 1.00
equiv.) and THF (30 mL), resulting in a dark green slurry. The ampoule was sealed and placed
in a 70 °C oil bath with stirring for 20 hours, during which time the color changed from dark
green to a bright yellow. The reaction mixture was then cooled to room temperature before
being filtered through glass fiber. The yellow filtrate was dried under vacuum to yield a pale-
yellow powder which was washed with hexanes (2 x 4 mL) before drying under vacuum again,
yielding 5-Ce. Yield: 1.13 g, 89%. X-ray quality crystals of 5-Ce were grown by layering a
concentrated THF solution with hexanes and storing at —30 °C for 3 days. Note: 5-Ce is
thermochromic, appearing pale yellow when cold (30 °C) and bright yellow at room
temperature in either solution or solid state.

'"H NMR (500 MHz, THF-Ds) & 11.68 (br. s, 12H), 10.78 (br. s, 2H), —4.50 (br. s, 12H)."°F
NMR (471 MHz, THF-Dg) 6 —96.2 (s). Anal. Calcd for: C23H43CeO4F3S: C, 45.76; H, 5.68.
Found: C, 42.26; H, 4.68.

Synthesis of (Cp™¢4),Ce(Bn)(THF) (6-Ce). In a glovebox, a 20 mL vial was charged with
(CpMe*),Ce(OTf)(THF) (5-Ce) (262 mg, 0.435 mmol, 1.00 equiv.) dissolved in THF (8 mL),
yielding a bright yellow solution. With stirring, a THF solution (2 mL) of MgBn>(THF): (80.6
mg, 0.230 mmol, 0.530 equiv.) was added dropwise, resulting in a darkening of the color to a
golden yellow. The solution was stirred at room temperature for 1 hour before being dried
under vacuum to yield a bright yellow residue, which was extracted with hexanes (20 mL). The
yellow solution was filtered and concentrated, then stored at —30 °C overnight to yield a bright
yellow microcrystalline solid. After decanting the supernatant, the solid was dried under
vacuum to yield (CpM*#),Ce(Bn)(THF). Yield: 212 mg, 88%. X-ray quality crystals were
grown by cooling a hexanes solution to —30 °C for 3 days. The complex is dichroic in solution,
appearing yellow when concentrated but green when dilute in hexane solution.
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Note: In this case, 6-Ce was found to decompose to a dark brown material upon prolonged
exposure to vacuum (i.e. >3 hours), presumably due to irreversible loss of coordinated THF.

"H NMR (500 MHz, C¢Dg) & 15.62 (br. s, 2H), 5.14 (br. s, 12H), 3.04 (br. s, 12H), 0.14 (br. s,
2H), —1.20 (br. s, 4H), —2.65 (t, ] = 6.8 Hz, 1H, Hp.ar), —4.33 (br. s, 4H), —4.67 (br. s, 2H), —
11.27 (br. s, 2H). Anal. Calcd for: C29H4,CeO: C, 63.7; H, 7.74. Found: C, 58.02; H, 6.79.
[Multiple Attempts]

Synthesis of (CpM¢¥),La(L) (1-La). In a glovebox, to a magnetically stirred solution of
(CpMe#)3La (2-La) (1.21 g, 2.40 mmol, 1.00 equiv.) in toluene (50 mL), HL (0.756 g, 2.40
mmol, 1.00 equiv). was added and the solution stirred overnight. After this time, volatiles were
removed by vacuum evaporation and the cream solid washed with cold (—30°C) hexane (2 x 5
ml) to afford (CpMe#),La(L). Yield: 1.24 g, 74%. Diffraction quality crystals were grown from
a concentrated toluene solution at —30°C.

'H NMR (500 MHz, C¢Ds, 298 K) : 5 7.50 (1H, d, Ji-nt = 2.4, CHim), 7.10 (1H, d, J = 2.5,
CHim), 6.73 (1H, d, Ju = 1.7, CHen), 6.26 (1H, d, Jist = 1.8, CHpy), 5.77 (2H, s, CHep), 4.41
(1H, sept, Ju-n = 6.8, Hirr ), 2.23 (6H, s, CH3cp), 2.21 (6H, s, CHscp), 2.11 (6H, s, CHacp), 1.97
(6H, s, CHacy), 1.87 (9H, s, CHsmu), 1.69 (9H, s, CHamu), 1.39 (9H, s, CHamu), 1.17 (6H, d, Ji.
1= 6.8, CHipr). 3C NMR (125 MHz, C¢Ds, 298 K): & 154.1 (s, C-O), 138.9 (s, Cpr), 136.5 (s,
Cpn), 128.4 (s, NCN), 123.4 (s, Cpntr), 122.5 (s, Cim), 121.8 (s, Cp), 120.7 (s, Cp), 119.8 (s, Cp),
118.8 (s, Cp), 118.5 (s, Cim), 114.7 (s, Cprr), 111.9 (s, CpH), 52.9 (s, iPrCH), 36.2 (s, Ccus),
34.3 (s, Ccm), 32.1 (s, Cigu), 30.6 (5, Cina), 24-0 (s, iPrcus), 13.0 (s, CpMe), 12.9 (s, CpMe),
11.4 (s, CpMe), 10.07 (s, CpMe). Anal. Caled for: C3sHssLaN2O: C, 65.58, H, 7.97, N, 4.03.
Found: C, 66.07 H; 8.03; N, 3.67.

Synthesis of [(CpM*4),La(u—Cl)]2 (3-La) Method A: In a glovebox, to a magnetically stirred
solution of 2-La (40.0 mg, 0.0575 mmol, 1.00 equiv.) in toluene (2 mL), benzyl chloride (6.66
pL, 0.0579 mmol, 1.00 equiv.). was added and the solution stirred overnight. After this time,
volatiles were removed by vacuum evaporation and the white solid washed with cold (-20°C)
hexane (2 x 5 ml) to afford [(CpM¢*):La(n—Cl)]>. Yield: 19.3 mg, 79%. Diffraction quality
crystals (Figure 1.16) were grown from a concentrated toluene solution at —30°C.

Method B: In a glovebox a vial was charged with 2-La (40.0 mg, 0.0575 mmol, 1.00 equiv.)
in THF (5 mL). With stirring, a colorless solution of PhICL (7.92 mg, 0.0288 mmol, 0.520
equiv.) in THF (1 mL) was added dropwise. After stirring for 2 hours at room temperature,
the volatiles were removed under vacuum, resulting in a cream powder which was
subsequently washed with hexanes (2 x 0.5 mL). The powder was redissolved in a minimum
of THF (1 mL), and the colorless solution was filtered through glass fiber into a 4 mL vial,
layered with hexanes (3 mL) and stored at —30 °C for 3 days to yield large colorless blocks of
[(CpMeH,La(n—Cl)]2 that were dried in vacuo. Yield: 15.4 mg, 63%.

"H NMR (400 MHz, THF-Hs, 298 K): § 5.51 (2H, s, CHscp), 1.99 (6H, s, CHscp), 1.90 (6H, s,
CsMesH). *C NMR (125 MHz, THF-Hs, 298 K): & 122.0 (s, Ccp), 122.0 (s, Ccp), 112.9 (s,
CHcp), 12.5 (s, Cuscp). Anal. Caled for C36CloHsoLas: C, 51.88; H, 6.29; Found: C, 49.03; H,
5.69.
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Figure 1.16. Molecular structure of [(CpM**);La(u—Cl)]> (3-La). Ellipsoids shown at 50%
probability, peripheral groups drawn as wireframe, hydrogen atoms and lattice solvent
molecules have been omitted for clarity. Color code: green — La; grey — C; bright green — Cl.

Synthesis of (CpM*4),Nd(L) (1-Nd). In a glovebox, to a magnetically stirred solution of
(CpMe#)3Nd (2-Nd) (54.9 mg, 0.108 mmol, 1.00 equiv.) in toluene (5 mL), HL (34.1 mg, 0.108
mmol, 1.00 equiv). was added and the blue solution stirred overnight. After this time a color
change to green was observed, volatiles were removed by vacuum evaporation and the
resulting blue solid washed with cold (-30°C) hexane (2 x 2 mL) to afford (CpM**),Nd(L).
Yield: 50.0 mg, 64%. Diffraction quality crystals were grown from a concentrated toluene
solution at —30 °C. Anal. Calcd for: C3sHssN2ONd: C, 65.19; H, 7.92; N, 4.00. Found: C, 65.47;
H, 7.73; N, 3.82.

Synthesis of (CpM*4),Sm(L) (1-Sm). In a glovebox, to a magnetically stirred solution of
(CpMe*)3Sm (2-Sm) (24.0 mg, 0.0460 mmol, 1.00 equiv.) in toluene (2 mL), HL (14.7 mg,
0.0460 mmol, 1.00 equiv). was added and the red solution stirred overnight. After this time,
volatiles were removed by vacuum evaporation and the yellow solid washed with cold (—30°C)
hexane (2 x 2 mL) to afford (CpM**),Sm(L). Yield: 59%. Diffraction quality crystals were
grown from a concentrated toluene solution at —30°C. Anal. Calcd for: C3sHssN>OSm: C,
64.63; H, 7.85; N, 3.97. Found: C, 62.05; H, 7.41; N, 3.19.

Synthesis of (CpM*4),U(L) (1-U). In a glovebox, to a magnetically stirred solution of
(CpMeH)3U (2-U) (61.0 mg, 0.102 mmol, 1.00 equiv.) in toluene (2 mL), HL (31.9 mg, 0.102
mmol, 1.00 equiv). was added and the red solution stirred overnight. After this time, volatiles
were removed by vacuum evaporation and the black solid washed with cold (-30°C) hexane
(2 x 2 mL) to afford (CpMe*),U(L). Yield: 51.3 mg, 69%. Diffraction quality crystals were
grown from a concentrated toluene solution at —30°C. Anal. Calcd for: C3sHssN>OU: C, 56.91;
H, 7.92; N, 3.49. Found: C, 52.36; H, 6.31; N, 2.85. [Multiple attempts]
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Table 1.4. Crystal data and structure refinement for 1-Ce, 3-Ce, and 4a-Ce.

1-Ce 3-Ce 4a-Ce
Empirical formula C33H55CeN,O Cy6Hs,CeyCly C33HyCeO
Formula weight 1391.91 417.96 601.84
Temperature/K 293(2) 100 100.00(10)
Crystal system monoclinic monoclinic triclinic
Space group P2,/n P2,/n P-1
a/A 10.66730(10) 8.5165(4) 9.63360(10)
b/A 17.46410(10) 10.4652(4) 10.07670(10)
c/A 19.30400(10) 19.4321(8) 16.3047(2)
a/° 90 90 93.2430(10)
pre 89.9070(10) 92.0320(10) 90.3960(10)
y/° 90 90 107.6780(10)
Volume/A3 3596.23(4) 1730.83(13) 1505.14(3)
V4 4 2 2
Pealeg/cm’ 1.285 1.604 1.328
wmm! 1.295 2.943 1.534
F(000) 1452.0 836.0 626.0

Crystal size/mm?

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2¢ (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

0.351 x 0.251 x 0.164

Mo Ka (A = 0.71073)

6.748 to 52.744
-13<h<13,-21<k<21,-24<1<24
72839

7352 [Rip = 0.0362, Ryjgna = 0.0180]

7352/0/395
1.061

R, = 0.0190, wR, = 0.0434
R, = 0.0232, wR, = 0.0453
0.34/-0.34

0.07 x 0.055 % 0.03

synchrotron (A = 0.7288)

4.302 to 55.738
-10£h<10,-13<k<13,-24<1<24
22581

3819 [Riy = 0.1107, Rgjgm, = 0.0729]

3819/0/190
1.068

R, = 0.0490, wR, = 0.1212
R, = 0.0514, wR, = 0.1239
1.16/-1.38

0.21 x 0.1 x 0.07

Mo Ka (A = 0.71073)

425 t0 62.182
-13<h<13,-14<k<14,-22<1<23
67296

8291 [Ryy = 0.0451, Ryjyna = 0.0277]
8291/0/331

1.052

R, = 0.0205, wR, = 0.0438

R, = 0.0240, wR, = 0.0447
0.91/-0.50
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Table 1.5. Crystal data and structure refinement for 4b-Ce, 5-Ce, and 6-Ce.

4b-Ce 5-Ce 6-Ce
Empirical formula C;7Hs;,Ce0, C,;3H3,CeF;0S C,9H4,CeO
Formula weight 673.94 150.92 545.74
Temperature/K 100.00(11) 99.99(11) 293(2)
Crystal system monoclinic monoclinic monoclinic
Space group P2, Ia P2,/c
a/A 10.4698(2) 17.5622(3) 16.2557(2)
b/A 12.0899(3) 9.40990(10) 8.82900(10)
c/A 13.9747(3) 16.2878(3) 18.3743(2)
a/° 90 90 90
pre 107.666(2) 108.821(2) 105.1410(10)
v/° 90 90 90
Volume/A? 1685.48(7) 2547.78(8) 2545.56(5)
Z 2 4 4
Pealcg/cm? 1.328 1.574 1.424
wmm'! 1.380 1.916 1.806
F(000) 706.0 1220.0 1124.0

Crystal size/mm?

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

0.272 % 0.26 x 0.206
Mo Ka (A= 0.71073)

4,082 to 61.938
-14<h<14,-16<k<15,-20<1<19
39085

8812 [Rip; = 0.0419, Ry, = 0.0359]
8812/1/376

1.055

R, = 0.0226, wR, = 0.0464

R, = 0.0270, wR, = 0.0474

0.69/-0.39

0.374 x 0.263 x 0.203
Mo Ka (A= 0.71073)

4910 61.74
22<h<?24,-13<k<13,-23<1<22
28412

6338 [Rin = 0.0752, Ryjgmy = 0.0465)
6338/2/297

0.928

R, =0.0413, wR, =0.1179
R; =0.0432, wR, = 0.1200
0.91/-1.34

0.306 x 0.217 x 0.096

MoKa (A = 0.71073)

4.594 to 61.904
22<h<22,-12<k<12,-24<1<26
57712

7165 [Rip = 0.0350, Ryigna = 0.0217]
7165/0/288

1.057

R, = 0.0183, wR, = 0.0399

R, =0.0216, wR, = 0.0407
0.49/-0.36
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Table 1.6. Crystal data and structure refinement for 1-La, 3-La, and 1-Nd.

1-La 3-La 1-Nd
maﬁaomh formula OAmE&uHLNZNO OﬁmamO—NH\WON OammmeNZQO
Formula weight 786.88 244.42 792.21
Temperature/K 100.01(10) 99.99(14) 100.00(13)
Crystal system monoclinic monoclinic monoclinic
Space group P2,/c P2,/n P2,/c
a/A 13.30050(10) 11.3760(4) 13.1816(2)
b/A 22.02780(10) 15.3980(7) 22.1050(2)
c/A 15.63480(10) 12.4103(4) 15.5529(2)
a/° 90 90 90
p/e 113.5670(10) 91.155(3) 112.9380(10)
v/° 90 90 90
Volume/A? 4198.63(5) 2173.44(14) 4173.45(10)
Z 4 2 4
Pealcg/cm? 1.245 1.494 1.261
wmm-! 8.101 16.351 9.732
F(000) 1648.0 992.0 1660.0

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

0.154 x 0.133 x 0.093
Cu Ko (L= 1.54184)
7.252 to 154.87

-16<h<15,-27<k<27,-19<1<19

163711

8870 [Riy = 0.0535, Ryjgma = 0.0171]

8870/289/524
1.069

R; = 0.0214, wR, = 0.0545
R, = 0.0226, wR, = 0.0551

0.43/-0.53

0.104 x 0.07 x 0.031
CuKa (A= 1.54184)
9.154 to 148.996

-14<h<14,-19<k<18,-15<1<15

40521

4453 [Riy = 0.1585, Ryjgma = 0.0559]

4453/0/234
1.131

R, = 0.0559, wR, = 0.1350
R, = 0.0712, wR, = 0.1428

1.06/-1.55

0.096 x 0.08 x 0.027
CuKa (A=1.54184)
7.282 to 155.594

-16<h<16,-27<k<26,-18<1<19

85278

8821 [Riy = 0.0540, Rgjgma = 0.0253]

8821/105/524
1.103

R; = 0.0334, wR, = 0.0779
R, = 0.0369, wR, = 0.0795

0.59/-1.31
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Table 1.7. Crystal data and structure refinement for 1-Sm and 1-U.

1-Sm 1-U
Empirical formula C3gHssN,OSm C4sHgsN,OU
Formula weight 706.19 886.00
Temperature/K 100.00(11) 99.99(10)
Crystal system monoclinic monoclinic
Space group P2i/n P2,/c
a/A 10.68690(5) 13.1962(2)
b/A 17.26346(8) 22.0800(2)
c/A 19.16251(8) 15.5224(2)
a/° 90 90
p/° 90.4636(4) 112.936(2)
v/° 90 90
Volume/A3 3535.23(3) 4165.22(11)
Z 4 4
Pealcg/cm? 1.327 1.413
wmm! 12.684 11.211
F(000) 1468.0 1788.0

Crystal size/mm’®

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A3

0.2 x 0.1 x 0.07
CuKo (A = 1.54184)

6.892 to 148.996
-13<h<13,-21<k<20,-23<1<23
136174

7240 [Ryy = 0.0781, Ryigm, = 0.0211]

7240/0/395
1.055

R, = 0.0225, wR; = 0.0559

R;=0.0232, wR, = 0.0563
0.53/-0.96

0.123 x 0.115 x 0.059
CuKa (A= 1.54184)

7.274 to 154.978
-16<h<16,-27<k<26,-19<1<19
85158

8791 [Riy = 0.0654, Ry, = 0.0280]

8791/244/524
1.072

R, =0.0311, wR, = 0.0762

R, =0.0345, wR, = 0.0780
1.60/-1.57
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Chapter 2

Controlled Monodefluorination and Alkylation of
C(sp®)-F Bonds by Lanthanide Photocatalysts
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2.1 Overview

The complexes previously described in Chapter 1 are capable of the rare, selective,
photocatalytic C-F bond functionalization of sp® hybridized C-F bonds, when used in
conjunction with magnesium alkyl reagents. The work described in this chapter is, to the best
of our knowledge, the first example of photocatalytic C—F bond activation and
functionalization mediated by a rare-earth metal complex. This work also provides unique
insight into the cooperativity between metal and ligand in photocatalysis, and the significance
of ligand redox non-innocence in radical mechanisms.

The author, in collaboration with Dr. Addison N. Desnoyer, carried out the synthesis and
experimental investigation of lanthanide photocatalysts at the University of California,
Berkeley. Electrochemical studies were carried out by Dr. Laurent Sévery at the University of
California, Berkeley. Mechanistic calculations were carried out by Yan Yang under the
supervision of Prof. Laurent Maron at the University of Toulouse. The author and Dr. Addison
N. Desnoyer guided these studies and interpreted data. Most of this work has been published
in: Chem. Sci., 2022, 13, 14090-14100.

2.2 Introduction

Carbon-halide (C—X) bond activation reactions are of great significance in catalysis as they
provide a facile route to the formation of new carbon—carbon bonds and consequently new
complex organic molecules.! Despite advances, the coupling of C(sp’) fragments in such
reactions is challenging. Over recent decades however, photoredox catalysis has been used
extensively as a strategy to activate a C—X bonds in a variety of organic halides.

In 1984, Tanaka and Fukuzumi published the C—Br bond activation of benzyl bromide in the
presence of 1-benzyl-1,4-dihydronicotinamide (BNAH) and the now widely used ruthenium
photocatalyst, Ru(IT)(bpy)s**(bpy = bipyridine) (Scheme 2.1).2 Reactions of this type follow a
reductive quenching cycle, which involves the excitation of Ru(bpy)s>" prior to a single
electron transfer (SET) with BNAH. This transformation results in the formation of
Ru(I)(bpy)s” which is a powerful reductant, capable of the reduction of benzyl bromide. The
resulting benzyl radical is long-lived through conjugation with the aromatic ring,® and so
homocoupling of the radical can occur and bibenzyl is produced.

[Ru'(bpy)al2**
hv (> 400 nm) BNAH

[Ru'l(bpy)3]?*

O [Ru'(bpy)s]*
©/\ Br

Scheme 2.1. Photochemical C-Br bond activation of benzyl bromide by Ru(II)(bpy)s**.

BNAH *

1/2 O

+ Br
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Stephenson and co-workers have also researched extensively in this field. In 2012 they
published the C—I bond activation of unactivated alkyl, alkenyl and aryl iodides, facilitated by
the highly reducing photocatalyst Ir(ppy)s in the presence of blue light irradiation.* It was
hypothesized such reactions occur through oxidative quenching between the excited
photocatalyst and substrate. The oxidized photocatalyst subsequently generates ground state
Ir(ppy)s (ppy = 2-phenylpyridine) and the reduced product by SET with sacrificial electron
donors. However, even with well-explored catalysts such as Ir(ppy)s, there is still much
discussion surrounding their mechanism of reactivity.® In general, detailed mechanistic studies
of photoredox systems are rare due to their complexity.

Until recently, photoredox catalysts have primarily been transition metal complexes or organic
dyes.®” Little research into photoredox catalysis using lanthanides has been carried out despite
their high earth-abundance and low toxicity.®!! As previously described in Chapter 1, Schelter
and co-workers published the first examples of photocatalysis using cerium, demonstrating the
light-driven C—Cl bond activation of benzyl chloride and activated chlorobenzenes, by
exploiting the halophilicity of the cerium cation in an inner sphere mechanism. However, the
activation of stronger C—X bonds was not attempted with this system.

Fluorine forms the strongest single bond to carbon and the C—F bond is ca. 25 kcalmol!
stronger than the C—Cl bond in monohaloalkanes, and the C—H bond in alkanes.!? The selective
activation and functionalization of C-F bonds is important, both due to the high
bioaccumulation and toxicity of many perfluorinated compounds, and the promise shown by
fluorinated pharmaceuticals.’ In fact, it has been estimated that 20% of new drugs contain one
or multiple C—F bonds in their structure.!’ In contrast to stoichiometric C(sp?)-F bond
activation, which has been well-documented with d-block and a small number of f-block

complexes, examples of even stoichiometric C(sp®)-F bond activations are much rarer.!#!
F
F
RE AN CF3 SET Q CF3 - Hydrodefluorination
" FEF H
2) HAT ' R
Alkene Coup//ng

Scheme 2.2. Hydrodefluorination and defluoroalkylation of trifluoromethylarenes published
by Jui et al.

Aryldifluoromethyl species of the form ArCF;R (R = alkyl, aryl) in particular are important
building blocks in many bioactive compounds.!” The straightforward synthesis of ArCF,R
derivatives from easily available trifluoromethylarenes (ArCF3) via selective single C(sp®)-F
bond cleavage is therefore desirable as it allows for structural diversification by a range of
coupling partners while benzylic fluorination is retained. As no preactivation of the starting
material is needed and byproducts, i.e. F~, are minimal, this transformation is highly atom- and
step-economical, albeit synthetically difficult. The aliphatic C—F bond strength decreases as
the degree of fluorination at the carbon decreases and the C—F bond length lengthens,
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decreasing steric crowding. As a result, typical hydrodefluorination protocols for
trifluoromethylarenes result in complete defluorination of all three C—F bonds.'®

Recent efforts from several groups have focused on addressing this synthetic challenge using
both photochemical'®** and non-photochemical methods.?!2*> Radical methodologies are
attractive here because they allow access to partially defluorinated products which are
otherwise challenging to prepare. For instance, in 2017 Jui and co-workers have demonstrated
that the organic photosenstizer N-phenylphenothiazine (PTH), first introduced by Read de
Alaniz and Hawker,”* can facilitate the selective single C(sp’)-F bond activation of
trifluoromethylarenes including 1,3-bistrifluoromethylbenzene.

Following irradiation with light, SET from the highly reducing excited state of PTH to 1,3-
bistrifluoromethylbenzene produced the corresponding radical anion alongside the oxidized
ground state species PTH'. It was then hypothesized that the radical anion could undergo
mesolytic clevage, producing fluoride and a putative electrophilic ArCF; radical capable of
being quenched directly via hydrogen atom transfer (HAT) or participating in intermolecular
radical addition with alkene acceptor molecules (Scheme 2.2). The nucleophilic radical arising
from this reaction could then be quenched via HAT with cyclohexanethiol, producing the
defluoroalkylated product and the corresponding thiyl species. Both catalysts could be
regenerated by reaction with sodium formate, producing carbon dioxide and sodium fluoride
as by-products.

However, this system was unable to defluoroalkyate unactivated trifluoromethylarenes, and
only substrates bearing stronger electron-withdrawing substituents, such as additional
trifluoromethyl or alkyl groups, were shown to undergo alkene coupling and further reduction
to give the corresponding alkylaromatics. Subsequent work using a range of commonly used
photocatalysts however allowed for the defluoroalkylation of unactivated
trifluoromethylarenes, though heating to 100 °C was required alongside irradiation for
optimum reactivity.?>?¢ The most effective catalyst in this case, 3,7-di([1,1'-biphenyl]-4-y1)-
10-(naphthalen-1-yl)-10H-phenoxazine, originally developed by Miyake for organic atom-
transfer radical polymerization?’ was reported to be highly absorbent in the visible wavelength
range with high intersystem crossing (ISC) efficiency to a long-lived, triplet, highly reducing
excited state. Notably, for the organic SET catalysts used in this system, reaction progress was
shown to be more highly dependent on the excited state lifetime of the catalyst rather than its
reduction potential.

In 2021, Zhang and co-workers reported the first example of selective carbofunctionalization
of the C(sp*)-F bond in the CF3 moiety of trifluoromethylarenes through a transition-metal-
catalyzed cross-coupling.?’ An excited-state palladium complex was shown to facilitate the
C(sp®)-F bond oxidative addition via a SET pathway to generate a a,o-difluororobenzylic
palladium complex. Transmetallation of the resulting of ArCF;Pd(L.)-F species with
arylboronic acids through formation of a strong B-F bond and subsequent reductive
elimination yielded the desired cross-coupled product under mild reaction conditions (Scheme
2.3).
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Pd(iBu,PhP),Cl, (5 mol %) EF
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Scheme 2.3. Visible-light-induced palladium-catalyzed selective defluoroarylation of
trifluoromethylarenes with arylboronic acids as reported by Zhang et al. (Xantphos = (9,9-
Dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane)).

\

In related work, Konig has shown the functionalization of electron-poor trifluoromethylarenes
using photochemical methods, with fac-Ir(ppy); as the photocatalyst and N-methyl-N-
phenylmethacrylamide as the trapping reagent and proton source.?® By irradiating this system
under blue light, the selective single C(sp*)-F bond cleavage of 4-trifluoromethylbenzonitrile
in 1,2-dichloroethane was observed. The authors hypothesised that ArCFj; is converted into the
corresponding radical anion via photocatalytic SET reduction, and subsequently releases F~ to
form the aryldifluoromethyl radical (ArCF,-). The use of a Lewis acidic fluoride scavenger is
thought to accelerate radical generation and suppress electron transfer,?** while the
aryldifluoromethyl radical is captured by the trapping reagent to give the desired ArCF2R
product. Very recently, Nishimoto and Yasuda have described related C—F coupling protocols
of perfluoroalkylarenes using tin reagents and Ir(ppy)s.3! Allyltributylstannane was shown to
be necessary for efficent defluoroalkylation. as the authors reported that neither the Jui or
Konig systems previously described were able to facilitate the C(sp®)-F bond activation of 4-
(1,1,4,4,4,4,4,4,4-nonafluoro-4A%-but-2-yn-1-yl)benzonitrile.

(\N-iPr
Bu N
Ln =Ce

1-Ln (1-20mol %)  F F K
©/CF3 MgBn,(THF), : O/Iin.'”\@\ NLS
- ! t Sm
THF, hv O | Bu ,@(

Figure 2.1. Photocatalytic defluoroalkylation of trifluorotoluene by lanthanide organometallic
complexes.

We have developed a range of applications of organometallic lanthanide complexes in
sustainable catalysis,!*!!323 and considered that organometallic cerium complexes with light
absorption capability and sufficient space to form an inner sphere adduct (Chapter 1) could
achieve the rare and difficult, selective catalytic conversion of sp> C—F bonds. In this chapter
it is shown how selective, catalytic C—F bond functionalization can be achieved using a new
family of Ln(III) compounds supported by a light-absorbing aryloxide-tethered N-heterocyclic
carbene, tetramethylcyclopentadienyl (CpMe4), and pseudohalide ligands. We show that visible
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light-irradiated cerium complexes can selectively abstract a single fluoride from
trifluorotoluene (PhCF3) and catalyze its alkylation by MgR> to afford PhCF2R (Figure 2.1).
The PhCF; radical can also be quenched to selectively form difluorotoluene (PhCF,;H) or
further alkylated via coupling with an alkene or other metal alkyls. Combined experiment and
theory show the importance of coordination of the fluorinated substrate to the Lewis acidic
metal in C—F activation, and the utility of the ligand in enabling photoredox catalysis for other
lanthanide congeners.

2.3 Results and discussion
2.3.1 Stoichiometric C—F Activation of PhCF; to afford PhCFH

2.3.1.1 General procedures and reactivity of cerium complexes

Ph—CF 4
® hv (blue LED) "
THF

Scheme 2.4. General reaction scheme for C-F activation and hydrodefluorination of
trifluorotoluene.

Stoichiometric reactions of PhCF3 with the lanthanide organometallics described previously,
denoted [M] in Scheme 2.4, were conducted to assess capability in photoinduced C—F bond
cleavage. The reaction is expected to proceed by homolytic C—F bond scission, with the PhCF»
radical subsequently abstracting a H atom from the solvent THF, a good H atom donor (Scheme
2.5.

F
I . )
(CpMe4)2CeIIIX + Ph—CF;3 r%’l (CpMe4)QCG|VX + Ph—CF, sol-H Ph‘&

Scheme 2.5. General reaction scheme for C—F activation and hydrodefluorination the Ce
photocatalysts 1-Ce—6-Ce with PhCF3 (X = the monoanionic ligand CpM*4, Cl, OAr, OTf, Bn)

In preliminary experiments, complexes 1-Ce—6-Ce were separately dissolved in THF, PhCF3
added (1.00 equiv.). The samples were then irradiated with a 40 W Kessil A160WE Tuna Blue
lamp (Figure 2.2) in Young's tap-valved NMR tubes for 48 hours. Little conversion was seen
in these reactions, hypothesized to be due to binding competition between PhCF3; and THF
solvent. Therefore, optimized reactions with five equivalents of PhCF; in THF solution were
irradiated under identical conditions. Reaction progress was monitored by F NMR
spectroscopy. Prior to irradiation, the solution of 1-Ce and PhCF3 produced a '°F resonance
0.09 ppm relative to a PhCF3 capillary (Figure 2.3) indicating a difference in fluorine
environment created by solution interactions. This should provide an additional Lewis acid
activation that should facilitate the cleavage of the C—F bond in the excited state complex.>*

All Ce complexes 1-Ce—6-Ce are capable of the conversion of PhCF3 to PhCF;H to varying

degrees, with irradiation required for any reactivity. The sole fluorinated product of this
reaction, PhCF>H, can be observed and quantified by 'F NMR spectroscopy, as a doublet
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arising from the CF2 group coupling to a single proton at -111.5 ppm. The proton source is the
THEF solvent, vide infra.

0.8

0.6
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Figure 2.2. Emission spectrum of a 40 W Kessil AI60WE Tuna Blue lamp.
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Figure 2.3. ’F NMR spectrum of a 325 uM solution of PhCF3 in THF-Hs in a Y oung-tapped
NMR tube with a capillary containing the same 325 uM solution of PhCF3 in THF-Hg before
(green trace) and after (red trace) the addition of 0.01 mmol 1-Ce. A shift is seen between
PhCF; inside and outside the capillary which could be attributed to an interaction between
PhCF3 and 1-Ce.
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Complex 1-Ce formed the product PhCF:H in approximately 75% yield under optimized
conditions of 120 hours of irradiation at room temperature with five equivalents of PhCF;. The
(CpMe)3Ce complex 2-Ce produces PhCF:H in just 5% yield under the same conditions,
underlining the utility of the aryloxy ligand in creating a useful excited state. Complex 4a-Ce
is less effective than 1-Ce at carrying out this transformation, yielding approximately 25%
yield of PhCF:H, despite also having an aryloxide ligand capable of absorbing light. This could
be attributed to the shorter excited state lifetime of this complex relative to 1-Ce, and improved
light absorbance by L due to rigidity imparted by the chelating NHC.3® Rigid ligand scaffolds
have been shown to disfavor nonradiative deactivation pathways of light emitting
organometallic complexes (see Chapter 1).%¢

Though limited, investigation in the substrate scope of defluorination mediated by 1-Ce was
also carried out. Five equivalents of the fluorinated substrates hexafluorobenzene, 1,3-
bis(trifluoromethyl)benzene and (trifluoromethoxy)benzene were irradiated with 1-Ce for 20
hours but yielded only trace dehydrofluorinated product in all cases. Irradiation of five
equivalents of pentafluoro(trifluoromethyl)benzene with 1-Ce for two days resulted in the
generation of a red-brown solution and the complete consumption of 1-Ce, alongside the
formation of at least one new, paramagnetic Ce-containing product. ’F NMR spectroscopy
showed several products arising from C—F activation of the aryl C—F bonds, with no activation
of the CF; moiety. Two of the new products were identified as 2,3,5,6-
tetrafluorobenzotrifluoride and the perfluorinated biphenyl product, both of which are likely
derived from the radical formed from activation of the para-fluoride of the
pentafluoro(trifluoromethyl)benzene starting material. While product yields could not be
accurately determined due to the generation of other fluorine-containing by-products, and the
new cerium species could not be isolated or characterized, we can infer that 1-Ce preferentially
reacts with C(sp?)-F bonds over C(sp®)-F bonds. This in line with the increased radical
stabilization in the radical arising from the activation of C(sp?)-F bonds relative to C(sp*)-F
bonds.*’

2.3.1.2 Reactivity of La complexes

The La congener 1-La is also able to convert PhCF3 to PhCF,H, although less effectively than
1-Ce. PhCF:H is formed in just 10% yield following 120 hours of irradiation of five equivalents
of PhCF3 with 1-La at room temperature. Like 1-Ce, a solution interaction between 1-La and
PhCF; can also be readily seen by "F NMR spectroscopy. In this case the resonance resulting
from the solution interaction is shifted 0.03 ppm from the PhCF; capillary, suggesting that the
change in resonance is not solely due to a paramagnetic shift in the case of 1-Ce. In addition,
1-La absorbs light at 310 nm, as shown in Chapter 1, which allows it to be photoactive.*® This
is attributed to a ligand to metal charge transfer that places an electron in a dz? orbital. For
many cerium photocatalysts reported in the literature, the metal based 4/ — 5d transition is also
thought to result in an excited state with 5dz* character.?

While rare, the photoinduced homolysis of Ln—C bonds have been reported,*>*' and the
hydrodefluorination reactivity is attributed to the ability of one of the La—ligand bonds to be
homolyzed under irradiation, forming a radical La fragment that can formally abstract Fe from
the La—coordinated substrate (vide infra.). (CpMe*);La (2-La) is also able to convert PhCF3 to
form trace PhCF:H, although multiple other unidentified fluorine-containing products are also
generated. Control reactions showed that 2-La thermally decomposes upon introduction of
PhCF; even without blue light irradiation, which could be responsible for the lack of
defluorination selectivity when using this complex.
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2.3.1.3 Experimental and Computational analysis of PhCF3 binding and C-F
bond homolysis

To elucidate the mechanism of C—F bond activation of PhCF3 by 1-Ce and 1-La, experimental
and computational studies were carried out. First, the Rehm-Weller formalism was used to
estimate the excited state reduction potential (E12*) of photocatalyst 1-Ce (Equation 2.1).4?

E* El ed - EO,O + w (2.1)

1 =
“red -r
2 2

E:1 4 1s the ground state reduction potential between the Ce(Ill) /Ce(IV) redox couple. Eq g is
2

the energy difference between Oth vibrational states of ground state and excited states which
can be approximated by the emission energy. ® is the work function which describes
electrostatic interactions due to the separation of charges upon the redox event. The work
function is relatively small and is generally omitted.
As demonstrated in Chapter 1, excitation of a solution of 1-Ce in THF with a 390 nm laser
produces an emission band at 600 nm. Moreover, cyclic voltammetry experiments (vide infra.)
on 1-Ce displays a quasireversible Ce™"V redox couple at —0.15 V vs. Fc¢%". Together, these
data indicate that the estimated E12* of 1-Ce is approximately —2.20 V (Equations 2.2-2.4).

E*ired = E%red - EO-O (2.2)

i, =—015V —2.05V 2.3)
2

E'spq = —22V (2.4)

This value is similar to those calculated for related Ce(IlI) amido and guanidinate complexes,
and more positive than the literature Ei» of PhCF3 (-3.23 V vs. F¢”* in THF).*? This result
supports an inner-sphere mechanism* of photoreduction of PhCF3 as drawn in (Scheme 2.5),
in which the fluorophilicity of the lanthanide cation is essential in enabling the strong bond
cleavage.’®* Unfortunately, similar calculations for 1-La, as well as Stern-Volmer quenching
experiments to aid this research, could not be carried out due to the high energy absorption of
this complex and the limitations of the spectrophotometer used in this wavelength range.

Computational approaches (DFT, B3PWO91 functional) were then used to gain insight into a
plausible reaction mechanism for the C—F bond activation of trifluorotoluene facilitated by 1-
Ce (Figure 2.4). The reaction begins by the photoexcitation of the 1-Ce ground state to 1-Ce¥*,
a transition which is calculated to be 81.3 kcal.mol™! since the PhCF3 coordination is very weak.
This would correspond to absorption of a photon at 350 nm. From this intermediate, a transition
state (TS1) was located on the Potential Energy Surface (PES) that corresponds to C—F
activation of the PhCF;3 substrate. The associated barrier from 1-Ce is high (125.7 kcal.mol™!);
that is, 44.4 kcal.mol™! from the photoexcited Ce'! state, 1-Ce*. The TS was located on the
doublet spin state surface, with the electron shared between the Ce and the PhCF3 molecule
evenly so that the oxidation state of Ce is neither +(III) nor +(IV) at the TS.
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Following the intrinsic reaction coordinate (IRC) leads to the formation of a Ce(IV)-F complex
(INT1) and a free PhCF; radical which is endothermic by 28.2 kcal.mol™! from the photoexcited
1-Ce* state. The formation of the product PhCF>H via hydrogen atom abstraction from the
solvent THF is computed to be athermic. This mechanism is distinct from the associative
interchange process previously calculated for the reaction of (Cp’).CeCH2Ph (Cp’ = 1,2,4-tri-
tert-butylcyclopentadienyl) with methyl halides.*

AG (kcal/mol)
A

Figure 2.4. Computed C—F bond activation pathway from 1-Ce, as well as representation of
TS1.

Conversely, the triplet transition state TS1 computed for the d°/° 1-La analogue, was calculated
to be just 7.9 kcal above the 1-La* excited state energy. The low barrier calculated for the 1-
La reaction corresponds less well to the observed reactivity, so it may be that the light
absorption probability for 1-La is lower, since it involves a form of ligand-to-ligand charge
transfer that may well be dipole forbidden.

2.3.1.4 Experimental evidence for the formation of an ArCF;’ radical
intermediate

Seeking experimental support for the formation of a discrete ArCF» radical intermediate, we
prepared  ortho-substituted benzotrifluoride  1-allyl-2-(trifluoromethyl)benzene  (7),*3
hypothesizing that the pendant alkene group would serve as an intramolecular radical trap.
Indeed, irradiating a mixture of 1-Ce and 7 in THF at 70°C for six days results in the slow
formation of a major new product in 50% yield, assigned based on its ’F NMR spectroscopic
data as the ring-closed species 8 (Scheme 2.6). Particularly distinctive are the 'F NMR
resonances, which display large 2Jr  coupling constants of 250 Hz. The reaction of 1-Ce with
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7 is significantly slower than the corresponding reaction with PhCF3, which we attribute to the
increased steric hindrance about the activated CF3 group caused by the ortho substituent of 7.
Reaction of 7 with 1-La under irradiation at 70°C results in the decomposition of 1-La.
Analogous reaction at room temperature also generates the same product, albeit in a lower yield

of 20%.
CF, . F
©/\/\ — " )
X hv,THF M
70°C, 6 days X ©

7 8  50%

Scheme 2.6. The C—F bond activation of 7 mediated by 1-Ce.

A second radical trap, 1-(allyloxy)-2-(trifluoromethyl)benzene, was also tested in conjunction
with 1-Ce. However, irradiation of the reaction mixture for six days resulted in just trace new
product, shown to contain a difluoromethylene moiety by '°F NMR. Reaction between 1-Ce
and 1-(allyloxy)-2-(trifluoromethyl)benzene is much slower than that between 1-Ce and 7,
which could support the assignment of the five-membered ring-closed product rather than the
six-membered ring-closed product.

To further support the conclusion that reaction of 7 with 1-Ce and 1-La generated the five-
membered ring 8, the independent synthesis of 8 was carried out via the fluorination of 2-
methyl-2,3-dihydro-1H-inden-1-one  with the commonly used fluorinating agent
diethylaminosulfur trifluoride (DAST).* Following reflux of 2-methyl-2,3-dihydro-1H-inden-
1-one with an excess of DAST in THF and subsequent work-up, '°F NMR spectroscopy of the
crude product displayed chemical shifts and J-values that matched exactly with those of the
product of the reaction of 7 with 1-Ce (Figure 2.5). However, the yield of this reaction was
extremely low, making full purification and characterization of this species difficult. Further
attempts to improve the yield of the synthesis failed due to the generation of additional fluorine
containing species when more forcing conditions were used. Attempts to purify the product by
column chromatography and preparative TLC using a range of conditions were also
unsuccessful due to the low yield of product, the similar polarities of product and 2-methyl-
2,3-dihydro-1H-inden-1-one starting material, and the decomposition of product on silica.

Nevertheless, the six-membered ring (1,1-difluoro-1,2,3,4-tetrahydronaphthalene) proposed as
an alternate product from reaction of 7 with 1-Ce and 1-La would not be possible via this
synthetic route. The ring expansion of a five-membered species in the DAST-mediated
fluorination would instead be expected to yield known compound,I-fluoro-1,2,3,4-
tetrahydronaphthalene, which is not observed in the resulting '°’F NMR spectra of this
reaction.*’
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Figure 2.5. ’F NMR in THF-H;s of 1-Ce with 5 equiv. 7, following 6 days irradiation
with a 40 W Kessil AI60WE Tuna Blue lamp at 70 ° C.

2.3.2. Stoichiometric and catalytic defluoroalkylation of C(sp3)—F bonds: Conversion
of PhCF; to PhCF,CH:R

1.1-Ce
hv
F

©0F3 AR &R

Scheme 2.7. Stoichiometric defluoroalkylation of PhCF3 with 1-Ce and CH,CHR (R = 'Bu,
SiMes, Si(OMe)s).

Complex 1-Ce can facilitate defluoroalkylation stoichiometrically using alkenes (Scheme 2.7).
The light-driven reactions between 1-Ce and 5 equivalents of PhCF3 with a series of alkenes—
3,3-dimethylbut-1-ene, trimethyl(vinyl)silane and trimethoxy(vinyl)silane—in THF yields the
dehydrofluorinated product PhCF;H alongside the corresponding defluoroalkylated molecule
PhCF>CH:R. The products were identified by GC-MS and '°F NMR spectroscopy. Analogous
reactions with 1-La gave just trace product. The ratio between the two products fluorinated
products varied depending on the substrate, and the defluoralkylation of trimethyl(vinyl)silane
by 1-Ce is most selective for PhnCF,CH2R (Table 2.1).
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However ultimately, long reaction times, consistently low yields, and side-reactions between
1-Ce and trimethyoxy(vinyl)silane halted our studies. We hypothesize that these side reactions
involved the o-bond metathesis and [1,2]-shift of the silyoxy- substituent in a silyl-Wittig
rearrangement which has been observed for Ce metallocene complexes in the literature.*®
Furthermore, attempts to induce catalytic turnover with external reductants (Zn, Ce) were also
unsuccessful, though further investigation into a wider range of reductants and substrates may
yield more promising results.

Table 2.1. Stoichiometric defluoroalkylation of PhCF3; with 1-Ce and CH>CHR in THF
followed by 110 hours irradiation with a 40 W Kessil A160WE Tuna Blue lamp.

Entry Alkene R Identity Yield of PhCF,CH2R (%) | Yield of PhCF2H (%)
1 ‘Bu 13 8
2 SiMe; 27 6
3 Si(OMe); 19 7

With these results in hand, we then sought to access catalytic defluoralkylation instead using
metal alkyl reagents, which could act as both a coupling partner for the difluorotoluene radical
and as a sacrificial reductant to enable the turnover of catalyst. Complexes 1-Ce—6-Ce can
defluoroalkylate PhCF; catalytically using Mg dialkyl reagents. MgBn,(THF),?! was the most
efficacious reagent (Scheme 2.8), and is therefore described in the reactions shown here,
though the alkylation is also possible using Mg(allyl), MgPho(THF),, and "BusSn(allyl) in
poorer yields. Bulkier metal alkyl reagents such as Mg(Mes) do not result in
defluoroalkylative coupling, and only difluorotoluene is observed as a product.

[cat] (1-20 mol %) EF
CF3 MgBn,(THF),
T =—=C

THF, hv

Scheme 2.8. Photocatalytic defluoroalkylation of PhCF3 with catalyst and MgBno(THF)s.
[cat] = 1-Ce—6-Ce, 1-Ln, 2-La.

Standard reaction conditions consisted of 20 mol % catalyst loading, with one equivalent of
MgBny(THF), and PhCF; respectively in THF-Hg, with samples irradiated with a 40 W Kessil
A160WE Tuna Blue lamp at room temperature for 48 hours. Products were identified as
PhCF2R (R = H, Bn) by GC-MS and '°F NMR spectroscopy (

Figure 2.6 2.6), with minor amounts of the by-product PhCF,H and bibenzyl observed,
presumably formed via homocoupling of benzyl radical.*

Notably, the subsequent C—F bond activation of difluorotoluene is not possible for this system
under these conditions, demonstrated by the independent irradiation of difluorotoluene with 1-
Ce and MgBny(THF); for 110 hours. Over this extended period 47% yield of the
defluoroalkylated product (I-fluoroethane-1,2-diyl)dibenzene (PhCFH>CH,Ph) was
generated. The negligible amount of this compound observed in the photocatalytic
defluoroalklyation of PhCF; by 1-Ce indicate that a second defluorination is not favorable.
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Figure 2.6. Example 'F NMR spectrum collected in THF-Hs of the defluoroalkyation of
PhCF3 by 1-Ce in the presence of MgBn(THF), following irradiation under a 40 W Kessil
A160WE Tuna Blue lamp.

Of the Ce(Ill) photocatalysts, 1-Ce was again most effective at the photocatalytic
defluoroalkylation of PhCF; (Table 2.2). The combined yield of the two C-F activation
products can be improved to 91% after 80 hours irradiation using 20 mol % 1-Ce, although
sequential addition of MgBny(THF), during the reaction is required. Control reactions
involving irradiation of a mixture of MgBn»(THF),; and PhCF; produce bibenzyl and a PhCF;
conversion of just 22% after a significantly longer period of irradiation (260 hours); the
products are a mixture of PhCF2CH,Ph and PhCF>H in a 2:1 ratio.

Table 2.2. Defluoroalkylative coupling of PhCF; with dibenzyl magnesium mediated by 20
mol % catalyst loading of 1-Ce—6-Ce followed by 48 hours irradiation with a 40 W Kessil
A160WE Tuna Blue lamp.

Catalyst [20 mol %] Conversion to PhnCF2,CH,Ph and PhCF>H (%)
1-Ce 51

2-Ce 6

3-Ce 18

4-Ce 41

5-Ce 18

6-Ce 33
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The product yield is highly dependent on the irradiation wavelength, as expected for a light-
driven reaction. Best results are observed using the Kessil Tuna Blue lamp (Figure 2.2) which
has a broad irradiation wavelength spanning 400-600 nm, with an intense emission peak at
approximately 460 nm. We hypothesize that this is due to strong emission bands overlapping
with both the metal and ligand-based absorptions of 1-Ce. Lowest yields are observed when
using a lower energy light source (505 nm) despite its good overlap with the metal-based
absorption of 1-Ce, highlighting the utility of the higher energy ligand-based excitation in this
photochemical transformation. This further suggests that metals lacking and accessible metal-
based 41! — 5d" excitation could be capable of facilitating photocatalytic reactions when ligated
by HL due to this transition.

Table 2.3. Defluoroalkylative coupling of PhCF3 with dibenzyl magnesium mediated by 20
mol % catalyst loading of 1-Ce followed by 11 days irradiation with a variety of wavelength
of light, with yields determined by '°F NMR spectroscopy.

Irradiation Wavelength (nm) J Conversion to PhCF2CH,Ph and PhCF>H (%)
390 46
467 35
505 25

For the potential photocatalyst series 1-Ln (Ln = La, Ce, Nd, Sm), and 1-U, the same reaction
procedure was followed, and product yield and purity monitored after 48 hours irradiation.
Gratifyingly, photocatalytic defluoroalkylation is observed for all lanthanide complexes.
Again, we attribute this reactivity to light absorption through L in a ligand to metal charge
transfer (LMCT) (Chapter 1).

The yield decreases with decreasing atomic radius of the lanthanide, from 67% for La to 13 %
for Sm, again emphasizing the importance of substrate binding through an inner sphere
mechanism. 1-Nd generates the defluorinated products in a combined yield of 32% following
48 hours irradiation, and an 87% yield is observed following 140 hours total irradiation. While
trace formation of PhCF>H was observed in stoichiometric reactions between 1-U and PhCF3,
defluoroalkylation was not possible using MgBny(THF), due to extensive thermally driven
reaction between the two complexes and subsequent catalyst degradation. This could be
attributed to the increased covalent interactions possible for actinides and the larger number of
accessible oxidation states possessed by uranium,*->°

Significantly, 1-La can defluoroalkylate PhCF3 faster than 1-Ce despite lacking the accessible
metal-based 4f! — 5d! excitation or (II)/(IV) redox couple. However, 1-Ce is more selective
in this transformation, capable of giving higher ratio of PhCF,CH2Ph to PhCF:H (5:1) than 1-
La (2:1) at lower catalyst loadings (vide infra).

The formation of a small amount of diamagnetic, L-containing compound during catalysis with
1-Ce was attributed to ligand transfer to the Mg alkyl.>! The major by-product was identified
as [Mg(Bn)(L)]2 (9-Mg) by X-ray diffraction and "HNMR spectroscopy. The ligand exchange
between MgBny(THF), and 1-La (30% conversion to 9-Mg observed over 24 hours) is greater
than between 1-Ce, (less than 1% conversion to 9-Mg observed over 24 hours). This is
consistent with the larger ionic radii of lanthanum relative to cerium, and the greater
accessibility of La to the magnesium reagent.
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Ligand exchange between catalyst Mg alkyl can also be seen with complexes 2-Ce—5-Ce by
"H NMR spectroscopy during photocatalytic reactions, with each gradually converting into 6-
Ce as the reaction progresses. This is not observed for 1-Ce due to presence of chelating ligand
L. 6-Ce is highly reactive but relatively unstable and degrades to 2-Ce and bibenzyl under
prolonged light irradiation. This could explain the increased reactivity of 1-Ce relative to the
other cerium photocatalysts, as chelating ligand L provides both the capacity for additional
light absorption and also enhanced protection from ligand exchange that may lead to catalyst
decomposition. Preliminary reactions with the simple cerium amide Ce(N{SiMes}2); as a
defluorination catalyst and MgBny(THF), also led to the isolation of species
Mg(N{SiMes}2)2(THF), through ligand redistribution, identified by XRD,>? highlighting the
inherent complexity of radical reactions and the potential difficulties in elucidating their
mechanisms.
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Scheme 2.9. Synthesis of Mg complexes to test as catalysts for C—F bond functionalization.

Pure [Mg(Bn)(L)]> (9-Mg) and [Mg(L):]> (10-Mg) were prepared (Scheme 2.9) to
independently test their C—F bond activation reactivity. 9-Mg can be isolated in 59% yield
following the slow addition of one equivalent of HL to a cold, stirred solution of
MgBny(THF)2. 10-Mg can be generated in 74% yield through the addition of a further two
equivalents of ligand to 9-Mg, or the addition of 2.1 equivalents of HL to a room temperature
solution MgBny(THF),. Both complexes were characterized through standard techniques
including single crystal XRD (Figure 2.7 and Figure 2.8).

Mg complexes bearing NHC ligands are relatively underexplored,®*>* in particular Mg-NHC
complexes with chelating anionic functional groups are extremely rare.>>~>% In 2004 Arnold et
al. reported the first amido N-heterocyclic carbene Mg(Il) complex, Mg(‘Bu-N-CH>CHo-
C3N,H»-Bu)2],>” and in 2006 Kawaguchi and Zhang published the first Mg complex of an
aryloxy-bound NHC ligand. [Mg(LM¢)(Mes)]» (where LM¢ = 2-0-3,5-Bur-CeHa(1-
C{N(CH):N(Me)}), Mes = mesityl) was synthesized through treatment of NaLLM¢ with one
equivalent mesitylmagnesium bromide. In this complex, as in 9-Mg and 10-Mg, a magnesium
dimer is formed via the bridging aryloxy group. In the case of [Mg(LM¢)(Mes)]. the open
coordination site is occupied by a mesityl group, analogous to the benzyl substituent in 9-Mg.
In all complexes the two bridged oxygen and two carbon atoms in the NHC coordinate to
magnesium in a tetrahedral geometry. 9-Mg and 10-Mg contain a Mg—C(NHC) bond distance
of 2.179 and 2.228 A respectively, in line with the 2.224 A Mg-C(NHC) bond distance in
[Mg(LM¢)(Mes)]>> The relatively shorter Mg—C distance in 9-Mg could be attributed to the
decreased steric hindrance imparted by the benzyl substituent relative to Mes.
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Figure 2.7. Molecular structure of 9-Mg. Ellipsoids shown at 50% probability, peripheral
groups shown in wireframe, hydrogen atoms and lattice solvent molecules have been omitted
for clarity. Color code: green — Mg; red — O; grey — C; blue — N.

Figure 2.8. Molecular structure of 10-Mg. Ellipsoids shown at 50% probability, peripheral
groups shown in wireframe, hydrogen atoms and lattice solvent molecules have been omitted
for clarity. Color code: green — Mg; red — O; grey — C; blue — N.
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Under standard catalytic conditions for the conversion of PhCF3 to PhCF,CH>Ph, the aryloxy-
NHC complex 9-Mg cleaves the PhCF3 C—F bond under irradiation, forming a mixture of
products in total 24% yield. The bis(ligand) complex 10-Mg is less active for either PhCF,H
or PhCF>CH>Ph formation. We propose that this is due to both the increased steric crowding
of 9-Mg relative to 10-Mg which could hinder the interaction of substrate with the metal center
in an inner sphere mechanism, as well as slow ligand exchange between 10-Mg and additional
MgBno(THF),. In addition, 10-Mg lacks the of alkyl group required to necessitate C—C bond
formation (vide infra). Furthermore, computational approaches (DFT, B3PWO91 functional)
indicate the barrier for the excited state of the Mg(Il) complex 9-Mg*, is around 35 kcal mol ™!,
supporting the experimental observation that the reaction can occur but is relatively slow,
especially since the overall reaction is endothermic by 11.4 kcal mol ™.

The group 2 analogue [CaBnL]x was also targeted since Ca(Il) has a similar ionic radius to
Ln(III) (Teov 6 coordinate Ce = 1.15; Ca = 1.14; Nd = 1.123 A) and would provide a catalyst with
similar Lewis acidity but much less accessible d-orbitals at the metal. CaBny(THF)s was
synthesized via a literature procedure involving the reaction of calcium iodide with two
equivalents of benzyl potassium in THF.>® [CaBnL]x was then targeted through the addition of
a cold solution of CaBny(THF)4 in THF to a cold solution of HL in an analogous procedure to
the synthesis of 9-Mg. However, Schlenk equilibria prevented the isolation of a pure complex
that could inform the mechanistic studies.
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Figure 2.9. Graph of the conversion of PhCF; to PhCF2CH2Ph and PhCF2H mediated by 1 mol
% loading of 1-La, 1-Ce, 1-Nd, 1-Sm and 9-Mg,
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The conversion of PhCF3; to PhCF>CH>Ph can be catalyzed at loadings as low as 1 mol %.
Figure 2.9 shows the data for the catalyzed conversion of PhCF3 to PhCF2CH2Ph in THF-Hg,
mediated by 1 mol % loading of 1-Ce, 1-La, 1-Nd, 1-Sm or 9-Mg. There appears to be a
significant kinetic isotope effect in these reactions as the formation of PhCF;D as a side-
product is suppressed in THF-Dg, leading to an improved PhCF>,CH,>Ph:PhCF>H ration of 12:1,
though overall product yield is much reduced. An average ratio of 3:1 is observed when the
corresponding reaction is performed in THF-Hg.

2.3.3 Mechanistic studies and discussion
2.3.3.1 Oxidation of metal and/or ligand

The interesting ability of supposedly redox-inert 1-Ln and 9-Mg to perform catalytic C-F
activation indeed implicates the ligands in enabling the redox part of the catalytic cycle. The
formation of the ArCF,e catalyzed by 1-Ln should lead to an oxidized F-containing
intermediate, [1-Ln—F]. The redox active and innocent metals can achieve this in different
ways, shown in Scheme 2.10 2.10. For 1-Ce we expect the Ce(III)/(IV) redox couple to be
involved, forming the fluoride intermediate Ce(IV) [(CpMe*).Ce(L)(F)] 1-Ce-F, although we
recognize that oxidation of L or CpM** ligand is also possible. For 1-La and the other
lanthanides which must remain Ln(III) we expect either [(CpMe*).Ln(Le)(F)] or
[(CpMete)(CpMeHLn(F)(L)]. We assume 9-Mg will form [Mg(F)(L+)(Bn)] or [Mg(F)(L)] and
*Bn.

for Ln = Ce = N‘—<
N PhCF,
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PhCF4
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THF O l
hv tBu
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Scheme 2.10. The proposed pathways of oxidation of 1-Ln that lead to turnover or catalyst
degradation.
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In order to implicate either the oxidation of L or CpM** in the mechanism of defluoroalkyation,

we targeted the [1-Ln—F] intermediate independently of catalysis. As cerium(I'V) fluorides are
uncommon and difficult to work with, and if a fluoride was formed in the catalytic cycle, we
did not expect it would be isolable.’® We had hoped, however, that potential oxidation products
would be distinct enough to identify through in situ characterization techniques. For example,
the C=O-Ln intermediate arising from the potential oxidation of L should distinct stretches
observed by FT-IR.%! Conversely, the oxidation and potential homolysis of CpM** may result
in the formation of HCpM®* or the dimer [CpM®*], which could be characterized by 'H NMR
spectroscopy.? In both cases, the addition of fluoride to any potential ligand radical produced
by oxidation could also provide an informative !°F NMR handle.

Accordingly, the chemical oxidations of 1-Ce and 1-La were targeted. However, no [Ln—F] or
otherwise informative species from oxidation of 1-Ce using N-fluorobenzenesulfonimide
(NFSI) or 1-(Chloromethyl)-4-fluoro-1,4-diazabicyclo[2.2.2]octane-1,4-diium
ditetrafluoroborate (Selectfluor), or oxidation of 1-La using xenon difluoride (XeF2) could be
unambiguously characterized by 'H NMR, 'F NMR or FT-IR spectroscopy, or separated by
fractional crystallization. Furthermore, the independent synthesis of Ce(IV)-F species was
attempted, through the generation of a Ce(Ill)-F complex and its subsequent oxidation.
However, reaction of CeF3 with two equivalents of KCpM®* generated an insoluble solid that
could not be characterized, while treatment of 6-Ce with BF3(OEt), instead yielded
[(CpMeH)2Ce(BF4)]2 (Figure 2.15).

The hypervalent iodine reagent PhICl> was then used, to instead access the chloride analogue
of the [Ln—F] intermediate that could form from F atom abstraction from PhCF3, This reagent
has also previously been used with success in organometallic Ce!V chemistry.5*** Upon
addition of PhICl, to 1-Ce, an immediate color change from orange-pink to a purple
characteristic of tetravalent cerium occurred, which was subsequently followed by a bleaching
of the solution to a pale pink color. Unfortunately, "H NMR spectroscopic analysis of the crude
mixture showed multiple products and attempts to separate these by crystallization resulted
only in the recovery of some unreacted 1-Ce. 1-La reacts with 0.5 equiv. of PhICL to form
some unidentified material tentatively assigned as the La! compound [(CpM*)La(LL)(Cl)] since
spectra indicate the loss of a CpM** ligand radical, though again, no species could be
confidently assigned by '"H NMR or FT-IR spectroscopy. Interestingly, 9-Mg does not react
with PhICl>, which could be attributed to the relative Lewis acidity of Mg vs Ln, and suggests
a further reason for the decreased reactivity of 9-Mg in defluoroalkylation compared to 1-La.

As experimental results could not give conclusive evidence for the preferential oxidation of
CpMetor L, computational approaches (DFT, B3PW91 functional) were instead used to provide
more insight into the oxidation step of defluoroalkyation reaction facilitated by 1-La.
Calculations show that CpMe* is spontaneously released as a radical from the La center upon
oxidation and provides a possible reason for the instability of 1-La in catalysis particularly
when using higher energy lamps; catalysis is not possible with 1-La using a 390 nm lamp, only
decomposition is seen. There is also precedent for the homolysis of Ln—Cp bonds.5?
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Figure 2.10. Computed C—F bond activation pathway from 1-La.

Figure 2.10 shows how for photoexcited 1-La* the unpaired spin density is mainly located at
the aryloxy-NHC ligand but localizes on the CpM** ring and develops on the coordinated PhCF3
approaching the C—F activation step, finishing with unpaired spin density on both the PhCF»e
radical and the CpM** ligand. Therefore, CpM** oxidation is likely to lead to La—CpMet
homolysis alongside the release of further radicals (i.e. CpMe#e, (L)(CpMe*)Lae ) that could also
facilitate reactivity. In addition, the capacity for the pseudo-reversible oxidation (vide infra.)
of phenoxy-NHC ligand L could enable a non-oxidizable Ln" complex (Ln = La, Sm, Nd) to
turnover in the proposed catalytic cycle via a modified mechanism to 1-Ce where the redox
process can also occur at the metal.

Cyclic voltammetry (CV) measurements were also carried out to analyze the redox potentials
and reversibility of the oxidations of complexes 1-Ce, 2-Ce, 1-La and 2-La as well as of the
ligand HL, to provide further information of the process of oxidation in catalysis (Appendix
B). Measurements were performed in tetrabutylammonium tetraphenylborate (TBABPh4)
(Figure 2.11, Table 2.4), or in tetrabutylammonium hexafluorophosphate (TBAPF¢) electrolyte
solutions. The TBAPh4 electrolyte has a narrower potential window (up to 0.25 V vs Fc/Fc")
but it avoids the potential for abstraction of F by the lanthanide complex.
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Table 2.4. Onset of oxidation in volts for 1-Ce, 1-La, 2-Ce, 2-La and HL observed upon
scanning oxidatively at 500 mV/s. The calculated excited state reduction potential of 1-Ce is
shown in brackets adjacent to the ground state reduction potential.

Molecule | Redox potential (vs Fc/Fc+) / V
1-Ce —0.15 (-2.2)

1-La 0.15

2-Ce -0.3

2-La —0.05

HL 0
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Figure 2.11 Cyclic voltammograms of 1-Ce (purple), 2-Ce (dark blue), 1-La (light blue), 2-
La (green) and HL (orange) in THF with 0.085 M ["BusN][BPh4] supporting electrolyte.
[analyte] = ca. 5 mM; v = 0.5 V/sec.

In the case of HL, a redox peak around 0 V (vs Fc/Fc+) was observed upon scanning
oxidatively, displaying partial reversibility upon increasing the scan speed. This can be
explained by a slow, irreversible reaction of the oxidized ligand. A similar redox feature around
—0.15 V is observed for 1-Ce; the position of the oxidation at a more negative potential than
that of free ligand implies a contribution from both the ligand and the metal center to this
oxidation. This agrees with our observation that electrons can be photoexcited from both metal
and ligand.

In comparison, 1-La shows an onset of oxidation current of similar amplitude only close to the
electrolyte potential window (onset around 0.15 V), There is also a smaller feature at —0.15 V,
attributed to small amounts of free ligand that are released after the first oxidative scan of the
bulk solution. 2-Ce and 2-La both display fully irreversible oxidations with onsets around —
0.3 and —0.05 V, respectively. The presence of additional redox features may indicate the
formation of electrochemically active degradation products of the oxidation, consistent with
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our hypothesis. The voltammograms of 2-La and 2-Ce have recently been reported and show
that the oxidation of lanthanide tris(CpM®*) complexes leads to decomposition at most standard
scan rates.®® Here in contrast, the oxidation of 2-Ce is partially reversible at a scan rate of 500
mV/sec.

2.3.3.2 The C-C bond forming step

We were interested in examining in more detail the C—C bond forming step of this coupling
reaction. Conventional organometallic Ce(IV) species are documented to be unstable.’”% In
line with our experimental observations, DFT calculations indicate that the formation of a
discrete [Ce(IV)]-Bn is energetically unfavorable.
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Figure 2.12. Computed C—C coupling pathway at MgBn>(THF),.

We examined whether the C—C bond was formed by coupling of the PhCF; radical directly
with the reagent MgBn2(THF)2, and also with 9-Mg, since we observe this as a by-product in
catalysis involving 1-Ln. Intrinsic reaction coordinate (IRC) calculations on the coupling of
the PhCF; radical with MgBny(THF); (Figure 2.12) identify a transition state with a barrier that
is 3.5 kcal/mol lower than that calculated for 9-Mg* (a computational model wherein the
dimeric structure of 9-Mg observed by XRD has been broken up by donor THF solvent). The
formation of 9-Mg* (THF solvate) from 9-Mg (the unsolvated dimer) is computed to be almost
athermic (2.1 kcal/mol) making 9-Mg* a viable model for this reaction. The transition state for
the latter is 19.8 kcal/mol above the energy of 9-Mg* and the PhCF; radical (Figure 2.13).
These results indicate that C—C bond formation is likely occurring at MgBna(THF),, which is
also at significantly higher concentrations than 9-Mg in solution during catalysis.
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Figure 2.13. Computed C—C coupling pathway at 9-Mg.
2.3.3.3 Mechanistic summary

The reactivity described here is notable in that it is not limited to Ce, which is the only rare
earth with a readily accessible (III)/(IV) redox couple and /' — d-orbital transition. It is these
properties that have led to the recent and widespread interest in photoredox catalysis with Ce
complexes. Of all the complexes that are capable catalysts described here, the 1-Ce congener
shows the longest catalyst life, and cleanest product formations. This may be because for the
photoactivated Ce(II1)/(IV) system there is a simple, metal-based process for redox shuttling
that enables the F atom to be captured and removed, as well as the opportunity for both ligand
and metal orbitals to contribute to the light absorption and bonding of the complex. For La and
other metals, the redox part of the cycle relies on the redox reactivity of an ancillary ligand.
The involvement of phenoxy ligand radicals in redox reactions has been previously
documented,®"! and cyclic voltammetry experiments show that HL possesses a pseudo-
reversible redox event.

Calculations suggest that the ease of M—Cp™M®*bond homolysis is greater for La versus Ce, and
CV experiments imply that loss of a CpM®* ligand from 1-La may lead to a cascading
degradation process where the release of radical fragments accelerate decomposition. This
supports the observation that complex 1-Ce is more effective for C—F activation while complex
1-La is faster for the coupling of the radical to form benzylated product, acting as a source of
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radicals that can facilitate C—F bond cleavage at the Lewis-acid coordinated substrate.
Moreover, 1-Ce has been found to be the most thermally robust during catalysis of the 1-Ln
family described herein, able to operate at elevated temperatures (i.e. 70 °C).

The proposed mechanism is outlined in Scheme 2.11. First, a weak but observable interaction
between a fluoride of PhCF3 and the Ln metal, as observed in '°F NMR experiments for both
Ce and La, serves to bring the substrate into the active site. C—-F—Ln(IIl) (Ln = La, Sm, Yb)
interactions have previously been hypothesized in the functionalization of C—F bonds mediated
by lanthanide complexes.'#16

F F
MgBnF +
o M_ph

Man2

(Ln] PhCF5

K\N Pr

F
- |v
o /Ce
Ph/L r ; F
metal-based redox if Ce F
+ Ph
or [Ln]---F

i K\N o

tBu F
1
\C;[O/La .
hv

ligand- based redox if La

_
Pl pn
[Ln]---F

Scheme 2.11 Proposed mechanism of photocatalytic C—C coupling.

Photoexcitation to a more reducing excited state’® follows, which leads to C-F cleavage and
the generation of an ArCF; radical, as supported by experiments with a radical trapping
substrate. The nature of the resulting putative Ln—F species depends on the identity of the rare
earth element. For Ce, the formation of a discrete Ce(IV) species is the most likely intermediate.
As this higher oxidation state is inaccessible for La, the ligands (either L or CpM**) can serve
as the electron source through ligand-based redox non-innocence. Reduction likely occurs
when the generated PhCF; radical couples with MgBn, to form the C—C bond, with the
resulting transient Mg(I) complex serving to reduce either the metal (in the case of Ce) or the
ligand (in the case of La) back to the initial catalytic species.
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This generates the defluoroalkylated product alongside a proposed magnesium fluoride
species, MgBnF, which would likely disproportionate to form MgBn>(THF), and magnesium
fluoride. The presence of a fluoride containing species in these reactions can be supported
through the addition of one equivalent of chlorotrimethylsilane with respect to the fluorinated
substrate following the completion of a reaction, which results in the formation of
fluorotrimethylsilane that can be observed by '’F NMR spectroscopy.’?

Calculations support the proposed mechanism, agreeing with the need for inner-sphere
complexation between the Lewis acidic metal and the substrate to provide sufficient weaking
of the C—X bond to enable photochemical cleavage. They also show how the ligands can
contribute to light absorption to generate the reactive excited state (Chapter 1), and how
oxidation of the complex can be localized on the metal (for Ce) or ligand (for the other metals)
to enable turnover.

Trends in reactivity also support the proposed mechanism. Reactivity decreases along the
lanthanide series, consistent with the larger lanthanides providing greater access for substrate
binding and a consequent inner sphere mechanism. Another contributing factor to this trend
could be the relative energies between the ligand orbitals and d-character orbitals on the metal.
Energy matching of these orbitals could lead to more efficient LMCT and enhanced
photoactivity. The energy of the d-orbitals in the lanthanides decrease along the series due to
the lanthanide contraction, which could make their energy match with the ligand poorer for
later lanthanides relative to lanthanum. However, further computational, and spectroscopic
data for 1-La, 1-Sm and 1-Nd would be needed to validate this hypothesis. The study of
fluorophilic Group 3 metals such as gallium or indium which do not have an accessible 5d
orbital could also provide insight into this claim,’*’> as could the synthesis and catalysis of the
calcium analogue of 9-Mg previously discussed.

-
E>\‘Mg /©

CF2

o i

Figure 2.14. Envisioned intermediate arising from the interaction between 1-Ce and
MgBno(THF), if NHC substituent of L. was labile.

To the best of our knowledge the NHC in ligand L is not labile, and all computed barriers
increase in energy in systems where the NHC is unbound or binds to a Mg (or other) reagent.
This is supported by experimental data, as variable temperature 'H NMR spectroscopy
experiments do not show any interactions between 1-Ce and MgBn2(THF)> in THF solutions
(Error! Not a valid bookmark self-reference.Figure 2.14). This result is in contrast to related
Ce systems examined by us previously, which display hemilability of the NHC moiety of the
L ligand as a key reactivity feature in the ring opening of lactide to form polylactide. %7677
Unsurprisingly, the calculations do not support the presence of a [Ce!Y-Bn] complex at any
point.
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2.4 Conclusions

Cleavage and functionalization of the strong and inert sp* C—F bond of PhCF; can be readily
achieved using single component, earth-abundant organometallic photocatalysts, requiring
both the Lewis acidity of the metal to bind the substrate, and the visible light-absorbing
capabilities of the rigid aromatic ligands. The reactivity described here is notable in that it is
not limited to Ce, which has been the focus of a recent surge of interest in earth-abundant metal
photocatalysts.

The photochemical hydrodefluorination and defluoroalkylation of PhCF3 is feasible for
typically photoinactive metals including La and Mg because the rigid aryloxy-NHC ligand
facilitates visible light absorption. Experiments with a radical-trapping substrate support the
formation of ArCF; radicals after C—F bond activation, and catalytic turnover in C—C bond
forming reactions is most readily achieved using reagents such as MgBn>(THF), which can
provide both the alkyl group and reduction of the catalyst intermediate. Ligand non-innocence
allows for the redox part of the catalytic cycle to occur for metals without a readily accessible
tetravalent oxidation state. The propensity of the reported complexes to facilitate C—F bond
activation also suggests the ability to cleave other C—X bonds.

2.5 Experimental

General details. All moisture and air sensitive materials were manipulated using standard
high-vacuum Schlenk-line techniques and MBraun gloveboxes and stored under an atmosphere
of dried and deoxygenated dinitrogen. All glassware items, cannulae and Fisherbrand 1.2 pm
retention glass microfibre filters were dried in a 160 °C oven overnight before use.

Solvents and reagents. Hexanes, tetrahydrofuran (THF), diethyl ether (Et,O) and toluene for
use with moisture and air sensitive compounds were dried using an MBRAUN SPS 800 Manual
solvent purification system and stored over activated 3 A molecular sieves. Benzene-De,
pyridine-Ds were purchased from Cambridge Isotope Laboratories and were refluxed over
potassium metal for 24 hours, freeze-pump-thaw degassed and purified by trap-to-trap
distillation prior to use. THF-Dg was purchased from Cambridge Isotope Laboratories and dried
over sodium/benzophenone before being freeze-pump-thaw degassed and purified by trap-to-
trap distillation prior to use. All solvents were purchased from Sigma-Aldrich or Fisher
Scientific and stored over 3 A molecular sieves for 4 hours before being used.

PhICl, was prepared according to the literature procedure’™ and stored at —30 °C.
Dihydrocarbyl magnesium reagents,” CaBna(THF)s,>® HL,% KCsMesH,®! lanthanide
triiodides (Ln = La, Ce, Nd, Sm),%?%3 lanthanide tris(tetramethylcyclopentadienyl) complexes
(Ln = La, Ce, Nd, Sm),?4 Uls(dioxane), and UCpM®4; ¥ were all prepared using published
methods. Complexes 1-Ce—6-Ce, 1-Ln, and 1-U were synthesized as previously described in
Chapter 1. The radical traps 7, and 1-(allyloxy)-2-(trifluoromethyl)benzene, were synthesized
according to the literature procedure.®® All other chemicals were purchased from commercial
suppliers and degassed and/or dried under vacuum or over 3 A molecular sieves for 12 hours
before use.

Characterization. NMR spectra were recorded on Bruker Avance 400, 500 and 600 MHz

spectrometers and are referenced to residual protio solvent (3.58 and 1.72 ppm for THF-Ds,
7.16 ppm for C¢Ds) for 'TH NMR spectroscopy. THF was used as solvents for No Deuterium

63



(NoD) NMR experiments,'? and was referenced to added tetramethylsilane (0.00 ppm for both
'H and "*C{'H} NMR spectroscopic experiments). Quantitative 'H NMR data were acquired
with a minimum of eight scans, with the delay time set to 5 x the longest Ti value present.
Chemical shifts are quoted in ppm and coupling constants in Hz. Tetrakis(trimethylsilyl)silane
(TMS*) was used as internal standards for quantitative "H NMR spectroscopy. NMR spectra
were taken at 25°C unless otherwise noted. Structural assignments were performed using
HSQC and HMBC NMR spectroscopic experiments when necessary. Elemental analyses were
carried out by the microanalytic services in the College of Chemistry at the University of
California, Berkeley. Multiple attempts to collect data have been made but poor carbon
combustion has been a problem. GC-MS measurements were acquired using an Agilent 7890B
GC-MS system; LC-MS data was collected with the ACQUITY™ UPLC™ H-Class PLUS
System; HRMS data was collected using a PerkinElmer HRMS. ATR-FTIR spectra were
recorded on a Shimadzu IRSpirit FTIR spectrometer on neat powders.

Photochemical reactions. The station for photochemical reactions was equipped with a fan to
maintain constant temperature, and unless otherwise stated, a single 40 W Kessil AI60WE
Tuna Blue lamp. The reactions were conducted in J-Young valved NMR tubes fixed at a
distance of 7.5 cm from the light source unless otherwise stated.

Photophysical data. Quartz cells with a 10 mm pathlength equipped with a J-Young valve
were used to contain samples prepared under a dinitrogen atmosphere for electronic absorption
spectra (UV-Visible) and fluorescence measurements. UV-Visible measurements were
collected on an Agilent Varian Cary 50 UV-Visible spectrophotometer. Emission and
excitation spectra were collected on Fluorolog®-3 spectrofluorometer.

Crystallography. Single crystal X-ray diffraction data of 1-Ce were collected using an
Excalibur Eos diffractometer, fitted with a CCD area detector and using MoKa radiation (A =
0.71073 A) at 170 K. X-ray diffraction data for 3-Ce were collected at beamline 12.2.1 of the
Advanced Light Source (ALS) at Lawrence Berkeley National Lab, using a Bruker D8
diffractometer coupled to a Bruker Photonll CPAD detector with Si(111)-monochromated
synchrotron radiation (17 keV radiation). Single crystal X-ray diffraction data of all other
compounds were collected using a Rigaku Xtalab Synergy-S diffractometer fitted with a
HyPix-6000HE photon counting detector using MoKa (A =0.71073 A) or CuKa (A= 1.5418A)
radiation. All structures were solved using SHELXT in Olex2 and refined using SHELXL in
Olex2.8687 Absorption corrections were completed using CrysAlis PRO (Rigaku Oxford
Diffraction) software. Analytical numeric absorption corrections used a multifaceted crystal
model based on expressions derived by Clark and Reid.® Numerical absorption correction was
based on a Gaussian integration over a multifaceted crystal model.

Computational details. All the structures reported in this study were fully optimized with the
Becke’s 3-parameter hybrid functional®® combined with the non-local correlation functional
provided by Perdew/Wang (denoted as B3PW91).”° The basis set used for lanthanum and
cerium atom were the Stuttgart-Dresden small core ECP in combination with its adapted basis
set.?192 For the Mg atom a 6-311++G(d,p) basis set was used whereas for all the other atoms a
6-31G(d,p) basis set was set.”>* In all computations no constraints were imposed on the
geometry. All stationary points have been identified for minimum (number of imaginary
frequencies Nimag=0). The vibrational modes and the corresponding frequencies are based on
a harmonic force field. Gibbs Free energies were obtained at T=298.15K within the harmonic
approximation. GAUSSIAN(09 program suite was used in all calculations.”®> The UV-
Visibleible spectra were simulated at the TDDFT level using the same functional.
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Cyclic Voltammetry. Cyclic voltammetry (CV) was performed inside a glovebox under
nitrogen atmosphere, using an EC Epsilon (BASi) potentiostat. The working electrodes were
glassy carbon with an area of 0.071 cm? that were polished with Al,O3 (1 um, 0.3 um, 0.05
um) and rinsed with ultrapure water and acetone before the measurements. The counter
electrode was a platinum wire. The reference electrode (Ag/Ag") consisted of a silver wire in
a reservoir of the electrolyte solution to which a small amount of AgBF, was added, connected
to the sample solution by a frit. Potentials were calibrated to the Fc/Fc* redox couple in each
electrolyte solution. Experiments were performed in TBAPF¢ in THF (0.1 M) or in TBABPh4
in THF (0.085 M, close to saturation) at room temperature. Analyte concentrations were kept
at around 5 mM for the measurements.

Synthesis of 8. Method A: In a glovebox, an ampoule was charged with 1-Ce (16.4 mg, 0.0236
mmol, 1.00 equiv.), 7 (6.5 mg, 0.0349 mmol, 28.6, 1.5 equiv.) and THF (1 mL). The ampoule
was then heated to 70 °C and irradiated in front of a 40 W Kessil AI60WE Tuna Blue lamp
for 6 days. The reaction was then analyzed by °’F NMR spectroscopy, and the product assigned
as 8 in 50% yield in situ.

19F NMR (376 MHz, THF-Hs) & -95.8 (dd, J= 15.3, 4.4 Hz), -96.5 (dd, J = 14.9, 4.6 Hz), -98.5
(d, J=14.1 Hz), -99.2 (d, J = 13.9 Hz).

Method B: Under nitrogen, diethylaminosulfur trifluoride (2.70 mL, 0.0205 mol, 3.00 equiv.),
was added dropwise to an ice-cold solution of 2-methyl-2,3-dihydro-1H-inden-1-one (0.940
mL, 0.0680, 1.00 equiv.) in dichloromethane (20 mL). The reaction mixture was warmed to
room temperature and then heated to reflux for 36 hours. The solution was cooled and added
dropwise to a saturated aqueous sodium hydrogencarbonate, extracted with dichloromethane
(3 x 10 mL), washed with brine, and dried over magnesium sulfate. Volatiles were removed
under vacuum to yield trace of the crude product, identified by '°F NMR, LCMS and HRMS.

F NMR (470 MHz, THF-Hg) § -96.1 (dd, J=15.2, 4.4 Hz), -96.6 (dd, J=15.3, 4.4 Hz), -98.8
(d, J=14.3 Hz), -99.3 (d, J = 14.2 Hz). m/z=168. HRMS Calcd [2M+MeCN+H]" 378.1942;
found [2M+MeCN+H]" 378.1948. Residual = 1.586 ppm.

Synthesis of [Mg(Bn)(L)]2 (9-Mg). To a cold (-78 °C) solution of HL (31.4 mg, 0.100 mmol,
1.00 equiv.) in THF (2 mL) was added a cold solution of MgBn>(THF)> (35.0 mg, 0.100 mmol,
1.00 equiv.) dropwise over ten minutes. The mixture was allowed to warm to room
temperature, with stirring, overnight. After this period, volatiles were removed by vacuum
evaporation, and the cream powder washed with cold hexanes. Yield: 37.5 mg, 59%.
Diffraction quality crystals were grown from a concentrated toluene solution at —30°C.

"H NMR (500 MHz, C¢D¢, 298 K) : & 7.59 (1H, d, Jun = 2.6, CHin), 6.94 (d, Jun = 2.4, 1H,
CHim), 6.86 (2H, t, Ju-u = 7.5, CHgn), 6.69 (2H, d, Ju.u = 7.6, CHgn), 6.56 (1H, d, Ju-u = 1.7,
CHpn), 6.53 (1H, Jun =7.2, CHgy), 5.82 (1H, d, Ju-u = 1.7, CHpn), 3.13 (1H, h, Juu = 6.6,
CHipr), 2.00 (2H, dd, Ju.u = 8.9, CHzpn), 1.83 (9H, s, CH3u), 1.35 (9H, s, CHssu), 0.71 (3H,
d, Ju-n = 6.6, CHsipr), 0.62 (3H, d, Jun = 6.6, CHzipr). °C NMR (125 MHz, C¢Ds, 298 K): &
156.3 (s, C-0), 142.7 (s, Cpn), 140.8 (s, Cpn), 130.7 (s, NCN), 124.1 (s, Cgn), 123.8 (s, Cgn)
123.7 (s, Cim), 119.7 (s, Cpn), 118.9 (s, Cim), 117.7 (s, Cpnn), 116.5 (s, Cpnu), 116.3 (s, Cgn),
51.9 (s, Chipr), 36.2 (s, Ccns), 34.5 (s, Ccus), 31.8 (s, Cisu), 32.6 (s, CiBu), 25.1 (s, Chzgn), 23.8
(s, Cipr), 23.3 (s, Cipr). Anal. Calcd for: CsaH74MgoN4Os: C, 75.43; H, 8.68; N, 6.52. Found: C,
71.67; H, 8.26; N,6.35.
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Synthesis of [Mg(L)]2 (10-Mg). Method A: To a solution of HL (62.8 mg, 0.200 mmol, 2
equiv.) in THF (2 mL) was added a solution of MgBny(THF) (35.0 mg, 0.100 mmol, 1.00
equiv.). The mixture was stirred overnight. After this period, volatiles were removed by
vacuum evaporation, and the cream powder washed with cold hexanes. Yield: 63.6 mg, 74%
Diffraction quality crystals were grown from a concentrated toluene solution at —30°C.

Method B: To a solution of HL. (6.28 mg, 0.0200 mmol, 1.00 equiv.) in THF (2 mL) was added
a solution of 9-Mg (6.36 mg, 0.004 mmol, 0.500 equiv.). The mixture was stirred overnight.
After this period, 10-Mg was observed by 'H NMR spectroscopy.

"H NMR (500 MHz, C¢De¢, 298 K) : 8 7.57 2H, d, Jun = 2.5, CHim), 7.2 2H, d, Juu = 2.5,
CHim), 7.00 (2H, d, Ju.n = 1.8, CHpyn), 6.22 (2H, d, Juu = 2.0, CHpn), 4.18 (2H, br s, CHipr),
1.78 (18H, s, CHssu), 1.43 (18H, s, CHswu), 1.01 (6H, d, Ju-n = 6.7, CHzsipr), 0.90 (6H, d, Ju-n
= 6.8, CHsipr). 3'C NMR (125 MHz, CsDs, 298 K): 6 156.8 (s, Co), 141.7 (Cpn), 134.4 (s, NCN),
129.3 (s, Cpn), 128.6 (s, Cpn), 125.7 (s, Cpn), 122.3 (s, Cpn), 120.6 (s, CHim), 116.5 (s, CHim),
115.5 (s, Cpn), 52.5 (s,CHipr), 36.4 (s, CiBu), 34.3 (s, CBu), 32.2 (s, C(cn3)3), 30.2 (s, Ccnz)3),
23.9 (s, Cipr), 23.4 (Cipr). Anal. Caled for: C40HssN4O2Mg: C,73.77; H, 8.98; N, 8.60. Found:
C,71.45;H,9.22;N, 7.27.

Targeting the synthesis of [Ca(Bn)(L)]x. To a cold (78 °C) solution of HL. (31.4 mg, 0.100
mmol, 1.00 equiv.) in THF (2 mL) was added a cold solution of CaBny(THF)4 (51.1 mg, 0.100
mmol, 1.00 equiv.) dropwise over ten minutes. The mixture was allowed to warm to room
temperature, with stirring, overnight. After this period, volatiles were removed by vacuum
evaporation, and the red powder washed with cold hexanes. The solid could not be
characterized by "H NMR spectroscopy. Red crystals could be grown from layering a THF
solution of the product with hexanes at —30 °C, but they were not suitable for characterization
by XRD. Anal. Calcd for: C27H36N2OCa: C,72.93; H, 8.16; N, 6.30. Found: C, 65.21; H, 7.68;
N, 4.71.

Targeting the synthesis of (CpM®),Ce(F). Method A: A Teflon-stoppered ampoule was
charged with anhydrous cerium trifluoride (CeF3) (43.3 mg, 0.219 mmol, 1.00 equiv.), KCpMe*
(71.4 mg, 0.445 mmol, 2.03 equiv.) and THF (5 mL), resulting in a pale yellow slurry. The
ampoule was sealed and heated to 70°C for 24 hours, which resulted in no change to the
reaction mixture.

Method B: In a glovebox (CpM**),Ce(Bn)(THF) (6-Ce) (89.4 mg, 0.164 mmol, 1.00 equiv.)
was dissolved in THF (5 mL), resulting in a yellow-green solution. With stirring, a solution of
BF3(OEt), (47.8 mg, 0.337 mmol, 2.06 equiv.) in THF (2 mL) was added dropwise, resulting
in a rapid color change to orange-yellow. The solution was stirred at room temperature for 1
hour, during which time the reaction mixture became turbid. The volatiles were then removed
under vacuum, resulting in a pale, off-white residue. After washing with hexanes (2 x 3 mL),
the residue was extracted with a minimum volume of toluene (4 mL) and filtered through glass
fiber to yield a bright yellow solution. After layering with hexanes (16 mL), the solution was
left to crystallize overnight, yielding large white blocks that were identified as [(CpMe*)2Ce(p—
BF4)]2 (Figure 2.15).
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Figure 2.15. Molecular structure of [(CpMe*).Ce(u—BF4)]o. Ellipsoids shown at 50%
probability, peripheral groups drawn as wireframe, hydrogen atoms and lattice solvent
molecules have been omitted for clarity. Color code: green — Ce; red — O; grey — C; bright
green — F; pink — B.

Method C: To a 20 mL vial was added 6-Ce (61.1 mg, 0.112 mmol, 1.00 equiv.) dissolved in
THF (5 mL), resulting in a yellow-green solution. This solution was chilled in a freezer (-30
°C) for 15 minutes. With stirring, a similarly chilled solution of BF;OEt; (5.1 mg, 0.0359 mmol,
0.320 equiv.) in THF (2 mL) was added dropwise, resulting in a rapid color change to bright
yellow. The solution was warmed to room temperature with stirring for 1 hour, during which
time the reaction mixture became turbid, then lightened to a brighter yellow and became
homogeneous. The volatiles were then removed in vacuo, resulting in a yellow-green residue.
Extracting with hexanes (2 x 3 mL) gave a bright green solution, which 'H NMR spectroscopy
revealed to be (CpM**);Ce. The remaining yellow-orange residue was extracted with toluene
and filtered to give a yellow-orange filtrate, which was analyzed by '"H NMR spectroscopy and
shown to contain either CeBn3(THF)3% or (CpMe#)CeBna.

Reaction to target the chemical oxidation of 1-Ce and synthesis of (CpM**),Ce(L)(CI). In
a glovebox, a vial was charged with 1-Ce (22.0 mg, 0.0316 mmol, 1.00 equiv.) and toluene (2
mL) PhICl, (4.6 mg, 0.0167 mmol, 0.530 equiv.) in toluene (2 mL) was added dropwise
resulting in a dark purple solution that bleached to pale purple within seconds. Only unreacted
1-Ce could be recovered and characterized by '"H NMR spectroscopy and single crystal X-ray
diffraction.

Reactions to target the chemical oxidation of 1-La and synthesis of (Cp™¢*);La(L)(Cl). In
a glovebox, a Young’s valve-equipped NMR tube was charged with 1-La (13.1 mg, 0.0189
mmol, 1.00 equiv.), PhICl; (3.0 mg, 0.0109 mmol, 0.580 equiv.) and THF (0.6 mL), resulting
in a pale yellow solution. The tube was sealed and monitored by '"H NMR spectroscopy. After
20 minutes a color change to dark yellow-brown was observed. 'H NMR analysis showed only
trace amounts of 1-La remaining in solution, as well as the formation of a new, diamagnetic
species that has a 1:1 ratio of CpM** to L ligand, which could not be characterized by 'H NMR
spectroscopy, fractional crystallization or FT-IR.

Reaction to target the chemical oxidation of 9-Mg. In a glovebox, a Young’s valve-equipped

NMR tube was charged with 9-Mg (11.1 mg, 0.0129 mmol, 1.00 equiv.), PhICL, (1.6 mg,
0.00582 mmol, 0.450 equiv.) and THF (0.6 mL), resulting in a very pale yellow solution. The
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tube was sealed and monitored by 'H NMR spectroscopy. After 4 hours, 'H NMR analysis
showed no reaction between 9-Mg and PhICl,.

Targeting the synthesis of (Cp™¢*),Ce(L)(F). Method A: In a glovebox a vial was charged
with 1-Ce (19.5 mg, 0.0280 mmol, 1.00 equiv.) and toluene (5 mL). 1-(Chloromethyl)-4-
fluoro-1,4-diazabicyclo[2.2.2]octane-1,4-diilum ditetrafluoroborate (Selectfluor) (9.8 mg,
0.0280 mmol, 1.00 equiv.) was added, and the orange solution stirred at room temperature.
Following 16 hours stirring, no reaction was observed.

Method B: In a glovebox a vial was charged with 1-Ce (20.5 mg, 0.0294 mmol, 1.00 equiv.)
and toluene (2 mL). A solution of N-fluorobenzenesulfonimide (NFSI) (14.2 mg, 0.0450 mmol,
1.50 equiv.) in toluene (2 mL) was added, and the orange solution quickly darkened to purple
characteristic of Ce(IV). Following 15 minutes stirring the color had changed to black, and no
material could be characterized by '"H NMR spectroscopy or crystallization.

Targeting the synthesis of (CpM¢4),La(L)(F). Method A: In a glovebox a Young’s valve-
equipped NMR tube was charged with 1-La (6.95 mg, 0.0100 mmol, 1.00 equiv.) and THF
(0.5 mL). Xenon difluoride (XeF>) (1.9 mg, 0.0110 mmol, 1.10 equiv.) was added, and the tube
sealed and monitored by '"H NMR and '°F spectroscopy. Following 20 minutes the complete
consumption of 1-La and XeF> was observed, and no peaks seen in '’F NMR spectra. Volatiles
were removed under vacuum, and the resulting pale-yellow solid was unable to be
characterized by X-ray diffraction or FT-IR.

General procedure for the unoptimized stoichiometric C—F activation of PhCFs;. In a
glovebox, a Young’s valve-equipped NMR tube was charged with metal complex (0.0100
mmol, 1.00 equiv.) and THF (0.5 mL). PhCF3 (1.23 pL, 0.0100 mmol, 1.00 equiv.) was then
added using a micropipette. The sample was then irradiated with light and monitored
periodically by 'H and 'F NMR spectroscopy. Final time point measurements were collected
after 48 hours.

General procedure for the optimized stoichiometric C—F activation of PhCFs. In a
glovebox, a Young’s valve-equipped NMR tube was charged with metal complex (0.0100
mmol, 1.00 equiv.) and THF (0.5 mL). PhCF3 (6.13 pL, 0.0500 mmol, 5.00 equiv.) was then
added using a micropipette. The sample was then irradiated with light at 70°C and monitored
periodically by 'H and 'F NMR spectroscopy. Final time point measurements were collected
after 120 hours.

Evidence for fluoride generation in defluoroalkyation mechanism. The general procedure
for 1 mol % catalytic defluoroalkylative coupling of PhCF3 with MgBnz(THF)2 in THF-Hg was
followed. Following the completion of the reaction, the sample tube was taken into a glovebox,
opened, and a drop of trimethylsilyl chloride (ca. 0.05 mL, 0.393 mmol) added. The sample
was then sonicated to ensure thorough mixing and analyzed by '°F NMR spectroscopy. The
generation of fluorotrimethylsilane was observed.”®

General procedure for stoichiometric C—F activation substrate scope with 1-Ce. In a
glovebox, a Young’s valve-equipped NMR tube was charged with 1-Ce (7.0 mg, 0.0100 mmol,
1.00 equiv.) and THF (0.5 mL). Fluorinated substrate (0.0500 mmol, 5.00 equiv.) was then
added using a micropipette. The sample was then irradiated with light and analyzed by 'H and
YF NMR spectroscopy after 20 hours. Substrates: trifluoromethoxybenzene; 1,3-
bis(trifluoromethyl)benzene; 1 ,4-bis(trifluoromethyl)benzene, hexafluorobenzene.
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C-F activation of pentafluoro(trifluoromethyl)benzene with 1-Ce. In a glovebox, a
Young’s valve-equipped NMR tube was charged with 1-Ce (10.6 mg, 0.0152 mmol, 1.00
equiv.), pentafluoro(trifluoromethyl)benzene (18.1 mg, 0.0767 mmol, 5.04 equiv.) and THF
(0.5 mL), resulting in an orange-pink solution. The tube was sealed, placed in front of a 427
nm lamp and monitored periodically by 'H and '"F NMR spectroscopy. After 2 days of
irradiation, the solution had changed color to dark red-brown, and '"F NMR spectroscopy
several products of C—F activation of the aryl C-F bonds, with no activation of the CF3; moiety.
Two of the new products were identified as 2,3,5,6-tetrafluorobenzotrifluoride and
2,2'3,3',5,5',6,6'-octafluoro-4,4'-bis(trifluoromethyl)-1,1'-biphenyl.

Reaction of 1-Ce with 7. In a glovebox, a cuvette fitted with a Young's tap was charged with
1-Ce (20.0 mg, 0.0287 mmol, 1.00 equiv.) and THF (2 mL). 7 (26.8 mg, 0.144 mmol, 5.00
equiv.) was then added, and the cuvette sealed. The sample was then irradiated with a 40 W
Kessil A160WE Tuna Blue lamp at 70°C. Following 6 days irradiation 8 was observed in
50% by '’F NMR spectroscopy.

Reaction of 1-La with 7. Method A: In a glovebox, a cuvette fitted with a Young’s tap was
charged with 1-La (19.9 mg, 0.0287 mmol, 1.00 equiv.) and THF (2 mL). 7 (26.8 mg, 0.144
mmol, 5.00 equiv.) was then added, and the cuvette sealed. The sample was then irradiated
with a 40 W Kessil A160WE Tuna Blue lamp at room temperature. Following 6 days
irradiation only the decomposition of 1-La and unreacted 7 could be observed by NMR
spectroscopy.

Method B: In a glovebox, a cuvette fitted with a Young tap was charged with 1-La (19.9 mg,
0.0287 mmol, 1.00 equiv.) and THF (2 mL). 7 (26.8 mg, 0.144 mmol, 5.00 equiv.) was then
added, and the cuvette sealed. The sample was then irradiated with a 40 W Kessil A160WE
Tuna Blue lamp at room temperature. Following 6 days irradiation 8 was observed in 20% by
F NMR spectroscopy.

Reaction of 1-Ce with 1-(allyloxy)-2-(trifluoromethyl)benzene. In a glovebox, a Young’s
valve-equipped NMR tube was charged with 1-Ce (14.8 mg, 0.0213 mmol, 1.00 equiv.), 1-
(allyloxy)-2-(trifluoromethyl)benzene (6.6 mg, 0.0326 mmol, 1.53 equiv.), and THF (0.6 mL).
The tube was sealed, placed in front of a 40 W Kessil A160WE Tuna Blue lamp and
monitored periodically by 'H and 'F NMR spectroscopy. After 16 hours of irradiation, 'H
NMR showed mostly unreacted 1-Ce, and '°F NMR showed only trace formation of a new
difluoromethylene-containing product, as well as unreacted starting material. Further
irradiation for several days did not result in a significant increase in the amount of new product.

General procedure for stoichiometric defluoroalkylative coupling of PhCF3 with alkenes.
In a glovebox, a Young’s valve-equipped NMR tube was charged with catalyst (0.0500 mmol,
5.00 equiv.) and THF (0.5 mL). Alkene (0.0500 mmol, 5.00 equiv.) was then added using a
micropipette. The sample was then irradiated with light and monitored periodically by 'H and
F NMR spectroscopy, with a final time point being taken after 110 hours irradiation.

General procedure for 20 mol % catalytic defluoroalkylative coupling of PhCF3 with
MgBny(THF); in THF-Hs. In a glovebox, a vial was charged with MgBno(THF)2, (17.5 mg,
0.0500 mmol, 1.00 equiv.) PhCF3 (6.13 pL, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL). The
solution was then used to dissolve the metal complex (0.0100 mmol, 0.200 equiv.), and the
reaction mixture transferred to a Young’s valve-equipped NMR tube. The sample was
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irradiated with a 40 W Kessil A160WE Tuna Blue lamp and monitored periodically by 'H and
F NMR spectroscopy, with a time point for all reactions measured after 48 hours.

20 mol % catalytic defluoroalkylative coupling of PhCF3 with Mg(allyl):(THF); in THF-
Hs. In a glovebox, a vial was charged with Mg(allyl)>(THF),, (12.5 mg, 0.0500 mmol, 1.00
equiv.) PhCF3 (6.13 pL, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was then
used to dissolve 1-Ce (7.0 mg, 0.0100 mmol, 0.200 equiv.), and the reaction mixture
transferred to a Young’s valve-equipped NMR tube. The sample was irradiated with a 40 W
Kessil AI60WE Tuna Blue lamp for 48 hours at room temperature, before being analyzed by
'H and 'F NMR spectroscopy. (1,1-difluorobut-3-en-1-yl)benzene was observed in 2% yield.

20 mol % catalytic defluoroalkylative coupling of PhCF; with Mg(Ph):(THF); in THF-
Hs. In a glovebox, a vial was charged with Mg(Ph)>(THF)2, (16.1 mg, 0.0500 mmol, 1.00
equiv.) PhCF3 (6.13 puL , 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was then
used to dissolve 1-Ce (7.0 mg, 0.0100 mmol, 0.200 equiv.), and the reaction mixture
transferred to a Young’s valve-equipped NMR tube. The sample was irradiated with a 40 W
Kessil AI60WE Tuna Blue lamp for 48 hours at room temperature, before being analyzed by
'H and "F NMR spectroscopy. Difluorodiphenylmethane and PhCF,H were observed in a
combined 31 % yield.

20 mol % catalytic defluoroalkylative coupling of PhCF3 with BusSn(allyl) in THF-Hs. In
a glovebox, a vial was charged with Bu3Sn(allyl) (16.6 mg, 0.0500 mmol, 1.00 equiv.) PhCF;
(6.13 uLL, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was then used to dissolve
1-Ce (7.0 mg, 0.0100 mmol, 0.2 equiv.), and the reaction mixture transferred to a Young’s
valve-equipped NMR tube. The sample was irradiated with a 40 W Kessil A160WE Tuna Blue
lamp for 48 hours at room temperature, before being analyzed by 'H and "F NMR
spectroscopy. (1,1-difluorobut-3-en-1-yl)benzene and PhCF,H were observed in combined 7%
yield.

Reaction to target the 20 mol % catalytic defluoroalkylative coupling of PhCF; with
Mg(Mes)2(THF); in THF-Hs. In a glovebox, a vial was charged with Mg(Mes)2(THF), (20.2
mg, 0.0500 mmol, 1.00 equiv.) PhCF3 (6.13 pL, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL).
The solution was then used to dissolve 1-Ce (7.0 mg, 0.0100 mmol, 0.200 equiv.), and the
reaction mixture transferred to a Young’s valve-equipped NMR tube. The sample was
irradiated with a 40 W Kessil AI60WE Tuna Blue lamp for 5 days at room temperature, before
being analyzed by 'H and 'F NMR spectroscopy. Difluorotoluene was observed in 70% yield
by F NMR spectroscopy.

General procedure for 20 mol % catalytic defluoroalkylative coupling of PhCF3 with
MgBn,(THF); in THF-Hg by 1-Ce under different irradiation wavelengths. In a glovebox,
a vial was charged with MgBn(THF),, (17.5 mg, 0.0500 mmol, 1.00 equiv.) PhCF; (6.13 puL
, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was then used to dissolve 1-Ce
(7.0 mg, 0.0100 mmol, 0.200 equiv.), and the reaction mixture transferred to a Young’s valve-
equipped NMR tube. Each sample was irradiated with a different wavelength Kessil lamp at
maximum power (390, 467, 505 nm) and analyzed by 'H and '°F NMR spectroscopy, with a
time point for all reactions measured after 42 hours.

General procedure for 1 mol % catalytic defluoroalkylative coupling of PhCF; with

MgBny(THF); in THF-Hs. In a glovebox, a vial was charged with MgBny(THF), (87.7 mg,
2.50 mmol, 1.00 equiv.) in THF (0.5 mL) and PhCF3 (30.7 puL, 2.50 mmol, 1.00 equiv.). The
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solution was then used to dissolve the catalyst (0.0025 mmol, 0.0100 equiv.), and the reaction
mixture transferred to a Young’s valve-equipped NMR tube with a capillary containing 1,2-
difluorobenzene as internal standard. The sample was irradiated witha40 W Kessil A160WE
Tuna Blue lamp and monitored periodically by 'H and '°F NMR spectroscopy every 21 hours
for a maximum of 84 hours.

General procedure for 1 mol % catalytic defluoroalkylative coupling of PhCF; with
MgBn(THF): in THF-Ds. In a glovebox, a vial was charged with MgBn>(THF) (87.7 mg,
2.50 mmol, 1.00 equiv.) in THF-Dg (0.5 mL) and PhCF; (30.7 pL, 2.50 mmol, 1.00 equiv.).
The solution was then used to dissolve the catalyst, and the reaction mixture transferred to a
Young’s valve-equipped NMR tube with a capillary containing 1,2-difluorobenzene. The
sample was irradiated with a 40 W Kessil AI60WE Tuna Blue lamp and monitored by
'H and '°F NMR spectroscopy after 42 hours.

Control experiments for the defluoralkylative coupling of PhCF; with MgBn2(THF); in
THF-Hgin the absence of light. In a glovebox, a vial was charged with MgBn>(THF),, (1.00
equiv.) PhCF3 (1.00 equiv.) and THF (0.5 mL). The solution was then used to dissolve the
metal complex (0.200—0.0100 equiv.), and the reaction mixture transferred to a Young’s
valve-equipped NMR tube. The sample was wrapped in aluminum foil, stored in the dark and
monitored periodically by 'H and '°F NMR spectroscopy; no product formation was observed.

Control experiment between PhCF3; and MgBn:(THF); in the absence of catalyst. In a
glovebox, a vial was charged with MgBn(THF), (35.5 mg, 1.0 mmol, 1.00 equiv.) PhCF;
(61.4 pL, 5.0 mmol, 5.00 equiv.) and THF (0.5 mL). The solution was then transferred to a
Young’s valve-equipped NMR tube. The sample was irradiated with a 40 W Kessil A160WE
Tuna Blue lamp and monitored by 'H and '°F NMR spectroscopy until final measurements
were recorded after 260 hours.

Experiment to show solution interactions between 1-Ce and PhCFs. In a glovebox, 0.5 mL
of a 325 uM solution of PhCF3 in THF-Hg was added to a Young-tapped NMR tube with a
capillary containing the same 325 uM solution of PhCF; in THF-Hg. The sample was analyzed
by 'H and '°F NMR spectroscopy before the addition of 1-Ce (7.0 mg, 0.0100 mmol). A second
'"H and F spectrum was then recorded, and shift of 0.09 ppm observed between the !°F
resonance of PhCF3 inside and outside the capillary which could be attributed to an interaction
between PhCF; and 1-Ce.

Experiment to show solution interactions between 1-La and PhCFs. In a glovebox, 0.5 mL
of a 325 uM solution of PhCF3 in THF-Hg was added to a Young-tapped NMR tube with a
capillary containing the same 325 uM solution of PhCF; in THF-Hg. The sample was analyzed
by 'H and '°F NMR spectroscopy before the addition of 1-La (6.9 mg, 0.0100 mmol). A second
'"H and "F spectrum was then recorded, and shift of 0.03 ppm observed between the '°F
resonance of PhCF3 inside and outside the capillary which could be attributed to an interaction
between PhCF; and 1-La.

Formation of 9-Mg via addition of MgBn,(THF); to 1-Ce. In a glovebox, a Young’s valve-
equipped NMR tube was charged with 1-Ce (12.0 mg, 0.0172 mmol, 1.00 equiv.),
MgBny(THF)2 (30.1 mg, 0.0860 mmol, 5.00 equiv.), THF (0.5 mL) and an internal standard.
The tube was then sealed and monitored by '"H NMR spectroscopy for a total of 24 hours. Less
than 1% conversion to 9-Mg was observed over this time.
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Formation of 9-Mg via addition of MgBn,(THF); to 1-La. In a glovebox, a Young’s valve-
equipped NMR tube was charged with 1-La (11.9 mg, 0.0172 mmol, 1.00 equiv.),
MgBno(THF)> (30.1 mg, 0.0860 mmol, 5.00 equiv.), THF (0.5 mL) and an internal standard.
The tube was then sealed and monitored by '"H NMR spectroscopy for a total of 24 hours. Over
this time 30% conversion to 9-Mg was observed.

Formation of 6-Ce from 4-Ce in the presence of MgBn,(THF); under irradiation. In a
glovebox, a vial was charged with MgBn>(THF), (17.5 mg, 0.0500 mmol, 1.00 equiv.) PhCF;
(6.13 uL, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was then used to dissolve
4a-Ce (6.8 mg, 0.0100 mmol, 0.200 equiv.), and the reaction mixture transferred to a Young’s
valve-equipped NMR tube. The tube was then sealed, placed in front of a 40 W  Kessil
A160WE Tuna Blue lamp and monitored and irradiated for 72 hours. Following this time,
the complete conversion of 4-Ce to 6-Ce and 2,6-di-tert-butyl-4-methylphenol was observed.

Formation of Mg(N{SiMes;s}:)2(THF), from Ce(N{SiMes};); in the presence of
MgBn:(THF): under irradiation. In a glovebox, a vial was charged with MgBn>(THF)2, (17.5
mg, 0.0500 mmol, 1.00 equiv.) PhCF3 (6.13 L, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL).
The solution was then used to dissolve Ce(N{SiMes}2); (6.2 mg, 0.0100 mmol, 0.200 equiv.),
and the reaction mixture transferred to a Young’s valve-equipped NMR tube. The tube was
then sealed, placed in front of a 40 W Kessil A160WE Tuna Blue lamp and monitored
and irradiated for 72 hours. Following this time, a color change from bright yellow to golden
yellow was observed. The solution was decanted into a vial in a glovebox, and cooled to —
30°C, yielding yellow needles that were identified by single crystal X-ray diffraction as
Mg(N{SiMes}2)2(THF)s.

Formation of 2-Ce from 6-Ce under irradiation. In a glovebox, a Young’s valve-equipped
NMR tube was charged with 6-Ce (10.1 mg, 0.0185 mmol, 1.00 equiv.), THF (0.5 mL) and an
internal standard. The tube was then sealed, placed in front ofa40 W Kessil A160WE Tuna
Blue lamp and monitored and irradiated for 72 hours. Following this time, the complete
decomposition of 6-Ce to 2-Ce, bibenzyl, and an unidentified cerium-containing by product
was observed by 'H NMR spectroscopy.

Catalytic defluoroalkylative coupling of PhCF; with MgBn2(THF); in THF-Hs by 1-La
under 390 nm light irradiation. In a glovebox, a vial was charged with MgBn>(THF), (17.5
mg, 0.0500 mmol, 1.00 equiv.) PhCF3 (6.13 pL, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL).
The solution was then used to dissolve 1-La (6.9 mg, 0.001 mmol, 0.200 equiv.), and the
reaction mixture transferred to a Young’s valve-equipped NMR tube. The sample was
irradiated with a different 390 nm Kessil lamp at maximum power and analyzed by 'H and '°F
NMR spectroscopy for 48 hours. Following this time, the decomposition of 1-La, and
numerous unidentified fluorinated products, were observed, with 1% conversion to PhCF,H
and no conversion to PhCF2CH,Ph seen by '°F NMR spectroscopy.

Testing for NHC lability using variable temperature (VT) NMR spectroscopy. In a
glovebox, a Young’s valve-equipped NMR tube was charged with 1-Ce (20.0 mg, 0.0287
mmol, 1.00 equiv.), MgBnx(THF), (10.1 mg, 0.0287 mmol, 5.00 equiv.) and THF (0.5 mL)
The tube was then sealed and monitored by VT 'H NMR spectroscopy. No evidence of NHC
lability was observed (Figure 2.16).
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Figure 2.16. Variable temperature NoD 'H NMR of 1-Ce in THF-Hg with one equivalent
Manz(THF)z.
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Table 2.5. Crystal data and structure refinement for 9-Mg, 10-Mg and [(Cp™®*),Ce(u—BFa4)]2.

9-Mg 10-Mg [(CP™):Ce(uBFy),
maﬁmlom— formula qu.mmqogmNZAON Ocmm_ANZmNZwOA Om_mqomeon.wON
Formula weight 903.84 1472.75 1174.94
Temperature/K 99.99(13) 100.00(11) 100.00(11)
Crystal system monoclinic triclinic triclinic
Space group P2i/n P-1 P-1
a/A 13.1713(2) 13.91760(10) 8.8809(2)
b/A 18.0503(2) 17.0140(3) 10.2164(2)
c/A 23.2076(4) 19.2571(3) 15.0376(3)
a/° 90 99.0740(10) 94.808(2)
pre 104.996(2) 98.3570(10) 103.253(2)
v/° 90 91.4750(10) 105.252(2)
Volume/A? 5329.61(14) 4449.56(11) 1266.08(5)
zZ 4 2 1
Pealcg/cm’ 1.126 1.099 1.541
wmm'! 0.731 0.638 1.842
F(000) 1956 1612 596
Crystal size/mm® 0.2x0.18 x0.14 0.164 x 0.149 x 0.09 0.312 x 0.209 % 0.
Radiation CuKoa (A=1.54184) CuKa (A=1.54184) Mo Ka (A=0.71073)

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A~

6.286 to 154.828
-16<h<16,-22<k<15,-29<1<29
104258

11176 [Riy = 0.0709, Rigma = 0.0316]
11176/524/699

1.022

R; =0.0598, wR, =0.1611

R; =0.0708, wR; = 0.1696

0.84/-0.41

5.266 to 148.996
-17<h<15,-21<k<21,-23<1<24
91809

18131 [Rint = 0.0443, Rsigma = 0.0330]
18131/284/1077

1.045

R; =0.0494, wR, = 0.1188

R; =0.0585, wR, =0.1238

0.50/-0.34

4.182 to 62.112
-12<h<12,-13<k<14,-19<1<20
268653

6635 [Rint = 0.0920, Rsigma = 0.0632]
6635/646/454

0.978

R1=0.0337, wR2 =0.0712

R; =0.0396, wR;, = 0.0746

0.60/-1.01
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Chapter 3

Photocatalytic Dechlorination of Chlorinated
Hydrocarbons Using Organolanthanide Complexes
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3.1 Overview

The ability of the aforementioned lanthanide catalysts (Chapter 1) to cleave carbon—fluorine
bonds (Chapter 2) suggested the capability of these complexes in activating weaker carbon—
chlorine  bonds. In this chapter we show that simple lanthanide
tetramethylcyclopentadienyl (CpM®*) complexes can photochemically cleave the sp?
carbon—chlorine bond of unactivated chlorinated hydrocarbons including polyvinyl
chloride (PVC) via a reactive lanthanide alkyl intermediate. Because light absorption by
the CpMe4 ligand is efficient, photocatalytic reactivity is enhanced for cerium and made
possible for neighboring, normally photoinactive, lanthanide congeners.

The author carried out the synthesis and experimental investigation of lanthanide
photocatalysts at the University of California, Berkeley. Mechanistic calculations were carried
out by Stella Christodoulou under the supervision of Prof. Laurent Maron at the University of
Toulouse. Crystallographic data of 3-Nd and 3-Sm was collected by Erik T. Ouellette, Dr.
Appie Peterson, and Sheridon Kelly at beamline 12.2.1 of the Advanced Light Source (ALS)
at Lawrence Berkeley National Laboratory and solved by Erik T. Ouellette. Dr. Jeremy
Demarteau and Dr. Brett Helms aided with polymer characterization by Gel Permeation
Chromatography (GPC). Much of the work presented in this chapter has been published in the
peer-reviewed Royal Society of Chemistry (RSC) journal Chemical Communications.!

3.2 Introduction

Photoredox catalysis provides versatile and energy-efficient routes for the synthesis of complex
molecules.>* Modern photocatalysts can undergo single electron transfer (SET) processes
following irradiation with UV or, more desirably, visible light, enabling challenging chemical
transformations to be accessed under milder conditions than thermally driven reactions.’ The
use of lanthanides in catalysis is favourable due to the relative abundance of many and their
low toxicity.5® Their halophilicity has led us and others to explore their potential for catalytic
carbon-halogen functionalization reactions. In general, the strong C(sp*)—Cl bond is weakened
by coordination to a lanthanide center, and early work showed that under light irradiation at 40
°C, Sml can reductively dechlorinate 1-chlorodocecane stoichiometrically.!® Divalent
lanthanide complexes, Ln(Cp*)2 (Ln = Sm, Eu, and Yb, Cp* = CsMes), were also shown to
activate C—Cl bonds forming the Ln'"! halide, and the reaction could be made catalytic under
higher energy (near UV) irradiation in the presence of sacrificial reductant.!!~!3

The strong Ln—Cl bond can provide an additional thermodynamic driving force to a reaction
with a substrate that would otherwise be unreactive according to the redox potentials of the
photoexcited metal and halocarbon. However, photoredox catalysis by lanthanide complexes,
especially using low energy, visible light remains underexploited, and simple Ce(III)
coordination complexes dominate the studies.!*!> Cerium possesses both an accessible
(IIT)(/TV) redox couple and a formally allowed excitation from the 4/ ground state to the 5d"
excited state, which can give rise to luminescence. It is also the cheapest and most readily
isolated of the rare earths, offering a promising alternative to current precious metal
photocatalysts.

Chapters 1 and 2 of this thesis have described a cerium photocatalyst (CpMe*),Ce(L) (1-Ce,
CpMet = CsMesH, L= [2-0-3,5-Bur-C¢Ha(1-C{N(CH):N('Pr)})]) that combines the
photoexcitable Ce(Ill) ion with multifunctional, tunable ligands, to cleave and functionalize
the strong and inert sp> C—F bond of PhCF; through an inner sphere mechanism (Figure 3.1,
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top).!¢ Notably, the redox non-innocent ligand framework allowed this reactivity to also be
facilitated by typically photo- and redox-inactive Lewis-acidic metals, including lanthanum
and magnesium. The aryloxy-NHC, L, allows for additional light absorption and
photoexcitation, while the oxidation of L or, more likely, a CpM* ligand allows for turnover
with metals that lack a metal-based redox event. Importantly, in order to cleave the strong C—
F bond, L is required, and little reactivity is observed when using (CpM¢*);Ce (2-Ce) rather
than 1-Ce as a defluorination catalyst.'®

Arnold (2022)

1-Ln (1-20 mol %) F F
CF3  MgBn,(THF),

——
THF, hv O

Penn (1994 and 1996)

™ N-Pr
N

Ln =Ce

, La
\@[O/Iin v Nd
tBU E ) Sm

2(Cp),LnCl + 2NaH
Ln=Sm
l THF, 60°C %
Yb
[(Cp)2Ln(y H)(THF)]

NaCl Cp)gLnH(THF X ArCl
(Cp)oLnCI(THF)

NaH

(Cp)oLnClI (10 mol %)
% % NaH N H
R+ —_— e
Z THF, 60°C 7

Figure 3.1. Photocatalytic C-F bond functionalization by complexes 1-Ln (Ln = Ce, La, Nd,
Sm) (top), and the dechlorination of aromatic chlorides by Cp.LnCl complexes (Cp = CsHs,
Ln=Y, Yb, Sm) carried out by Penn et al. (bottom).

We were interested in Penn and co-workers’ report that CpoLnCl complexes (Cp = CsHs Ln =
Y, Yb, Sm) could catalyze the dechlorination of activated aromatic chlorides with sodium
hydride (NaH) (suspension in THF) at 60°C. They proposed a lanthanide hydride species as
the active catalyst (Figure 3.1, bottom), which is capable of cleaving a C—Cl bond, thus
regenerating the lanthanide chloride species.!”!® This, and the ability of our complexes to
cleave C—F bonds encouraged us to target functionalization of unactivated alkyl C—Cl bonds
that have so far been outside the reach of other lanthanide-based visible light photocatalysts.
This could be of utility in the chemical upcycling of polyvinyl chloride (PVC).!*2

Globally, approximately 40 million tons of PVC are produced a year, yet a low percentage is
recycled and the majority is through mechanical recycling in spite of its high energy
demands.?!?? Incineration or thermal degradation of PVC can release toxic by-products; low-
energy dechlorination routes that would facilitate its conversion to valuable products are
desirable.?? Hydrodechlorination is an appealing option to remove Cl from PVC, resulting in
polyethylene (PE)-like products. This strategy could also have useful applications in the
purification of PE prior to recycling if waste streams contain small amounts of PVC. However,
the hydrodechlorination of PVC under mild, chemical conditions is rare.?+3°
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In 2022 Fieser and co-workers reported the reaction of PVC with five equivalents of triethyl
silane in the presence of an in situ-generated (Xantphos)RhCl catalyst (Xantphos = (9,9-
dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane)).3! The partial reduction of PVC to
poly(vinyl chloride-co-ethylene) was observed. Analogous reaction with two equivalents of
sodium formate in place of triethyl silane instead led to complete dechlorination of PVC and
the generation of PE. Variation of catalyst loading, solvent, and co-reagent influenced the
selectivity of hydrodechlorination relative to dehydrochlorination. More recent work from the
same group presented tandem hydrodechlorination/Friedel-Crafts alkylation of PVC facilitated
by silylium ion cataylsts.>? Products were new styrenic copolymers of polyethylene, with the
conversion of PVC being complete within minutes even at low catalyst loadings.

Previous work has implicated both cyclopentadienyl and chlorine radicals in photocatalytic
bond activation.!>1633:3435 We also recognize from our work and others that the Cp ligand has
some capacity for light absorbance.’® In 2005, Evans at co-workers demonstrated that
dinitrogen can be reduced by photochemical activation of Ln(IlI) mixed-ligand
tris(cyclopentadienyl) rare-earth complexes of the form (1°-CsMes)s_«(CsMesH),Ln (Ln =Y
Lu, Dy; x = 1, 2).3¢ Dinitrogen complexes [(CsMesR):Ln]2(p-n*n2-N2) (R = H, Me) were
formed in reactions in which N> was reduced to (N=N)?~ and (CsMesH)  was oxidized to
(CsMe4H), (Figure 3.2). The reducing power of these complexes was rationalized by
absorptions involving the (n3-CsMesH)™ ligand, as the complexes were shown to possess low
energy LMCT bands. DFT studies showed that irradiation of these bands could lead to
formation of an (n°-CsMesH) radical and an excited d' metal fragment reactive enough to
reduce N,. Subsequent work showed that the photolytic activation of (CsMes)>Ln(n*-C3Hs) (Ln
=Y, Lu) in the presence of isoprene results in the generation of polyisoprene, and that sulfur
can also be reduced through photolysis of these complexes.’’

Nz g(i e
e Ce \Cé
N (C5Me4H W l|\|l/ ~

R 2-5 hours

R =H, Me; Ln =Y, Lu, Dy

Figure 3.2. Reduction of N under Photolytic Conditions by Ln—Cp complexes (Ln =Y, Lu,
Dy), reported by Evans et al.

In recent years there has been extensive discussion surrounding the role of CI radicals in the
C-H bond activation of alkanes targeted using CeCls and an alcohol co-catalyst.!>** Previous
work by Zuo et al. reported a photoinduced alkane oxidation reaction using CeCls in
conjunction with catalytic 2,2,2-trichloroethanol and tetrabutylammonium chloride (TBACI)
(Figure 3.3). Following oxidation of the cerium center by the alcohol co-catalyst, LMCT was
thought to regenerate Ce(Ill) and produce an alkoxy radical that was capable of C—H bond
activation of methane, ethane, and other higher alkanes. The resulting alkyl radical could then
be quenched with a number of organic molecules, including di-tert-butyl azodicarboxylate
(DIAD) to produce hydrazines.!> A trapping study using styrene implicated alkoxy radicals as
an active species, with methoxy, trichloroethoxy and trifluoroethoxy radicals generating 1,2-
alkoxyamination products in fair yield (Scheme 3.1).
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Figure 3.3. C-H bond activation of methane and higher alkanes by cerium photocatalysts in
conjunction with an alcohol co-catalyst, reported by Zuo et al.

However subsequent spectroscopic, kinetic, and isotopic labeling studies by Schelter and
Walsh et. al. suggested that chlorine radicals, rather than alkoxy, were the key radical
intermediate, and that the prior trapping results instead resulted from the complexation of
chlorine with alcohols.>* They suggested that the cerium complex [NEt:]2[CeCls] (NEts* =
tetracthylammonium) instead mediates the reaction, and releases chlorine radicals upon
irradiation. Chlorine radicals have been shown interact with organic solvents including
alcohols,®® and to form charge transfer complexes.’® Spectroscopic analyses and kinetics
studies implicated chlorine radical generation as the rate-limiting step in catalysis, and
computational studies supported the generation of [CI-OHR]e intermediates that could be
trapped by styrene to the yield the same 1,2-alkoxyaminated products previously characterized
by Zuo, alongside the elimination of HCI.

1 mol % CeCly

3 mol % TBACI
O _.CO,Pr R=H(80%)
ROH + > pp - J\ 2" R = CCI;CH, (25%)
DIAD (1 equiv.) NHCOQIPF R = CF3CH; (59%)
R = H, CCI3CH,, CF5CH, CH4CN, blue LEDs

Scheme 3.1. Alkoxy radical trapping experiments carried out by Zuo et al.

86



Recent work from Zuo however sought to confirm the importance of alkoxy radicals in the
cerium-catalyzed C—H functionalization. Operando electron paramagnetic resonance and
transient absorption spectroscopy experiments on isolated pentachloro Ce(IV) alkoxide species
were used to identify alkoxy radicals as the sole heteroatom-centered radical species generated
via LMCT excitation, and analogous reactions under strictly chloride-free conditions were
found to be successful.>> Nevertheless, the potential impact of chlorine radicals in bond
cleavage activation reactions should not be discounted, as they have been implicated as reactive
species and key intermediates in a number of thermal*®#* and light-driven reactions.* -4

THF, hv

[cat] (5 mol %) ' p Ln = Ce

Cl MgBna(THF), H | \Ln"“ La
J e O | "
' Nd

: —&x Sm

Figure 3.4. Photocatalytic dechlorination of chlorocyclohexane by lanthanide organometallic
complexes described in this chapter.

Due to this literature precedent, we hypothesized that sp? and sp> C—Cl bond activation could
even be possible for other lanthanide Cp complexes, especially since the bond dissociation
energy for the C(sp*)~Cl bond (ca. 350 kJmol™! ) is approximately 140 kJmol! weaker than the
C-F bond.>> Here, we show that lanthanide tetramethylcyclopentadienyl complexes are
efficient photocatalysts for the dechlorination of unactivated sp?> C—Cl and sp?* C—CI bonds in
chlorohydrocarbons (Figure 3.4), including those in PVC. Through experiment and theory, we
demonstrate that light absorption by the CpM** ligand enhances photocatalytic reactivity
for cerium and allows for photocatalysis to be facilitated by normally photoinactive
lanthanide congeners.

3.3 Results and discussion
3.3.1 Preliminary dechlorination reactions with 1-Ce and 1-La
3.3.1.1 Dechlorination and homocoupling of benzyl chloride

As previously discussed, the first examples of Ce(IIl) photocatalysis were presented by
Schelter et. al.!*>¢ They reported photocatalytic C—Cl activation of benzyl chloride using
Ce(IlT) complexes bearing amido and guanidinate ligands, though sodium
bis(trimethylsilyl)Jamide (Na(N{SiMe3}»)) and Ce’ metal were required for catalytic turnover.
The C-X (X = Cl, Br, I) bond cleavage of activated aryl halides were also presented.’®>” Given
the propensity of 1-Ce and 1-La to cleave strong C—F bonds, we expected them to also perform
well in dechlorination reactions. We decided to test both complexes in the dechlorination of
benzyl chloride as reported by Schelter, which we used as a benchmark for our reactivity
studies.

Preliminary reactions displayed the ability of 1-Ce to dechlorinate benzyl chloride. A loading
of 10 mol % 1-Ce, benzyl chloride and sacrificial reductant potassium bis(trimethylsilyl)amide
(K(N{SiMes}2)) in C¢Ds resulted in 80% yield of bibenzyl after 48 hours irradiation. This
product presumably arises via the homocoupling of the generated benzyl radical, as previously
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reported.’® The ability of 1-Ce to catalytically reduce benzyl chloride is superior to the
reactivity observed for other Ce(Ill) photocatalysts published in the literature, which gave a
maximum yield of 68% when Ce metal was also used as an external reductant and radical
scavenger.>’

In contrast, 1-La gave just 8% conversion to bibenzyl under stoichiometric conditions, and no
catalytic activity was observed in the presence of K(N{SiMes}2). We attribute this to unwanted
side reactions between benzyl chloride, K(N{SiMes}2) and 1-La due to the increased ionic
radius of La. Our previous studies have indicated the reduced stability of 1-La relative to 1-Ce
for this reason.

3.3.1.2 Stoichiometric dechlorination of chlorocyclohexane by 1-Ce

Given the ability of 1-Ce to cleave stabilized C(sp*)—~Cl bonds, we sought to target complexes
lacking the radical stabilization of benzyl chloride. Chlorocyclohexane was first selected as a
simple, easily identifiable mimic for PVC. Photochemical dechlorination of this substrate was
expected to generate cyclohexane, the product arising from the generation of the cyclohexyl
radical, which then abstracts an H atom from the THF solvent (vide infra.). Cyclohexane can
be observed as a singlet by 'H NMR; simple integration of this peak relative to an in internal
standard gives an in-situ yield.

Irradiation of a THF solution containing 1-Ce and five equivalents of chlorocyclohexane for
48 hours with a 40 W Kessil Tuna Blue lamp gave 40% conversion to cyclohexane, as observed
by '"H NMR spectroscopy. Trace cyclohexene, formed through an elimination reaction, was
also observed as a reaction product. Upon completion of this reaction, 1-Ce is consumed, and
the solution has changed color from the orange that is characteristic of 1-Ce, to yellow.
Analysis by 'H NMR spectroscopy shows that multiple paramagnetic species with broad
resonances between +16 and -6 ppm are formed alongside the generation of two equivalents of
HCpMe4, likely through loss of ligand radical and abstraction of a H atom from the THF solvent.
This suggests that in a stoichiometric reaction, each Cl abstraction from chlorocyclohexane
results in a Ce—Cl bond that displaces a CpM®* ligand,® allowing for the dechlorination of two
molecules of substrate for each molecule of 1-Ce. The new paramagnetic species was therefore
tentatively assigned as (L)CeClx (11-Ce), with amounts of (L)CeCpM®4Cl likely also present
(Scheme 3.2).

2 R—CI
O/Ce O/Ce
THF, hv

_ QCpMe4'
~ 2R’
1-Ce 11-Ce

Scheme 3.2. Generation of proposed species 11-Ce from 1-Ce.

The presence of 11-Ce was further suggested by targeting its independent synthesis and
comparison of its crude 'H NMR spectrum with that of completed reaction mixtures. Treatment
of CeCls with one equivalent of KL in THF and subsequent work up resulted in a yellow solid,
shown to be mixture of paramagnetic species by 'H NMR. The crude sample matches the
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chemical shifts of the species observed in situ following 24 hours irradiation of 1-Ce in the
presence of chlorocyclohexane, though the complex could not be fully purified or
characterized. This was in part due to the decreased solubility of 11-Ce in organic solvents
once a number of organic ligands had been displaced, which hindered its purification.>® The
complex was also found to be extremely air- and moisture- sensitive, perhaps due to poor
shielding of the metal center from oxygen and water by the chloride ligands.

3.3.1.3 Stoichiometric dechlorination of chlorocyclohexane by 1-Ce and 1-Ce'Bu

Alongside this work, we aimed to further study the role of the light- absorbing aryloxy-NHC
ligand L in simple dechlorination reactions. As reported in Chapter 1, analogues of L can be
synthesized with a variety of substituents on the 3-position of the NHC (Figure 3.5). The
ligand- and metal-based absorptions in these complexes shift according to the nature of the
ligand, and interestingly, the intensity of the ligand-based absorption in 1-Ce'Bu is much larger
than that found in 1-Ce or 1-CeMe. We hypothesized that this was due to increased rigidity of
the complex imparted by the 'Bu substituent. We were interested in investigating whether this
would lead to an improved performance of 1-Ce'Bu relative to 1-Ce in light-driven
dechlorination reactions.

1-Ce 1-Ce'Bu 1-CeMes

Figure 3.5. Complexes 1-Ce, 1-Ce'Bu, 1-CeMes. The synthesis and characterization of these
complexes are described in Chapter 1 of this thesis.

Indeed, when THF solutions containing 1-Ce or 1-Ce'Bu and five equivalents of
chlorocyclohexane were irradiated for 24 hours by a variety of Kessil lamps, improved yields
were seen for 1-Ce'Bu at all wavelengths (Table 3.1). Varying amounts of cyclohexene were
also produced, but a clear trend could not be elucidated. While experimental investigation and
spectroscopic data is needed to support these preliminary results, they provide further
promising evidence that simple tuning of the ligand on a lanthanide photocatalyst can improve
its light absorbance and consequent reactivity. Due to these results, the 440 nm lamp was then
used in place of the 40 W Tuna Blue lamp in subsequent reactions.

&9



Table 3.1. Dechlorination of chlorocyclohexane to form cyclohexane and cyclohexene
mediated by 1-Ce or 1-Ce'Bu, followed by 24 hours irradiation with a variety of wavelength
of light, with yields determined by '"H NMR spectroscopy. Yield of cyclohexene shown in
parentheses.

Irradiation wavelength (nm) [ Conversion to cyclohexane (%) | Conversion to cyclohexane (%)
by 1-Ce by 1-Ce'Bu

390 24 (7) 28 (10)

427 29 (12) 40

440 34 (6) 40

467 29 (8) 36 3)

Tuna Blue 18 (8) 32(4)

3.3.1.4 Targeting the catalytic dechlorination of chlorocyclohexane by 1-Ln

Given that C—Cl bond activation using complex 1-Ce appeared to lead to eventual deactivation
via 11-Ce we sought turnover reagents that could abstract Cl prior to CpM* loss and impart
catalytic activity. The use of cerium or zinc metal, Group 1 bis(trimethylsilyl)amides and
pyrazines were not successful. In general, many turnover reagents were difficult to use due to
their incompatibility with the pendant NHC substituent of L, insertion into the Ce—~C(NHC)
bond, or displacement of a CpM* ligand.®°

The addition of five equivalents of KCpM** into a mixture of 1-Ce and five equivalents of
chlorocyclohexane in 0.5 mL THF solvent and subsequent irradiation yielded 35%
cyclohexane alongside 19% yield of cyclohexene after 24 hours, with no 1-Ce consumed over
this time. While the lack of formation of 11-Ce by 'H NMR spectroscopy appeared promising,
the basicity of the potassium salt increased the yield of cyclohexene through an elimination
pathway. Stoichiometric control reactions using KCpM** to dechlorinate chlorocyclohexane
without 1-Ce present yielded 8% cyclohexane and 7% cyclohexene, alongside the generation
of a white precipitate thought to be potassium chloride.

We then instead sought to test NaH as a turnover reagent which had been used with success by
Penn et al. and others in related reactions previously.!”!® However dechlorination of
chlorocyclohexane using 20 mol % loading 1-Ce, 1-Nd or 1-Sm in conjunction with NaH were
not catalytic. Reaction with 1-Ce yielded 20% cyclohexane, while the analogous reactions with
1-Nd and 1-Sm yielded just 3% and 2% cyclohexane respectively. Poorer reactivity with the
smaller lanthanide congeners could be due to the smaller ionic radii hindering both substrate
binding and reactivity with sodium hydride. Results could also be attributed to the lack of
solubility of NaH in THF, and so we instead turned to magnesium alkyl reagents to attempt to
turn over the catalysis. Many dialkyl magnesium reagents are highly THF-soluble and efficient
as a reductant and coupling partner, as observed by us in photocatalytic functionalization.!®
When using a metal alkyl reductant in this reaction instead of NaH, we anticipated a lanthanide
alkyl intermediate in place of the metal hydride proposed by Penn.

Dissolution of 1-Ce in THF with five equivalents of chlorohydrocarbon and MgPhx>(THF).,
internal standard, and exposure to 440 nm light for 24 hours produced cyclohexane in 23%
yield; no cyclohexene was observed. However, using MgBn»(THF) yielded 96% cyclohexane
in a catalytic reaction. Analogous control reactions using MgBny(THF),, MgPh>(THF), and
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MgCl> to dechlorinate chlorocyclohexane without any 1-Ln present resulted in just trace
cyclohexane generation.

Following catalysis, 1-Ce was completely consumed to form a new paramagnetic species
identified as [(CpMe*)2Ce(u—Cl)]2 (3-Ce) by '"H NMR spectroscopy. This species is presumably
formed through ligand exchange between 1-Ce and MgBn2(THF) and coordination by a Cl
produced by C—CI bond activation. Given this result and the capability of Cp.LnCl (Ln =Y,
Yb, Sm) complexes to thermally cleave C(sp?)—Cl bonds in conjunction with NaH, we chose
to shift our efforts to studying the robust, and soluble (Cp™**);Ln (2-Ln (Ln = La, Ce, Pr, Nd,
Sm, Dy) and [(CpM¢#),LnCl]> 3-Ln (Ln = Ce,'¢ Nd, Sm).

3.3.2 Catalytic dechlorination reactions with 2-Ln and 3-Ln
3.3.2.1 Synthesis and characterization of new complexes 3-Ln (Ln = Pr, Nd, Sm)

The later lanthanide congeners [(CpM**),Pr(u—C1)]> (3-Pr), [(CpMe*)2Nd(u—Cl)]> (3-Nd) and
[(CpMe*),Sm(u—C1)]2 (3-Sm) of the bridging chloride species 3-Ce, described in Chapter 1,
were synthesized. Anhydrous lanthanide trichloride species LnCl3 (Ln = Pr, Nd, Sm) needed
to access 3-Pr, 3-Nd, and 3-Sm via a comproportionation route were unavailable in large
quantities our laboratory. Therefore for synthetic ease, the complexes were targeted via the
chemical oxidation of the corresponding (CpM**);Ln complex 2-Ln (Ln = Pr, Nd, Sm) by
PhICl, in THF (Scheme 3.3).%!

3-Nd was isolated as a turquoise powder by this route, and subsequent recrystallization from
THF/hexanes yielded periwinkle-colored blue blocks that were suitable for X-ray diffraction
studies. 3-Nd displays higher solubility in non-polar organic solvents than 3-Ce, which is only
soluble in THF, and is sparingly soluble in toluene and hexanes. Analysis of the solid-state
structure of 3-Nd shows a dimeric structure, with a Nd—C1 bond distance of 2.801 A and Nd—
Nd through-space bond distance of 4.278 A. The Nd—CI-Nd bond angle is 99.65°. Bond
metrics are consistent with similar chloride bridging cyclopentadienyl complexes reported in
the literature.®>%

;\ >C j " Ln=Nd (709

cl < n= (70%)

5 :l._n_ PhICI, \Ln/ \Lﬁ Sm (77%)
Q THF 53{‘ Yol XY

2-Ln 3-Ln

Scheme 3.3. Syntheses of lanthanide complexes 3-Nd and 3-Sm.

3-Sm was initially isolated as an orange powder, and recrystallization from THF/hexanes also
generated orange blocks that were suitable for X-ray diffraction studies. Like 3-Ce and 3-Nd,
3-Sm is shown to exist as a dimer in the solid state. The Sm—Cl bond distance measures 2.771
A, the Sm—Sm through-space bond distance is 4.247 A and the Sm—CIl-Sm bond angle is
99.97°, again similar to related complexes published in the literature.®*"> 3-Sm is in turn more
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soluble than 3-Nd and appears to be soluble in hexanes. 3-Pr could not be characterized by
XRD, though given the structures of 3-Ce, 3-Nd, and 3-Sm we anticipate that it also adopts a
dimeric structure in the solid-state.

This trend in increasing solubility of 3-Ln as ionic radii increases could have interesting
applications in rare-earth element separations.”® The separation of neodymium and dysprosium
is of particular interest in the reuse of neodymium-iron-boron (NdFeB) permanent magnets.”’
NdFeB magnets are key components in high value electronics and green energy technologies,
such as computer hard drives, wind turbines, and hybrid electric vehicles.”® While neodymium
is the main rare-earth element component, 10% by weight of dysprosium is often added to
improve magnet heat tolerance.”” Preliminary investigations into the synthesis of
[(CpMeH),DyCl]2 (3-Dy) through the treatment of (CpM*);Dy (2-Dy) with PhICl, suggests that
the resulting product is highly soluble in hexanes, through further characterization and
investigation into solubility is needed.

3.3.2.2 General reaction procedure

Using the simple cyclopentadienyl complexes 2-Ln (Ln = La, Ce, Pr, Nd, Sm, Dy) and 3-Ln
(Ln=Ce,'®Nd, Sm), we aimed to both probe the catalytic dechlorination of chlorocyclohexane,
and also access catalytic C—Cl bond cleavage for other chlorinated substrates including PVC.

First, NaH was again tested as an external reductant, as used in the thermal dechlorination of
aromatic chlorohydrocarbons by Penn et. al. Despite the lack of success with this reagent in
light-driven dechlorination reactions with 1-Ln, we anticipated complexes 2-Ln (Ln = La, Ce,
Nd, Sm) and 3-Ln (Ln = Ce, Nd, Sm), without chelating or encapsulating ligands, would be
more susceptible to attack from a nucleophilic hydride to form the proposed active bridging-
hydride species. The catalysis procedure consisted of dissolution of the chosen lanthanide
complex (20 mol % loading) in THF with five equivalents of chlorohydrocarbon and NaH,
internal standard, and exposure to 440 nm light from a low energy Kessil lamp. All reactions
were monitored by 'H NMR spectroscopy, with in situ yields determined following 24 hours
irradiation. However, only near stoichiometric (Ln = La, Ce) or sub 10% yield (Ln = Nd, Sm)
of cyclohexane product was observed in all cases, which is credited to the insolubility of NaH
in THF and the lack of stirring during these NMR scale reactions. However, no product
generation is observed without light irradiation, and so even stoichiometric yields of
cyclohexane implicate light absorption through the CpM** ligand in enabling reactivity for Ln
= La, Nd, Sm.

H-Solvent
olven . R—H
5 mol % [Ln]
MgBn,(THF), .
R—CI > R
THF, 440 nm
MgBn,(THF),
» R—Bn

Scheme 3.4. General reaction scheme for C—Cl activation and hydrodechlorination by Ln
complexes 1-Ln, 2-Ln and 3-Ln. Following C—Cl bond cleavage the hydrocarbyl radical can
be quenched either by abstraction of H radical from solvent, or a benzyl radical from turnover
reagent MgBn(THF),.
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An analogous catalysis procedure instead using THF-soluble MgBn2(THF); as a reductant was
then followed, with the dissolution of lanthanide complex (5 mol % loading) in THF with 20
equivalents of chlorohydrocarbon and MgBny(THF),, internal standard, and 24 hours
irradiation with 440 nm light. The anticipated reactions are shown in Scheme 3.4. Light
absorption occurs first, presumably by the CpMe* ligand or the cerium cation if present, see later
calculations. If this generates an excited state complex that is sufficiently reducing to cleave
the R—CI bond, then the reaction should release the R radical, to be trapped by solvent (R—H,
Scheme 3.4, upper) or a Bn group from the MgBn(THF); co-reagent (R—Bn, Scheme 3.4,
lower). While hydrodechlorination is a useful strategy for the dechlorination of organic
molecules as previously discussed, the possibility of functionalizing the alkyl radical produced
could have significant applications in polymer upcycling.!*2°

3.3.2.3 Catalytic dechlorination of chlorocyclohexane

Many of the complexes 2-Ln and 3-Ln are capable of the hydrodechlorination of
chlorocyclohexane; no benzylation of the alkyl radical is observed. For chlorocyclohexane, the
radical formed from Cl atom abstraction is short-lived,?° and the organic product is therefore
the hydrocarbon arising from replacement of Cl by H. This was confirmed by 'H NMR
spectroscopy. The H atom derives from the THF solvent, (Scheme 3.4, upper), as was seen in
the hydrodefluorination chemistry described in Chapter 2.!6 This was corroborated by carrying
out the dechlorination with 2-Ce in THF-Ds, where the incorporation of deuterium into
cyclohexane following the C—CI bond activation of chlorocyclohexane can be observed by 1*C
NMR spectroscopy.’! The proton resonances of cyclohexane-D; coalesce into one broad peak
overlapping with the singlet resonance of cyclohexane, so deuterium incorporation could not
be observed using 'H NMR spectroscopy.®? As with our previously reported photocatalytic
defluorination chemistry, there is a significant kinetic isotope effect in these reactions.!®

The yields of cyclohexane using complexes 2-Ln and 3-Ln alongside 1-Ce are summarized in
Table 3.2, with the yields of the most efficient catalysts at 5 mol % loading shown Figure 3.6.
Of the Ce catalysts, 2-Ce is best at dechlorination, generating cyclohexane in 93% yield after
24 hours irradiation. Following catalysis, the consumption of 2-Ce to quantitatively form 3-Ce
is seen, vide infra. 3-Ce is also a very good catalyst for this transformation, producing
cyclohexane in 76% yield within the same time frame. Conversely, phenoxy-NHC complex 1-
Ce, a far superior catalyst to 2-Ce for C-F bond activation,'® produces cyclohexane in just 37%
yield. 2-La is also capable of the C—Cl bond activation, albeit less effectively, with 29%
conversion. Interestingly, the 2-Lin complexes tested are also more efficient catalysts than the
3-Ln congeners, though at lower catalyst loadings (1 mol %), the yields of cyclohexane
generated by 2-Ce and 3-Ce are comparable (vide infra.).

All the cerium complexes are better catalysts than the other Ln congeners, in line with the
straightforward, allowed excitation of the f’to a strongly reducing d' centered excited state.
Because the CpM* ligands can absorb light, all the early lanthanides can be photoexcited and
their photocatalytic activity decreases with increasing atomic number. The heaviest lanthanide
studied, 2-Dy, produces negligible dechlorinated product, consistent with the requirement for
the chlorinated substrate to bind the Ln, which is increasingly hindered in catalysts with smaller
ionic radii.®® Though rare, molecular complexes of tetravalent praesodymium are known,3*
raising the possibility that a Pr congener could facilitate a Ln(III)/(IV) redox event and be an
efficient catalyst. Catalyst 2-Pr produces cyclohexane in 20% yield, which is in line with the
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increased stability of Ce(IV) relative to Pr(IV) and supports the value of the facile 4f — 5d
excitation in the best catalysts.

Table 3.2. Calculated conversion of chlorocyclohexane to cyclohexane following 24 hours
irradiation, with product yields determined by 'H NMR spectroscopy. No product formation
was seen without irradiation with light.

Entry | Catalyst | Catalyst Loading (mol %) | Product Yield (%)
1 2-La 20 52
2 2-La 5 29
3 3-La 5 28
4 1-Ce 20 96
5 1-Ce 5 37
6 2-Ce 20 89
7 2-Ce 5 93
8 2-Ce 1 96
9 3-Ce 20 63
10 3-Ce 5 76
11 3-Ce 1 97
12 2-Pr 5 19
13 2-Nd 20 37
14 2-Nd 5 6.6
15 3-Nd 20 27
16 2-Sm 20 15
17 2-Sm 5 2.2
18 3-Sm 20 15
19 2-Dy 20 0
20 2-Dy 5 0
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Figure 3.6. Hydrodechlorination of chlorocyclohexane catalyzed by different Ln
photocatalysts. Reactions were carried out at RT, in THF-Hg, with 5 mol % catalyst loading,
and irradiated with a 40 W Kessil 440 nm lamp. The percentage yield of cyclohexane was
determined by 'H NMR spectroscopy relative to an internal standard.

3.3.2.4. Catalytic dechlorination of other C(sp*)—Cl and C(sp?)-Cl bonds

A substrate scope for photocatalytic C—Cl activation facilitated by the most effective catalyst,
2-Ce, was undertaken. The dechlorination reactivity was expanded to include allyl, vinyl,
primary and tertiary carbon centers, substituted chloroarenes, and commercial PVC (Table 3.3).

For the products arising from hydrodechlorination, the proton source is again the THF solvent.
The incorporation of deuterium into 2-methylpropene following the C—Cl bond activation of
1-chloro-2-methylpropene was observed, this time through both 'H and '3C NMR
spectroscopy. In contrast to the dechlorination of chlorocyclohexane, reactions with substrates
that produce a more stabilized radical intermediate following dechlorination yield a benzylated
product, from reaction with the MgBn(THF), or benzyl radicals in solution.

For example, the major product generated from dechlorination of 3-chloro-2-methylpropene
by 2-Ce is 3-methyl(but-3-en-1-yl)benzene, arising from the benzylation of the allyl radical.
1,2-bis(4-(trifluoromethyl)phenyl)ethane is formed in 89% yield from the benzylation of the
benzyl radical produced by the dechlorination of 1-(chloromethyl)-4-(trifluoromethyl)benzene.
Trace defluoroalkylation of the trifluoromethyl group is also observed which can be attributed
to the increased activation of the C—F bond through the inductive effect of the chlorine atom.
The dechlorination of 2-chloro-2-methylpropane forms 2-methylprop-1-ene, which is the
product arising from '‘Bu radical generation and subsequent formation of a closed shell
molecule.®
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Table 3.3. Calculated conversion R—CI to R—H or R—Bn with yields of dechlorinated product
determined by "H NMR spectroscopy. No product formation was seen without irradiation with

light.
Substrate Major Identified Product Yield
Entry o
(%)
1 Chlorocyclohexane Cyclohexane 93
2 Chlorobenzene Benzene 64
3 Chlorobenzene Benzene 64*
4 1-Chloro-4-fluorobenzene Fluorobenzene 100
5 (2-chloroethyl)benzene Ethylbenzene 42
6 1-(chloromethyl)-4- 1,2-bis(4- 29
(trifluoromethyl)benzene (trifluoromethyl)phenyl)ethane
7 1-Chloro-2-methylpropene 2-methylprop-1-ene 73
8 3-Chloro-2-methylpropene (3-methylbut-3-en-1-yl)benzene | 79
9 2-chloro-2-methylpropane 2-methylprop-1-ene 20
10 Polyvinyl chloride Polyethylene® 79

4100% yield observed after 48 hours irradiation. ®Characterization techniques suggest PE-like
material is generated, vide infra.

With an interest in polymer upcycling, preliminary results suggest that under standard
conditions, 2-Ce at 5 mol % loading can photocatalytically cleave 79% of the C—Cl bonds in a
commercial sample of PVC over 24 hours (Figure 3.7). As the dechlorination proceeds, the
polymer becomes insoluble in THF and can thus be readily isolated. Extending the reaction
time to 48 hours or lowering catalyst loadings to 1 mol % result in comparable yields,
suggesting that dechlorination progresses until the point at which the polymer becomes
insoluble in THF. FT-IR spectroscopy (Figure 3.8) of the sample shows spectral features that
correlate with segments of polyethylene, no evidence of polyacetylenic groups,®® and some
level of unsaturation, which is also observed as a natural defect in commercial PVC. However,
the insolubility of the polymer in organic solvents at high temperatures support the absence of
chain shortening but have precluded characterization by gel permeation chromatography
(GPC).%

5 mol % 2-Ce
Cl H
oy Mearm: T
n
THE 44 n
PVC , 440 nm PE

Figure 3.7. Dechlorination of PVC to produce PE using 2-Ce.

While such results are promising, further optimization of reaction conditions are needed in
order to achieve complete dechlorination and potentially extend this chemistry to polymer
upcycling through functionalization of the polymer at the site of C—Cl bond cleavage (Scheme
3.5). Such post polymerization modification could impart new chemical properties to the
polymer, increasing the value of the material while retaining the beneficial attributes of the
parent polymer.3® For example, recent work by Hartwig et al. demonstrated that the installation
of hydroxyl functional groups at the site of C—H bond activation in polyethylene results in
enhanced adhesive properties.®’
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Figure 3.8. FT-IR spectrum of PVC, polyethylene, and the dechlorinated sample. Sample
possesses similar features to commercial sample of polyethylene, alongside evidence of
unreacted PVC.
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Scheme 3.5. Envisioned reaction scheme for the light-driven dechloroalkylation of PVC.
3.3.3 Mechanistic studies
3.3.3.1 Experimental mechanistic investigation

A series of stoichiometric reactions give more insight into the mechanism of dechlorination by
2-Ce. Even without irradiation, green THF solutions of 2-Ce react with MgBn(THF): turning
the solution yellow-green due to the formation of the cerium benzyl species
(CpMeH),Ce(Bn)(THF) (6-Ce), confirmed by 'H NMR spectroscopy and an independent
synthesis.!® Spectroscopic measurements confirm that the four compounds 2-Ce, 6-Ce,
MgBn,(THF), and Mg(CpMe#), are all present in equilibrium in solution at the start of the
reaction.”® A reaction of 2-Ce with a 20-fold excess of MgBnx(THF): results in a mixture of
these products with a calculated equilibrium constant of 2.5 for the equation in Figure 3.9.
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Product yields for both 2-Ce and 3-Ce are higher at lower (1 mol %) catalyst loadings, yielding
96% and 97% cyclohexane respectively following 24 hours irradiation. This could be attributed
to the greater effective concentration of MgBn2(THF): that pushes the equilibrium towards the
active species 6-Ce. This is not seen for 1-Ce, as the chelating aryloxy-NHC ligand complex
is less susceptible to ligand exchange with benzyl radicals, as shown in our previous study. For
the series 2-Ln other than Ce, the increase in product formation with increasing catalyst loading
is as would be anticipated. Control reactions with Mg(CpMe4), show negligible product
formation, which can be attributed to the high stability of this complex,®! and highlights the
importance of the large, Lewis-acidic lanthanide center.

% g5

N THF ‘., /

2 lCe + MgBn,y(THF), 2 /Ce‘\< + MgCpMe4,
4-Ce

2-Ce

2 R-Cl ITHF
Vv

Figure 3.9. Stoichiometric reactions to define the mechanism of C—Cl activation by 2-Ce.

The addition of chlorohydrocarbon substrate to the mixture containing 2-Ce and 6-Ce and
irradiation for 24 hours generates a bright yellow solution arising from the complete conversion
to the chloride complex 3-Ce which is identified by 'H NMR spectroscopy (

Figure 3.9). It was previously experimentally verified that irradiation of a pure sample of 6-Ce
results in the formation of 2-Ce and bibenzyl (Chapter 2) we also determined that the reaction
of 3-Ce and MgBny(THF): to form the benzyl 6-Ce does not proceed without irradiation,
(Figure 3.10, vide infra.) It should be noted that 3-Ce is able to facilitate stoichiometric
dechlorination when irradiated with chlorocyclohexane. This results in its conversion to a white
solid which could be cerium trichloride, formed due to the displacement of the CpM** ligand
by Cl following C—Cl bond activation.
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Figure 3.10. Stoichiometric reactions to define the mechanism of C—Cl activation by 2-Ce.
6-Ce cannot be formed from 3-Ce prior to irradiation.

3.3.3.2 Computational studies

Schelter and co-workers showed that Ce(IlI) amido and guanidinate photocatalysts form an
inner-sphere complex with benzyl chloride, which lowers the barrier to halogen atom
abstraction, and releases benzyl radical to form products.®® Here, calculations were performed
for the excited states of complexes 2-Ce and 2-La and the proposed intermediate in which
cyclohexylchloride binds as a Cl-donor ligand to 6-Ce, recognizing that both the tris(CpMe?)
and benzyl complex can be active in C—X bond activation reactions. Time-dependent DFT
(TD-DFT; B3PWO91) calculations on both 2-Ce and 2-La reveal similar SOMO structures upon
photoexcitation (Figure 3.11). Experimentally, both 2-Ce and 2-La absorb at 426 nm,
calculated as an intense absorption at approximately 380 nm (415nm in solvent).”? This is
assigned as transition from the m-orbital of the CpM®* ligand to the dz* on the metal. For 2-Ce,
this is accompanied by a lower intensity metal-based 4/ — 5d excitation at 410 nm. It is notable
that the cerium molecule is pyramidally distorted by 5° away from the ground state pseudo-D3;
symmetry, unlike the La congener. This increases access to one end of what was a primarily
dz*-orbital, and may provide greater access to the Cl substrate, or the Bn reagent, which would
further contribute to the higher activity of Ce relative to La, despite its smaller ionic radius.

2-Ce 2-La

Figure 3.11. Depictions of the calculated SOMO of 2-Ce (left) and 2-La (right) after
absorption. Color code: gold — Ce; green — Cl; grey — C; white — H.
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TD-DFT studies of the Cl-alkyl adduct of 6-Ce show a low intensity absorption at 425 nm
(448 nm calculated with an added solvent correction), experimentally observed at 450 nm,
arising from the excitation of the SOMO (4f electron) into the LUMO which is primarily
bonding for the Ce—Cl bond and antibonding with respect to the C—Cl bond (Figure 3.12). This
supports our experimental observation that 6-Ce cannot be formed from 3-Ce without
irradiation, and could be attributed to the strength of the Ce—Cl bond relative to Ce—C. The
excited state populated by irradiation also implies the transition from the HOMO, which is the
Ce—Bn bonding interaction, to the LUMO so that the Ce—Bn bond may easily be broken. This
early loss of the Bn group is consistent with our observations of the difficulty of trapping it in
a product when substrates with short-lived radical products are used.

Figure 3.12. Depiction of the TD-DFT-calculated LUMO of the adduct formed during
catalysis when chlorocyclohexane binds to 6-Ce. Color code: gold — Ce; green — CI; grey — C;
white — H.

3.3.3.3 Mechanistic summary

Our proposed mechanism therefore begins with the formation of a mixture of 2-Ce and 6-Ce
and excess MgBno(THF),. The added chloroalkane will bind as an L—donor, most likely to the
less sterically saturated Ln center in 6-Ln. Photoexcitation results in formation of the Ln—Cl
bond as C—Cl bond cleavage occurs, releasing the hydrocarbyl radical Re. The intermediate
(CpMeH),Ln(C1)(Bn) will be more stable for Ln = Ce, and to a much lesser extent Ln = Pr, which
can form tetravalent complexes, but it was previously shown that the CpM* ligand can be
oxidized in place of the Ln center, to stabilize the other Ln intermediates for which Ln(IV) is
not accessible. The release of the reducing Bne will still be facile. We had anticipated that the
proximity of Re and Ln—Bn in the solvent cage would lead to the alkylated product R—Bn, but
in THF, a good H-atom donor, R—H is formed through H atom abstraction from solvent when
the resulting alkyl radical is unstabilized and too short-lived to be captured. Longer-lived allyl
and benzyl radicals can be benzylated in this system, although it is likely that this does not
occur within the local coordination sphere of the lanthanide cation. The resulting chloride 3-
Ln is then photochemically converted back to the benzyl 6-Ln by the excess MgBny(THF),
present.

100



This catalytic cycle is consistent with our experimental observations that the activities of
precatalysts (CpMe,)CeX (X= CpMe4, Cl, L) are related to the rate at which they can form alkyl
species 6-Ce. Catalyst 2-Ce is more effective than 1-Ce and 3-Ce potentially due to the higher
stability of the Ln—(O-NHC) and Ln—Cl bonds respectively relative to Ln—Cp™¢4,16:33.93 While
6-Ce was shown to be capable of facilitating defluoroalkyation of PhCF3, ultimately it was too
unstable to remain active over the longer irradiation times required for efficient, catalytic C—F
bond activation. Given the weaker C—Cl bond and consequently shorter required reaction times,
2-Ce and 6-Ce can act as efficient dechlorination catalysts.

It should also be noted that the excited state lifetime of 3-Ce is 175 ns (Chapter 1), which is
amongst the longest excited state lifetimes reported for a cerium complex.! In contrast, the
lifetime of 1-Ce is considerably shorter at 101 ns, though still greater than many other Ce
complexes studied.”* Ultimately, while specialized, light-absorbing ligand L is required for
cleaving the strong C(sp®)-F bond, absorption through CpM®* is satisfactory for activation of
the weaker C(sp®)—Cl bond, providing evidence of the power of ligand-tuning of lanthanide
photocatalysis.

3.3.3.4 Preliminary investigations into the dechlorination chemistry of lanthanide
cyclooctatetraenyl complexes

Given the light-absorbing capability of the CpMe* ligand, and the implication of the homolysis
of a Ln—CpM** bond in both the C—F and C—Cl bond activation chemistry presented in this
thesis, we were interested in studying the dechlorination chemistry of lanthanide complexes
bearing dianionic cyclooctatetraenyl (COT) ligands.”®” A chelating COT ligand on a
lanthanide dehalogenation photocatalyst could reduce metal-ligand bond homolysis and work
to prevent catalyst degradation, while still allowing for an active site where substrate could
interact with the metal center. As discussed in Chapter 1, complexes [(CsHg)Ce(p—
O3;SCF3)(THF)2]> and [(CgHs)Ce(u—Cl)(THF). ]2, published by Schelter et al. are fluorescent
and display lifetimes of 205 ns 145 ns respectively, demonstrating their capability for light
absorbance.”

Cyclooctatetraene readily reacts with sodium to form Na,COT, which can be transmetallated
through a salt metathesis reaction with lanthanide and actinide halide complexes. The complex
Cel(COT)(THF); (12-Ce) was synthesized according to literature procedure®®® and tested in
photocatalytic dechlorination of chlorocyclohexane with MgBn>(THF),. Upon addition of
MgBny(THF): to 12-Ce in THF, a brightening of the reaction mixture was observed, attributed
to the potential formation of a [Ce(COT)(Bn)] species. Under standard conditions, 19%
conversion to cyclohexane was observed following 24 hours irradiation, suggesting catalytic
activity less than that of 2-Ce. Following catalysis, the reaction mixture was fluorescent yellow,
and the generation of a white precipitate was observed, which could be insoluble [Mg(COT)]
or cerium trichloride. Further mechanistic investigation of this reaction is underway in our
laboratory to both explain the observed reactivity and extend photocatalytic studies to other
lanthanide COT complexes.

3.4 Conclusions

Expanding on our previously reported photocatalytic defluoroalkylation chemistry, the light-
driven cleavage of a variety of C(sp*)~Cl and C(sp?)-Cl bonds in chlorohydrocarbons,
including the environmentally relevant polymer PVC, can be accessed using simple lanthanide
cyclopentadienyl complexes of the form (CpM®);Ln (2-Ln) and [(CpM**),Ln(p—Cl)]» (3-Ln).
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Tris(cyclopentadienyl) complexes in particular are readily synthesized and are widely
considered a mainstay of organometallic lanthanide chemistry.!%

Catalytic C—ClI bond activation is achieved via a reactive lanthanide alkyl intermediate,
which was identified through both experiment and computation, and is consistent with
previously reported mechanisms for reactions of this type.!”!® Significantly,
photocatalysis is again observed with both cerium and also other typically photo-
inactive lanthanides due to absorption of light through ancillary ligands. While
specialized, light-absorbing ligand L is required for efficient C(sp*)-F bond activation, light
absorption through CpM** is satisfactory for activation of the weaker C(sp®)-Cl bond. The
weaker C—Cl bonds relative to C—F bonds also results in shorter required reaction times that
reduce the need for a robust catalyst such as 1-Ce, as described in Chapter 2.

The ability of 2-Ce to cleave the C—Cl bond in PVC could lead to promising applications in
polymer upcycling or the purification of polymer waste streams that contain undesirable
amounts of PVC. Currently the potential functionalization of an alkyl radical produced via
dechlorination with this system appears to depend on the intrinsic stability of the substrate.
However, further catalyst tuning such as the addition of bulkier alkyl substituents onto the Cp
ligand may allow for the selective alkylation of materials at the site of radical formation, by
maintaining proximity of the catalysts and substrates through steric effects or dispersion
forces.!%!

3.5 Experimental

General details. All moisture and air sensitive materials were manipulated using standard
high-vacuum Schlenk-line techniques and MBraun gloveboxes and stored under an atmosphere
of dried and deoxygenated dinitrogen. All glassware items, cannulae and Fisherbrand 1.2 pm
retention glass microfiber filters were dried in a 160 °C oven overnight before use.

Solvents and reagents. Hexanes, tetrahydrofuran (THF), diethyl ether (Et2O) and toluene for
use with moisture and air sensitive compounds were dried using an MBraun SPS 800 Manual
solvent purification system and stored over activated 3 A molecular sieves. Benzene-D,
pyridine-Ds were purchased from Cambridge Isotope Laboratories and were refluxed over
potassium metal for 24 hours, freeze-pump-thaw degassed and purified by trap-to-trap
distillation prior to use. THF-Dg was purchased from Cambridge Isotope Laboratories and dried
over sodium/benzophenone before being freeze-pump-thaw degassed and purified by trap-to-
trap distillation prior to use. All solvents were purchased from Sigma-Aldrich or Fisher
Scientific and stored over 3 A molecular sieves for 4 hours before being used.

PhICl; was prepared according to the literature procedure!®? and stored at —30 °C.
Dihydrocarbyl magnesium reagents,'®®> HL, HLM® and HL®Y,!%* KCsMesH,' lanthanide
triiodides (Ln = La, Ce, Nd, Sm),!%¢197 and lanthanide tris(tetramethylcyclopentadienyl)
complexes (Ln = La, Ce, Pr, Nd, Sm),!?"19% Mg(CpM4),!%° Na,COT,''"® Cel(COT)(THF);*°
were all prepared using published methods. 1-Ce, 1-Ce'Bu, 1-Nd, 1-Sm, and 3-Ce were
synthesized as previously described in Chapter 1. All other chemicals were purchased from
commercial suppliers and degassed and/or dried under vacuum or over 3 A molecular sieves
for 12 hours before use.

Characterization. NMR spectra were recorded on Bruker Avance 400, 500 and 600 MHz
spectrometers and are referenced to residual protio solvent (3.58 and 1.72 ppm for THF-Ds,

102



7.16 ppm for CsDs) for 'H NMR spectroscopy. THF was used as solvents for No Deuterium
(NoD) NMR experiments,'? and was referenced to added tetramethylsilane (0.00 ppm for both
"H and "*C{'H} NMR spectroscopic experiments). Quantitative 'H NMR data were acquired
with a minimum of eight scans, with the delay time set to 5x the longest T1 value present.
Chemical shifts are quoted in ppm and coupling constants in Hz. Tetrakis(trimethylsilyl)silane
(TMS*) was used as internal standards for quantitative 'H NMR spectroscopy. NMR spectra
were taken at 25°C unless otherwise noted. Structural assignments were performed using
HSQC and HMBC NMR spectroscopic experiments when necessary. Elemental analyses were
carried out by the microanalytic services in the College of Chemistry at the University of
California, Berkeley. ATR-FTIR spectra were recorded on a Shimadzu IRSpirit FTIR
spectrometer on neat powders.

Photophysical data. Quartz cells with a 10 mm pathlength equipped with a J-Young valve
were used to contain samples prepared under a dinitrogen atmosphere for electronic absorption
spectra (UV-Visbile) measurements. UV-Visbile measurements were collected on an Agilent
Varian Cary 50 UV-Visbile spectrophotometer.

Crystallography. X-ray diffraction data were collected at beamline 12.2.1 of the Advanced
Light Source (ALS) at Lawrence Berkeley National Lab, using a Bruker D8 diffractometer
coupled to a Bruker Photonll CPAD detector with Si(111)-monochromated synchrotron
radiation (17 keV radiation). Single crystal X-ray diffraction data of all other compounds were
collected using a Rigaku Xtalab Synergy-S diffractometer fitted with a HyPix-6000HE photon
counting detector using MoKa (A =0.71073 A) or CuKa (A = 1.5418A) radiation. All structures
were solved using SHELXT in Olex2 and refined using SHELXL in Olex2.!!!:!12Absorption
corrections were completed using CrysAlis PRO (Rigaku Oxford Diffraction) software.
Analytical numeric absorption corrections used a multifaceted crystal model based on
expressions derived by Clark and Reid.!'* Numerical absorption correction was based on a
Gaussian integration over a multifaceted crystal model.

Computational details. All DFT and TDDFT calculations were carried out using Gaussian
09!* software package. Optimizations, frequency calculations and population analysis were
performed using the B3PW91!!>!16 functional. Ce, La and Cl atoms were treated with a
Stuttgart effective core potential and the associated basis set.!!”-!!8 In the case of Cl, a set of
polarization functions!! was added. The 6-31G** basis set!?%!2! was employed for C and H
atoms. Single point calculations including THF solvent were carried out to correct the TDDFT
spectra using the SMD model.

Synthesis of KL. To a cold (-78 °C), magnetically stirred, cream slurry of 2.13 g of [H2L]Br
(2.13g, 0.00540, 1.00 equiv.) in THF (50 mL), was added a cold suspension of K(N{SiMe3}»)
(2.16 g, 0.0109 mol, 2.00 equiv.) in THF (100 mL) dropwise over ten minutes. The mixture
was allowed to warm to room temperature, with stirring, overnight. After this period, the
orange solution was isolated from the pale grey powder (KBr) by filtration. Concentration of
the solution to 5 mL and the subsequent addition of 10 mL of pentane provided a cream powder.
This powder was isolated by filtration and washed with pentane (3 x 20 mL) to afford KL.
Yield: 1.56 g (82%)

'H NMR (500 MHz, pyridine-Ds, 300 K): & 7.49 (d, Jun = 2.9, 1H, CH(5)pw), 7.34 (d, Jun =
2.9, 1H, CH3)ph), 7.33 (d, Jien = 1.6, 1H, CHimeeny), 7.10 (d, Jitt = 1.6, 1H, CHimepr), 4.51
(sept, Juu = 6.7, 1H, CHier), 1.69 (s, 9H, CHamu), 1.38 (s, 9H, CHasy), 1.30 (d, Jus = 6.7, 6H,
CHsupr). 3C{'H} NMR (125.8 MHz, pyridine-ds, 300 K): & 206.3 (s, C-K), 163.4 (s, C-O),
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138.6 (s, Cpn), 131.4 (s, Cpn), 127.6 (s, Cpn), 122.7 (s, CHimen)), 122.1 (s, CHpn), 122.0 (s,
CHpn), 114.6 (s, CHimcpr), 51.8 (s, CHipr), 35.7 (s, Cmu), 33.7 (s, Cu), 32.2 (s, CHzmu), 30.0
(s, CH3mu), 24.0 (s, CHzpr).

Synthesis of [(CpM¢*),Pr(u—Cl]2 (3-Pr). In a glovebox a vial was charged with (CpMe4);Pr (2-
Pr) (20.0 mg, 0.0396 mmol, 1.00 equiv.) in THF (5 mL), resulting in a yellow solution. With
stirring, a colorless solution of PhICI, (5.7 mg, 0.0206 mmol, 0.520 equiv.) in THF (1 mL) was
added dropwise. After stirring for 16 hours at room temperature, a color change from yellow
to pale yellow was seen, and the volatiles were removed under vacuum resulting in a yellow
powder which was subsequently washed with cold hexanes (2 x 0.5 mL). Yield: 5.2 mg, 40 %.

"H NMR (500 MHz, THF-Hg) 6  24.76 (br. s, 12H, CHscp), 5.27 (br. s, 2H, Hcp), 7.54 (br. s,
12H, CHscp). Anal. Caled for: C3sHs2Pr2Cla: C, 54.64; H, 7.20. Found: C,51.53; H,6.99.

Synthesis of [(Cp™¢*)2Nd(u—Cl)]2 (3-Nd). In a glovebox a vial was charged with (CpM¢4);sNd
(2-Nd) (94.5 mg, 0.186 mmol, 1.00 equiv.) in THF (5 mL), resulting in a green solution. With
stirring, a colorless solution of PhICl; (26.6 mg, 0.0968 mmol, 0.520 equiv.) in THF (1 mL)
was added dropwise. After stirring for 1 hour at room temperature, a color change to turquoise
was seen, and the solution continued to stir overnight. After this time the volatiles were
removed under vacuum, resulting in a turquoise powder which was subsequently washed with
cold hexanes (2 x 0.5 mL). The powder was redissolved in a minimum of THF (1 mL), layered
with hexanes (3 mL) and stored at —30 °C for 3 days to yield periwinkle blue blocks of
[(CpMeH),Nd(n—Cl)]2 that were suitable for X-ray diffraction studies (Figure 3.13). 56.0 mg,
Yield: 70%.

"H NMR (500 MHz, CsD¢) 8 17.70 (br. s, 12H, CH3cp), 0.05 (br. s, 12H, CH3cp), -9.86 (br. s,
2H, Hcp). Anal. Caled for: C3sHs2Nd2Clo: C, 51.47; H, 5.76. Found: C,50.78; H, 5.87.

INd

Figure 3.13. Molecular structure of [(CpM®*),Nd(u—Cl)]» (3-Nd). Ellipsoids shown at 50%
probability, peripheral groups drawn as wireframe, hydrogen atoms and lattice solvent
molecules have been omitted for clarity. Color code: green — Nd; grey — C; bright green — Cl.

Synthesis of [(CpM*),Sm(u—Cl)]2 (3-Sm). In a glovebox a vial was charged with (CpM**);Sm
(2-Sm) (95.9 mg, 0.186 mmol, 1.00 equiv.) in THF (5 mL), resulting in a red solution. With
stirring, a colorless solution of PhICl; (26.6 mg, 0.0968 mmol, 0.520 equiv.) in THF (1 mL)
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was added dropwise. After stirring for 16 hours at room temperature, a color change to orange
was seen, and the volatiles were removed under vacuum resulting in an orange powder which
was subsequently washed with cold hexanes (2 x 0.5 mL). The powder was redissolved in a
minimum of THF (1 mL), layered with hexanes (3 mL) and stored at —30 °C for 3 days to yield
orange blocks that were suitable for X-ray diffraction studie (Figure 3.14). Yield: 60.3 mg,
77%.

'"H NMR (500 MHz, THF-Ds) & 11.77 (br. s, 2H, Hcp), 1.56 (br. s, 12H, CH3cp), 0.30 (br. s,
12H, CHscp). Anal. Caled for: C3sHs2SmoClo: C, 50.73; H, 5.68. Found: C,51.03; H,6.03.

Figure 3.14. Molecular structure of [(CpM**),Sm(u—Cl)]> (3-Sm). Ellipsoids shown at 50%
probability, peripheral groups drawn as wireframe, hydrogen atoms and lattice solvent
molecules have been omitted for clarity. Color code: green — Sm; grey — C; bright green — Cl.

Targeting the synthesis of [(CpM*),DyCl], (3-Dy). In a glovebox a vial was charged with
(CpMe*);Dy (2-Dy) (9.8 mg, 0.0186 mmol, 1.00 equiv.) in THF (2 mL), resulting in a pale
orange solution. With stirring, a colorless solution of PhICl; (2.7 mg, 0.00967 mmol, 0.520
equiv.) in THF (1 mL) was added dropwise. After stirring for 16 hours at room temperature, a
color change from orange to yellow was seen, and the volatiles were removed under vacuum
resulting in a yellow oil which was subsequently washed with cold hexanes (2 x 0.1 mL) to
give a less than 1 mg of pale-yellow powder. The quantity of product acquired precluded
characterization, but preliminary tests suggested that it is soluble in hexanes at room
temperature, which is in line with expectation for the targeted product if solubility trends
continue through the lanthanide series.

Targeting the synthesis of (L)CeCl, (11-Ce). In a glovebox a vial was charged with CeCls
(59.4 mg, 0.242 mmol, 1.00 equiv.) in THF (10 mL), with stirring, resulting in a white slurry.
A solution of KL (89.3 mg, 0.242 mmol, 1.00 equiv.) in THF (10 mL) was then added
dropwise. A rapid color change to orange was observed alongside the formation of a grey
precipitate, presumably KCI. After stirring for 16 hours at room temperature, the reaction
mixture was filtered, and volatiles from the supernatant were removed under vacuum resulting
in a dark yellow powder which was subsequently washed with cold hexanes (2 x 3 mL). The
crude product was analyzed by 'H NMR spectroscopy and the resonances were shown to align
exactly with the species produced following dechlorination reactions with 1-Ce. The low
thermal, moisture and oxygen stability of the product precluded full characterization.
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Catalytic dechlorination of benzyl chloride by 1-Ce. In a glovebox, a vial was charged with
1-Ce (7.0 mg, 0.01 mmol, 0.100 equiv.), benzyl chloride (11.5 pL, 0.100 mmol, 1.00 equiv.),
K(N{SiMes}2) (19.9 mg, 0.100 mmol, 1.00 equiv.) and CsDs (0.5 mL). The reaction mixture
was then transferred to a Young's valve-equipped NMR tube and the sample irradiated with a
Kessil Tuna Blue lamp and monitored periodically by 'H NMR spectroscopy. Following 48
hours of irradiation, 80 % yield of bibenzyl was observed.

Targeting the catalytic dechlorination of benzyl chloride by 1-La. In a glovebox, a vial was
charged with 1-La (6.9 mg, 0.0100 mmol, 0.100 equiv.), benzyl chloride (11.5 pL, 0.100
mmol, 1.00 equiv.), K(N{SiMes}2) (19.9 mg, 0.100 mmol, 1.00 equiv.) and C¢Ds (0.5 mL).
The reaction mixture was then transferred to a Young’s valve-equipped NMR tube and the
sample irradiated with a Kessil Tuna Blue lamp and monitored periodically by 'H NMR
spectroscopy. Following 48 hours of irradiation, 8% yield of bibenzyl was observed.

General procedure for stoichiometric dechlorination of chlorocyclohexane with in THF-
Hs. In a glovebox, a vial was charged with metal complex (0.0100 mmol, 0.200 equiv.),
chlorocyclohexane (5.90 pL, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL). The reaction
mixture was then transferred to a Young’s valve-equipped NMR tube and the sample irradiated
with a Kessil Tuna Blue or 440 nm lamp and monitored periodically by 'H NMR spectroscopy,
with a time point for all reactions measured after 24 hours.

Dechlorination of chlorocyclohexane by 1-Ce using Ce as a potential turnover reagent. In
a glovebox, a vial was charged with 1-Ce (7.0 mg, 0.01 mmol, 0.200 equiv.)
chlorocyclohexane (5.90 pL, 0.05 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was
then added to a vial containing freshly shaved cerium metal (7.0 mg, 0.0500 mmol, 1.00
equiv.), and the reaction mixture transferred to a Young’s valve-equipped NMR tube. The
sample was irradiated with a Kessil 440 nm lamp and monitored periodically by 'H NMR
spectroscopy, with a time point measured after 24 hours. Following this time, 23 % yield of
cyclohexane was observed.

Dechlorination of chlorocyclohexane by 1-Ce using Zn as a potential turnover reagent. In
a glovebox, a vial was charged with 1-Ce (7.0 mg, 0.0100 mmol, 0.200 equiv.)
chlorocyclohexane (5.90 uL, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was
then added to a vial containing activated zinc metal (3.0 mg, 0.0500 mmol, 1.00 equiv.), and
the reaction mixture transferred to a Young’s valve-equipped NMR tube. The sample was
irradiated with a Kessil 440 nm lamp and monitored periodically by '"H NMR spectroscopy,
with a time point measured after 24 hours. Following this time, 25 % yield of cyclohexane was
observed.

Dechlorination of chlorocyclohexane by 1-Ce using trimethyl-(4-trimethylsilylpyrazin-1-
yl) silane as a potential turnover reagent. In a glovebox, a vial was charged with 1-Ce (7.0
mg, 0.0100 mmol, 0.200 equiv.) chlorocyclohexane (5.90 uL, 0.0500 mmol, 1.00 equiv.) and
THF (0.5 mL). The solution was then added to a vial containing trimethyl-(4-
trimethylsilylpyrazin-1-yl) silane (11.3 mg, 0.0500 mmol, 1.00 equiv.), and the reaction
mixture transferred to a Young’s valve-equipped NMR tube. The sample was irradiated with a
Kessil 440 nm lamp and monitored periodically by '"H NMR spectroscopy, with a time point
measured after 24 hours. Following this time, trace cyclohexane was observed alongside 40%
yield of trimethylsilyl chloride.
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Dechlorination of chlorocyclohexane by 1-Ce using MgPh,(THF): as a potential turnover
reagent. In a glovebox, a vial was charged with 1-Ce (7.0 mg, 0.0100 mmol, 0.200 equiv.)
chlorocyclohexane (5.90 uL, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was
then added to a vial containing activated MgPhy(THF)> (16.1 mg, 0.0500 mmol, 1.00 equiv.),
and the reaction mixture transferred to a Young’s valve-equipped NMR tube. The sample was
irradiated with a Kessil 440 nm lamp and monitored periodically by '"H NMR spectroscopy,
with a time point measured after 24 hours. Following this time, 23% yield of cyclohexane was
observed.

General procedure for targeting the 20 mol % catalytic dechlorination of
chlorocyclohexane with NaH in THF-Hs. In a glovebox, a vial was charged with NaH (1.2
mg, 0.0500 mmol, 1.00 equiv.) chlorocyclohexane (5.90 pL, 0.0500 mmol, 1.00 equiv.) and
THF (0.5 mL). The solution was then used to dissolve the metal complex (0.0100 mmol, 0.200
equiv.), and the reaction mixture transferred to a Young’s valve-equipped NMR tube. The
sample was irradiated with a Kessil 440 nm lamp and monitored periodically by 'H NMR
spectroscopy, with a time point for all reactions measured after 24 hours.

General procedure for control reactions in the dark for targeting the 20 mol % catalytic
dechlorination of chlorocyclohexane with NaH in THF-Hs. In a glovebox, a vial was
charged with NaH (1.2 mg, 0.0500 mmol, 1.00 equiv.) chlorocyclohexane (5.90 uL, 0.0500
mmol, 1.00 equiv.) and THF (0.5 mL). The solution was then used to dissolve the metal
complex (0.0100 mmol, 0.200 equiv.), and the reaction mixture transferred to a Young’s valve-
equipped NMR tube. The sample was wrapped in aluminum foil, stored in the dark and
monitored periodically by "H NMR spectroscopy, with a time point for all reactions measured
after 24 hours. No product formation was seen for all reactions.

General procedure for 20 mol % catalytic dechlorination of chlorocyclohexane with
MgBn,(THF); in THF-Hs. In a glovebox, a vial was charged with MgBny(THF),, (17.5 mg,
0.0500 mmol, 1.00 equiv.) chlorocyclohexane (5.90 uL, 0.0500 mmol, 1.00 equiv.) and THF
(0.5 mL). The solution was then used to dissolve the metal complex (0.0100 mmol, 0.200
equiv.), and the reaction mixture transferred to a Young’s valve-equipped NMR tube. The
sample was irradiated with a Kessil 440 nm lamp and monitored periodically by 'H NMR
spectroscopy, with a time point for all reactions measured after 24 hours.

General procedure for control reactions in the dark for the 20 mol % catalytic
dechlorination of chlorocyclohexane with MgBn2(THF); in THF-Hs. In a glovebox, a vial
was charged with MgBn2(THF)2, (17.5 mg, 0.0500 mmol, 1.00 equiv.) chlorocyclohexane
(5.90 uL, 0.0500 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was then used to dissolve
the metal complex (0.0100 mmol, 0.200 equiv.), and the reaction mixture transferred to a
Young’s valve-equipped NMR tube. The sample was wrapped in aluminum foil, stored in the
dark and monitored periodically by '"H NMR spectroscopy, with a time point for all reactions
measured after 24 hours. No product formation was seen for all reactions.

General procedure for 5 mol % catalytic dechlorination of chlorocyclohexane with
MgBn,(THF); in THF-Hs. In a glovebox, a vial was charged with MgBn(THF),, (35.0 mg,
0.100 mmol, 1.00 equiv.) chlorocyclohexane (11.8 puL, 0.100 mmol, 1.00 equiv.) and THF
(0.5 mL). The solution was then used to dissolve the metal complex (5.00 umol, 0.0500 equiv.),
and the reaction mixture transferred to a Young’s valve-equipped NMR tube. The sample was
irradiated with a Kessil 440 nm lamp and monitored periodically by '"H NMR spectroscopy,
with a time point for all reactions measured after 24 hours.
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General procedure for control reactions in the dark for the 5 mol % catalytic
dechlorination of chlorocyclohexane with MgBn2(THF); in THF-Hs. In a glovebox, a vial
was charged with MgBny(THF),, (35.0 mg, 0.100 mmol, 1.00 equiv.) chlorocyclohexane (11.8
pL, 0.100 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was then used to dissolve the
metal complex (5.00 umol, 0.0500 equiv.), and the reaction mixture transferred to a Young’s
valve-equipped NMR tube. The sample was wrapped in aluminum foil, stored in the dark and
monitored periodically by '"H NMR spectroscopy, with a time point for all reactions measured
after 24 hours. No product formation was seen for all reactions.

General procedure for 5 mol % catalytic dechlorination of chlorinated substrates with
MgBn,(THF); in THF-Hs. In a glovebox, a vial was charged with MgBn(THF),, (35.0 mg,
0.100 mmol, 1.00 equiv.) chlorinated substrate (0.100 mmol, 1.00 equiv.) and THF (0.5 mL).
The solution was then used to dissolve the metal complex (0.005 mmol, 0.05 equiv.), and the
reaction mixture transferred to a Young’s valve-equipped NMR tube. The sample was
irradiated with a Kessil 440 nm lamp and monitored periodically by '"H NMR spectroscopy,
with a time point for all reactions measured after 24 hours.

General procedure for control reactions in the dark for 5 mol % catalytic dechlorination
of chlorinated substrates with MgBn,(THF); in THF-Hs. In a glovebox, a vial was charged
with MgBno(THF), (35.0 mg, 0.100 mmol, 1.00 equiv.) chlorinated substrate (0.100 mmol,
1.00 equiv.) and THF (0.5 mL). The solution was then used to dissolve the metal complex
(0.005 mmol, 0.05 equiv.), and the reaction mixture transferred to a Young’s valve-equipped
NMR tube. The sample was wrapped in aluminum foil, stored in the dark and monitored
periodically by '"H NMR spectroscopy, with a time point for all reactions measured after 24
hours. No product formation was seen for all reactions, except the dechlorination of 1-
(chloromethyl)-4-(trifluoromethyl)benzene which showed trace product formation. This can be
attributed to the weakening of the C—CI bond through electron withdrawing inductive effects
of the trifluromethyl group on the arene ring.

1 mol % catalytic dechlorination of chlorocylohexane with MgBn:(THF), by 2-Ce in
THF-Hs. In a glovebox, a vial was charged with MgBn(THF)2, (175 mg, 0.500 mmol, 1.00
equiv.) chlorocyclohexane (59.0 pL, 0.500 mmol, 1.00 equiv.) and THF (0.5 mL). The solution
was then used to dissolve 2-Ce (2.5 mg, 5.00 umol, 0.0100 equiv.), and the reaction mixture
transferred to a Young’s valve-equipped NMR tube. The sample was irradiated with a Kessil
440 nm lamp and monitored periodically by '"H NMR spectroscopy, with a time point measured
after 24 hours.

1 mol % catalytic dechlorination of chlorocylohexane with MgBn:(THF), by 3-Ce in
THF-Hs. In a glovebox, a vial was charged with MgBny(THF),, (175 mg, 0.500 mmol, 1.00
equiv.) chlorocyclohexane (59.0 pL, 0.500 mmol, 1.00 equiv.) and THF (0.5 mL). The solution
was then used to dissolve 3-Ce (2.1 mg, 0.00250 mmol, 0.0100 equiv. (wrt. Ce)), and the
reaction mixture transferred to a Young’s valve-equipped NMR tube. The sample was
irradiated with a Kessil 440 nm lamp and monitored periodically by '"H NMR spectroscopy,
with a time point measured after 24 hours.

Incorporation of deuterium into cyclohexane. In a glovebox, a vial was charged with
MgBno(THF)2, (35.0 mg, 0.100 mmol, 1.00 equiv.) chlorocyclohexane (11.8 puL, 0.100 mmol,
1.00 equiv.) and THF-Ds (0.5 mL). The solution was then used to dissolve 2-Ce (2.5 mg, 5.00
pumol, 0.0500 equiv.), and the reaction mixture transferred to a Young’s valve-equipped NMR
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tube. The sample was irradiated with a Kessil 440 nm lamp and monitored periodically by 'H
and 3C NMR spectroscopy, with a time point measured after 24 hours. Following this time
coupling arising from the formation of cyclohexane-D; was observed by '*C NMR
spectroscopy.

Incorporation of deuterium into 2-methylpropene. In a glovebox, a vial was charged with
MgBno(THF)a, (35.0 mg, 0.100 mmol, 1.00 equiv.) 1-chloro-2-methylpropene (9.84 puL, 0.100
mmol, 1.00 equiv.) and THF-Dg (0.5 mL). The solution was then used to dissolve 2-Ce (2.5
mg, 5.00 pmol, 0.0500 equiv.), and the reaction mixture transferred to a Young’s valve-
equipped NMR tube. The sample was irradiated with a Kessil 440 nm lamp and monitored
periodically by 'H and '*C NMR spectroscopy, with a time point measured after 24 hours. 2.4%
in situ yield of 2-methylprop-1-ene-1-D was observed by 'H NMR spectroscopy.

Equilibrium between (CpM*);Ce (2-Ce), (CpM*4)2(Bn)(THF) (6-Ce) and MgBn(THF),
(440 nm). In a glovebox, a Young’s valve-equipped NMR tube was charged with 2-Ce (5.0
mg, 0.010 mmol, 1.00 equiv.), MgBn>(THF)> (70.0 mg, 0.200 mmol, 20.0 equiv.), THF (0.5
mL) and an internal standard. The NMR tube was sealed and the mixture characterized by 'H
NMR spectroscopy. An equilibrium constant of 2.5 was calculated based on the relative
concentrations of 2-Ce, 6-Ce, MgBn,(THF), and Mg(Cp™e*), present in solution.

Reaction to investigate the formation of 3-Ce from dechlorination catalysis mixtures. In a
glovebox, a Young’s valve-equipped NMR tube was charged with 2-Ce (5.0 mg, 0.010 mmol,
1.00 equiv.), MgBno(THF), (70.0 mg, 0.200 mmol, 20.0 equiv.), THF (0.5 mL) and an internal
standard. Chlorocyclohexane (23.6 puL, 0.200 mmol, 20.0 equiv.) was then added before the
NMR tube was sealed and irradiated for 24 hours under a 440 nm lamp. Following this time,
the complete conversion from 2-Ce to 3-Ce was observed by 'H NMR spectroscopy.

Reaction of 3-Ce and MgBn,(THF); in the dark. In a glovebox, a Young’s valve-equipped
NMR tube was charged with 3-Ce (4.26 mg, 5.00 pmol, 0.5 equiv.), MgBn2(THF), (70.0 mg,
0.200 mmol, 20.0 equiv.), THF (0.5 mL) and an internal standard. The NMR tube was sealed,
wrapped in aluminum foil and stored in the dark for 24 hours. Following this time, a color
change from bright yellow to darker yellow had occurred but no conversion to 6-Ce was
observed by 'H NMR spectroscopy.

Reaction of 3-Ce and MgBn2(THF), under 440 nm light irradiation. In a glovebox, a
Young’s valve-equipped NMR tube was charged with 3-Ce (4.26 mg, 5.00 umol, 0.500 equiv.),
MgBno(THF)> (70.0 mg, 0.200 mmol, 20.0 equiv.), THF (0.5 mL) and an internal standard. the
NMR tube was sealed and irradiated for 24 hours under a 440 nm lamp. Following this time a
color change from bright yellow to a yellow-green had occurred and 96% conversion to 6-Ce
was observed by 'H NMR spectroscopy.

Dechlorination of chlorocyclohexane using Mg(Cp™¢*), and MgBn(THF).. In a glovebox,
a vial was charged with MgBn(THF), (35.0 mg, 0.100 mmol, 1.00 equiv.) chlorocyclohexane
(11.8 pL, 0.100 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was then used to dissolve
MgCpMe4, (1.4 mg, 5.00 pmol, 0.0500 equiv.), and the reaction mixture transferred to a
Young’s valve-equipped NMR tube. The sample was irradiated with a Kessil 440 nm lamp and
monitored periodically by 'H NMR spectroscopy, with a time point measured after 24 hours.
Following this time, 1.2% yield of cyclohexane was observed.
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Dechlorination of chlorocyclohexane using MgPh(THF); and MgBn:(THF):. In a
glovebox, a vial was charged with MgBny(THF),, (35.0 mg, 0.100 mmol, 1.00 equiv.)
chlorocyclohexane (11.8 pL, 0.100 mmol, 1.00 equiv.) and THF (0.5 mL). The solution was
then used to dissolve MgPhy(THF), (1.6 mg, 5.00 umol, 0.0500 equiv.), and the reaction
mixture transferred to a Young’s valve-equipped NMR tube. The sample was irradiated with a
Kessil 440 nm lamp and monitored periodically by '"H NMR spectroscopy, with a time point
measured after 24 hours. Following this time, 3.5 % yield of cyclohexane was observed.

Dechlorination of chlorocyclohexane using MgCl, and MgBnz(THF).. In a glovebox, a vial
was charged with MgBny(THF),, (35.0 mg, 0.100 mmol, 1.00 equiv.) and chlorocyclohexane
(11.8 uL, 0.100 mmol, 1.00 equiv.). 0.5 mL of a stock solution of MgCl, (4.8 mg, 0.0500
mmol) in THF (10 mL) was then used to dissolve the MgBn(THF),, and the reaction mixture
transferred to a Young’s valve-equipped NMR tube. The sample was irradiated with a Kessil
440 nm lamp and monitored periodically by '"H NMR spectroscopy, with a time point measured
after 24 hours. Following this time, 2.0 % yield of cyclohexane was observed.

Dechlorination of chlorocyclohexane using KCp™** and MgBn2(THF),. In a glovebox, a
vial was charged with MgBny(THF);, (35.0 mg, 0.100 mmol, 1.00 equiv.) and
chlorocyclohexane (11.8 uL, 0.100 mmol, 1.00 equiv.). 0.5 mL of a stock solution of KCpMe*
(9.0 mg, 0.0500 mmol) in THF (10 mL) was then used to dissolve the MgBn(THF),, and the
reaction mixture transferred to a Young’s valve-equipped NMR tube. The sample was
irradiated with a Kessil 440 nm lamp and monitored periodically by '"H NMR spectroscopy,
with a time point measured after 24 hours. Following this time, 2.0 % yield of cyclohexane
was observed.

5 mol % catalytic dechlorination of PVC with MgBn,(THF); in THF-Hs (24 hours). In a
glovebox, a vial was charged with MgBny(THF)2, (35.0 mg, 0.100 mmol, 1.00 equiv.) a
commercial sample of PVC (6.2 mg, 0.100 mmol, 1.00 equiv. Average My~ 233,000, average
M ~ 99,000) and THF (0.5 mL). The solution was then used to dissolve 2-Ce (2.5 mg, 5.00
pumol, 0.0500 equiv.), and the reaction mixture transferred to a Young’s valve-equipped NMR
tube. The sample was irradiated with a Kessil 440 nm lamp and monitored periodically by 'H
NMR spectroscopy. Following 24 hours irradiation, an average 78% dechlorination was
determined using Mohr’s method. (vide infra.)

5 mol % catalytic dechlorination of PVC with MgBn(THF); in THF-Hg (48 hours). In a
glovebox, a vial was charged with MgBny(THF)2, (35.0 mg, 0.100 mmol, 1.00 equiv.) a
commercial sample of PVC (6.2 mg, 0.100 mmol, 1.00 equiv. Average My~ 233,000, average
M ~ 99,000) and THF (0.5 mL). The solution was then used to dissolve 2-Ce (2.5 mg, 5.00
umol, 0.0500 equiv.), and the reaction mixture transferred to a Young’s valve-equipped NMR
tube. The sample was irradiated with a Kessil 440 nm lamp and monitored periodically by 'H
NMR spectroscopy. Following 48 hours irradiation, 79% dechlorination was determined using
Mohr’s method (vide infra.)

1 mol % catalytic dechlorination of PVC with MgBn,(THF); in THF-Hs. In a glovebox, a
vial was charged with MgBna(THF)2, (87.8 mg, 0.250 mmol, 1.00 equiv.) a commercial
sample of PVC (15.5 mg, 0.250 mmol, 1.00 equiv. Average My, ~ 233,000, average M, ~
99,000) and THF (0.5 mL). The solution was then used to dissolve 2-Ce (1.3 mg, 5.00 pmol,
0.0500 equiv.), and the reaction mixture transferred to a Young’s valve-equipped NMR tube.
The sample was irradiated with a Kessil 440 nm lamp and monitored periodically by 'H NMR
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spectroscopy. Following 48 hours irradiation, 78% dechlorination was determined using
Mohr’s method (vide infra.)

Determination of the extent of dechlorination of PVC. A procedure for the catalytic
dechlorination of PVC with MgBny(THF), in THF-Hg was followed. Following this, the
precipitation of the dechlorinated polymer as a colorless solid (Figure 3.15, left) was observed,
alongside generation of a yellow solution shown to contain 3-Ce by '"H NMR spectroscopy.
Mohr’s method was then used to determine the amount of MgCl, and other chloride-containing
species resulting from the dechlorination of polyvinyl chloride. The Young’s valve-equipped
NMR tube was opened to air, and the white solid manually separated from the solution (Figure
3.15, right). The solution was evaporated to dryness and the resulting solids redissolved in
water suitable for trace metal analyses. Potassium chromate indicator was added, and a 25 mM
solution of silver nitrate was titrated against the solution until the end point was reached. The
extent of dechlorination in the polymer was then determined based on the amount of silver
nitrate needed to reach the end point.

Figure 3.15. Solution and polymer precipitate resulting from the dechlorination of PVC by 2-
Ce (left); isolated dechlorinated polymer (right).
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Table 3.4. Crystal data and structure refinement for 3-Nd and 3-Sm.

3-Nd 3-Sm
Empirical formula C36H5,CI,Nd, C36Hs5,Cl,Sm,
Formula weight 844.15 856.37
Temperature/K 100 100
Crystal system monoclinic monoclinic
Space group P2,/n P2/n
a/A 8.504(13) 8.5346(12)
b/A 10.398(14) 10.3557(14)
c/A 19.24(3) 19.111(3)
a/° 90 90
p/° 91.801(8) 91.674(5)
v/° 90 90
Volume/A3 1700(4) 1688.4(4)
Z 2 2
Pealc/cm’ 1.649 1.684
wmm-! 3.395 3.859
F(000) 844.0 852.0
Crystal size/mm? 0.1 x 0.04 x 0.02 0.2x0.1x0.1
Radiation synchrotron (A = 0.7288) synchrotron (A = 0.7288)
20 range for data collection/° 4.344 to 52.074 4.588 to 58.288
Index ranges -10<h<10,-12<k<12,-23<1<23 -11<h<11,-13<k<13,-25<1<25
Reflections collected 21497 25987
Independent reflections 3104 [Rip = 0.1314, Rgigma = 0.0838] 4208 [Ryy = 0.0807, Ryjgma = 0.0554]
Data/restraints/parameters 3104/0/189 4208/0/189
Goodness-of-fit on F? 0.986 1.037
Final R indexes [I>=2c (I)] R; =0.0482, wR, = 0.1196 R; =0.0349, wR, = 0.0902
Final R indexes [all data] R, =0.0585, wR, = 0.1275 R; =0.0419, wR, = 0.0940

Largest diff. peak/hole /e A3 0.98/-1.11 0.85/-1.11
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Concluding Statements and Proposed Future Studies

This dissertation presents a series of new organometallic lanthanide complexes supported by
light-absorbing tetramethylcyclopentadienyl and aryloxy-NHC ligands. The synthesis of these
complexes and the investigation into their reactivity both furthers the fundamental
understanding of lanthanide coordination chemistry and highlights the applications of rare-
earth organometallic complexes in photoredox catalysis.

We have presented the synthesis and characterization of several earth-abundant organometallic
photocatalysts that can cleave the strong sp® C—F bond of PhCF3. To the best of our knowledge,
we have demonstrated the first examples of photocatalytic C-F bond activation and
functionalization mediated by a rare-earth metal complex.! The Lewis acidity of the metal is
implicated in binding the substrate, and we learned that light absorption through aromatic
ancillary ligands is important for imparting photoreactivity to lanthanides that do not possess
a metal-based 4f — 5d transition like cerium. The reactivity described is significant in that it is
not limited to cerium, which has been the focus of lanthanide photocatalysis thus far.?

Photophysical measurements suggest that the chelating aryloxy-NHC ligand [2-O-3,5-'Bu,-
CsHa(1-C{N(CH):N(Pr)})] (L) is particularly important for light absorption, and the creation
of a sufficiently reducing excited state that can activate a C(sp*)-F bond. We have also shown
that the substituent present at the NHC 3-position affects the light absorbing capability of
photocatalysts bearing aryloxy-NHC ligands. Noticeably, the intensity of the ligand-based
absorption is much greater for (CpM**),Ce(L®") (1-Ce'Bu) (LB = 2-0-3,5-Bur-CeHx(1-
C{N(CH):N('Bu)}, CpMe* = CsMesH) than (CpM*),Ce(L) (1-Ce) or (CpMeH)Ce(LM*) (1-
CeMes) (LMes = 2-0-3,5-Bus-CsHa(1-C {N(CH)>N(Mes)}) and 1-Ce'Bu demonstrates higher
activity than 1-Ce in stoichiometric C(sp®)-Cl bond activation reactions. This presents an
opportunity to increase catalyst quantum yield and efficiency, and consequent reactivity, by
imparting larger, rigid substituents on the complex. Further investigation into the photophysical
properties of complexes bearing a variety of substituted aryloxy-NHC ligands (i.e.,
(CpMe),Ce(LMe)  (1-CeMe) (LM¢ = 2-0-3,5-Bus-CéHo(1-C{N(CH),N(Me)}) and
(CpMe),Ce(L™) (1-CeTp) (L™ = 2-0-3,5-Bur-C¢Ha(1-C {N(CH)N(Tp)}) ) would be of
general interest when working to optimize a lanthanide photocatalyst of this type.’

It is currently unclear whether tuning of the substituents on the Cp ligands could impart greater
reactivity to complexes without L that demonstrated relatively poor performance in C(sp®)-F
bond activation reactions.! Given the importance of substrate binding in our proposed inner-
sphere reaction mechanism, modifying the Cp ligand to decrease steric bulk about the metal
center could allow for easier substrate access and improve reactivity for lanthanide
tris(cyclopentadienyl) complexes. The synthesis of complexes bearing methylcyclopentadienyl
or isopropylcyclopentadienyl ligands, for example, and their subsequent testing in the C(sp*)—
F bond cleavage of PhCF3; would provide insight into this hypothesis.

Our catalytic studies suggested that reactivity towards photocatalytic C(sp®)-F bond activation
decreases along the lanthanide series, consistent with the larger lanthanides providing greater
access to an inner sphere mechanism. However, we also hypothesized that reactivity may also
be influenced by the extent of orbital overlap between metal and ligand, which could affect the
efficiency of the LMCT that is required to impart photoreactivity to metals without an
accessible 4f — 5d transition.*” It would be of great interest to acquire further computational
and spectroscopic data, particularly fluorescence measurements, for 1-La, 1-Sm and 1-Nd, to
study the excitation energies of each complex. TD-DFT studies could also provide further
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insight into the orbitals involved in photoexcitation for the later lanthanides. Further
investigation into the synthesis the reactivity of analogous calcium complex would also be of
interest, as Ca possesses a similar ionic radius to the lanthanides but d-orbitals with higher
energy, which may affect the efficiency of LMCT.??

We targeted the cleavage and functionalization of unactivated sp? and sp* C—Cl bonds that had
been inaccessible to other lanthanide-based visible light photocatalysts.!® Such reactions are of
interest in the context of upcycling chlorinated polymers such as PVC.!:12 Photocatalytic C—
Cl bond activation was achieved using simple tris(cyclopentadienyl) complexes (CpMe4)sLn
(2-Ln, Ln = La, Ce, Pr, Nd, Sm) and [(CpM**),Ln(up—Cl)]> (3-Ln, Ln = Ce, Nd, Sm) via a
reactive lanthanide alkyl intermediate (CpM¢4);Ln(Bn)(THF) (6-Ln) formed through reaction
with the MgBn»(THF) reductive coupling partner. While C—CI bond activation by precatalyst
(CpMe#);Ce (2-Ce) was most efficient, reactivity could be extended to typically photo-and
redox-inactive lanthanide CpM** complexes. These experiments demonstrated that while
specialized, light-absorbing ligand L is required for efficient C(sp*)-F bond activation, light
absorption through CpM** is satisfactory for activation of the weaker C(sp*)—Cl bond.

In addition, the excited state lifetimes of complexes 1-Ce and 3-Ce are amongst the longest of
cerium complexes published in the literature (101 ns and 175 ns respectively).!* Improving the
excited state lifetimes of photocatalysts has been shown to enhance photocatalytic activity of
even complexes with weak reduction potentials.!* As such, fluorescence and lifetime
measurements of simple tris(cyclopentadienyl) lanthanide complexes and 1-Ce'Bu, 1-CeMes
would be useful to further investigate the light absorbing capabilities of CpM** and aryloxy-
NHC ligands and their derivatives both in isolation and when coordinated to a metal center.

Complex 2-Ce is also capable of cleaving 79% of the C—Cl bonds in PVC. However, the
insolubility of the resulting polymer in organic solvents precluded full product characterization.
As dechlorination appears to proceed until the product precipitates from the THF, reaction
optimization is needed to improve the overall extent of dechlorination of PVC. For example,
investigating different types and ratios of reaction solvent, or decreasing the concentration of
substrates/reagents may allow complete dechlorination to be achieved. We are also interested
in exploring the dechloroalkylation chemistry of PVC and other chlorohydrocarbons, which
could allow us to access new polymers with interesting chemical and physical properties.'> To
do so we could invoke larger substituents, such as Ph, Mes, or Tp on the ancillary ligands which
could potentially help to maintain proximity of the catalysts, coupling partner and substrates
through steric effects or dispersion forces.!® Controlling secondary interactions on the chosen
ligands will be essential for imparting further selectivity into C—X bond activations, particularly
when investigating perhalogenated substrates including chlorofluorocarbons, per- and
polyfluoroalkyl substances and PVC that can be highly toxic and persistent in the
environment.!”

The homolysis of Ln—CpM** bonds was also implicated in the photocatalytic C—X bond
activation using complexes of typically photo- and redox-inactive lanthanides. Given the light
absorbing capability and rigid bidentate coordination of dianionic cyclooctatetraenyl (COT)
ligands,!® we are interested in investigating photocatalytic reactions using lanthanide COT
complexes, which we hypothesized would be less susceptible to metal-ligand bond homolysis
and catalyst degradation. Preliminary studies into the dechlorination of chlorocyclohexane by
[Cel(COT)] in conjunction with MgBn»(THF), were presented, though greater substrate scope
and catalytic and mechanistic investigation is needed. The independent synthesis and
characterization of [Ce(Bn)(COT)] and its use in photocatalytic dechlorination and
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defluorination reactions would be beneficial here, as would studies of cerocene [Ce(COT):].
Since the initial synthesis of cerocene in 1976,'® many spectroscopic and computational studies
on its electronic configuration have been carried out, demonstrating the presence of a
multiconfigurational ground state (Ce(II1)/Ce(IV) character) within this complex.!*2! Utilizing
tethered ansa-Cp ligands in related systems also has the potential for reducing Ln-Cp bond
homolysis and prolonging the catalyst lifetime in solution by preventing ligand exchange.??

So far, we have only been able to impart catalytic activity to our light-driven C—X bond
activation reactions using dialkyl magnesium reagents as both a coupling partner and sacrificial
reductant. Investigation into a larger range of potential coupling partners and sacrificial
reductants, including a,B-unsaturated carbonyls and inorganic bases such as cesium carbonate
respectively,”?% could allow for a larger scope of catalytic dehaloalkylation and greater
mechanistic understanding of such processes. Further investigation into the electrochemical
oxidation and reduction of the photocatalysts described here could allow for the
photoelectrochemical C—X bond activations to proceed catalytically without large excess of an
external chemical reductant.?® It is also of interest to further develop the substrate scope of
these systems and test the capability of our catalysts to cleave other strong bonds, such as the
S—F bonds in sulfur hexafluoride (SFe) or related SFs containing compounds which are of
environmental significance.?’?° SF¢ can efficiently absorb infra-red radiation and has a long
life-time in the Earth’s atmosphere making it a potent greenhouse gas, and its decomposition
can produce toxic SFs containing compounds.*°

Finally, during these studies, complexes [(CpM**):Ln(u—Cl)]> (3-Ln, Ln = Ce, Pr, Nd, Sm) were
synthesized and characterized. Through working with these complexes, it appeared that the
solubility of 3-Ln in non-polar organic solvents increases as ionic radii increases. These
differences in solubility between the lanthanide complexes could be applied to light-driven
rare-earth element separations,?!=3* particularly the separation of neodymium and dysprosium
which is of relevance to magnetic materials.>* Preliminary investigations into the synthesis of
[(CpMe4),DyCl]> (3-Dy) were presented, through further characterization and study of the
catalytic activity of this complex, and quantitative investigation into the solubility of all
relevant complexes at scale is needed. This, and the study of analogous COT complexes, is
currently underway in our laboratory.
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Appendix A
Photophysical Measurements of Organometallic Cerium Complexes

Chapter 1 of this thesis describes the synthesis of a series of cerium complexes which
we aimed to use in photocatalytic reactions. As such, photophysical properties of
complexes 1-Ce, 3-Ce and 4-Ce were investigated, and their excitation and emission
spectra recorded alongside their excited state lifetimes. Measurements were carried out
by Drs. Leticia Arnedo-Sanchez and Jennifer Wacker in collaboration with the author
at Lawrence Berkeley National Laboratory. The author guided these studies and
interpreted the data.
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Figure A.1. Emission and excitation spectra of 1-Ce recorded in THF. The emission spectrum
was collected with an excitation wavelength of 390 nm; the excitation was monitored at an
emission wavelength of 600 nm. All data were calibrated to the detector efficiency and
normalized.
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Figure A.2. Lifetime decay of 1-Ce recorded in toluene. t1[ns]= 101.941 +0.039.
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Figure A.3. Emission and excitation spectra of 3-Ce recorded in THF. The emission spectrum
was collected with an excitation wavelength of 300 nm; the excitation was monitored at an
emission wavelength of 559 nm. All data were calibrated to the detector efficiency and
normalized.
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Figure A.4. Lifetime decay of 3-Ce recorded in THF. t1[ns]=175.10 +0.16.
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Figure A.5. Emission and excitation spectra of 3-Ce recorded in THF. The emission spectrum
was collected with an excitation wavelength of 494 nm; the excitation was monitored at an

emission wavelength of 505 nm. All data were calibrated to the detector efficiency and
normalized.
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Figure A.6. Lifetime decay of 4-Ce recorded in THF. t1[ns]= 78.65 +0.030. The onset of
fluorescence is delayed, indicating that the initial excited state that is populated by the
absorption is not the fluorescent excited state. Instead, the populated excited state converts to
a radiative state through internal conversion (IC) or intersystem crossing (ISC).
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Figure A.7. Excitation measurements of 4-Ce in THF at a variety of wavelengths. All data
were calibrated to the detector efficiency and normalized. The excitation spectrum of 4-Ce is
shown to change depending on excitation wavelength, demonstrating a more complex energy
landscape with the potential for multiple populated excited states. This implies that the energies
of the excited states in 4-Ce are relatively close together. Further DFT studies on 4-Ce would
give further insight into the electronic states involved in the photoexcitation of 4-Ce and their
respective energies.
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Figure A.8. Emission measurements of 4-Ce in THF. All data were calibrated to the detector
efficiency and normalized.
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Appendix B
Cyclic Voltammetry Studies of Organometallic Lanthanide Complexes

Cyclic voltammetry (CV) measurements were carried out to analyze the redox potentials and
reversibility of the oxidations of complexes 1-Ce, 2-Ce, 1-La and 2-La as well as of the ligand
HL. CV measurements were carried out by Dr. Laurent Sévery at the University of California,
Berkeley. The author helped to guide these studies and interpret data.
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Figure B.1 Cyclic voltammograms of 1-Ce (purple), 2-Ce (dark blue), 1-La (light blue), 2-La
(green) and HL (orange) in THF with 0.1 M ["BusN][PF¢] supporting electrolyte. [analyte] =
ca. 5mM; v=0.1 V/sec.
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Figure B.2. Cyclic voltammograms of 1-Ce (purple), 2-Ce (dark blue), 1-La (light blue), 2-
La (green) and HL (orange) in THF with 0.085 M ["BusN][BPh4] supporting electrolyte.
[analyte] = ca. 5 mM; v =0.5 V/sec.
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Figure B.3. Cyclic voltammograms of 1-Ce (purple), 2-Ce (dark blue), 1-La (light blue), 2-
La (green) and HL (orange) in THF with 0.085 M ["BusN][BPhs] supporting electrolyte.
[analyte] = ca. 5 mM; v=0.1 V/sec.
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Figure B.4. Cyclic voltammograms of 1-Ce (purple), 2-Ce (dark blue), 1-La (light blue), 2-
La (green) and HL (orange) in THF with 0.085 M ["BusN][BPhs] supporting electrolyte.
[analyte] = ca. 5 mM; v =0.02 V/sec.
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Figure B.5. Cyclic voltammograms HL in THF with 0.085 M ["BusN][BPhs4] supporting
electrolyte at different scan speeds between 0.02 and 0.5 V/sec. [analyte] = ca. 5 mM. The Ei»
of the partially reversible HL/HL" redox couple was determined to be —0.00 V vs. Fc¢/Fc'.
Irreversibility of the redox feature is observed at slow scan speeds, which is attributed to a
chemical reaction of the oxidized species.
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Figure B.6. Cyclic voltammograms 1-Ce in THF with 0.085 M ["BusN][BPh4] supporting
electrolyte at different scan speeds between 0.02 and 0.5 V/sec. [analyte] = ca. 5 mM. The Ei»
of the partially reversible Ce(IIl)/Ce(IV) redox couple was determined to be —0.15 V vs.
Fc/Fc'. Irreversibility of the redox feature is observed at slow scan speeds, which is attributed
to a chemical reaction of the oxidized species similar to the case of HL/HL™".
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Figure B.7. Cyclic voltammograms 2-Ce in THF with 0.085 M ["BusN][BPh4] supporting
electrolyte at different scan speeds between 0.02 and 0.5 V/sec. [analyte] = ca. 5 mM. A fully
irreversible oxidation is observed with an onset around -0.3 V vs. Fc/Fc.
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Figure B.8. Cyclic voltammograms 1-La in THF with 0.085 M ["BusN BPh4] supporting
electrolyte at different scan speeds between 0.02 and 0.5 V/sec. [analyte] = ca. 5 mM. A minor
compontent shows an irreversible oxidation with an onset around -0.15 V vs. F¢/Fc*, followed
by a larger increase in oxidative current which is attributed to the main component (1-La) with
an onset around 0.15 V Fc/Fc".
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Figure B.9.Cyclic voltammograms 2-La in THF with 0.085 M ["BusN BPh4] supporting
electrolyte at different scan speeds between 0.02 and 0.5 V/sec. [analyte] = ca. 5 mM. A fully
irreversible oxidation is observed with an onset around -0.05 V vs. Fc/Fc*.
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