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Abstract

A new rigid, dianionic ligand, 4,5-bis(2,6-diisopropylanilido)-2,7-di-ters-butyl-
9,9-dimethylxanthene {[XA;]}, has been designed for use in the chemistry of the
actinides. Pro-ligand H,[XA;] (1) was synthesized by the Hartwig-Buchwald coupling of
4,5-dibromo-2,7-di-tert-butyl-9,9-dimethylxanthene with 2,6-diisopropylaniline.

Stable alkali metal salts of the [XA;] ligand, K;(dme),[XA>] (2) and Nay[XA;]
(3), were accessible by deprotonation of Hy[XA;] with KH or NaH in dme or toluene,
respectively.  The thermally unstable lithium salt of McConville’s 2,6-bis(2,6-
diisopropylanilidomethyl)pyridine {Li,[BDPP], 4} was isolated by deprotonation of pro-
ligand H,[BDPP] with nBuLi or LiCH,SiMej in hexanes at low temperature. Reaction of
[ThCly(dme);] with Li;[BDPP] or M(dme),[XA2] M =K, n=2; M = Na, n = 0) resulted
in the formation of pentagonal bipyramidal [LThCl,(dme)] complexes {L. = [BDPP], §;
[XA,], 6}. Subsequent reaction of the dichloride complexes with LiCH,SiMes gave
base- and salt-free dialkyl complexes [LTh(CH,SiMe;),] {L = [BDPP], 9; [XA;], 10},
which are stable for days in solution at 90 and 70 °C, respectively. Reaction of 5 with
LiNEt, or 10 with H,NPh provided [(BDPP)Th(NEt,),] (11) and [(XA,)Th(NHPh),] (28),
respectively.

An alternative route to [(BDPP)ThCly(dme)] (5) and [LTh(CH,SiMes),] (9 and
10) involved combination of two or four equivalents of LiCH,SiMes with [ThCly(dme),],
followed by addition of H,L.. These reactions likely proceed by alkane elimination from
dialkyl or tetraalkyl thorium intermediates. The solid-state structure of

[(BDPP)Th(CH,SiMes),] (9) suggests the presence of a-agostic C—H—Th interactions for
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both alkyl groups. In solution, 9 and 10 exhibit temperature-dependent 'Je4; coupling
constants for ThCH,, consistent with an equilibrium between products participating in a-
agostic C—H-Th bonding to a greater or lesser extent, with more agostic products favored
at lower temperatures. Reaction of Li,[BDPP] (4) with [(BDPP)ThCl,(dme)] (5) at 0 °C,
or the reaction of [(BDPP)Th(CH,SiMe3),] (9) with Ho[BDPP] at 100 °C resulted in the
formation of extremely sterically encumbered [Th(BDPP),] (8), which adopts a highly
distorted six-coordinate geometry with the four anilido groups arranged in an
approximate tetrahedron around thorium. A bis-ligand complex was not accessible with
the [XA;] ancillary ligand, presumably due to increased ligand rigidity.

Addition of two equivalents of PhCH,MgCl to [LThCly(dme)] yielded solvent-
free [LTh(CH,Ph),] {L = [XA;] (12) and [BDPP] (13)]. The Uen coupling constants in
both complexes {120 and 139 Hz for 12; 127 and 138 Hz for 13} are indicative of n'- and
n’- or n’-coordinated benzyl ligands in solution; polyhapto benzyl coordination was also
observed in the solid state.

Reaction of [LThCly(dme)] with two equivalents of nBuLi provided highly
soluble [LTh(nBu),] {L = [BDPP] (14), [XA;] (15)]. These B-hydrogen-containing
compounds are remarkably thermally stable, showing no sign of decomposition after days

at 60 and 80 °C, respectively. Combination of [(BDPP)ThCly(dme)] (5) with three
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equivalents of MeLi yielded the thorium trimethyl ate complex
[(BDPP)ThMes{Li(dme)}] (16), which underwent thermal decomposition over 3 days at
room temperature to produce the metalated complex [(BDPP*)Th(u-Me),Li(dme)] (17)

{BDPP* = 2,6-{NCsH3(CH;NAr)(CH.N{C¢H3iPr(CMe»)-2,6})}; Ar = 2.,6-
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diisopropylphenyl; donor atoms in BDPP* are underlined}. Reaction of two equivalents
of complex 16 with one equivalent of [(BDPP)ThCl,(dme)] (5) yielded the dimethyl
complex [(BDPP)ThMe;] (18) which decomposes rapidly at room temperature to form a
mixture of unidentified products. Labeling studies using *CDs groups revealed that
thermal decomposition of 16 and 18 occurs via a straightforward o-bond metathesis
pathway.

Reaction of [LThCly(dme)] with Grignard reagents {MeMgBr, L = [BDPP];
PhCH,MgCl, L = [XA;]} resulted, under certain conditions, in halide exhange and adduct
formation as evidenced by the solid state structure of [{Th(BDPP)Br(u-Br),Mg(u-
Me)(OEty)}2] (19), or ancillary ligand transfer to magnesium to produce [(XA2)Mg(dme)]
(20). Complex 19 provides insight into the type of intermediates likely involved in
undesired halide exchange reactions between d- or f-element halide complexes and
Grignard reagents.

Reaction of [(XA;)Th(CH,Ph),] (12) with either one or two equivalents of
B(C¢Fs)3 afforded the first non-carbocyclic actinide alkyl cation,
[(XA,)Th(CH,Ph)][PhCH2B(CgFs)3] (21), and a rare example of an actinide dication,
[(XA2)Th][PhCH,B(C¢Fs)3]2 (27). In both 21 and 27 the PhCH,B(C¢Fs);” anion is
n’-coordinated to thorium. Reaction of neutral dialkyl complex [(XA;)Th(CH,SiMes);]
(9) with [Ph3C][B(C¢Fs)s] in benzene or toluene at room temperature resulted in the
formation of [(XAZ)Th(CHzSiMe3)(n6-arene)][B(C6F5)4] (arene = C¢Hg, 22; arene =
C;Hg, 23). These complexes were characterized in solution by NMR spectroscopy (21,

22 and 23) and/or in the solid state by X-ray crystallography (22 and 27). In close



analogy, [(XA;)Th(CH,Ph),] (12) reacted with [Ph;C][B(CsFs)4] in toluene at room
temperature to form [(XA,)Th(n>-CH,Ph)(n°®-C;Hg)][B(CeFs)s] (24). In contrast, related
[(BDPP)Th(CH,Ph),] (13) reacted with [Ph3;C][B(C¢Fs)s] to precipitate a mixture of
mononuclear and a dinuclear cations; the dinuclear cation was identified as
[(BDPP)Th(n*-CH,Ph)(p-n'm°-CH,Ph)Th(n'-CH,Ph)(BDPP)][B(C¢Fs)s] (25) by X-ray
crystallography. Complexes 22, 23, and 24 are rare examples of arene solvent-separated
ion pairs, while complex 21 exists as a tight contact ion pair, and dinuclear 25 exhibits a
unique benzyl ligand bridging mode. Cations 21 - 25 and 27 highlight a pronounced
tendency for these systems to engage in arene n-coordination.

Preliminary reaction studies with both neutral and cationic thorium complexes
supported by the [BDPP] and [XA;] ancillary ligands demonstrated significant activity
for olefin polymerization and hydroamination catalysis. Reactions of 9 and 10 with 4
atm. of hydrogen also suggest that the [BDPP] and [XA;] ligand frameworks may be

suitable for the stabilization of thorium hydride complexes.
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Chapter 1:

Introduction

1.1 — General Actinide Introduction

The “actinide™ label refers to the fourteen elements that occupy the row of the
periodic table in which the 5f shell is filled with electrons (Figure 1.1). Over the past 70
years, the focus of study of these 5f elements has shifted dramatically from the search for
stable, volatile compounds for isotopic separation and enrichment via gaseous diffusion,
towards the preparation of actinide compounds exhibiting novel structural features and
divergent reactivity from their transition metal and lanthanide counterparts. While
actinide metals and their complexes have been developed to play a major role in nuclear
energy generation, and have been used as heterogeneous catalysts, much of their

organometallic chemistry remains largely unexplored.
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Th

Periodic Table of Elements

Figure 1.1: Periodic table of the elements highlighting the position of thorium and
uranium.
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1.1.1 — Thorium and Uranium Natural Abundance and Regulations

Of the fourteen 5f elements, only thorium, protactinium and uranium are naturally
occurring.' Protactinium is a decay product of 25U (vide infira) and as such, is only found
in the environment in minute quantities. Uranium was first found in the mineral known
as pitchblende, which consists partly of UO; (also known as uraninite), and U3Og. Aside
from pitchblende, uranium is also found in numerous other minerals, such as carnotite,
autunite, tobernite, uranophane, studtite and davidite, as well as in phosphate rock and
monazite sands. The largest deposits of uranium are found in Canada, New Mexico,
Colorado and Utah. In the earth’s crust, uranium is present in 2 to 4 parts per million,
making it approximately 40 times more abundant than silver, and it can reach levels of up
to 11 parts per million in soil.

Thorium is also readily found in the earth’s crust. It is three to four times more
abundant than uranium, three times as abundant as tin, twice as abundant as arsenic, and
nearly as abundant as lead. Unlike uranium, which may be found in two oxidations states
(+4 and +6) in nature, thorium occurs almost exclusively in the +4 oxidation state. In
nature, thorium occurs in thorite (ThSiO4) and thorianite (ThO,/UQO,) and is frequently
associated with trivalent rare earth elements that have similar ionic radii, as well as
U(IV), Zr(1V), Hf(IV) and Ce(IV). The largest deposits of thorium can be found in New
England, in the United States.

The large amounts of naturally occurring thorium and uranium on earth and their
low radioactivity preclude strict regulations regarding their sale, distribution and use.

Thorium and natural abundance uranium are readily available for purchase from chemical
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companies as their nitrate or oxide compounds, and research into their coordination and
organometallic chemistry may be performed without external regulations or precautions

beyond those typically associated with the chemistry of heavy metals.

1.1.2 — Non-Nuclear Applications of Thorium and Uranium

As far back as the time of the Roman Empire, uranium containing compounds had
been employed in several trades, for example as colorants for ceramics and glasses.
Other non-military applications have included the use of uranium in photographic toner,
lamp filaments and as stains for transmission electron microscopy. Aside from nuclear
energy generation (vide infra), other military applications of uranium have included its
use in high density missiles, where alloys containing depleted uranium are used to
penetrate heavily armored vehicles. Depleted uranium is also used as a shielding material
for transport and storage of radioactive materials.

In contrast to uranium which has been known and utilized widely for centuries, no
use was found for thorium until 1885, with the invention of the incandescent gas mantle
(99 % ThO,/ 1 % CeO;). Thorium metal is also employed as an alloying element with
magnesium and to coat tungsten wires used in electronic equipment. However, the
majority of the uses of thorium rely on thorium oxide, which is used as a regulator to
control the grain-size of tungsten used in electric lamps, in high-quality lenses for
cameras and scientific equipment (to impart high refractive index and low dispersion

properties), and as a catalyst for petroleum cracking, sulfuric acid production, and the

conversion of ammonia to nitric acid.’
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1.1.3 — Thorium and Uranium Isotopes, Radioactive Decay Series and Uses in

Energy Production

Decay series including >**U, ?*°U and ?*’Th can be seen in Figures 1.2, 1.3 and
1.4, respectively. Naturally abundant uranium consists of a mixture of three isotopes:
238U, 25U and 234U, with relative natural abundances of 99.27 %, 0.72 % and 0.006 %
respectively. The isotope ***U is the parent of ***U by radioactive decay (Figure 1.2),
while 2U is of independent origin. The three isotopes of uranium are a-particle emitters.
281 emits a-particles of 4.196 MeV, has a half-life of 4.468 x10° years and is the longest
lived isotope. **°U o-particles are marginally higher in energy at 4.397 MeV, and while
the isotope has a shorter half-life than ***U at 7.038 x10® years, the shortest half-life
belongs to **U, having a half-life of 2.455 x 10’ years, and emitting the strongest a-

particles at 4.777 MeV.
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Figure 1.2: Decay series including By yielding non-radioactive 2ph as the final
decay product. This series is known as the “Uranium Series” or the “Radium
Series.”
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Figure 1.3: Decay series including Py yielding non-radioactive 27ph as the final

decay product. This series is known as the “Actinium Series.”
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Figure 1.4: Decay series including B21h yielding non-radioactive 2%ph as the final
decay product. This series is known as the “Thorium Series.”

The notoriety of the actinides amongst the general population may be largely
attributed to uranium’s use in both nuclear reactors and nuclear weapons. The crucial
importance of uranium, and by relation the actinides, was discovered in 1938 when the
process of nuclear fission was first observed.” Of the three naturally occurring isotopes,
33U is the most important in energy production. ***U alone may not be used for energy
production, as neutrons generated by fission of 2381 lack the required energy (~1 MeV) to
cause this uranium isotope to continue undergoing chain fission events. Fission events
involving ***U are responsible for less than 10 % of the energy produced in a nuclear

reactor.  Therefore, for practical reasons arising from the relatively high natural
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abundance of 2*°U compared to 2**U, U is the fissile isotope enriched for use in nuclear
energy and weapon production.

When a neutron is absorbed by a fissile isotope, energy, decay products and
several neutrons are ejected. For 2°U, slow neutron (energies of c.a. 25 meV) absorption
yields *°U which ejects neutrons, energy and produces a statistical mixture of fission
products, of which there are hundreds of possible combinations (some examples are given
in equations 1.1 to 1.3). The free neutrons produced, if found in the presence of further
amounts of fissile material and a moderator (e.g., DO, H,O or graphite to slow the
neutron down through multiple collisions), may be absorbed, propagating the reaction.
Nuclear fission is therefore a self sustaining cycle of fission events, which may be
exploited for the large amounts of energy produced. Theoretically, complete self-
sustained fission of ***U produces approximately 2.0 x10' kWh of energy per kilogram

of 2°U employed (enough to power two million average North American homes for one

year).
By+n —> Py —> 3n+"Zr+PTe + 197 MeV (1.1)
By — 3n+"Kr + ''Ba + 170 MeV (1.2)
By — 3n+¥Kr+'"Ba+177 MeV (1.3)

Naturally abundant thorium is radioactive, with 2Th (100 % abundant) having a
half-life of 1.405 x 10'* years, and emitting a-particles (4.016 MeV). While thorium is

not directly involved in nuclear energy generation processes, it does have the potential to
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play an important part in nuclear energy generation due to its ability to be converted by
slow neutrons to the non-naturally occurring, fissionable uranium isotope, ***U.

B B

23U also provides the neutrons necessary to commence the cycle again. The
process is therefore known as the thorium cycle. The greatest advantage of this cycle is
the possibility it opens up to produce large amounts of slow neutron fissile materials,
especially when considering the high natural abundance of **Th when compared to the
low natural abundance of **°U. Several advantages also exist in thorium-based nuclear
fuels, which include the higher neutron yield of *’U relative to *°U, the ability to mix
*3U with 2*U to prevent its use in weapon manufacturing, and increased reactor core
safety and performance. Unfortunately, the refinement and reprocessing costs of 23U are

higher than those for **°U based fuels, so have been deemed impractical thus far.’

1.1.4 — General Properties of the Actinides Focused on Thorium and Uranium

The early actinide elements are endowed with a unique combination of properties
by virtue of their special position in the periodic table. Key properties of the early

actinide elements relevant to their chemical behavior are:

e The relatively large size of the actinides when compared to members of the

transition series, which allow access to particularly high coordination numbers.

10
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e The potential for significant covalency and availability of the f-orbitals for
bonding. This endows the actinides with chemical distinction over the
lanthanides and transition metals.

e The highly electropositive nature of the actinides.

e In the case of uranium, neptunium and plutonium, and to a lesser extent
protactinium and americium, the availability of a wide range of oxidation states
(e.g. U* to U6+).

e Resistance to M—M bond formation.

The first four attributes in the list merit further discussion, and are described in

more detail below.

1.1.4.1 — Ionic and Covalent Radii

The actinides are amongst the largest elements in the periodic table, with atomic
radii similar to those of lanthanides (Table 1.1). Furthermore, the ionic radii of the early
actinides match or surpass those of the lanthanides in similar oxidation states due to less
concentrated 5f-orbitals as evident by the comparison of ionic radii for trivalent Ac>* and
U** versus La**, Ce*" and Nd** (1.12 and 1.03 A versus 1.03, 1.01 and 0.98 A
respectively) and for tetravalent Th*" and U*" versus Ce*" (0.94 and 0.89 A versus 0.87

A; Table 1.2).

11
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Table 1.1: Atomic radii for selected actinide, lanthanide and transition metals®

E | Atomic Radii / A

Ac 1.95

Th 1.80
____________ UL

La 1.95

Ce 1.85

Nd 1.85
e LTS

Hf 1.55
____________ W3S

Ti 1.40

% 1.35

Cr 1.40

E = element

Table 1.2: Ionic radii for selected actinide, lanthanide and transition metal ions with
a coordination number of six’

E* Tonic Radii / A

At 1.12

10 1.03

La*" 1.03

cet 1.01

Nd** 0.98
__________ L' 086

Th* 0.94

u** 0.89

Ce* 0.87

S Tanl 0.71
___________ T 061

Ut 0.76

Ta** 0.64
___________ V054

W 0.73

wo* 0.60

cr* 0.44

E = element

12
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In higher oxidation states (M>", M®"), comparisons with the lanthanide elements
are not possible, and comparison with group 5 and group 6 transition metals are
appropriate. From Table 1.2, it can be seen that actinide elements in +5 and +6 oxidation
states are significantly larger than their transition metal analogues.®

The large size of the actinides allows the formation of complexes with higher
coordination numbers than in compounds of the transition metals. As such, a larger
number of reactive species can potentially be coordinated and maintained in spatially
unusual orientations. In the presence of ligands with high steric demands, the large size

of the actinides can also result in complexes that are considerably less coordinatively

saturated than their transition metal counterparts.

1.1.4.2 — f-Orbitals and Covalency

1.1.4.2.1 — General

One of the most appealing features of the actinides is the potential of their
coordination and organometallic compounds to exhibit considerable metal-ligand orbital
overlap, or covalency. The availability of the 5f valence orbitals (Figure 1.5) to
participate in bonding is a distinctive feature of the early actinide ions. By contrast, the
4f-orbitals in the lanthanides are highly contracted and typically unavailable for bonding,
and the S5f-orbitals of the heavier actinides are similarly reduced in availability due to

increasing effective nuclear charge and poor shielding by the 5f-electrons.

13
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Of particular interest in the chemistry of the actinides is the study of orbital
overlap as a function of actinide ion and ligand identity, the role that covalency plays in
molecular structure and reactivity, and comparison of metal-ligand bonding with related
d-element systems. Both experimental and theoretical efforts have been undertaken to
elucidate the nature of bonding in actinide systems and to determine the degree of
covalency present in actinide coordination and organometallic compounds. It is expected
that f-orbital participation may result in new bonding possibilities that are not observed
with the transition metals, given the dissimilar symmetry properties when compared to d-

orbitals, and smaller expected ligand field stabilization energies.’

y22 xyz V(3X2 ¥2)
fy22

Figure 1.5: Graphical representation of the 5f-orbitals."’

z(x2 v2) 1«(3y2 x2)

1.1.4.2.2 — Theoretical Methods

Organoactinide complexes supported by cyclopentadienyl ligands have been

investigated by numerous theoretical methods in order to elucidate the nature of the

14
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metal-ligand bonding, in particular the extent to which the f-orbitals participate in
bonding interactions.” While it is non-trivial to quantify the degree of covalency and
ionicity of cyclopentadienylactinide complexes, and exact values are not available, it is
believed that the predominant character in early actinide metal-ligand bonding is ionic.
However, cyclopentadienyl complexes do typically show evidence for a significant
covalent contribution to actinide-ligand bonding, although it is often unclear whether
these covalent contributions arise from 6d or 5f orbital participation.'’

Similarly to actinide cyclopentadienyl complexes, sandwich complexes of the
cyclooctatetraenyl ligand [An(CsHg):] (An = Th, U, Pa, Np, Pu; Figure 1.6), have also
been investigated extensively. In general, the large size of the actinide ion allows for
high coordination numbers, and in agreement with studies performed on cyclopentadienyl
actinide systems, cyclooctatetraenyl supported actinide complexes exhibit a large ionic
contribution to bonding. However, in this case, a greater covalent contribution due to
overlap between 5f and 6d orbitals on the metal and the ligand orbitals is observed.” '* 45
initio calculations on uranocene {[U(CgHg),]} in particular, incorporating relativistic core
potentials and spin-orbit configuration interaction calculations, suggest that the 6d
orbitals play a primary role in metal-ligand bonding, and that 5f orbital involvement is

secondary."?
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Figure 1.6: Metal-ligand orbital interaction in uranocene [U(CsHjs):] between highest
occupied Cgng' orbital and actinide f,y or f,2.y2) orbitals.

Recent studies have also demonstrated stronger metal-ligand bonding in
octahedral actinide(II) [M{x’EE-(EPR,);N}3] (M = U, Pu; E = S, Se, Te; R = Ph, iPr)"*
and pentagonal bipyramidal [Cp*U(k’NS-SBT);]” (SBT = 2-mercapto-benzothiazolate)'
complexes than in isostructural trivalent lanthanide (e.g. La, Ce) complexes.
Computational studies highlight increased f-orbital participation as the major factor
responsible for stronger An—L bonding. However, for both lanthanides and actinides,
they also point towards increasing metal d-orbital participation in metal-chalcogen
bonding as group 16 is descended. Stronger metal-ligand bonding for the An(III)
complexes with heavier chalcogen or pnictogen elements is consistent with the observed
preference of ligands containing such elements to bind with An(III) over Ln(III) elements

in nuclear fuel reprocessing (vide infra).
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1.1.4.2.3 — Physical Properties and Reactivity of Actinide Complexes

Volatility: Some of the simplest examples depicting the increased covalency of the
actinides when compared to the lanthanides are compounds of uranium, such as UF¢ and
U(BHjy)4 which due to low lattice energies (a trait seldom observed in ionic compounds),
may be readily volatilized. Large scale synthesis of UFs involves the reaction of UF;4
with F, or C1F3.l6 This white, volatile solid sublimes at 57 °C, and at room temperature,
has a vapor pressure of about 0.14 atm, which increases to 13.6 atm at 150 °C. Uranium
borohydride may be obtained by the reaction of UF4 with two equivalents of Al(BH4); or
from UCly with four equivalents of LiBH4, and has an a vapor pressure of 0.01 atm at 60
oc 17

Soft-Donor Ligand Coordination: The effect of substitution of hard oxygen and nitrogen
donors for heavier chalcogen or pnictogen elements is of importance for the development
of new strategies for non-aqueous lanthanide/actinide separation in nuclear fuel
reprocessing.'® One important advance in this field involves the separation of Ln(III) and
An(IIT) through the use of soft donor containing ligands to selectively bind with the
actinide over the lanthanide ions. This effect has been attributed to increased covalency
in actinide-ligand bonding compared to the lanthanides." Soft donor ligands of current
importance for trivalent lanthanide/actinide separation in nuclear fuel reprocessing
include  dithiophosphinic acids [e.g. (fBuCH,CHMeCH,),P(S)SH; bis(2.4.4-
trimethylpentyl)dithiophosphinic acid; HC301], poly-aza compounds [e.g. 2,6-bis(1,2,4-

triazin-3-yl)pyridines; BTP ligands], and thiocyanate.”
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Reactivity: Unlike similar cyclopentadienyl complexes of the lanthanides and Group 3
metals, the uranium chloride complex [CpsUCI] decomposes relatively slowly in water,
and does not react with FeCl, to produce ferrocene {[Cp,Fe]}. The above evidence
supports the postulated increased covalency in actinide complexes when compared to
lanthanide or Group 3 metal compounds. However actinide complexes in general are
still believed to be considerably more ionic than the majority of similarly ligated

transition metal complexes.”!

1.1.4.3 — Electropositivity

The early actinides are amongst the most electropositive elements in the periodic
table. Pauling electronegativity”> values for selected main group, transition metal,
lanthanide and actinide elements can be found in Figure 1.7; these electronegativity data
are inversely related to the electropositivity of an element. As such, it is evident that the
actinide elements Th, Pa and U have electropositivities most similar to magnesium and

elements in groups 3 and 4, and slightly lower than the lanthanide elements.
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Figure 1.7: Pauling electronegativity values for selected alkali metal, alkaline earth,
triel, transition metal, lanthanide and actinide elements.

1.1.4.4 — Oxidation States

A summary of accessible oxidation states for the actinides is presented in Table
1.3.2 The highest possible oxidation state of the early actinides reflects the total number
of electrons that may be removed from their outer shell. The elements with the widest
range of commonly observed oxidation states are uranium, neptunium and plutonium,
which readily span between the +3 and +6 or +7 oxidation state. However, increasing

effective nuclear charge across the period begins to limit the number of readily achievable
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oxidation states, and beyond americium the actinide elements, like the lanthanides, are
commonly observed in just one or two oxidation states. The preference of most late
actinide elements for the +3 oxidation state is a trait that these elements share with the
lanthanides. Furthermore, the preference of nobelium for the +2 oxidation state mirrors
the relative ease with which the +2 oxidation state is accessible in the lanthanide series;
Yb (directly above No) is the lanthanide element with the greatest propensity to form

divalent complexes, resulting in a favorable f'* electronic configuration.

Table 1.3: Table of reported oxidation states of the actinide elements. Blue =
commonly observed; Red = known

+2 43 4 +5 46 +7

Progress in the field of organoactinide chemistry has centered largely on the use
of thorium and uranium. One of the most interesting traits of uranium is its ability to
access a range of oxidation states, which spans from +3 to +6 in non-aqueous solvents.

This trait endows uranium with greater flexibility in the types of complexes accessible
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when compared to thorium. However, predominance of the tetravalent state for thorium
can be advantageous in that it leads to more predictable reactivity and diamagnetic
compounds, which are amenable to straightforward NMR characterization, unlike

complexes of tetravalent uranium.

1.1.4.4.1 — Low Valent Thorium Chemistry

As highlighted in Table 1.3, a wide variety of uranium(IIl) complexes are quite
readily accessible, but thorium has great difficulty accessing the trivalent oxidation state.
The first reported synthesis of a trivalent thorium molecular complex, [(CsHs);Th], was
reported in 1974 by chemical reduction of [(CsHs);ThCl] with sodium-potassium alloy.”*
Later, Marks and co-workers reported an alternative photochemical route to this and a
related complex, starting from [(CsH4R)3Th(iPr)] (R = H, Me) to yield [(CsH4R)3Th], as
well as propane and propene.*” % The production of propene is likely to proceed via the
generation of a thorium(I'V) hydride complex, [(CsH4R);ThH], though no direct evidence
of hydride complex formation was observed.

The first structurally characterized thorium(II) complex was reported in 1986 by
Blake et al. and was obtained via reaction of [Cp">,ThCl,] {Cp" = CsH3(SiMes),-1,3} with
sodium-potassium alloy in toluene to produce [Cp";Th] with concurrent deposition of

1”7 Hursthouse and Cloke later reported the first synthesis of a Th(III)

thorium meta
sandwich compound, [Th{COT ™5%},][K(dme),], from the reduction of [Th{COT "®52},]

{COT ™% = 1 4-(1BuMe,Si),CsHg} with potassium metal.?®
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The difficulty of accessing Th(III) complexes is largely attributed to the position
of thorium in the actinide series. The 5f-orbitals of actinium and thorium have the highest
energy of all of the actinides due to the lowering of the orbital energies with increased
effective nuclear charge as the actinide series is traversed.” As such, it is believed that
Th(III) complexes, such as [(CsHs)sTh]**?® may have a 6d' ground state; a hypothesis
which has some spectroscopic support.30

Divalent thorium compounds are extremely rare, and those reported, such as Thls,
are considered divalent only from the perspective of formula, since the valence electrons
are located in a type of conduction band. However, the inaccessibility of divalent actinide
compounds may be circumvented through the use of thorium(II) synthetic equivalents or
‘synthons,” such as [{(L)Th}{K(dme)}(n4-C|0H3)][Li(dme)3] {L = Ets-
calix[4]tetrapyrrole} which was isolated as one of three products from the reaction of
[(L)Th(u-Cl)]2[K(dme)], with two equivalents of lithium or potassium naphthalenide.
Structural properties and diamagnetism suggest that the metal is in the formal +4
oxidation state. However, this complex behaves as a Th(II) synthon, reacting with two
equivalents of Me;SiN;3 to yield [(L)Th{N(SiMes),}][Li(dme);]. This reaction likely
proceeds via a two step mechanism; (1) reaction with trimethylsilyl azide to liberate
nitrogen gas and form a thorium-imido complex, and (2) reaction of this unobserved
imido complex with a second equivalent of azide to abstract a MesSi group and eliminate
KNj3, which is an observed byproduct of the reaction.’!

A remarkable series of polypnictide complexes (Figure 1.8, top) have also been

prepared by reaction of P4 and Ass with [(1.3-BuyCsHz),Th(n*-C4He)].? In these
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reactions, the [(1,3-/BuyCsH3),Th(n*-C4He)] precursor also acts as a thorium(II) synthetic
equivalent, losing neutral butadiene during the reaction. In the presence of magnesium
chloride, formation of these hexapnictide complexes was not observed, and while the
reaction with arsenic gave rise to an intractable mixture of products, the reaction with P4
resulted in the formation of [(1,3-tBu;;_C5H3)2Th](p:n3 -P3)[Th(CI)(1,3-rBu,CsH3),] (Figure

1.8, bottom).

P
// =~
Th=—=p-|—=Th
Buﬁ -\\P/ g\tBu
tBu tBu

Figure 1.8: Polypnictide complexes of thorium generated via reaction of [(CsHz/Bu,-
1,3)2Th(1|4-C4H6)] with, Top: E4 (E =P, As); Bottom: P4 in the presences of MgCl,.
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1.2 — Organoactinide Chemistry

1.2.1 — Homoleptic and Related Polyalkyl Derivatives

Interest in the development of homoleptic actinide alkyl complexes dates back to

the Manhattan project in the 1940s, ** 3

where the search for stable and readily
volatilized compounds for isotope separation resulted in numerous attempted syntheses of
o-bonded uranium alkyl compounds. However, these efforts proved unsuccessful due to
thermal instability which prevented isolation of these peralkyl species. This thermal
instability was attributed to coordinative unsaturation of the metal,®> and while it
precluded the use of actinide peralkyl compounds for isotope separation, they remain of
potential importance as convenient precursors to new organoactinide complexes via
alkane elimination (vide infra).

Several researchers, having recognized the problems associated with actinide
peralkyl syntheses, proceeded to employ excess amounts of alkyl lithium reagents to
produce kinetically stabilized ‘ate’ compounds of the type [Li(S)4]2[UR¢] {S = THF,
Et,0; R = CHs, C¢Hs, CH>SiMes}," and [Li(S)]s[Th(CHs);] {S' = TMEDA},*® and
[Liz(py)s][U(fe)s]”” (fc = 1,1'-ferrocenyl). Homoleptic actinide alkyl compounds may
also be accessed via phenoxide-to-alkyl exchange. For example, the 5 coordinate
[Li;4(OrBu);2ClJ[U(CH;SiMes)s] may be isolated in low yield by reaction of
[Li(THF)],[U(OrBu)s] with 4.5 equivalents of LiCH,SiMes.*® This compound is

thermally stable in the solid state, showing no sign of decomposition after days at room

temperature, although it does undergo rapid decomposition in benzene solution.
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However, anionic polyalkyl derivatives are in general poorly suited as starting materials
for the synthesis of neutral alkyl derivatives.

Neutral actinide alkyl compounds are extremely rare. The reaction of
benzyllithium with thorium tetrachloride is claimed to yield Th(CH,Ph)s, but the validity
of this result is unknown; the only characterization provided is IR data.”® However, the
more sterically protected tetrabenzyl derivative {[ Th(CH,C¢H3zMe;-3,5)4], synthesized by
the reaction of thorium tetrachloride with LiCH,C¢HszMe,-3,5 in THF, has been

0

thoroughly characterized via NMR spectroscopy and elemental analysis."  Base-

stabilized tetralkyl compounds may be accessed via the reaction of [(dmpe),AnCly] (An =

2 to produce

Th, U) with four equivalents of methyllithium* or benzyllithium®
(dmpe)yAnR4 {R = CHs, x = 2; R = CH,Ph, x = 1}. These compounds have been
characterized by elemental analysis and subsequent reactivity with phenol to yield the
corresponding [(dmpe)An(OPh)s;] compound. Mixed methyl/benzyl containing
derivative, [(dmpe)An(CH,Ph);Me] may also be obtained by reaction of a mixture of
three molar equivalents of PhCH,Li and MeLi with [(dmpe)zAnCl4].42 Related
[U(CH,Ph)4(MgCl,)] was also reported to form from reaction of UCI4(THF); with
Mg(CH,Ph),, and was characterized by elemental analysis.®

Homoleptic actinide allyl complexes are closely related to actinide alkyl
complexes. The presence of an anionic charge and three m-delocalized carbon atoms
allows allyl ligands to coordinate in an n'-fashion like alkyl ligands, or alternatively they

may coordinate in an n’-fashion depending on the requirements of the metal center. The

first example of a homoleptic actinide allyl complex, [Th(Cs;Hs)4] was reported by Wilke
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in 1966.** This complex readily decomposes at 0 °C and is best handled at temperatures
of =20 °C or lower. Almost 40 years later, sterically stabilized analogues of this
compound were reported by Hanusa and Brennessel,” who increased the stability of the
original [Th(C3;Hs)4] by increasing the steric properties of the allyl ligands through single
or double SiMejs substitution. By reaction of K[1,3-(SiMe3),C3Hj3] or K[1-(SiMe3)C3Hy]
with [ThBr4(thf)4] they were able to isolate the complexes [{1,3-(SiMe3)>C3H3}4Th] and
[{1-(SiMe3)C3H4}4Th]. In contrast with [Th(Cs;Hs)s], the two new homoleptic allyl
complexes are remarkably thermally robust, melting without decomposition at
temperatures of 124 °C and 90 °C, respectively.

An analogous homoleptic uranium allyl complex, [U(C;3Hs)s] was prepared by the
reaction of UCly with CsHsMgBr at —30 °C.* Thermal instability similar to the thorium
analogue was reported, with the complex decomposing above —20 °C. Despite the
thermal instability of [U(C3Hs)4], reaction with two equivalents of tBuOH at —20 °C
yielded [(rBuO),U(C;Hs)s] A A second example of a homoleptic uranium allyl,
[U(CsH4Me-2),], was also reported by reaction of UCly with (C3HsMe-2)MgCl at —30 °C,
and was studied by "H NMR and IR spectroscopy.*®

The above mentioned actinide ‘ate’ complexes, base stabilized [(dmpe),AnR4] or
sterically-hindered allyl complexes demonstrate that with a judicious amount coordinative
saturation, ‘homoleptic hydrocarbyl’ complexes of the actinides may be isolated.
However, it is important to note that while several of the compounds in this section have

been shown to undergo alkane or alkene elimination with highly acidic proton sources,
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they have not yet been utilized as starting materials of any broad utility for the synthesis

of new organometallic derivatives.

1.2.2 — Carbocyclic Ligands in Actinide Chemistry

Ancillary ligands modulate the steric and electronic environment of a coordinated
metal and play a vital role in controlling the stability and reactivity of coordination and

organometallic complexes. To date, organoactinide chemistry has largely focused on the

use of carbocyclic ancillaries such as cyclopentadienyl (CsRs') and related systems,49'53

the tetramethylphospholyl anion,”* dianionic CsRg” or pentalene ligands,™ carboranes,”®

arenes’’ and the cycloheptatrienyl trianion (Figure 1.9).”®

* AW
L]
/
Q@ Carbon

@ Boron

Figure 1.9: Carbocyclic ligands in actinide chemistry. From left to right: (Top)
cyclopentadienyl anion, tetramethylphospholyl anion, cyclooctatetraenyl dianion,
pentalenyl dianion; (Bottom) nido-1,2-ortho-carborane dianion, mesitylene,
cycloheptatrienyl trianion.
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Amongst these, the most robust and versatile ligand system in organoactinide
chemistry is the ubiquitous cyclopentadienyl (CsRs; Cp = CsHs ; Cp* = CsMes ) ligand,
and as in the chemistry of the transition metals, the CsRs™ ligand has dominated the field
of organoactinide chemistry since its inception. This cyclic, aromatic organic molecule

3 or 1f-

contains a delocalized m-system and may bond to metal centers in an n'-, 1
bonding mode (with n’-coordination being the most common). Covalent bonding
interactions are dictated by the available group orbitals derived from the n-orbitals of the
CsRs™ ring since the nodal behavior of the ligand group orbitals must be preserved in the
molecular orbitals resulting from interaction of the ligand with a metal center (e.g. 2-node
group orbitals must interact with a 2-node metal orbital and produce a 2-node molecular
orbital). The strongest bonding interactions occur between group and metal orbitals of
similar size and energy.

An interesting feature of the cyclopentadienyl ligand system that highlights its
flexibility as a supporting ancillary is the possibility of forming mono-, bis-, tris- and
tetrakis-ligand actinide complexes with thorium and uranium. Characteristic examples of
these types of complexes will be further described in the following sections to grant
insight into the advantages and disadvantages of coordination by varying numbers of

carbocyclic ancillaries and the effects of altering the steric environment at an actinide

metal center.
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1.2.2.1 — Cyclopentadienyl Actinide Chemistry: Tris(cyclopentadienyl) Complexes

In the mid 1950s, Birmingham and Wilkinson were the first to employ the
cyclopentadienyl ligand to prepare [(CsHs);M] compounds of lanthanide elements.”
Their results strongly suggested that Cp ligands would be suitable to the synthesis of
various organoactinide complexes due to similarities in the size of lanthanide and actinide
elements. Isolation of [(CsHs);UCI] (Figure 1.10), the first reported organoactinide
complex, as a red-black crystalline solid followed soon thereafter.® The synthesis of
[(CsHs);sUCI] was achieved by the reaction of UCly; with the sodium salt of the

cyclopentadienyl anion.”’

UCl, + 3 Na[CsHs] ——>  [(CsHs)sUCIH] + 3 NaCl (1.5)

Figure 1.10: X-ray structure of [(CsHs);UCI]. Hydrogen atoms are omitted for

clarity.
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Tetravalent actinide compounds bearing three cyclopentadienyl or indenyl ligands
make up an extensive class of organoactinide complexes, and halide derivatives can be
accessed via reaction of actinide tetrachloride starting materials with stoichiometric
amounts of the sodium or potassium salts of the desired CsRs~ ligand.62

Further derivatization of [(CsHs);AnX] complexes may be readily accomplished
through salt metathesis and protonation routes starting from tetravalent complexes to

yield compounds containing alkyl, aryl, allyl, cyanide, alkoxide, amide, phosphide and

thiolate ligands.®¢
[(CsHs)sAnX] + LIR —— [(CsHs)3AnR] + LiX (1.6)
[(CsHs)sAnX] + NaSR —— [(CsHs);AnSR] + NaX (1,7)
[(CsHs)sAnX] + LINEt, ———> [(CsHs)sAnNEt;] + LiX (1.8)
[(CsHs)sAnR] + HCN ————> [(CsHs);AnCN] + HR (1.9)
[(CsHs)sAnR] + HOR ——— [(CsHs);AnOR] + HR (1.10)
[(CsHs)sAnR] + HPR; ——— [(CsHs);AnPR] + HR (1.11)

(An =Th or U; X = halide; R = alkyl, aryl or allyl)

X-ray diffraction studies of several tris-cyclopentadienyl actinide halide
complexes show that they share a similar structure, with the halide residing on a threefold
axis of symmetry, and very similar An—C bond lengths regardless of the nature of halide.
However, when comparing thorium and uranium complexes, it is evident that the larger

ionic radius of thorium leads to longer M—C and M—X bond lengths (Table 1.4).


http:C5R5-ligand.62

Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

The extent to which the three cyclopentadienyl anions saturate the coordination
environment around the metal center is clearly illustrated in the following examples: (a)
Addition of large excesses of alkyl lithium (LiR) reagents to [CpsAnR] complexes does
not result in formation of [CpsAnR;]™ derivatives,* and (b) In [(CsHs);U(C3Hs)] the allyl
ligand is n'-coordinated in the solid state,®” and n'-coordination is maintained in solution,
although at room temperature exchange of the a and y allyl carbon atoms is observed; a

phenomena that presumably occurs via an n’-coordinated intermediate.

Table 1.4: M—Centroia and An—X bond distances for complexes of type [L3;AnX] (L =
CsRs; An = Th, U; X = Cl, Br, )®*7

Complex M-Ceentroia/ A M-X/A  Ref.
{[(Me3Si),CsH, 1, ThCT} 284(1)  2.651(2) 69
{[(MesSi)CsHs]o[CsMes]ThCI} 284(2)  2.657(5) 69
{[(MearBuSi),CsHs];ThC1} 285(1)  2.648Q2) 69
AH{MesSi,CHCsHasTRCTy 2.83(1)  2.664(2) 69
{[(Me3Si),CsHs]5UCH 27701 2614269
[(CsHs);UCH] 274 2.559(16) 70
[(CsH;);UBr] 2.72(1)  2.8202) 71
[(CsHs)sUT] 2.73(3)  3.0592) 72
[(PhCH,CsH,);UCI] 2.7331)  2.6272) T3

Another effect of substantial steric protection is a high degree of thermal stability.
For example, the primary, B-hydrogen containing alkyl complex [(CsHs);U(#Bu)] and
tertiary B-H containing [(CsHs);U(/Bu)] are only 50 % decomposed after heating at 97 °C
for 47 days and 11 days, respectively. Thermal decomposition in these types of
complexes is presumed to occur via 6-bond homolysis based on the nature of the volatile
byproducts, rather than B-H elimination, although no metal containing byproducts have

been identified.

31



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

1.2.2.2 - Cyclopentadienyl Actinide Chemistry: Tetrakis(cyclopentadienyl)

Complexes

Some of the earliest successes in the field of organoactinide chemistry involved
the synthesis of homoleptic tetrakis(cyclopentadienyl) complexes, [(CsHs)sAn], which
have been prepared for thorium,” uranium,” protactinium’ and neptunium.” From a
combination of infrared and powder X-ray data, all four complexes were confirmed to be
pseudo-tetrahedral. Related thorium and uranium complexes bearing indenyl (CoH7")
ancillaries have also been prepared by salt metathesis (vide infra) using K(CoH7) to react
with ThCly4 and UCly in tetrahydrofuran (THF). However, while conceptually similar to
Cp complexes, they differ in their n’-coordination mode and longer M—C bond lengths as

8 While structurally remarkable, the lack of any

a result of increased steric crowding.’
readily accessible reactive valences on homoleptic tetrakis-cyclopentadienyl actinide

complexes limits the scope of any subsequent reactivity.

1.2.2.3 — Cyclopentadienyl Actinide Chemistry: Mono(cyclopentadienyl) Complexes

Complexes of the general formula [(CsRs)AnX;3L,] (L = neutral donor ligand)
employing a single cyclopentadienyl ligand are quite rare.  The synthesis of
[(CsHs)UCl3(dme)] was first described in 1972 via the reaction of UCl4 with the thallium
cyclopentadienyl salt in 1,2-dimethoxyethane (dme).”” In this complex and in other
mono-cyclopentadienyl or mono-indenyl derivatives, the low level of steric protection at
the metal center requires coordination of external neutral bases (e.g. thf, dme) to yield

isolable and stable metal complexes.®"*'
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AnXq + TI(CsHs) —HF 5 [(CsHs)AnXs(THF)] + TIX (1.12)

Various substituted cyclopentadienyl ligands have been investigated for the
synthesis of mono-cyclopentadienyl actinide complexes in order to impart greater
stability to the resulting complexes, and have met with some success.®” For example, a
single bulky tris-trimethylsilyl substituted cyclopentadienyl ligand {Cp" = 1,2.4-
(Me;Si);CsH,} may be coordinated to uranium through the reaction of UCly with LiCp”
in the presence of thf, leading to the formation of a mononuclear uranate complex (Figure
1.11).¥* However, formation of the analogous thorium complex was not observed;
reaction of ThCly with NaCp" in diethyl ether resulted in the formation of a tetrametallic
cluster consisting of two [(Cp"ThCly)y(u-Cl)s]” units bridged by Na'(OEt,) cations

(Figure 1.12).

Me3Si\©,SiMe3

Me,Si THF
CI_U ‘\\\\\CI////,, Li/
| e N

Cl

THF

Figure 1.11: Uranate complex [{1,2,4-(Me3Si);CsH,} UClL(p-Cl);Li(THF),].
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Figure 1.12: Thorium-ate  complex [{(Me3Si)3:CsHz} ThCly(p-Cl),(p3-Cl)
{(Me3Si);CsH,} Th(p-Cl);Na(OEt;)],; (R = SiMe3).

The chemistry of the actinides involving the pentamethylcyclopentadienyl ligand
(Cp*), first reported in the late 1970s and early 1980s by Marks and coworkers,”*®" offers
significant advantages relative to chemistries involving the unsubstituted
cyclopentadienyl ligand. Base stabilized actinide complexes supported by a single Cp*
ancillary, [(CsMes)AnXs(THF)],**%¢ may be accessed through reaction of the
corresponding metal tetrachloride salt with (CsMes)MgCl.  Furthermore, these
compounds may be alkylated to produce rare examples of stable trialkyl actinide
complexes, [(CsMes)AnR3] (An = Th; R = CsHs, CH,C¢Hs, 0-C¢H4sNMe,. An =U; R =

C3Hs, 2-methylallyl, CH,C¢Hs).* 87
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1.2.2.4 — Cyclopentadienyl Actinide Chemistry: Bis(cyclopentadienyl) Complexes

Tetravalent organoactinide complexes of the general formula [(CsHs),AnX;]
initially proved difficult to synthesize due to instability of the metallocene complex with
respect to ligand redistribution to yield mono- and tris-ligand species.®® For example, the
first reported synthesis of [(CsHs),UCI;] by reaction of two equivalents of TI(CsHs) with
UCly in 1971 was later shown to actually yield a mixture of [(CsHs);UCI] and
[(CsHs)UCls(dme)].*!

However, complexes supported by the sterically undemanding cyclopentadienyl

ancillaries can be stabilized by the coordination of strong Lewis bases such as dmpe.*
[(CsHs).ThCl(dmpe)] + 2 LIR —— [(CsHs).ThR2(dmpe)] (1.13)

R = CH3s, CH.C¢Hs

An alternative strategy for the synthesis of stable [(CsRs),AnX;] complexes is the
use of the pentamethylcyclopentadienyl (Cp*) ligand.90’91 This ligand has since become
one of the most widely employed ancillaries in organoactinide chemistry, typically
yielding complexes that exhibit high thermal stability, solubility in a variety of solvents,
and appreciable crystallinity. Complexes of the form [(CsMes),AnCl] (An = Th, U) are
thermally robust and monomeric, with pseudo-tetrahedral, bent-metallocene geometries.g2
These complexes are also readily amenable to alkylation, typically by treatment with two

equivalents of an alkyl lithium reagent.
[(CsMes)2AnXz] + 2 LIR ——— > [(CsMes).AnRz] + 2 LiX (1.14)

An=Th,U
R= CH3, CHzSiMe3, CHzCMe3, C5H5, CHzCsHs
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Other substituted cyclopentadienyl ligand sets have also had various degrees of
success for the stabilization of tetravalent metallocenes. Some of the most successful
examples are the [1,3-(Me;Si),CsH;] and [1,3-(Me;C),CsH;]” anions, which have
allowed the synthesis of monomeric [(CsRs),UX;] (X = Me) and related coordination
complexes (X = BHy, I, Br, CI, F).93 Furthermore, [(Me4C5)ZSiMe:2]2~ dianions have
proven suitable for the synthesis of ansa actinide metallocenes (e.g
[{(Me4Cs),SiMe, } ThCl,]) with particularly acute centroid-metal-centroid angles (~115°
versus ~140° in unlinked metallocenes). This in turn results in a more open metal
coordination environment yielding complexes capable of accommodating more than two
equatorial ligands, and increasing the accessibility of substrates to the metal center for
potential reactivity.”® Ansa-metallocenes have also been employed successfully for the
formation and isolation of organoactinide dialkyl complexes bearing CH,SiMes,

CH,CMes, C¢Hs, n-butyl, and benzyl ligands.53

1.2.2.5 — Thermal Stability of [(Cp):An(R)y] Complexes

The thermal stability of carbocyclic thorium(IV) alkyl complexes is not
commonly identified and reported in most literature sources. However, a compilation of
reported thermal decomposition times and temperatures can be found in Table 1.5. Bis-
cyclopentadienyl alkyl complexes of sufficient steric bulk are generally robust and
thermally stable, and require elevated temperatures (80-110 °C) to undergo

decomposition.®*” The highest thermal stability for a dialkyl actinide complex was
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observed for [Cp*;ThMe,], which after heating for 1 week at 100 °C, was only 50 %
decomposed. Remarkably, tris-cyclopentadienyl complexes [(Cp);ThR] {R = n-butyl,

iso-propyl, CsHs, CH,C(CHs3);} demonstrate even greater thermal stability, in some cases

showing no sign of decomposition after months at 167 °C.”°

Table 1.5: Reported thermal decomposition temperatures for ancillary ligand
supported thorium alkyl complexes

Complex Decomposition Time/hr Ref.
T/°C
[(OC¢H31Buy-2,6), Th(CH,SiMes),] 60 36 97
[(Cp*)Th(OCsH;3/Buy-2,6)(CH,SiMes),] 60 12 98
[(Cp*)2Th(CH,SiMes),] 85 36 99
[{Me>Si(CsMey),} Th(CH,SiMe3), ] 60 na. 100
1Cp*pThMe,| 100 >168 101

[(Cp);Th(nBu)] 167 192 96
[(Cp)3Th(iPr)] 167 14 96
[(Cp)3Th(CsHs)] 167 >566 96
[(Cp);Th{CH,C(CH3)3}] 167 >7500 96

Detailed description of the thermodynamics of actinide-alkyl bonding can be used
to gain insights into some of the properties of these molecules. Bond disruption
enthalpies (BDE) for complexes of the type [(Cp*),ThR;] (R = alkyl, aryl) have been
acquired through the exploitation of the propensity of organoactinide compounds of this
type to undergo rapid, sequential and quantitative protonolysis; a process that is highly
exothermic. In this manner, using anhydrous tert-butylalcohol (fBuOH), the Th-R bond
disruption energies were probed, and a summary of the first and second BDE for selected

compounds can be found in Table 1.6.'"
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Table 1.6: Selected first and second bond disruption enthalpies for selected thorium
dialkyl complexes

Compound 1 BDE 2" BDE
/ keal mol™  / kcal mol™

[(Cp*),Th(Me),] 81.2(0.8) 83.6(0.9)
[(Cp*),Th(Et),] 73.5(1.6) 76.3(1.6)

o I(Cp*aThGBu) 716(1.0)  73.6(3.4) _
[(Cp*).Th(CH,CMe3),] 72.3(3.8) 76.9(3.7)

o LCp*)Th(CHaSiMes )] 80.03.1)  82.2(3.1)
[(Cp*),Th{(CH,),CMe,}] 65.3(2.3) 78.6(2.6)
[(Cp*),Th{(CH,),SiMe,}] 75.5(3.2) 83.0(3.4)

These BDE values suggest that thorium alkyl bonds are particularly strong,
especially for alkyl ligands with low steric demands. For comparison, early to mid
transition metal alkyl complexes have lower M—C bond disruption energies. For
example, a BDE of ca. 60 kcal mol™ was reported for homoleptic TiMes, and BDEs of 70
kcal mol” and 65 kcal mol” were reported for ZrMes and for [(Cp).Ti(Ph),]

> Metal-alkyl BDEs also decrease rapidly across the periodic table, for

respectively.'”
example, Mn(CO)sR complexes exhibit BDEs ranging from 21 kcal mol” when R = Me
up to 41 kcal mol’ when R = CF3,'® and [(Cp),WMe,]'™ has a W-Me BDE of
43 kcal mol™.

The high strength of actinide—carbon bonds relative to transition metal-carbon
bonds leads to various deviations in actinide and transition metal organometallic
reactivity. Particularly, notable examples are: (1) the pronounced resistance of many -H

containing actinide alkyl complexes towards B-H elimination, and (2) the ability of

actinide-hydride complexes to engage in 1,1-insertion reactions with CO.
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1.2.2.6 — Cyclopentadienyl Actinide Hydride Complexes

Exposure of several dialkyl complexes [Cp*;AnR;] (An = Th, U; R = CHj,
CHsSiMe;s) to four atmosphere of hydrogen gas resulted in hydrogenolysis to yield
dimeric dihydride complexes.'” Single crystal neutron diffraction studies support the
dimeric formulation in the solid state (Figure 1.13), while variable temperature 'H nuclear
magnetic resonance (NMR) experiments shows that the terminal and bridging hydrogen

atoms undergo rapid exchange down to —85 °C in solution.

Figure 1.13: Structure of [(CsMes), Th(p-H)H]..

Dialkyl complexes of the type [{(CsMes)>(n-SiMe;)}AnR,] (R = CH,SiMe;,
CH>CMes, C¢Hs, nBu, CH,Ph) also undergo rapid hydrogenolysis when exposed to an
atmosphere of hydrogen gas to yield the light-sensitive dimeric dihydride complex
[{(CsMe4)2(n-SiMe,) } ThH;],, which was investigated by solution NMR spectroscopy and
X-ray diffraction experiments. In the abéence of a neutron diffraction structure,
determination of the exact nature and position of the hydrogen atoms present in the

molecule (bridging or terminal) was not possible. However, the short Th-Th distance of
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3.632(2) A and single Th-H stretch in the IR spectrum suggest that the four hydrogen
atoms are equivalent, and bridging between the two thorium atoms.™

A compilation of reported homonuclear actinide(IV) hydride complexes with 'H
NMR data corresponding to the hydride ligand (when available), can be found in Table
1.7. Actinide hydride complexes have been reported to be capable of participating in

insertion reactions with unsaturated C—C bonds (hydrogenation, olefin polymerization)

and protonation reactions with acidic substrates."’
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Table 1.7: Compilation of homonuclear actinide(IV) hydride complexes with 'H
NMR chemical shift data

Complex Hydride ' HNMR  Ref.
data / ppm
[(Me3Si),N];ThH 0.63° 106
[(MesSi),N];UH not observed 103
[(2,6-1BUQC6H3O)2ThH2]3 20.54a 107
Cp")2.6-BuCeH;O)ThH s 18.54° 86
[(Cp*)(COT)ThH], not observed 108
[(Cp*), ThH:], 19.2° 102
[(Cp*)UH,]; 316.8° 109
1(CsMeayo(u-SiMey) i Thi ], ] 1836° .92
[(Cp*); Th(O'Bu)H] 17.4° 107
[(Cp*), Th(OCH'Buy)H] 17.1” 110
[(Cp*); Th(0-2,6-"BuyC¢H3)H] 19.1 86
[(Cp*)>,Th(OSiMe, Bu)H] 18.0° 111
[(Cp*), Th{(1.S)-endo-bornoxide}H] _  17.7° 112
[(Cp*),U(O'Bu)H] 267.1° 109
[(Cp*),U(OCHBu,)H] 276.7° 86
[(Cp*),U(OSiMe,'Bu)H] not observed 113
[(Cp*),U{(R)-2-butoxide}H] 265.9° 109
[(Cp*);U{(1R,2S,5R)-menthoxide}H] 267.9° 109
[(Cp*),U{(1,S)-endo-bornoxide} H] 269.6" 109
_[(Cp*)U{(IR.2S,5R)-neomenthoxide}H]  269.2° 109
[(Cp*), Th(C1)H] 19.0° 107
Cp* ) ThH][CoBoCoHy] ] 19.04° . 114
[(CsH4'Bu);UH] 276.1° 115
[(CsHsSiMes);sUH] 290.5” 112
[(CsH;SiMes); ThH] 12.94° 116
[(CsH4PPh,);UH] 305° 117
[(CoHgSiMe3);ThH] 14.73° 113
[(CMegP)UH] o 3334° 118
[Na(THF),][{(Cp);U}2(n-H)] 293¢ 119
[Na(THF),][{(CsHsMe);U}2(u-H)] 302.2° 116
[Na(18-crown-6)][{(CsHsSiMe3);U o (u-H)] 319.2° 116

“TH NMR data in C¢Ds. " '"H NMR data in C;Dg. “'H NMR data in THF-d.
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1.2.2.7 - Cationic Organoactinide Complexes and Applications in Olefin

Polymerization

Similar to actinide hydride compounds, actinide alkyl cations are rare. In fact, all
base-free mononuclear actinide alkyl cations have been developed by Marks and
coworkers, and exist in the form [(CsMes),ThR],[A] (R = CH3, CH,SiMe;, CH,CgHs,
CsHg and H; x = 1 or 2) where A is either a weakly-coordinating borate anion or
[M(BoC2H, )P~ (M = Co, y = 1; M = Fe, y = 2; Figure 1.14).""* 1212 The synthesis of
derivatives differing in the nature of the counter anion is of interest due to the ability of
such changes to alter the cation’s solubility and crystallinity, as well as their interaction
with the cationic metal center to affect catalytic activity.

Complexes of this type are of particular interest as catalysts for olefin
polymerization, but activity for ethylene polymerization has been reported only for
methyl complexes paired with borate anions, with the highest ethylene polymerization
activity  belonging to [Cp*,ThMe][rBuCH,CH{B(C¢Fs),}.H], which exhibits
polymerization activity of 5.8.x 10° g(PE) mol™hatm™ (product M, = 2.8 x 10°, M,, =
12 x 10°.'2 However, ecthylene polymerization catalysts prepared from
[{Me;,Si(indenyl),} AnMe,] as well as [Cp*;AnMe;] (An = Th or U) are mentioned in

12 In addition, The Dow Chemical Company has also

several T. J. Marks patents.
patented a variety of pentaalkylcyclopentadienyl actinide polymerization catalysts,
including those formed from [Cp*;AnX;] and [Cp*AnX;3] (An = Th and U; X = Cl, Me,

or CH,SiMes) in combination with activators such as MAO (vide infra).'* Furthermore,

Marks and coworkers reported highly active heterogeneous olefin polymerization

42



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

catalysts, which are similar in nature to [Cp*,ThR][A], but are formed by reaction of
thorium and/or uranium polyalkyl complexes with dehydroxylated y-alumina or MgCl,.'?®

Other actinide alkyl cations are polynuclear or base-stabilized, and include
[(Cp*2ThMe)a(u-Me)|[B(CeFs)s]"'* '2° which exists in equilibrium with [Cp*,ThMe;] and
[Cp*>ThMe][B(C¢Fs)s] in solution, [Cp*,ThMe(L)][A] (L = THF or NRs; x = 1-3),'%
[Cp*,UMe(THF)][MeBPh;],"*’ and [LU(CH,Ph)(OEt,)][BPhs]
{L = Fe(CsH4;NSi'BuMe,),}."”® A comprehensive graphical list of reported alkyl cations

can be found in Figure 1.14.
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A = MeB(C4,Fy)3, BPhy, B(C¢F;s)s, B(CgF4TBS),, R = CH,SiMe;; A = [Co(ByC;H14),]
B(C¢F4TIPS),, ['[BuCH,CH{B(C¢Fs),}.HI, R=H, A =[Co(BgC;Hy4),]
[Co(BgC2H44).], 0.5 [Fe(BgCoH44),] R = CH2Ph, A = B(CgF5),
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n =1; A = ['BuCH,CH{B(C¢Fs),},H] = R=Me or Et
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Figure 1.14: Comprehensive list of literature examples of cationic thorium and
uranium alkyl complexes.

Several cationic actinide aryl, alkynyl, and borohydride complexes have also been
reported. The cationic borohydride complex [(COT)U(BH4)(THF),][BPhy4] was prepared
from [(COT)U(BH4)(THF)] by reaction with [NEt;H][BPhs], and the adducts

[(COT)U(BH4)L3][BPhs] (L = HMPA and OPPhs) were prepared by subsequent reaction
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with three equivalents of Lewis base. Related [(1’:n'-CsMe4-pyridyl-0),U(BHj)][BPhy]
has also been reported to be isolable from the reaction of [(n’:n'-CsMes-pyridyl-
0)U(BHy),]| with [‘I\IEt3H][BPh4].129’130 Moreover, cationic aryl and alkynyl complexes
have been reported; [Cp*zTh(Kz-C6H4CH2NMez-O)][BPh4] was prepared by reaction of
[Cp*>Th(i*-C¢H4sCH>NMe;-0)Me] with [NEt;H][BPhy],"" while
[(EtaN),U(C,'Bu)(HC>'Bu)][BPhy] was isolated from the reaction of [(Et;N);U][BPhy]

with two equivalents of rert-butyl acetylene.'*

1.2.3 — Neutral Non-Cyclopentadienyl Hydrocarbyl Actinide Complexes

In stark contrast to the actinide chemistry of cyclopentadienyl and other
carbocyclic ancillary ligands, non-cyclopentadienyl organometallic actinide(IV)

chemistry is particularly underdeveloped. Most examples reported to date rely heavily on

¥ v v v s s 479 134
the coordination of monoanionic ancillaries such as alkoxy and aryloxy, S0

135 136

amidinate, ~~ and tris(pyrazolyl)borate ligands (Figure 1.15).
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Figure 1.15: Representative examples of non-cyclopentadienyl ancillaries in
actinide(IV) alkyl chemistry including aryloxy, amidinate, tris(pyrazolyl)borate,
1,1'-bis(amido)ferrocene, 2-methylpyridine and diamidoether ligands.
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Table 1.8: Compilation of reported actinide(IV) alkyl complexes* supported by non-
carbocyclic ancillary ligands. 7128133138

Complex Nature of Variable
[(AI‘O)zTh(CHzSiMeg,)z] Ar = 2,6-1Bu,CgHjs
[(ArO), Th(CH,SiMe;){OC(NR)CH,SiMes}] |  Ar = 2,6-/Bu,CsHs; R = 2,6-Me,CgHs
[(R3CO),U(C3Hs)s] R =Bu
[(R3CO),U(CH,Ph),] R =/Bu
e MRORUCHs ) R=Et,iPr,Bu
[ThClz(CHz-S-MCPy)z]
_____________ [(ArORTh(CH-5-MePy)o] | Ar=26-BuCH;
[{(3,5-M62p2)3BH}UClz{CH(SiMe3)2}]
[{(3,5-Me,pz);BH} UCl3.(CH,SiMe3),] x=1-3
[{HB(pz)3}>UCIR] R = Me, CH,SiMe3, CsHs-0-CH,NMe;,
[{HB(pz)3},URs] R = Me, CH,SiMe;
o UiB(pzupUCIMe] | pzzpyrazolyl
[fc(NSirBuMe,)U(CH,Ph),]
_____ [fe(NSiBuMe)U(CHP)(OEL)|[BPha] | fe=Fe(CsHap
[{4-MeCsHsC(NSiMe3), }3UMe]
[{4-(CF3)CeHsC(NSiMe3), },UMe; |
_____________ [{PhC(NSiMes),}sUMe |
[(P"™NCOCN)U(CH,SiMes),] PIPNCOCN = O(CH,CH,NAr),
Ar = 2,6-diisopropylphenyl
___________________ [(*'NON)ThR)] | R=CH5,CHSiMe;
[(B"NON)U(R),] R = C3Hs, CH,SiMe;

*This list does not include tetraalkyl complexes described in Section 1.2.1 or cyclometallated compounds.

All complexes in Table 1.8 were synthesized by reaction of RLi, RK or RMgBr
reagent with an appropriate non-Cp actinide halide complex. Of the non-Cp alkyl
complexes in Table 1.8, the only dialkyl actinide(IV) complexes bearing a single
dianionic, non-carbocyclic supporting ancillary are [(DHPNCOCN)U(CstiMe3)2]
{"""NCOCN = O(CH,CH,NAr); Ar = 2.6-diisopropylphenyl}, [(E"NON)M(R),]

{®"NON = O(SiMe;NfBu); M = Th or U; R = CsHs or CH,SiMe;! and
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[fc(NSirfBuMe,)U(CH,Ph);] {fc = Fe(CsHj)}, which were reported during the course of

’ 38
this work."?"!

1.3 — Thesis Goals

Organometallic actinide complexes are of particular interest due to their potential
as catalysts for organic transformations such as olefin polymerization, hydrogenation,
hydrosilylation and hydroamination. To date, the most prominent role in these studies
has been played by carbocyclic ligands, providing a suitably well defined and robust
platform for these metal centers. However, as highlighted above, very little work has
been carried out to explore the effects of non-carbocyclic ancillaries in actinide
organometallic chemistry. In fact, at the outset of this work, alkyl or hydride complexes
supported by a single dianionic, non-cyclopentadienyl ancillary ligand remained
unknown, and non-cyclopentadienyl actinide alkyl cations were also undiscovered.

We are interested in the preparation of non-carbocyclic organoactinide complexes
to explore the structure and thermal stability of such complexes, and as a result of their
largely untapped potential in both stoichiometric and catalytic organometallic reactivity.

Of particular interest are neutral and cationic thorium(IV) alkyl and hydride complexes.

48



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

Chapter 2:

Non-Carbocyclic Ancillary Ligand Synthesis and Thorium(IV) Coordination
Complexes

2.1 — Introduction to Chapter 2
2.1.1 — Non-Carbocyclic Ligand Design Criteria for Use in Actinide Chemistry

2.1.1.1 — General Considerations in Ligand Design

The development of well-designed and thermally stable actinide complexes
mandates the careful design of ancillary ligands. Since thorium exists almost exclusively
in the +4 oxidation state,”® the option exists to use one, two or three valences for the
supporting ligand framework, depending on the desired number of remaining reactive
valences. Much of traditional organometallic reactivity requires two reactive valences,
thus dianionic ancillary ligands are desirable (Figure 2.1). These ligands must also place
sufficient steric demands on the metal complex to protect against undesirable aggregation,
Lewis base ligation and ligand redistribution reactions without substantially diminishing

the reactivity of the ensuing complexes.
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Ligand : (L )An\R Valences

Figure 2.1: Desired composition of target non-cyclopentadienyl thorium complexes.

2.1.2 — Application of Common Non-cyclopentadienyl Ligands in Actinide

Chemistry; The B-Diketiminate Anion as a Case Study

In the chemistry of the early transition metals, a wide variety of non-

139

cyclopentadienyl alternatives exist. A frequently encountered example is the f-

diketiminato anion (nacnac), which has been coupled successfully with the majority of

£ However, in the case of the actinide metals, its

elements across the periodic table.'*
success has been severely limited, giving rise to undesired reactions and proving
ineffective in its ability to provide an appropriately sized binding pocket for the metal
center (Scheme 2.1)."*""'** For example, in the reaction of UCl; with the lithiated nacnac
ligand, Li[(Me;Si)NC(Ph)CHC(Ph)N(SiMe3)], a dinuclear, dicationic U(VI) complex,
with two U(V) counterions was formed through ligand degradation, redistribution and
redox reactions. This reaction was also accompanied by the production of various
uncharacterized organic byproducts. Reaction of Ul3(THF)s with two equivalents of
K[(Ar)NC(Me)CHC(Me)N(Ar)] (Ar = 2,6-dimethylphenyl) also did not yield the
expected structure. Instead, [(k’NN-nacnac)(n’NCC'-nacnac)UI] was formed featuring

one B-diketiminate ligand bound to uranium(IIl) in an unusual W’ NCC’-1-azaallyl mode.
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This example highlights the reluctance of the nacnac ligand to enforce its typical

coordination mode on uranium.

By contrast,

the

reaction of ThCly

with

K[(Me3;Si)NC(Ph)CHC(Ph)N(SiMes)] did yield a bis-ligand complex with the nacnac

ligand in its normal coordination mode. However, an actinide complex bearing a single

nacnac ligand has not yet been reported, perhaps due to insufficient steric demands of the

nacnac ligands employed thus far.

4ucl,
+

Me;Si._ .Li, .SiMe
¥sy N 3 THF

. .
8 & ol

Ph” %

Ph

Ul3(THF),
&

Arq K. _Ar
N ,N Toluene

2 > 2 KI

ThCl,
+

Me,Si K. _.SiMe
¥ISN N 3 THF

2 o > -2 KCI

Ph

Ar = 2,6-dimethylphenyl

Ph
B <‘:""&N,SiMe3

Measi'N"'TI »¢!
CI( l "l;N.SIMe:,
N Ph

Me;Si”~ \e-o)
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Scheme 2.1: Examples of uranium and thorium complexes formed by reaction with

B-diketiminato ligand salts.
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d47OT 133136141 143,144 44 o decided that the

With these and related examples in min.
2,6-bis(2,6-diisopropylanilidomethyl)pyridine {{BDPP]} dianion, previously employed in
the chemistry of titanium, zirconium and tantalum (and more recently Y, La and Lu),'*

18 could potentially prove advantageous in the synthesis of highly stable, well defined

thorium(IV) coordination and organometallic complexes.

2.1.3 — The [BDPP] Ligand

The [BDPP] ligand (Figure 2.2) is expected to be particularly suitable for
thorium(IV) chemistry since it is tridentate, rigid, and planar. It also provides a binding
pocket of suitable size to accommodate a large actinide metal, and contains only robust
structural elements (e.g., avoidance of isolated imine groups).'**'** Our preference for
rigid ligands stems from the expectation that they will (a) allow access to coordination
environments that are dictated by design rather than the preferences of the central metal
and/or co-ligands and (b) ensure that well-intentioned steric bulk is not positioned in such
a way as to significantly limit its effectiveness. As a result, various modes of
decomposition are expected to become less favorable, especially those involving
sterically hindered transition states or the formation of dinuclear or bis-ligand complexes.
Rigid ligands are also expected to be more amenable to steric tuning since the effects of
steric bulk are not easily mitigated by alterations in the ligand geometry or hapticity and

are, therefore, more predictable.
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Figure 2.2: Pro-ligand H,[BDPP].

The [BDPP] ligand has been shown to stabilize five-coordinate complexes of
tantalum and titanium, and coordinates exclusively in a meridional fashion via the neutral
pyridine donor between two anionic aryl amides. In the case of [(BDPP)ZrMe;] (vide

147151 the coordination sphere of the compounds

infra) when compared to [Cp.ZrMe;],
share many similar properties. In fact, comparable bond lengths (e.g., Zr—Namigo, Z1—
Cent, Zr-Me; Cent = Cp centroid) and bond angles {Namigo—Z—Namido = 139.6(2)°, Cent—
Zr-Cent = 132.5° (BDEP): Me-Zr-Me = 102.4(3)°, (Cps): Me-Zr-Me = 95.6(12)°;

Figure 2.3} suggest that the pyridine diamide ligand system may be considered as an

electron deficient (6 electron donor) bis-cyclopentadienyl equivalent.
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Figure 2.3: Namigo—Zr—-Namidgo and Cent-Zr—Cent angles in [(BDPP)ZrMe;] and
[szZl‘MCz].

A considerable advantage of this tridentate, dianionic ligand system versus
carbocyclic ancillaries is the ease of manipulation of its steric properties. Several
analogues may be accessed in a similar fashion to [BDPP], by reaction of 2 equivalents of
LiNHR {R = 2,6-diethylphenyl, 2,6-dimethylphenyl} with 2,6-bis(bromomethyl)pyridine
to yield the corresponding pro-ligands as viscous oils in multi-gram quantities, and at

yields of greater than 50 % (Scheme 2.2).

Br Br NHR NHR
N 2 LiNHR N
] — 1
y Z

(BDPP) R = 2,6-Pr,-CgH;
(BDEP) R = 2,6-Et,-C¢gH;
(BDMP) R = 2,6-Me,-CgH;

Scheme 2.2: Synthesis of bis-amino pyridine pro-ligands.
Extended Hiickel molecular orbital calculations have been performed by

McConville et al. on an idealized model of C, symmetry (Figure 2.4) for a
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2,6-bis(amidomethyl)pyridine Zr fragment (NN,Zr). The frontier orbitals were then
compared with those reported for the bis-cyclopentadienyl zirconium analogue
(CpaZr).">* The NN,Zr “dy,” orbital (5b,) has a comparable energy to the ‘dy,’ in CpyZr as
a result of limited m-donation from the backbone pyridine to the metal. However, o-
donation from the pyridine donor in NN,Zr does have a significant effect, raising the
‘dz’orbital (12a;) in NN»Zr to higher energy relative to the corresponding (1a;) orbital of
Cpa2Zr. The same phenomenon causes the increase in energy of the ‘dy:+y” orbital (13ay)

in the NN,Zr fragment, but to a lesser degree.

35



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

2\

Relative
Energy

5b, b,

|§
R | %

7 |
N
=
z | z
::\r;:/::
N

X
<é SN

N

Figure 2.4: Frontier orbital comparison between an idealized 2,6-

bis(amidomethyl)pyridine zirconium complex and a bis-cyclopentadienyl zirconium
l,

complex.

2.1.4 — The [XA,] Ligand

As an alternative to the [BDPP] ligand, the previously unknown 4,5-bis(2,6-

diisopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene {[XA;], Figure 2.5} ligand
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was chosen. This ligand is considered a suitable candidate for actinide complex

formation due to two main factors:

(1) Structural similarities with the [BDPP] ligand; [XA;] is tridentate, dianionic and
contains a neutral donor in a bridging position between two hard amido donors.
Donor groups in the [XA;] and [BDPP] ligands also occupy similar positions in the
ligand framework.

(2) Increased ligand rigidity relative to [BDPP]. This is due to the tricyclic xanthene
backbone, which enforces a more consistent metal binding environment when

compared to the 2,6-dimethylpyridine backbone in [BDPP].

; “NH HN” ; Ph,P PPh,
4O® 0
' d "

Figure 2.5: Structure of the H,[XA;] pro-ligand (left) and the structurally related,
neutral xantphos ligand (right).
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Bulky aromatic
groups
Hard, anionic
amido donors
Back-bone
neutral donor

Xanthene (a rigid diarylether)
back-bone

Figure 2.6: Comparison of the [BDPP] (top) and [XA;] (bottom) ligands.

2.1.4.1 — The Xanthene Backbone as a Ligand Structural Motif

The xanthene back-bone has previously been utilized in neutral bis-phosphine
ligands such as the xantphos ligand (Figure 2.5). This type of ligand enforces a large P—
M-P bite angle, modulating the reactivity of transition metal centers by enforcing a
constrained coordination geometry. The special structure of the xantphos ligand is
responsible for the production of highly selective and active catalysts for

hydroformylation, amination of aryl halides, and hydrocyanation.'>*"'>
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The vast majority of xantphos ligand complexes are K’-coordinated, and in the
solid state, twisting of the xanthene backbone into a butterfly conformation occurs.'>
However, a planar xanthene backbone is observed in cationic complexes where k’POP-
coordination is favored.'*>!>

At the outset of this work (2004), anionic ligands based on similar structural
motifs to the xantphos ligand had not been reported, but have since become the subject of
increased interest. During the course of this work (2006), Danopoulos reported the
synthesis of N-cyclohexyl- and N-mesityl-substituted 4,5-bis-amidoxanthene ligands,
which were used to synthesize dibenzyl and bis-dimethylamido titanium complexes. The
authors of this work reported an inability to obtain alkali metal ligand salts, and thus work
was limited to metal coordination through amine elimination.'®

A 4.5-di-tert-butylphosphidoxanthene ligand was also reported recently (2007)
and used to isolate a mononuclear zirconium amido complex and a heteronuclear

zirconium-rhodium complex."’

2.1.5 — Tridentate and Potentially Planar Ligand Dianions in Actinide Chemistry

Both the [BDPP]* and [XA,]* ligands are structurally related to the
diamidoamine ligand [(Me;SiN(CH>CH,NSiMes),]* previously employed by Cloke et al.
for the synthesis of dichloro and bis(ligand) thorium(IV) complexes.'*® During the course
of this work, Leznoff and coworkers also developed the flexible dianionic NON-donor
ligands [O(CH,CH,NAr),]* {Ar = 2.6-diisopropylphenyl} and [O(SiMe;N7Bu),]*", and

coupled them with thorium and uranium to make halide and alkyl complexes. However,
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the rigidity of the ligand backbone increases dramatically in the order
[Me3SiN(CH,CHaNSiIMes), ] ~ [O(CHCHoNAr, S {Ar = 2,6-diisopropylphenyl} <
[O(Me,SiN/Bu),]> < [BDPP]* < [XA,]*. As a result, significant differences in
reactivity, complex nuclearity, and thermal stability can be expected in the chemistry of

[BDPP] and [XA.].

‘u', o \‘_=u, "
Me;Six_— __SiMe, - _ /L_ - /\/
N N N N ’
Lo i
i

N N
K/T\) o~ ~ \Si/o\s/ <
SiMe; LN S
Cloke Leznoff Leznoff

o “i,,
N N
CO0)

Emslie Emslie

.‘i,, ‘,.? ",
N N
N I <
NS

Figure 2.7: Planar, tridentate and dianionic non-carbocyclic ancillaries in the
chemistry of thorium and uranium. Ligands are arranged in order of increasing
rigidity. Names indicate the research groups responsible for investigation of each
ligand in actinide chemistry.

2.1.6 — Ligand Attachment Protocols

Prior to the discussion of [BDPP] and [XA;] thorium complex formation, it is

important to consider suitable methods for ligand attachment. There are three commonly
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utilized methods for ligand attachment to a metal center: salt metathesis, amine
elimination and alkane elimination. The first is the most versatile and involves the
reaction of a metal halide precursor with an alkali metal salt of the ligand, eliminating an
insoluble inorganic salt and yielding a metal halide species (equation 2.1). Amine
elimination involves the reaction of a homoleptic metal amido compound [M(NR»),] with
proteo ligand, giving rise to a metal amido complex and amine byproducts (equation 2.2).
Alkane elimination is analogous to amine elimination, but with the proteo ligand Hj[L]
reacting with a homoleptic alkyl compound [MR,] to yield a metal alkyl complex and

produce alkane byproducts (equation 2.3).

[ThCls(dme)z] + Li[L] ———— [(L)ThCly(dme)] + 2 LiCl + dme  (2.1)

[Th(NRz)s] + Ho[L] ——— [(L)Th(NR;)] + 2 HNR; (2.2)

[ThRy] + Ho[L] —— [(L)ThR;] + 2 HR (2.3)

A less common ligand attachment procedure involves the elimination of
trimethylsilylchloride.  In this approach, the bis-trimethylsilyl ligand derivative
[(MesSi),L] is reacted with the metal chloride salt, producing a ligated metal chloride
compound and eliminating Me;SiCl. However, this reaction often requires highly forcing

conditions which may result in unacceptable levels of decomposition.

[ThCl] + [(Me3Si);L] ——> [(L)ThCI,] + 2 Me;SiCl (2.4)

The advantage of salt metathesis for ligand attachment is that it provides metal

halides rather than amido or alkyl complexes, allowing subsequent conversion to a variety
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of different organometallic or coordination compounds via standard techniques. The
target compounds in this work are metal alkyl complexes, therefore, amine elimination is
of limited use as a ligand attachment protocol. It is also important to note that for thorium
in particular, the lack of thermally robust and appropriately substituted thorium tetraalkyl
reagents contributes to the appeal of salt metathesis as the premier method for the

production of new thorium complexes.

2.1.7 — Thorium Halide Starting Materials

For thorium, the base-stabilized tetrachloride, [ThCls(dme),], is the most readily
accessible anhydrous tetrahalide. [ThCl4(H,0),] is first synthesized from hydrated
thorium nitrate by reaction with refluxing, concentrated hydrochloric acid. After the
evolution of NO, has ceased, solvent (concentrated HCI) is removed in vacuo. It is
important at this stage to maintain the temperature well below 100 °C to avoid the
formation of unwanted oxide/chloride and hydroxide/chloride species."”” This step
therefore takes several days when the reaction is performed on a 25 g scale. Coordinated
water is then eliminated by refluxing in neat thionyl chloride yielding [ThCl4(OSCl,),]
from which coordinated SOCl, cannot be removed in vacuo at ambient or elevated
temperatures. However, thionyl chloride may be displaced by Soxhlet extraction with

dme to yield [ThCls(dme);] in 52 % yield.
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2.2 — Results and Discussion

2.2.1 — Synthesis of Pro-Ligands H>[XA;] and H;|BDPP]
The new NON-donor proligand H,[XA;] (1) was synthesized in 86 % isolated
yield by Hartwig-Buchwald coupling of 4.,5-dibromo-2,7-di-fert-butyl-9,9-dimethyl-

xanthene with 2,6-diisopropylaniline (Scheme 2.3).

.

Pd(OAc), [
DPEPhos NH HN
—_—— e
+ . o
NaO'Bu
Br Br Toluene, 90 °C
U0

v d

Scheme 2.3: Synthesis of pro-ligand Hz[XA;] (1).

2.2.2 — Synthesis of Alkali Metal [ XA;] and [BDPP] Salts

Stirring Hy[XA;] with excess KH in 1,2-dimethoxyethane (dme) at room
temperature for 5 hours gave base-stabilized Ky(dme),[XA,] (2) in 81 % yield.
Alternatively, base-free Nay[XA;] (3) was accessible by refluxing Hy[XA;] with excess

NaH in toluene for several days (Scheme 2.4).
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The NNN-donor ligand H,[BDPP] was prepared as reported by McConville ef al.
(Scheme 2.2). The ligand synthesis is simple and readily scalable, allowing for
production of multi-gram quantities of ligand.

An alkali or alkaline earth metal salt of the [BDPP] dianion, which would allow
direct access to chloro complexes by salt metathesis, had not been reported. However, it
was determined that reaction of Ho[BDPP] with 2 equivalents of an alkyl lithium reagent
(LiCH,SiMe; or nBuLi) in hexanes at —78 °C resulted in precipitation of base-free
Li,[BDPP] (4), which was isolated in 87 % yield as a bright yellow solid (Scheme 2.4).
This compound is unusually temperature sensitive, decomposing in minutes upon
dissolution in benzene or THF at room temperature, and is even less stable in toluene,
where decomposition occurs rapidly at temperatures as low as —30 °C. The thermal
decomposition of Li;[BDPP] in benzene yields a mixture of unidentified, air-sensitive
products. Solid 4 is substantially more stable, and although it does undergo significant
decomposition over several hours at room temperature, it may be stored for weeks

without appreciable decomposition at —30 °C.
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Scheme 2.4: Preparation of alkali metal salts of the [XA;] (2 and 3; top) and [BDPP]
(4; bottom) dianions.

2.2.3 — Dichloride Complexes [(L)ThCly(dme)], (L = [BDPP], [XA,])

Reaction of 1 equivalent of Li;[BDPP] (4) with [ThCly(dme),] in benzene at 0 °C
produced [(BDPP)ThCly(dme)] (5) as an off-white solid in 51 % yield. Similarly,

[(XA2)ThCly(dme)] (6) was isolated in a 69 % yield by reaction of Nay[XA;] (3) with
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[ThCls(dme),] in toluene at room temperature (Scheme 2.5). In contrast to the observed
reactivity of the base-free ligand sodium salt (3), base-coordinated K,(dme);[XA»] (2) is
considerably less reactive, despite similar solubilities of the two [XA;] salts in benzene
and toluene; the reaction between 2 and [ThCly(dme)] is complete only after refluxing in

toluene for 12 hours.

i c|.,.§_h,CI ks
Li,[BDPP] N/
ThCI4(dme)2
benzene /
- I
Kz(dme),;[XA,]
ThCl(dme), > ) \
toluene CI/"Th‘ CI
reflux N
ThCl,(d o2l O O
me 2o
4( )2 / \

toluene, rt

Scheme 2.5: Synthesis of Dichloro Complexes 5 (top) and 6 (bottom).

An alternative route to [BDPP] complex § involves the reaction of 2 equivalents
of LiCH,SiMe; with [ThCly(dme),] for 1 hour at 0 °C, followed by cooling to —78 °C and
addition of H,[BDPP]. In this case, ligand attachment likely proceeds by alkane
elimination from a source of “ThCl,(CH,SiMes),”. However, the reaction of

LiCH,SiMejs (2 equivalents) with [ThCls(dme),] formed a mixture of products in solution,
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the nature of which was not determined (Scheme 2.6). Nevertheless, this is the preferred
route for the synthesis of § due to the greater simplicity and improved yield (85 %). By
contrast, attempts to prepare 6 by this method gave solutions containing H>[XA»] and
SiMey as the only soluble products, presumably due to thermal decomposition of the alkyl

thorium precursor in preference to reaction with the rigid Ho[XA;] pro-ligand.

2 LiCH,SiMe;
ThCI4(dme)2 o “Th0|2(CstiMe3)2"
toluene, 0 °C

H,[BDPP]
toluene, -78 °C

M\
= ~ =
\“-"l O\ 0/ \\"'u
CII"'TI{,CI
N | SN
N
g
N

Scheme 2.6: Alternative route for the synthesis of 5 via “ThCl,(CH,SiMe3),”.

'H NMR spectra of 5 and 6 between 20 and —90 °C show the presence of one
molecule of symmetrically coordinated dme and a lone CHMe; signal, consistent with C,,
symmetric, pentagonal bipyramidal products. The isopropyl methyl groups of the arene
group in both 5 and 6 are diastereotopic, due to restricted rotation about the N-Cj,,, bond,

yielding two doublets in the 'H NMR spectrum. Single crystals of
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[(BDPP)ThCly(dme)]*2toluene were grown by slow diffusion of hexanes into a toluene
solution of 5 at —30 °C. The X-ray crystal structure of 5¢2toluene (Figure 2.8, Table 2.1)
confirms a distorted pentagonal bipyramidal geometry with the two chloride anions
occupying apical positions [CI(1)-Th-Cl(2) = 156.38(10)°; Th-Cl = 2.698(3) and
2.686(3) A]. As anticipated, the [BDPP] ligand is approximately planar and binds
thorium via short Th-Naiigo contacts [2.305(9) and 2.321(8) A] and a longer Th-N,y bond
[2.568(9) A]. However, while N(1), N(3), O(1), O(2), and Th lie in a plane, the metal is
located 0.33(1) A above the N(1)-N(2)-N(3) plane of the [BDPP] ligand. In this way,
only one chloro ligand, CI(1), is positioned directly between the bulky isopropyl groups,
while the other, CI(2), is located in a more open region of the thorium coordination
sphere. Furthermore, to minimize unfavorable steric interactions with CI(1), the 2,6-
diisopropylphenyl rings rotate to give C(14)sesC(26) = 6.35(2) A and C(17)*+*C(29) =

7.26(2) A.
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Figure 2.8: Molecular structure of Se2toluene. Thermal ellipsoids at the 50 %
probability level. Hydrogen atoms and non-coordinated solvent omitted for clarity.

The dme molecule in 5 is k*-coordinated in the pentagonal plane and is bound via
long and unequal Th-O contacts {Th-O(1) = 2.674(8) A and Th-O(2) = 2.724(8) A},
likely due to steric pressure at the metal; cf. Th—O distances of 2.564(8)-2.620(8) A in
[ThBry(*-dme),],'*" 2.620(5) A in [LTh(NH,)(k'-dme)] and 2.613(3) A in [LThCl(k'-
dme)]” {L = 2,2"-methylenebis(6-tert-butyl-4-methylphenolate)}.'®" In contrast, the Th—
N,y bond {2.568(9) A} is atypically short. For example, Th-N is 2.72(1)-2.80(1) A in
[ Th(quinolinolate)s(dmf)],'"* 2.730(6) A in [{Th(OCHEL);(u-OCHEL)(py)}2]. 2.752(7)
A in cis-[Th(OrBu)4(Py)].'* and 2.662(8), 2.696(8) in cis-[ Th(OCH3Me»-2,6)4(py)-]."

The only Th-NCsRs bonds of comparable length are found in [Th(OCgH;/Bu,-
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2,6),(K*CN-2,6-lutidinyl);] {2.61(1) A}"** which is a special case since significant
delocalization of negative charge to the N-donor can occur. Therefore, the short Th-N,,
bond lengths observed in complex 5 (and other thorium [BDPP] complexes in this work)
are likely a result of incorporation of the pyridine unit into a rigid ligand framework,
perhaps augmented by the enhanced donor properties of Nyy in [BDPP] (relative to an
unsubstituted pyridine) as a result of 2,6-dialkyl substitution. All other metal-ligand
bonds are in the usual range. For comparison, Th—Ngniiigo distances are 2.327(6)-2.378(7)
A in [Lo,ThCI]™ {L = 1,3-bis(2.6-diisopropylanilido)propane}'® and 2.299(7), 2.304(6) A
in [Th{N(SiMes),}>(NMePh),],'*® while Th—Cl is 2.620(6)-2.697(1) A in [L,ThCl,] {L =
Tp. ArC(NSiMes),, and HC(CPhNSiMes),; Ar = CgHa(CF3)3-2,4,6}'%7 and 2.673(1),

2.721(2) A in [L'ThCI(THF)] {L' = Me;SiN(C,Hs;NSiMe3),}."*

2.2.4 — Synthesis of [(BDPP)Th(NETt;),]

The reactivity of dichloride [(BDPP)ThCl,(dme)] (5) was assessed initially by
reaction with two equivalents of LiNEt,, yielding bis-amido complex [(BDPP)Th(NEt,);]
(7) in 64 % yield (Scheme 2.7). This complex is highly soluble in hydrocarbon solvents
including hexanes and hexamethyldisiloxane; a trait that may be responsible for the
moderate isolated yield, despite quantitative formation by NMR spectroscopy.

In solution (22 to —80 °C), complex 7 exhibits top-bottom and side-side symmetry
by 'H and *C NMR spectroscopy. A single set of CHMe, and py-CH, signals are visible
at 3.70 and 5.17 ppm respectively, and the CHMe, signals are observed as doublets at

142 and 1.30 ppm in the 'H NMR spectrum. The diethyl amido groups are
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indistinguishable by NMR spectroscopy at room temperature, and remain equivalent upon
cooling of the solution to —80 °C, giving rise to a quartet and a triplet for the NCH, and

NCH,CHj protons at 3.00 and 0.87 ppm respectively.

: EN  NEt, -

.
o "rrl
.

~

2 eq. LINEt,

Th
- N/l\N
| N
A

Scheme 2.7: Synthesis of bis-amido complex [(BDPP)Th(NEt,),] (7).
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Table 2.1: Crystallographic data collection and refinement parameters and selected
bond distances for complexes 5-2toluene and 8

5<2toluene 8
Formula C91H126C14N604Th2 C62H82N6Th
fw 1973.86 1143.38
Cryst. Syst. Monoclinic Monoclinic
Space group C2le C2c
a(A) 28.7133(8) 14.901(15)
b(A) 15.8253(5) 17.895(17)
c(A) 21.3589(7) 21.354(16
a(deg) 90 90
B(deg) 107.398(2) 106.72(3)
v(deg) 90 90
Volume(A?) 9261.4(5) 5453(9)
Z 4 4
Density(calcd; mg/m’) 1.449 1.393
p(mm') 3.374 2.779
F(000) 4074 2344
Cryst size (mm®) 0.22x0.22x0.18 0.12x0.10x 0.03
0 range for collection(deg) 1.49 to 27.54 1.83 to 25.50
No. of reflns. collected 40126 20838
No. of indep. reflns. 10567 5071
Completeness to Oyax 98.9 % 100.0 %
Max. and min. transmn. 0.55 and 0.455 0.920 and 0.711
GOF on F* 1.003 1.100
Final Ry [/> 26(])] R1=0.0665 R1=0.0702
wR2=0.1313 wR2 =0.1140
R indices (all data) R1=10.1685 R1=10.0963
wR2 =0.1654 wR2 =0.1198
Th—Namido 2.305(9), 2.321(8) 2.373(7), 2.488(7)
Th—N,y 2.568(9) 2.614(7)
Th-Cl 2.686(3), 2.698(3) n.a.
Th—Ogme 2.674(8), 2.724(8) n.a.

For 5¢2toluene and 8: 7 = 173(2) K, wavelength = 0.71073 A, absorption correction = semiempirical from

equivalents, and refinement method = full-matrix least-squares on F.
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The bis-ligand complex [(BDPP),Th] (8) was accessed in 73 % yield by addition

of benzene to 2 equivalents of Li;[BDPP] (4) and [ThCly(dme),] at —78 °C, followed by

warming to room temperature. Alternatively, addition of 1 equivalent of H,[BDPP] to a

solution of [(BDPP)Th(CH,SiMe;),] (9, vide infra) followed by heating to 100 °C for 24

hours in a sealed reaction vessel resulted in SiMe, elimination to form the bis-ligand

complex [Th(BDPP);] (8) as a pale greenish-yellow solid in 37 % isolated yield (Scheme

2.8).

CIh...Th/ Cl

73% vield

Li,[BDPP]

Me38| S|Me3

; ; ~ / \
2eq. Me38|CH2L| I N

=

37% vyield | H[BDPP]

Scheme 2.8: Bis-ligand complex (8) formation by salt metathesis or alkane

elimination.
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Solution NMR spectra of 8 between 20 and —35 °C (in ds-bromobenzene) are
consistent with a highly symmetrical product containing a single CHMe, environment.
Crystals of 8 suitable for X-ray diffraction were grown by cooling a saturated toluene
solution of 8 from room temperature to —30 °C (Figure 2.9, Table 2.1). Complex 8 adopts
an unusual six-coordinate geometry in which the four amido donors form a distorted
tetrahedron around thorium (see red N—Th bonds in Figure 2.9) while the pyridine units
are directed toward two of the edges {N(2)+**N(3) and N(2)'*esN(3)'} of the tetrahedron
but offset toward the center of the two smaller faces {N(1) is offset toward the N(3),
N(3)', N(2) face and N(1)' is offset toward the N(3), N(3)", N(2)' face}. Above each of
the two larger faces, which are defined by N(2), N(2)' and X, where X is N(3) or N(3)' of
the tetrahedron, are three of the eight isopropyl groups (Figure 2.9). In order to adopt
such a distorted geometry, the two identical [BDPP] ligands are considerably twisted
away from planarity and the C(4)-N(1)-Th angle is far from linear at 165°. This situation
likely arises due to severe steric crowding at the metal, resulting in a geometry influenced
more strongly by the anionic Nymigo donors than the neutral pyridine units. Steric pressure
at the metal center is also considered to be responsible for the significant differences in
Th—Naniige bond lengths {Th-N(3) = 2.368(7) A and Th-N(2) = 2.488(6) A}, as well as
Th—Nailido and Th-Ny bonds {Th-N,y = 2.615(6) A} which are considerably longer than
those observed in the structure of the dichloro [BDPP] complex 5 {and dialkyl [BDPP]

complexes 9 and 11; vide infra}.
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N(1)’ ¢

& N(1)

Figure 2.9: Molecular structure of bis-ligand complex 8. Thermal ellipsoids at the
50% probability level. Hydrogen atoms and non-coordinated solvent are omitted
for clarity.
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Attempts to prepare the analogous [Th(XA;);] complex by either salt metathesis
or alkane elimination were unsuccessful: [(XA;)ThCly(dme)] (6) failed to react with
Ky(dme)[XA;] (2) or Nay[XA,] (3) at temperatures up to 110 °C, and
[(XA,)Th(CH,SiMes),]| (10, vide infra) did not react with Hy[XA;] (1) at temperatures
below the onset of thermal decomposition (80 °C). A lack of reactivity was also observed
in attempts to prepare the mixed ligand derivative [Th(BDPP)(XA;)] by salt metathesis
{[(BDPP)ThCly(dme)] + Nap[XA;] up to 110 °C} or alkane elimination
{[(BDPP)Th(CH,SiMe3), + Ha[XAs] up to 110 °C} in toluene.

The marked difference in [BDPP] and [XA;] ligand reactivity presumably stems
from the enhanced rigidity of «’-coordinated [XA,], which does not permit the type of
ligand twisting observed in [Th(BDPP),] (8). As a result, [XA»] ligand coordination
(’NON- or even x*’NN-donation, which would likely allow the xanthene backbone of
[XA;] to adopt a butterfly conformation) to form [ThL(XA;)] {L = [BDPP] or [XA:]}
must be rendered sterically inaccessible. Given that alkyl complex decomposition by
ligand redistribution requires the formation of bis-ligand complexes (e.g. LoThR, = ThRy
+ ThL,) the ability of the [XA;] ligand to prevent [Th(XA;),] formation may be expected
to result in enhanced thermal stability of organothorium [XA;] derivatives, certainly with

respect to this particular decomposition pathway.

2.3 — Conclusions
In summary, a rigid, dianionic ligand based on the xanthene back-bone has been

designed for application in the coordination and organometallic chemistry of the
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actinides. The new [XA;] ligand, along with the previously reported [BDPP] ligand,
have been used successfully for the synthesis and isolation of stable and well defined
thorium coordination complexes. Ligand attachment was achieved through salt
metathesis by reaction of sodium or potassium salts of [XA;] or the lithium salt of
[BDPP] with [ThCls(dme),]. Alternatively, alkane elimination was employed to affect
ligand attachment by reaction of “Th(CH,SiMe;),Cl,” with H,[BDPP]. The effect of
varying structural rigidity between the [XA;] and [BDPP] ligands is illustrated by the
ability of the [BDPP] dianion to form a highly strained bis-ligand complex; a feat that
could not be imitated by the [XA;] dianion. The synthesis of organothorium [BDPP] and
[XA;] complexes, in particular neutral and cationic alkyl derivatives will be described in

the following chapters of this thesis.
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Chapter 3:

Synthesis and Characterization of Neutral and Anionic Thorium(IV) Alkyl

Complexes

3.1 — Introduction to Chapter 3

3.1.1 — Actinide Alkyl Complexes

Initial interest in organoactinide chemistry, especially in homopleptic alkyl and
borohydride complexes, stemmed from potential applications in uranium isotope
separation processes. However, low thermal stability prevented significant progress in

33168 More recently, the scope of potential applications

this area (see section 1.2.1).
involving the actinides has expanded to include stoichiometric and catalytic reactivity.
Of particular interest are reaction types which differ from those performed by transition
metal and lanthanide complexes, and studies to probe the role of the 5f and 6d orbitals in
actinide—ligand bonding.

Non-cyclopentadienyl actinide(IV) bis-hydrocarbyl (alkyl, allyl, or aryl)
complexes are particularly rare and generally rely on the coordination of monoanionic

& A 1
TITIBIM idinate' and

anicillaries  such as  alkoxy or  aryloxy,
tris(pyrazolyl)borate'**!** ligands (see section 1.2.3). The only other dialkyl actinide(IV)
complexes bearing a single dianionic, non-carbocyclic supporting ligand are

[("""NCOCN)U(CH,SiMes),]  {P""NCOCN = O(CH.CHNAr)»; Ar = 26-

diisopropylphenyl}, [(**"NON)M(R),] {M = Th or U; R = C3H;s or CH,SiMe;; ®"NON =
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O(SiMe;NBu),} 7138 and [{fc(NSirBuMe;),}U(CH,Ph),] {fc = Fe(CsHs),> },'*® which

were reported during the course of this work (Figure 3.1).

“ ) s
N\ /N X | \N ‘
o TI0N
. ot n, “\ W -
£ SiMe, S|Me3 R R
SitBuMe;
N
,CHzPh
! / ‘CHZPh
SltBuMez

Figure 3.1: Dialkyl actinide complexes bearing a single, dianionic, non-carbocyclic
ligand reported during the course of this work. An = Th or U; R = C3Hs or
CHzSiMeg,.

In this chapter, the synthesis and properties of [XA,] and [BDPP] thorium(IV)
trimethylsilylmethyl (CH,SiMes), benzyl (CH,Ph), n-butyl (nBu) and methyl (CHsj)
complexes are discussed. Reactions of thorium(IV) chloro complexes with alkyl
Grignard reagents resulting in unexpected halogen exchange or ancillary ligand transfer

reactivity are also included.
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3.2 — Results and Discussion

3.2.1 — Thorium(IV) Bis-trimethylsilylmethyl Complexes and [Th(CH,SiR3)s(dme),]
Precursors

Reaction of dichlorides 5 and 6 with 2 equivalents of LiCH,SiMes gave the base-
and salt-free dialkyl complexes [LTh(CH,SiMe3),] {L = [BDPP] (9) and [XA,] (10)} in
quantitative yields by '"H NMR spectroscopy (68 % and 63 % isolated yields,

respectively; Scheme 3.1).

Me;Si iMe3

f"-.., ’o o~ ||-"=-o any ~‘\\| n-{
| C""\Th/‘c' 2 eq. Me,SiCH,Li 4
N1 N q. Meg 2 /Th\
| > N
N
~
/ U

[(BDPP)ThCl,y(dme)] [(BDPP)Th(CH,SiMe;),]

]

Me;Si iMe,

- | 5
- > :
S

=. —o\ /O~ 5 ‘f--u § II“.l'
Q\NCI}TWEN/@ 2 eq. Me;SiCH,Li Q\ N/T|h\N
| -
CrC CrI0

[(XA2)ThCly(dme)] [(XA2)Th(CH,SiMe;),]

Scheme 3.1: Synthesis of dialkyl complexes [(BDPP)Th(CH,SiMes);] (9) and
[(XA2)Th(CH:SiMes),] (10).
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However, a more straightforward route to these complexes involved reaction of
[ThCly(dme),] with 4 equivalents of LiCH,SiMe; at —78 °C for one hour, then warming
the reaction mixture to 0 °C for one hour, re-cooling to —78 °C, and the addition of
H>[BDPP] or Hy[XA;]. Using this method, which likely proceeds by alkane elimination
from a source of “Th(CH,SiMe3)s(dme),”, tan 9 and white 10 were isolated in 82 % and

49 % yield respectively.

Me;BSiK TIMe3
. . Th
4 eq. Me;SiCH,Li N | \N
ThCly(dme),
toluene, -78 °C, 1hr
0°C,1hr, -78°C
H,[BDPP] [(BDPP)Th(CH,SiMe3),]

\ |
. . Th
4 eq. Me3SiCH,Li N~ | ~~N
ThCls(dme), - 0
toluene, -78 °C, 1hr O
0°C,1hr, -78 °C
H2[XA,]

[(XA2)Th(CH,SiMe;),]

Scheme 3.2: Alternative synthesis of compounds 9 and 10 by alkane elimination
from “Th(CH,SiMej3)4(dme),”.

The initial reaction between [ThCls(dme),] and LiCH,SiMe; proceeded cleanly

and reproducibly to form a product or mixture of products giving rise to a single set of
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OMe, OCH,, SiMe;, and CH,SiMejs signals in the 'H NMR spectrum at 20 °C (Figure
3.2), with no change down to —90 °C. Unfortunately, the oily nature and thermal
instability (decomposition was complete after 1.5 hours at 20 °C) of this material
precluded its isolation. The syntheses of related complexes bearing bulkier CH>SiMe,Ph
and CH,SiMePh; alkyl groups was also investigated in attempts to obtain products with
higher thermal stability and crystallinity. However, the reaction of four equivalents of
LiCH,SiMe,Ph or (dme)LiCH,SiMePh, with [ThCls(dme);] under analogous conditions,
yielded similar results to the LiCH,SiMe; reaction, producing only oily compounds of
low thermal stability that lacked any appreciable crystallinity. The product of the reaction
between [ThCly(dme),] with LiCH,SiMe,Ph, presumably “Th(CH,SiMe,Ph)s;(dme),” was
further reacted with H,[BDPP] to yield dialkyl complex [(BDPP)Th(CH,SiMe;Ph),] (11).
This complex was investigated by 'H and '*C NMR spectroscopy between 20 and —90 °C.
However, due to substantial similarities between 9 and 11, this chemistry was not pursued
further.

40-43,45,48,169,170

The formation of a tetraalkyl derivative in the reactions described

above seems likely given that [Th(CH3)4(dmpe)2],4l’42 [Th(CHzPh)4],”°
[Th(CH,CsH3Me;-3.5)4]* and [Th(C3Hs)4]* are formed in related reactions of [ThCl4L,]
{Lx = (dmpe), or (THF)3} with 4 equivalents of LiR at temperatures below 0 °C. That
said, the involvement of ‘ate’-complexes structurally related to [MeTh(u-
Me)e{Li(TMEDA)]*® and [UR¢Li,S,] (S = THF),*® or in-situ Hy[L] {L = [BDPP] or

[XA;]} ligand deprotonation by remaining LiCH,SiMes cannot be ruled out.

82



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry
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Figure 3.2: '"H NMR spectrum of “Th(CH,SiMe3)s(dme)” (* = benzene) in C¢Ds at
room temperature.
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At 60 °C (ds-toluene), the 'H and "*C NMR spectra for 5-coordinate compounds 9
and 10 are consistent with C,, symmetry. For example, complexes 9 and 10 exhibit a
single set of ThCH> and CHMe, resonances; the ThCH, resonance is located at —0.32 (9)
or —0.17 (10) ppm in the '"H NMR and 89 (9) or 97 (10) ppm in the °C NMR. However,
upon cooling to —80 °C, the 'H and *C NMR spectra of both complexes show two
distinct CH,SiMes groups, two CHMe, signals, and ligand backbone resonances
consistent a Cy symmetric product as observed in the solid state (vide infra). The Th—CH,
resonances are located at 0.31 and —0.70 (9) or 0.52 and —0.68 (10) ppm in the '"H NMR
and 78 and 98 (9) or 90 and 103 (10) ppm in the >C NMR (Figure 3.3). This fluxional

behavior requires exchange between apical and in-plane CH,SiMe; groups in the
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molecule, coupled with adjustment of the ligand backbone to accommodate the changing

steric demands imposed by the alkyl subsitutents.

CHMe;
NCH, ) h SiMe;
— NEBL
208 K

261K
_A A J_.__JJL_JW

241K

ThCH;
193K

Figure 3.3: Variable-temperature "H NMR spectra of 9 in ds-toluene (* = toluene).

The loss of symmetry in 9 is evidence of top-bottom asymmetry, which may be
visualized as the inability of the molecule to reflect the same structural features on both
sides of a hypothetical horizontal mirror plane through the NNN-ligand donors as
depicted in Figure 3.4 (top). In this diagram, an imaginary horizontal mirror plane is
placed in the plane of the back-bone pyridine donor in the [BDPP] ligand, with C1 to C8,
N1 and N2 and Th lying in the plane. When a molecule has top-bottom symmetry, the

atoms above and below the horizontal mirror plane are equivalent. Any coordination
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change that disrupts this mirrored behavior between atoms above and below the plane
results in a molecule having top-bottom asymmetry. Practically, the number of NMR
signals of a complex that loses top-bottom symmetry increases compared to its more
symmetric predecessor, and when a molecule loses top-bottom or side-side symmetry

(Figure 3.4, bottom), the number of signals increases further.

c11 c10 C11
C10 ;
o~ cg”
| -

L 2 _
/07 CG\ 04,.8 \'/,31\C4 c6—C7
c8 C5 N Th N2—Cc5 c8
\ / /
C7—C6 E'1 c/e—c%
C9, .C9_

C11  ¢c10 C10  c11

G gio
79 /
c2—@G3.
’ Co C10
C7—C6 cal—C1~_Lc’ g1 |
/ E1 ™
cs C5—pns—1 \ C4 /
\ =-TH / o
E1 C5 \
9 \ 8
C11  c10 ;36\(;7
C1O'Cg\
C11

Figure 3.4: Top-bottom and side-side symmetric [[BDPP)ThE;]. (Top) Mirror plane
reflecting top-bottom sides of [(BDPP)ThE;]; N1 (pyridine nitrogen) omitted for
clarity. (Bottom) Mirror plane reflecting right-left sides of [(BDPP)ThE,].
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X-ray quality single crystals of [(XA,)Th(CH,SiMes);]*toluene were grown by
cooling a saturated toluene solution of 10 from room temperature to —30 °C; complex 10
is the first example of a structurally characterized thorium dialkyl complex supported by a
multidentate, non-carbocyclic ancillary. In the solid state (Figure 3.5,Table 3.1), 10 is
pentacoordinate and adopts a square pyramidal geometry that is strongly distorted in the
square plane as a result of [XA;] ligand rigidity. The [XA;] ligand backbone is
approximately planar, but thorium is located 0.475(6) A above the NON ligand plane.
Consistent with the low-temperature 'H and *C NMR spectra of 10, the two alkyl groups
are distinct, with one located approximately in the NON plane, while the other is located
directly above the plane. This arrangement, in conjunction with rotation of the two
2,6-diisopropylphenyl groups to give C(34)+e+C(44) = 7.514(9) and C(30)+++C(48) =
4.995(9) A, is adopted in order to minimize unfavorable steric interactions between
metal-alkyl and ligand-isopropyl groups (Figure 3.5, Table 3.1). Similar behavior has
been observed in other dialkyl complexes in which a metal is flanked by bulky

2,6-diisopropylphenyl substituents.'*>'>*!7!
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) C(48) C(30) &

Figure 3.5: Molecular structure of [(XA;)Th(CH,SiMes);|*toluene (10<toluene).
Thermal ellipsoids at the 50 % probability level. Hydrogen atoms and solvent are
omitted for clarity.
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The Th—Naiigo bond lengths {2.292(4), 2.312(4) A} in 10 are similar to those
observed in [(BDPP)ThCly(dme)] (5), and the Th—C {2.468(6), 2.485(6) A} bond lengths
fall within the range observed for the other crystallographically characterized thorium(I'V)
trimethylsilylmethyl or related neopentyl complexes: 2.48(2) and 2.54(2) A in
[{Me,Si(CsMey):} ThR,],'7? 2.47(3) A in [Cp*,Th(CH,/Bu),],”’ 2.438(16) and 2.485(18)
A in [(2,6-1BuH;C¢0),ThR,],”” and 2.488(2) and 2.460(9) A in [Cp*(2.6-
Bu,H;C40)ThR,]*® (R = CH,SiMes). Structurally characterized thorium diaryl ether or
aryl ether complexes have not been previously reported. However, the Th-O bond length
in 10 {2.534(3) A} is similar to those observed for coordinated dme {2.564(8)-2.620(8)
A} in  [(L)ThCl(x'-dme){K(dme),}] {L =  22'-methylenebis(4-methyl-6-
tbutyl)phenolate}**1%' or THF {e.g., 2.53(1), 2.58(1) A in [(COT)ThCly(THF)]'” and
2.520(7), 2.526(7) A in [Cp*>, Th(NXyl)(THF)]}."”* This is surprising since a diaryl ether
should be a considerably less effective donor than dme or THF. However, a short bond
between thorium and the neutral donor of the ligand backbone is also observed in
dichloride S, and this feature is likely a consequence of tridentate binding and ligand
rigidity.

Of particular note are the Th-C—Si bond angles in [XA;] complex 10 {127.6(3)°
and 126.8(3)°}, which are both significantly larger than is typically observed for an sp3-
hybridized carbon atom. Similar increases in M—C—Si or M—C—C (M = Th or U) bond
angles have been observed in other trimethylsilymethyl or neopentyl complexes and are
attributed to a-agostic C—H-Th interactions.*"***'”* Further evidence for the presence of

agostic interactions is provided by a 'Je coupling of 102 Hz for the rapidly exchanging
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CH>SiMes groups in the 'H-coupled *C NMR spectrum of 10 in ds-toluene at 60 °C.
This value is significantly lower than typically observed for an sp’-hybridized carbon
atom (~125 Hz) and compares well with literature values for related complexes: 104 Hz
in Leznoff's [(®“NON)ThR,],"”*” 100 Hz in [Cp*(2,6-Bu;H;Cs0)ThR,].* 99 Hz in
[{Me,Si(CsMey),} ThR,],'™ and 98 Hz in [(2,6-/Bu,H3C60),ThR>]”” (R = CH,SiMes). A
similarly low ! Jeus value of 103 Hz was also observed for the CH,SiMes groups in 9 (60
°C, C7Ds).

Interestingly, upon lowering the temperature to —80 °C, separate 'Je coupling
constants for each CH,SiMe; group in 9 and 10 were observed by fully coupled HSQC
NMR. These values (88 and 91 Hz for 9 and 81 and 88 Hz for 10) are considerably
reduced relative to those obtained at 60 °C and suggest that for both complexes in
solution, an equilibrium exists between products participating in a-agostic C-H-Th
bonding to a greater or lesser extent (up to four a-agostic interactions” could occur in
either 9 or 10) and that entropy favors less agostic products. Consequently, as the
temperature is lowered, the equilibrium shifts toward more agostic products, resulting in a
decrease in the average 'Je. coupling constant. The alternative explanation in which the
strength of the E-H-M interactions are strongly affected by temperature has been
determined not to be responsible for the temperature-dependent 'Jg;; coupling constants
in Ti and Nb complexes displaying a similar phenomenon (vide infra).'”

The weak and nonstatic nature of a-agostic interactions has been previously
discussed,”'’® and temperature-dependent 'Jey coupling constants as a result of an

equilibrium between an agostic and non-agostic isomer have been reported for several
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transition metal organometallic complexes. For example, 'Jeyy for NbCHR, in [(i’-
Tp")NbCl(cyclopropyl)(C2Me;)] varies from 102 Hz at 20 °C to 93 Hz at —80 °C,'”” and
'"Jsii in [CpsTi(rBuC,SiHMe,)] varies from 123 Hz at 30 °C to 93 Hz at —80 °C."7® A
temperature-dependent  'Jey constant was also observed for TaCH,-Me in
[(PN2)Ta(Et)(C,H,4)] (123 Hz at 77 °C and 134 Hz at —40 °C), but in this case, it is due to
a greater contribution from a B-agostic structure (versus an a-agostic structure) at lower
temperature. s

Dialkyls 9 and 10 both exhibit remarkable thermal stability;
[(BDPP)Th(CH,SiMes),] (9) is stable for days in toluene at 90 °C and is only fully
decomposed after 3 days at 110 °C, while [(XA,)Th(CH,SiMe3),] (10) is stable at 70 °C
but decomposes over several hours at 90 °C. Tetramethylsilane was the only soluble
product observed when the thermal decomposition of 9 or 10 was monitored by 'H NMR
spectroscopy. The greater stability of 9 could be a result of decreased ligand rigidity,
allowing the ligand to form a more optimal metal binding pocket. However, Th—Namido
bond lengths in 10 are very similar to those observed in the dichloro [BDPP] complex 5,
and in both cases, the ligand is approximately planar. Therefore, the greater stability of 9
is more likely due to improved donor properties of a pyridine versus a diaryl ether neutral
donor, leading to increased electronic saturation at the metal center.

The stability of 9 is particularly remarkable and highlights the suitability of rigid
tridentate ligands such as [BDPP] for the stabilization of organoactinide complexes. The
thermal stability of most other non-cyclopentadienyl thorium(IV) dialkyl complexes has

not been reported. However, for comparison, [Th(OC¢H3Bu;-2,6),(CH;SiMes);]
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decomposes over 36 hours at 60 ¢ il [Cp*Th(OCeH3Bu,-2,6)>(CH,SiMes)s ]
decomposes over 12 hours at 60 °C,” [Cp*,Th(CH,SiMes),] decomposes over 36 hours
at 85 °C.” and [{Me,Si(CsMes),} Th(CH,SiMe3),] decomposes at 60 °C.'°  The only
thorium dialkyl complex of similar stability is [Cp*,ThMe;], being 50 % decomposed
after 1 week at 100 °C.""" In addition, while [(CsRs);ThR,] complexes are reported to be
extremely air sensitive,'” exposure of toluene solutions of 9 to air for 5 minutes resulted
in only 20-30 % decomposition. By contrast, solid samples of 9 and 10 are more

sensitive, being entirely decomposed after 5 minutes of exposure to air.

3.2.2 — Thorium(IV) Dibenzyl Complexes

Reaction of [(XA;)ThCIly(dme)] (6) with 2 equivalents of benzyl magnesium
chloride resulted in the formation of base free [(XA;)Th(CH,Ph);] (12) as a hexane-
soluble light yellow solid in 56 % yield. At 50 °C, the '"H NMR spectrum of 12 is
suggestive of C», symmetry. However, at temperatures below —40 °C, the '"H NMR
spectrum exhibits ThCH, signals at 1.34 and 1.26 ppm, and BC NMR signals for the
carbon atoms bearing these protons are observed at 90.9 and 93.4 ppm. These data are
consistent with a Cs-symmetric complex lacking top-bottom symmetry, and containing
two distinct benzyl groups. The 'Jey coupling constants of 120 and 139 Hz for CH>Ph
indicate that one benzyl group is n'-coordinated, while the other adopts an n’- or 1°-
coordination mode ('Je.i coupling constants in the range of 120 to 130 Hz are indicative
of 1'-coordination, while 'Jey coupling constants greater than 130 Hz are indicative of

2 " y
n’- or n°-coordination).'”**#!
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Scheme 3.3: Synthesis of [(XA2)Th(CH,Ph),] (12).

X-ray quality crystals of [(XA;)Th(CH,Ph),] (12) were grown from a saturated
solution of hexanes at —30 °C. The unit cell contains two distinct molecules of 12, with
Th-CH, bond lengths between 2.503(3) and 2.545(3) A, and in both molecules, one
benzyl group is located in the ligand plane, while the other occupies an apical site (Figure
3.6, Table 3.1). For both molecules, the in-plane benzyl group adopts a bonding mode
intermediate between 1>~ and n’-coordination, with Th—CH,—C,ps, angles of 85.6(2)° and
87.5(2)°. Distances between thorium and the ring carbons of the in-plane benzyl group
differ slightly between the two molecules {Th(1)-Cors = 3.191(3) and 3.510(3) A;
Th(2)~Corino = 3.126(4) and 3.647(4) A}. By contrast, the apical benzyl group is nl-
coordinated in one molecule [Th(1)-CHy—C5 = 115.1(2)% Th(1)-Cjps = 3.402(3) A],
but approaches nz-coordination in the other [Th(2)-CH,—Cp5 = 96.1(2)°; Th(2)-Cpso =

3.058(3) A].
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Figure 3.6: Solid state structures for the two molecules of [(XA;)Th(CH;Ph),] (12) in
the unit cell. Yellow = carbon atoms belong to the in plane “2_ to ns-coordinated
CH,Ph; Green (top) = carbon atoms belong to the apical n'-coordinated CH,Ph;
Orange (bottom) = carbon atoms belong to the apical 11'- to nz-coordinated CH,Ph.
Thermal ellipsoids at the 50 % probability level. Hydrogen atoms are omitted for
clarity.
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Dibenzyl complex [(BDPP)Th(CH,Ph);] (13) was accessible in a similar fashion
to the [XA;] supported dibenzyl complex, via the reaction of § with PhCH,MgCI or
KCH,Ph. Room temperature NMR spectra show both benzyl ligands and the four
isopropyl groups to be equivalent due to fluxional behavior in solution, and raising the
temperature to 80 °C was insufficient to obtain a sharp averaged 'H NMR spectrum.
However, at —35 °C in ds-toluene, two distinct benzyl groups were observed by both 'H
and *C NMR spectroscopy. These data indicate top-bottom asymmetry in the molecule,
consistent with one benzyl group in an axial position and one in the ligand plane. The
en coupling constants of 138 and 127 Hz for Th—CH, are suggestive of bonding

approaching either n’- or n°-coordination and n'-coordination respectively.'” %!

/\
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! ‘O '_?' g F
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Scheme 3.4: Synthesis of [(BDPP)Th(CH,Ph),] (13).

X-ray quality crystals of 13+0.5hexane were grown from a mixture of toluene and
hexanes at —30 °C. In the solid state (Figure 3.7, Table 3.1), one benzyl group is 1’-
coordinated in the plane of the ligand [Th—C(32)-C(33) = 84.6(3)°; Th—C(32) = 2.576(6)
A; Th-C(33) = 2.836(5) A; Th-C(34) = 3.095(6) A], while the other occupies an apical

site and adopts a coordination mode intermediate between n'- and n’-coordination [Th—
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C(39)-C(40) = 96.7(4)°; Th—C(39) = 2.454(6) A; Th-C(40) = 3.087(6) A]. These benzyl
group hapticities differ from those observed in solution, and illustrate the nonstatic nature

of polyhapto-benzyl coordination.

Figure 3.7: Molecular structure of [(BDPP)Th(CH,Ph),]*0.5hexane (130.5hexane).
Red = carbon atoms belong to the axial n'- to nz-coordinated CH,Ph group; Green =
carbon atoms belong to the in-plane n3-c00rdinated CH;Ph group. Thermal
ellipsoids at the 50 % probability level. Hydrogen atoms and solvent are omitted for
clarity.
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Table 3.1: Crystallographic data collection and refinement parameters and selected
bond distances for complexes 10, 12 and 13+0.5hexane

10 12 13+0.5hexane

Formula C62H90N208i2Th C5 1 H76N20Th C48H62N3Th
Fw 1167.58 1085.28 913.05
Cryst. Syst. Monoclinic Monoclinic Triclinic
Space Group P2(1)/n P2(1)/n P-1
a(A) 16.6445(5) 11.3511(3) 10.5942(8)
b(A) 22.5599(7) 26.3640(7) 12.7271(10)
c(A) 16.8509(5) 36.2376(9) 17.1177(13)
a(deg) 90 90 104.4660(10)
B(deg) 107.928(2) 98.7360(10) 104.553(2)
v(deg) 90 90 96.002(2)
Volume(A?) 6020.2(3) 10718.7(5) 2128.4(3)
Z 4 8 2
Density(caled; mg/m®) 1.288 1.345 1.425
p(mm™) 2.555 2.823 3.538
F(000) 2408 4432 922
Cryst size (mm?) 0.10x0.08x0.01 0.40x0.40x0.30 0.30x0.20x0.10
0 range for collection(deg) 1.50 to 27.49 1.87 to 36.40 1.28 to 26.49
No. of reflns. collected 32615 300903 24864
No. of indep. reflns. 13480 51324 8721
Completeness to Opax 97.5 % 98.3 % 98.9 %
Transmn. ratio 0.8367 0.717 0.640
GOF on F* 0.996 1.124 0.996
Final R; [/> 26(/)] R1=10.0566 R1=10.0459 R1=0.0437

wR2 =0.0891 wR2 =0.0918 wR2 =0.0873
R indices (all data) R1=0.1169 R1=0.1006 R1=0.0668

wR2 =0.1031 wR2 =0.1067 wR2 =0.1008
Th—Namido 2.293(4),2.312(4) 2.318(2),2.332(2) 2.273(5), 2.300(5)
Th—-CH,R 2.468(6), 2.486(6) 2.503(3),2.545(3) 2.576(6), 2.545(6)
Th-O 2.534(3) 2.5263(17) n.a.
Th—Nipyridine n.a. n.a. 2.545(4)
Th—Ciyso n.a. 2.826(3) 2.836(5), 3.087(6)

For 10, 12, and 13+0.5hexane: T = 173(2) K, wavelength = 0.71073 A, absorption correction =
semiempirical from equivalents, and refinement method = full-matrix least-squares on F~.
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3.2.3 — Thorium(IV) Di-n-butyl Complexes

Reaction of [(BDPP)ThCly(dme)] (5) with 2 equivalents of nBuLi resulted in the
formation of [(BDPP)Th(nBu),] (14) as an off-white solid in 57 % isolated yield (Scheme
3.5). Complex 14 is highly soluble in ethereal, arene and hydrocarbon solvents, a
property responsible for the low isolated yield. Surprisingly, compound 14 is extremely
thermally stable, exhibiting no signs of thermal decomposition after several hours at 60
°C in benzene. However, at 80 °C, thermal decomposition was observed over a period of
12 hours, resulting in the formation of an intractable mixture of products.

While the solid state structure of 14 was not obtained, despite numerous
crystallization attempts employing a variety of solvent systems and conditions, it is likely
that the structure of this complex is distorted square pyramidal, analogous to that of
[(XA»)Th(CH,SiMes),] (10) and [(BDPP)Th(CH,Ph),] (13). However, NMR spectra of
14 show a single n-butyl environment at room temperature, with ThCH, 'H and BC NMR
signals at 0.35 and 87.7 ppm and a 'Jey value of 118 Hz. Qualitative features of the
spectra persist upon cooling to —90 °C, likely due to limited steric demands of the n-butyl
groups. By contrast the low temperature NMR spectra for [(L)Th(CH,SiMes),] {L =
[BDPP], 9; [XA;], 10} revealed top-bottom asymmetry, with two different alkyl group

environments.
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Scheme 3.5: Synthesis of di-n-butyl complex [(BDPP)Th(nBu),] (14).

In a reaction analogous to that used to prepare the [BDPP] di-nbutyl complex 14,
treatment of [(XA;)ThCly(dme)] (6) with 2 equivalents of nBuLi resulted in the formation
of [(XA,)Th(nBu);] (15) as an off-white solid in 57 % isolated yield (Scheme 3.6).
Complex 15 is also highly soluble common ethereal, arene and hydrocarbon solvents, and
shows a single n-butyl environment by 'H NMR spectroscopy between room temperature
and —90 °C. The thermal stability of compound 15 surpasses that of its [BDPP] analogue,

with no sign of thermal decomposition observed after days at 80 °C in benzene.
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Scheme 3.6: Synthesis of di-n-butyl complex [(XA;)Th(nBu),] (15).
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3.2.4 — Thorium(IV) Methyl Complexes

Bearing in mind the high degree of thermal stability observed in complexes 9, 10,
14 and 15, it was deemed likely that organoactinide dialkyl complexes bearing methyl
ligands would be accessible.

Initial attempts to produce [(BDPP)ThMe;] by reaction of dichloride
[(BDPP)ThCly(dme)] (5) with two equivalents of methyl lithium at room temperature
proved ineffective, yielding a complex mixture of reaction products {these products do
not match those formed via thermal decomposition of [(BDPP)ThMe,] (18); vide infra}.
However, reaction of [(BDPP)ThCIy(dme)] (5) with three equivalents of MeLi in toluene
resulted in the formation of the trimethyl ‘ate’ complex [(BDPP)ThMe;{Li(dme)}] (16),
in 74 % isolated yield (Scheme 3.7). The room temperature '"H NMR spectrum of 16
shows a single Th-Me peak at 6 0.02 ppm, and only one CHMe, peak was observed
arising from the [BDPP] ligand. At—70 °C in dg-toluene, several [BDPP] signals began to
de-coalesce, but were not resolved even at temperatures as low as —90 °C (solvent limited
temperature). Explanation of this data requires rapid exchange of the in-plane and axial
methyl groups in 16, as well as rapid transfer of the Li(dme)" moiety between methyl
ligands. The involvement of methyllithium dissociation in this process is highly unlikely
since thorium-methyl groups in 16 do not undergo exchange with LiCDs/Lil in toluene
after several hours at room temperature. Similar dynamic behaviour was reported for
[ThMe{(u-Me),Li(tmeda)}3] in which all thorium methyl groups are equivalent ("H NMR

$ 0.02 ppm) on the NMR timescale at —90 °C.*
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Scheme 3.7: Synthesis of [(BDPP)ThMe;{Li(dme)}] (16).

Compound 16 is stable as a solid for extended periods of time at room
temperature. However, solutions of 16 in toluene or benzene began to show signs of
decomposition after 8 hours, and decomposed over several days to form orange-brown
[(BDPP*)Th(p-Me),Li(dme)] {17, BDPP* = 2,6-NCsH3(CH;3NAr)-
(CHoN{CgH3'Pr(CMe;)-2,6}); Ar = 2,6-diisopropylphenyl; donor atoms in BDPP* are
underlined; Scheme 3.8} as the major product (greater than 80 % yield by '"H NMR
spectroscopy). Highly soluble 17 was isolated from hexamethyldisiloxane in low yield.
This compound is thermally robust, showing no signs of decomposition after days in
benzene at 80 °C, despite the presence of a B-hydrogen-containing tertiary alkyl group

(Th-CMe,Ar’) in the BDPP* ligand.

100



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

Scheme 3.8: Thermal decomposition of trimethyl ‘ate’ complex 16, producing
metalated complex 17.

In the "H NMR spectrum of 17, two different methyl groups are observed at —0.09
and —0.32 ppm, with corresponding signals at 53.0 and 41.4 ppm in the “C NMR
spectrum. The metalated carbon atom (ThCMe,Ar') lies at 73.6 ppm in the *C NMR
spectrum, and the B-hydrogen bearing methyl groups attached to this carbon give rise to
singlets at 2.39 and 1.22 ppm in the '"H NMR spectrum. The three different isopropyl-CH
protons observed at 4.03, 3.94 and 3.79 ppm and the overall high degree of complexity in
the "H NMR are consistent with a molecule that exhibits both top-bottom and side-side
asymmetry (Figure 3.4).

Complex 17 is the product of ligand metallation at the central carbon in an
isopropyl group of the [BDPP] ligand. Metallation of N-2,6-diisopropylphenyl groups is
commonly observed in early transition metal and f~element chemistry, but typically
occurs at an isopropyl methyl group. Examples of isopropyl methyne metallation are
rare, but have been reported for [(BDPP)Lu(AIMe4)]'*® and [(nacnac)(X)Ti=CHBu] (X =

Cl Br, OTf, BHs, CH,SiMe3).'*
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X-ray quality crystals of 17¢0.5hexane (Figure 3.8) were grown from a toluene
solution layered with hexanes at —30 °C. The solid state structure revealed a significantly
distorted octahedral geometry at thorium, and an approximately tetrahedral geometry at
the lithium atom. Thorium lies in the plane formed by N(1), N(2), and N(3) which also
contains C(32), one of the bridging methyl groups. The second bridging methyl group
{C(33)} as well as the carbon previously belonging to the methyne group {C(7)} are
found on either side of the plane of the ligand backbone. The acute C(32)-Th—C(33)
angle of 80.9(4)° is primarily a consequence of Li(dme)" bridging between the two
methyl groups. The constrained geometry imposed by the BDPP* ligand backbone is
responsible for the acute N(1)-Th—-N(2), N(2)-Th-N(3) and N(1)-Th—-C(7) angles of

63.5(3)°, 63.9(3)° and 70.7(3)° respectively.

Figure 3.8: Molecular structure of [(BDPP*)Th(Me),Li(dme)]*0.Shexane
(17+0.5hexane), BDPP* = 2,6-NCsH3(CH3NAr)(CH;N{CsH3Pr(CMe,)-2,6}. Green =
Metalated 'Pr methine carbon {C(7)}. Thermal ellipsoids at the 50 % probability
level. Hydrogen atoms and non-coordinated solvent are omitted for clarity. Only
one of two orientations of the Li(dme) unit is shown.
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The thorium-methyl bond distances of 2.679(13) and 2.635(12) A are longer than
Th-C(7) {2.566(12) A} due to coordination with Li(dme)", but lie at the shorter end of the
range of Th-C distances observed for bridging methyl groups in 7-coordinate [ThMe{(p-
Me),Li(tmeda)}s] (2.65-2.77 A).*® The Th-N(1) distance of 2.298(9) A in 17 is slightly
shorter than Th-N(3) {2.350(9) A}, likely due to the metallation of the 2,6-
diisopropylphenyl substituent on N(1).

Formation of metalated complex 17 could occur through two different pathways
(Figure 3.9). The first involves 6-bond metathesis between the thorium-methyl bond and
the Me,C-H bond of a 2,6-diisopropylphenyl group. The second involves a-hydrogen
abstraction (of a methyl proton by a second methyl group on the metal) forming a carbene
intermediate which may then undergo a metathesis reaction with the Me,C—H bond of a
2,6-diisopropylphenyl group to yield complex 17. In both scenarios, the same thorium

complex and methane byproduct would be formed.
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Figure 3.9: Potential pathways for the formation of complex 17 from trimethyl-ate
complex 16 involving A: direct c-bond metathesis; B: a-hydrogen abstraction to
form a carbene intermediate.

As a probe to elucidate the mechanism for the formation of complex 17, the Bc
and “H (D) labeled trimethyl analogue of 16, [(BDPP)Th(**CD;);{Li(dme)}] {16-"°C;,do}
was synthesized via the reaction of [(BDPP)ThCly(dme)] (5) with three equivalents of
Li'? CDys/Lil. The products of the thermal decomposition of 16-°C 3,dg were monitored by
BC and PC{H} NMR spectroscopy (Figure 3.10), and it was determined that the
composition of the methane gas evolved from the decomposition process was “CHDs.
The presence of this product alone is consistent with a simple o-bond metathesis pathway,

rather than a mechanism involving initial a-deuterium abstraction to produce *CDy.
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Figure 3.10: Selected regions from the BC and 13C{IH} NMR spectra of the thermal
decomposition reaction of [(BDPP)Th(CD;);Li(dme)] (16-°C3ds) to form
[(BDPP*)Th(Me);Li(dme)] 17-5C,,d), BDPP* = 2,6-
NCsH;3(CH3NAr)(CH,N{C¢H3'Pr(CMe;)-2,6}.

The elusive [(BDPP)ThMe;] (18) was finally isolated via the reaction of two
equivalents of BDDP trimethyl-ate complex 16 with one equivalent of [BDPP] dichloride
5 in 81 % yield (Scheme 3.9). The 'H and *C NMR spectra of 18 are indicative of a
highly symmetric molecule containing a single set of CHMe,, CH, and Th-CH;
environments ('"H NMR & 0.01 ppm; 3C NMR § 82.5 ppm). The single set of signals
observed in the NMR spectra persists upon cooling to —80 °C. This behavior is analogous

to that observed for [BDPP] di-n-butyl complex 14.
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Scheme 3.9: Synthesis of [(BDPP)ThMe;] (18).

While the organothorium [BDPP] complexes, [(BDPP)Th(CH,SiMes):] (9),
[(BDPP)Th(CH,Ph);] (13) and [(BDPP)Th(nBu);] (14) rival or exceeded the thermal
stability of their bis-pentamethyl-cyclopentadienyl counterparts, dimethyl complex 18 is
entirely decomposed to yield several unidentified products after two hours at room
temperature. This behavior is in clear contrast to that of [Cp*,ThMe,], which is more
stable than the CH,SiMe; and CH,Ph cyclopentadienyl analogues, being only 50 %
decomposed after one week at 100 °C.”° The thermal instability found in B-hydrogen free
complex 18 is also unusual in light of the stability of the B-hydrogen containing »n-butyl
analogue (14). However, monitoring the decomposition of in-sifu generated
[(BDPP)Th(**CD3),] by "*C and C{'H} NMR spectroscopy shows the formation of only
H"CD; and no sign of “CD,, again consistent with a direct o-bond metathesis
mechanism for methane elimination. This reactivity highlights a pronounced dependence

of thermal stability on the degree of steric hinderance at the metal center.
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3.2.5 — Halide Exchange in the Reactions of [BDPP| and [XA;] Dichloride

Complexes with MeMgBr

Attempts to methylate dichloride 5 with methyl magnesium bromide (2
equivalents), a milder source of CHj", resulted in conversion to a new product with broad
'H NMR signals and CHj groups integrating to approximately two methyl ligands per
[BDPP] ancillary. Performing this reaction in toluene and layering with hexanes at —30
°C resulted in the formation of a large (~5 x 5 x 3 mm) single X-ray quality crystal of the
unexpected tetrametallic complex [{Th(BDPP)Br(u-Br),Mg(u-Me)(OEt,)}2]*2toluene
(19-2toluene, Scheme 10).

Structural analysis showed that exchange of thorium-chloride ligands for
bromides had occurred along with the formation of an adduct between the resulting
[(BDPP)ThBr;] moiety and MeMgBr(OEt,). The complex is then tetrametallic due to
methyl groups bridging between MeMgBr(OEt,) moieties. This process must require the
reaction of 5 with three equivalents of MeMgBr, releasing two equivalents of MeMgCl,

in addition to the formation of 0.5 equivalents of 19 (Scheme 3.10, Figure 3.11).
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Scheme 3.10: Synthesis of tetrametallic [{Th(BDPP)Br(p-Br);Mg(p-Me)(OEt;)},]
(19), with the number of equivalents of MeMgBr adjusted to those required for a
balanced reaction.

Figure 3.11: Molecular structure of tetrametallic [{Th(BDPP)Br(p-Br);Mg(p-
Me)(OEt;)}2]*2toluene (19+2toluene). Thermal ellipsoids at the 50 % probability
level. Hydrogen atoms and toluene solvent are omitted for clarity.
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ﬁ Br(3)
Br(2)

Figure 3.12: (Left) The distorted trigonal bipyramidal coordination environment of
magnesium in complex 19; (Right) The highly distorted octahedral coordination
environment of thorium in complex 19.

The Mg-C-Mg angles in 19 are acute {77.5(4)°}, but are typical for sterically
uncluttered complexes containing a Mg(u-alkyl),Mg core, for example [{Mg(p-Me),},|
(75°)," [({Mg(1-Np)2}sMg(n-Br)a),] (74.1 and 74.9°).'* [{Br;Mg(n-Me)}o] (73.7)'
and [{(x’-MeN{(CH,),NMe, },)Mg(pn-Me)},]** (80.8 and 80.3°)."* The asymmetry of the
Mg(p-Me),Mg core in 19 {Mg—C = 2.18(1) and 2.35(1) A} is also not uncommon; while
[{Mg(u-Me),},] and [{Br,Mg(u-Me)} 2]2* adopt much more symmetrical structures (Mg—
C =224 A in the former: Mg-C = 2.26 and 2.28 A in the ]atter),m‘185 Mg—C bond
distances from 2.23 to 2.34 A were observed in [{(x’-MeN{(CH,),NMe,},)Mg(u-
Me)},]*"."% and Mg-C distances from 2.20 to 2.42 A were observed in [({Mg(u-

Np)z}gMg(p-Br)z)n].]84 The long Mg—C distances and acute Mg—C—Mg angle in 19 are
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consistent with a 3 centre — 2 electron interaction, and confirm that the atoms bridging
between Mg(1) and Mg(1') are carbon, not oxygen. For comparison, Mg—O distances and
Mg-O-Mg angles are 1.94-1.99 A and 103-106°, respectively, in the three
crystallographically = characterized p,-hydroxy magnesium complexes; [{(<*-
Tp*"M)Mg(n-OH)}2]  (Ar = p-BuCeHy), [{(nacnac)Mg(THF)(u-OH)},] and
[Mg«(THF)4(OMes)s(1-OH)(pa-OH) .

A trigonal bipyramidal geometry is observed about the magnesium centers, with
C(32), Mg(1) and Br(2) {C(32)-Mg(1)-Br(2) = 171.3(9)°} forming the primary axis,
and O(1), Br(3) and C(32) lying in the perpendicular plane. A slight distortion from an
ideal trigonal bipyramidal geometry is evident, with the magnesium center laying 0.240 A
above the plane formed by O(1), Br(3) and C(32), and angles between the principal axis
and in-plane atoms ranging from 80.7(4)° to 102.2(4)°. The Mg-Br(3) distance in 19
{2.534(5) A} is similar to those observed in dinuclear [{LMgEt(u-Br)},] complexes (2.56
A for L = NEt; and 2.58 A for L = OiPry)'® and in [(THF){(Me;Si);C}Mg(p-
Br),Li(THF),] (2.52 and 2.55 A)."® By contrast, at 2.917(6) A, Mg-Br(2) is extremely
long. A similar bonding situation was observed in the weakly bound dimer
[{(1BuCN){(Me;Si),HC}Mg(ui-Br)},], with Mg—Br distances of 2.56 and 2.93 A.'"

The six coordinate Th metal centers have a highly distorted octahedral structure
with N-Th-Br angles of 118.79° 164.99° and 82.87° to the bridging bromide ligand
{Br(3)} trans to the pyridine nitrogen. All other N-Th—Br angles are approximately 90°
with the exception of N(1)-Th(1)-Br(2) which is 118.8(2)°. Of the three Th-Br bond

lengths, Th-Br(1) and Th-Br(2) are very similar {2.856(2) and 2.884(2) A, respectively},
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even though Br(1) is terminal while Br(2) bridges between thorium and magnesium.
These bond distances are in the usual range for thorium bromide complexes (2.8-2.9
A) 38616091 However, the Th-Br bond lengths for the two bridging bromides vary
significantly, with Th(1)-Br(2) being noticeably shorter than Th(1)-Br(3) {2.8848(19) A
versus 3.0065(19) A, respectively}. Based on these bond lengths, the structure can be
viewed as two molecules of (BDPP)ThBr; interacting with a central Grignard core, itself
composed of two trigonal planar MeMgBr(OEt,) units linked by Mg—C—Mg bridges.

Formation of tetrametallic complex 19 is surprising given the relative strength of a
Th—Cl (489 kJmol™) versus Th-Br (364 kJmol™) bond, especially when considering that
Mg—Cl and Mg-Br bond strengths are so similar (327.6 and 327.2 kJmol™ respectively).’
It has been reported however that there is increased ether solvent stabilization of RMgCl
over analogous RMgBr compounds, which may provide some of the driving force for the
production of MeMgCl and formation of the tetrametallic complex.'®® Note that reaction
of dichloride 5 with two equivalents of MeMgBr followed by addition of 1,4-dioxane, did
not result in the elimination of MgXs(dioxane) {X = Cl or Br}, and formation of the
corresponding methyl compound, 18; instead, a very complex mixture of products
resulted (these products do not match those formed by thermal decomposition of 18; vide
supra).

In actinide chemistry, a recent example of halide exchange is the reaction of
[{O(SiMe;N/Bu),}UCL],  with  MeMgBr, which resulted in the formation of
[{O(SiMe;N7Bu),} UBr; 46Clos4]2. By contrast, [{O(SiMe;N/Bu),}UClL], reacted with

(CsHs)MgBr to give the expected diallyl complex, and [{O(SiMe;N'Bu),}UCI(Cp*)]
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reacted with MeMgBr to give the anticipated methyl complex.?’ These reactions
illustrate the extent to which Grignard reactivity (alkylation versus halide exchange) is
influenced by subtle changes in the nature of the Grignard reagent and the d- or f-block
halide complex. Another example of halide exchange in actinide chemistry is the reaction
of [Cp*,ThCl(n*-/BuNSPh)] with MeMgBr to form [Cp*;ThBr(n’-/BuNSPh)]."*” Halide
redistribution reactivity has also been reported for a range of lanthanide and group 3
complexes. A particularly notable example of halide exchange with a range of different
aryl  Grignard reagents was  observed for [(P.N2)YCll, [PoN, =
PhP(CH,SiMe;NSiMe,CH,),PPh]. In this case, reaction with PhMgBr, p-tolyIMgBr or
p-biphenylMgBr gave exactly the same mixture of products: the dinuclear dichloride, the
mixed chloride/bromide and the dibromide.'”?

The only other d- or f-block Grignard adduct is [Cp*(COT)Th(u-
Cl);Mg(CH,'Bu)(THF)], formed via the reaction of [Cp*(COT)ThCI(THF)] with
BuCH,MgClL."”® However, adduct formation and halide exchange has only been observed
in 19. As such, complex 19 provides direct insight into the type of intermediates
responsible for halide exchange. Complex 19 also highlights the potential compatibility of
magnesium alkyls with metal halides; both bridging and terminal. That said, given the
unavoidable presence of MgBr; in solutions of MeMgBr as a consequence of the Schlenk
equilibrium (although the equilibrium lies mostly to the side of MeMgBr in OEt,),'** it is

conceivable that halide exchange could take place via adducts with MgBr,, in addition to

adducts with MeMgBr.
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Table 3.2: Crystallographic data collection and refinement parameters and selected
bond distances for complexes 17, 19°2toluene and 20

17° 192toluene’ 20°

Formula C40H62LiN302Th C 1 ()()H1 33Br6Mg2 C6 1 H37MgN203
NgO>Th,
Fw 855.91 2448.32 920.64
Cryst. Syst. Monoclinic Triclinic Monoclinic
Space Group C2/e P-1 P2(1)/n
a(A) 34.258(7) 11.4202(7) 11.6044(6)
b(A) 14.286(3) 12.7908(7) 26.1839(14)
c(A) 17.419(4) 20.5770(12) 18.7407(10)
a(deg) 90 89.661(4) 90
B(deg) 102.922(4) 74.299(3) 94.9530(10)
v(deg) 90 65.391(3) 90
Volume(A®) 8309(3) 2611.1(3) 5673.1(5)
£ 8 1 4
Density(calcd; mg/m?) 1.368 1,557 1.078
p(mm™) 3.622 5.199 0.075
F(000) 3456 1210 2012
Cryst size (mm®) 0.13x0.10x0.03 0.21x0.19x0.10 0.50x0.50x 0.20
0 range for collection(deg) 1.87 to 25.00 1.76 to 25.00 1.90 to 25.00
No. of reflns. collected 41676 19115 59016
No. of indep. reflns. 7306 9151 Q9977
Completeness to Oyax 99.9 % 99.4 % 99.9 %
Transmn. ratio 0.698 0.78 0.831
GOF on F* 1.023 1.394 1.862
Final Ry [/ > 20(])] R1=0.0626 R1=10.0854 R1=10.0826
wR2=0.1184 wR2 =0.1416 wR2 =0.2758

R indices (all data) R1=10.1446 R1=0.1444 R1=0.0999

wR2 =0.1502 wR2 =0.1538 wR2 = 0.2933

M-—Namigo (M= Th or Mg)  2.298(9), 2.350(9) 2.259(9), 2.266(9) 2.049(2), 2.062(2)

M~Clnsistsied 2.566(12), n.a. n.a.
M-CH;, 2.635(12), 2.186(11), na.

2.679(13) 2.321(12)
M-—Oyanthene n.a. n.a. 2.0796(18)
M—Niyridine 2.614(9) 2.488(11) na.
M—Olme na. na. 2.091(2), 2.093(2)

“For 17: T=173(2) K, wavelength = 0.71073 A, absorption correction = numerical, and refinement method
= full-matrix least-squares on F°. "For 19-2toluene and 20: 7 = 173(2) K, wavelength = 0.71073 A,
absorption correction = semiempirical from equivalents, and refinement method = full-matrix least-squares
on F.
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The analogous reaction of MeMgBr with [XA;] dichloride 6 resulted in a similarly
broad '"H NMR spectrum containing a single broad methyl peak integrating to
approximately 6 protons. Despite repeated attempts, X-ray quality crystals of products

formed in this reaction were not obtained.

3.2.6 — Transfer of the [XA;] Ligand from Thorium to Magnesium

During the synthesis of [(XA2)Th(CH,Ph),] 12 using PhCH,;MgCl (vide supra)
considerable quantities (20-50 %) of a second compound were formed if the Grignard
reagent was added at —78 °C and the reaction was after a short time allowed to warm to
room temperature. The identity of this compound was determined to be [(XA2)Mg(dme)]
(20) by 'H and *C NMR spectroscopy as well as X-ray diffraction (vide infra).
Surprisingly, this compound does not form in detectable quantities if the addition of the
Grignard reagent to [(XA2)ThCly(dme)] (6) is performed at room temperature or if the
temperature of the reaction mixture is maintained at 0 °C for several hours after initial
addition at —78 °C. These differences in reactivity are difficult to explain, but could
involve shifts in the Schlenk equilibrium (equation 3.1) due to precipitation of MgCl, at

9
low temperature.'®

2 RMgCl

MgR; + MgCl; (3.1)

The "H NMR spectrum of magnesium complex 20 in ds-toluene is unremarkable,
with signals consistent with a highly symmetric C», structure. The single dme molecule

displays proton signals at § 2.58 and 2.78 ppm for OCHs and OCH, integrating to 6 and 4

114



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

respectively. The presence of a single methyne septet at 3.55 ppm is indicative of a
molecule with top-bottom and side-side symmetry in solution.

Single crystals of [(XA;)Mg(dme)]*hexanestoluene (20*hexanestoluene) suitable
for X-ray diffraction were grown from a toluene/hexane mixture at —30 °C. The geometry
at the five-coordinate magnesium atom may best be described as distorted square
pyramidal {N(1)-Mg-O(1) = 78.06(8)°; O(1)-Mg-0O(3) = 97.20(9)°; N(1)-Mg-0O(2) =
103.50(9)%; Figure 3.13, top}, with Mg—-N bond distances of 2.049(2) and 2.062(2) A. An
Mg—Oyanthene distance of 2.0791(18) A is observed, which is similar to the bond lengths
between the magnesium atom and the dme oxygen atoms {Mg—Ogme = 2.091(2), 2.093(2)
A}. The single dme molecule is coordinated through one oxygen atom in the equatorial
plane, while the other occupies an apical position. The 2,6-diisopropylphenyl groups are
positioned to create a large open pocket for the dme molecule above the molecule, while
providing steric protection to the ‘open’ side of the metal {C(33)s+«C(42) = 7.510 A;
C(30)e++C(45) = 4.965 A}. One of the most notable features of this structure is the
deviation of the xanthene ligand back-bone towards a butterfly conformation {N(1)-Th—
N(2) = 141.71(9)°; Figure 3.13, bottom}; a trait that is often observed in neutral xanthene
diphosphine complexes (see Section 2.1.4) but has not been encountered in [XA;]

actinide chemistry.
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g C(45) C(30) @8

o

Figure 3.13:  Molecular structure of [(XA;)Mg(dme)]*hexanestoluene
(20shexanectoluene). Thermal ellipsoids at the 50 % probability level. Hydrogen
atoms and non-coordinated solvent are omitted for clarity.
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Recent examples of ancillary ligand transfer from an f-block element to
magnesium are the reactions of [(nacnac)LaBry(THF),] and [(nacnac)La(THF)(p-
Cl);LaCl(nacnac)] [nacnac = N,N-bis(2,6-diisopropylphenyl)-f-diketiminate] with
RMgCl (R = Me or allyl) to form [(nacnac)MgR(THF)] and [LaX3(THF),] (X = CI or
Br).'”” The yttrium complex [(PNP),Y(u-Cl)l, [PNP = N(SiMe,CH,PMe,),] also
undergoes ligand transfer to yield [(PNP)Y(CsHs)(u-Cl)]> and [Mg(PNP),] when treated

with (C3Hs)MgCl or Mg(C3Hs)x(dioxane).'”

3.3 — Conclusions

In summary, a family of well-defined, neutral thorium dialkyl compounds
(R = CH;SiMes, CH,Ph, nBu and Me) supported by the [BDPP] and [XA;] ligands has
been developed. The trimethyl ‘ate’ complex [(BDPP)ThMes{Li(dme)}] (16) was also
prepared. The CH,SiMes;, CH,Ph and nBu derivatives demonstrate excellent thermal
stability, in  some cases rivaling or exceeding that of their
bis(pentamethylcyclopentadienyl) analogues. The thermal stability of the di-n-butyl
complexes 14 and 185 is remarkable given the presence of B-hydrogen atoms. By contrast,
the dimethyl complex [(BDPP)ThMe;] (18) and the trimethyl ‘ate’ complex 16 exhibit
low thermal stability, highlighting the extent to which thermal stability in these
complexes is controlled by the steric environment at the metal. Thermal decomposition
in complex 16 occurs by ligand metallation via a straightforward o-bond metathesis

pathway. The decomposition of complexes [(L)Th(R),] {L = [BDPP], R = CH,SiMejs (9),
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CH,Ph (13); L = [XAz], R = CH,SiMe; (10), CH,Ph (12)} results in the release of
tetramethylsilane or toluene and precipitation of insoluble thorium-containing byproducts.

The more sterically encumbered CH,SiMe; and CH,Ph complexes exhibit
fluxional behavior on the NMR time scale due to exchange of the in-plane and axial
hydrocarbyl groups. The CH,SiMes; complexes also exhibit an equilibrium between
products, engaging in a-agostic interactions to a greater or lesser extent depending on
temperature, with more agostic products favored at lower temperatures.

In contrast to the clean reactivity of chloride precursors 5 and 6 with alkyllithium
reagents, reactions with Grignard reagents (MeMgBr or PhCH,;MgCl) resulted, under
certain conditions, in halide exchange and adduct formation, or ancillary ligand transfer to
magnesium. The formation of [{Th(BDPP)Br(u-Br),Mg(u-Me)(OEt,)},2] (19) provides
insight into the type of intermediates likely involved in undesired halide exchange

reactions between d- or f-element halide complexes and Grignard reagents.
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Chapter 4:

Cationic Organothorium Complexes and a Thorium Dication

4.1 — Introduction to Chapter 4

4.1.1 — Insertion Reactivity and Ethylene Polymerization

Insertion reactions are one of the fundamental types of organometallic reaction.
They are also one of the basic steps in many prominent catalytic processes such as olefin
polymerization, hydroamination and hydrogenation.””’'*® Insertion reactions involve
migration of a coordinated unsaturated ligand (e.g. C,H4, C2R; or CO) into an adjacent
M-X bond to produce a new ligand in which bonds have been formed between the
unsaturated ligand fragment, M and X. The two most common types of insertion
reactions are referred to as 1,1- or 1,2-insertion, depending whether the metal and

migrated ligand end up on the same or adjacent carbon atoms (Scheme 4.1).
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=9 :

D = vacant coordination site

Scheme 4.1: (top) 1,l-insertion involving an alkyl group and CO, (bottom)
1,2-insertion involving an alkyl group and ethylene.

Catalytic cycles involving insertion reactions rely on binding of an unsaturated
substrate in a vacant coordination site on the active catalyst, prior to the insertion step.
For example, in early transition metal ethylene polymerization, an ethylene molecule
must first coordinate to the metal center, where it undergoes 1,2-insertion with the alkyl
group present on the metal, becoming part of the growing polymer chain (Scheme 4.2).
This cycle is repeated until a chain termination event is encountered.””’

New “R” for
next cycle

R

o
o
o
.
.
o

1= : » » eftc.
—\_ : coordination
: R:

m—[] —— m—

ethylene | || 1,2-insertion [hlll
e
coordination

E] = vacant coordination site
Scheme 4.2: A generic Cossee-Arlman mechanism for ethylene polymerization.
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Cationic d’-transition metal and lanthanide alkyl complexes are well established
as the active species in olefin polymerization catalysis.””’ Examples of typical catalysts
for olefin polymerization include carbocyclic ligand based [Cp*.ZrMe][A],
[Cp*(Melnd)TiMe][A] (Melnd = 1-methylindenyl), and
[{SiMey(CsMes)(N/Bu)}Mme][A] (M = Zr or Ti)”” as well as non-carbocyclic
complexes such as [(RsPN),TiMe][A] and [{CH,(CH,NAr),}]TiMe][A],2® where A is a
weakly coordinating anion (vide infra). Polymerization catalysts of the predominantly
trivalent group 3 and lanthanide metals have also been a subject of intense recent
investigation, and high activities have been achieved for neutral, monocationic and
dicationic alkyl complexes bearing both carbocyclic and non-carbocyclic ancillaries.””

Coordinatively unsaturated group 4, group 3 and lanthanide complexes with a d°
configuration are well-suited for insertion-based polymerization due to their highly
electrophilic nature, which aids greatly in the insertion step and promotes initial binding
of alkene substrates, despite the unavailability of d- or f-electrons for n-back donation.
The absence of d- or f-electrons on the metal available for back-donation into a 3-C-H o*
orbital also results in complexes that are highly resistant 3-H elimination; a potentially
very important pathway for chain termination in olefin polymerization.***

While neutral dialkyl complexes have been reported to effect olefin
polymerization,'”’ highly active catalysts are typically prepared by abstraction of an alkyl
group from a polyalkyl precursor to form a cationic species. Such species are particularly

reactive due to increased electrophilicity and decreased coordinative saturation, relative to

a neutral polyalkyl precursor complex.
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4.1.2 — Cationic Alkyl Complex Formation

4.1.2.1 — Reaction with Methylaluminoxane (MAO)

One of the pivotal events in the development and wide scale implementation of
olefin polymerization in industry involved the discovery that the combination of early
transition metal metallocenes with methylaluminoxane (MAO; partially hydrolyzed
trimethylaluminum), is capable of producing highly active catalytic systems for the
polymerization of olefins.?®® Among the advantages of olefin polymerizations processes
involving MAO activation is the potential for often robust and readily synthesized
metallocene dichloride complexes to be used as pre-catalysts, bypassing the need to
isolate air-sensitive metallocene alkyl compounds. MAO therefore serves both as an

alkylating agent and a Lewis acid for alkyl group abstraction (Figure 4.1).

cl MAO Me  MAO o _Me

s -
[M] — [M] > [M]
ci “Me N

I:I = vacant coordination site
Figure 4.1: Metallocene activation roles performed by MAO.

While activation of metallocenes with MAO has been shown to be useful for the
production of highly active olefin polymerization catalysts, the procedure is not without

its flaws. The partial hydrolysis of trimethylaluminum is difficult to control, and often

results in batches of MAO that differ greatly in composition and molecular weight,**®

which can lead to substantial variations in olefin polymerization catalyst activity.”"’
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Another notable challenge pertaining to MAO co-catalyst usage is the poorly-
defined structure of this compound. The difficulty in establishing the structure of MAO
arises from its heterogeneity, and to date, a complete picture of the chemical structure and
function of this co-catalyst has remained elusive.”*®

Furthermore, only a small amount of MAO is capable of behaving as an activator,
typically requiring the use of a huge (e.g. 1000-fold) excess of the co-catalyst relative to a
transition metal pre-catalyst. This is not only problematic from a financial and

environmental perspective, but also greatly hinders mechanistic studies relating to olefin

polymerization reactivity.

4.1.2.2 — Alternative Reagents for Alkyl Complex Formation

The desire to confirm the nature of the active species in olefin polymerization was
largely responsible for the exploration of Lewis acid activators other than MAO for
cationic alkyl complex synthesis. The goal of this area of research was the isolation and
characterization of active species analogous to those presumed to be involved in MAO
activated catalytic processes.

205 such as

It was discovered that highly Lewis acidic boranes
tris(pentaﬂurophenyl)borane,zog B(C¢Fs)s, and acidic ammonium salts or trityl salts paired
with a bulky ‘non-coordinating” anion, such as [PhNMe,H][B(C¢Fs)s] or
[Ph3C][B(CgFs)s],'>*'*!* were capable of producing active catalysts for polymerization

when combined with transition metal polyalkyl complexes.*" It is important to note that

these boron-based activators are incapable of reacting with metal dichlorides to form
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active species for polymerization, making the synthesis and isolation of highly reactive
polyalkyl metal precursors a requirement to enable this approach.

The greatest advantage of using discrete molecules as activators is the ability to
directly examine the nature of the resulting cationic complexes.zn’212 For example, the
influence of supporting ligands and activators on catalyst structure, stability and reactivity
can now be closely examined. However, it is important to note that while metal cations
synthesized through the use of boron based activators are often discrete and isolable, they
are highly air and moisture sensitive, and require rigorously anhydrous techniques for

their study and utilization.”"*

4.1.2.2.1 — Reaction with Tris(pentaflurophenyl)borane

One of the most commonly employed boron based activators is
tris(pentafluorophenyl)borane, B(C¢Fs);. Reaction of this perfluorinated triaryl borane
with alkyl metal complexes results in a competitive binding interaction between the metal
center and the borane for the abstracted alkyl group (Scheme 4.3). The resultant species
generally has a greatly elongated M—C bond, with the alkyl group strongly associated to

the boron atom.”"’

Zr ——— Zr
DR <

Scheme 4.3: Activation of [Cp,ZrMe;] by tris(pentafluorophenyl)borane.
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4.1.2.2.2 - Reaction with Diphenylanilinium and Trityl Salts of

Tetrakis(pentafluorophenyl)borate

An alternative to the use of tris(pentafluorophenyl)borane for alkyl abstraction
(pre-catalyst activation) involves the use of ammonium or trityl borate salts. With these
reagents competition between the metal center and the Lewis acid activator for the alkyl
group does not occur. Instead, these borate salts operate by completely eliminating the
abstracted alkyl group as a reaction byproduct.

The two most common borate salts for pre-catalyst activation are trityl
tetrakis(pentafluorophenyl)borate’'?  {[PhsC][B(C¢Fs)s]} and dimethyl anilinium
tetrakis(pentafluorophenyl)borate {[PhNMe,H][B(C¢Fs)s]}. In the former, the cationic
trityl group acts as an alkyl abstraction agent similar to B(Ce¢Fs);. However, alkyl
abstraction by [PhsC]" is irreversible and the tetrakis(pentafluorophenyl)borate anion
becomes associated with the cationic metal center (Scheme 4.4). In the latter activator,
the dimethylanilinium cation is a source of a single proton capable of reacting with an
alkyl group on the metal center, eliminating R—H and the bulky, commonly non-
coordinating byproduct dimethylaniline (Scheme 4.4). This method for alkyl group
abstraction is also irreversible. The wuse of a borate salt, unlike
tris(pentafluorophenyl)borane activation, does not result in metal stabilization through
sharing of the alkyl group, and coordination of the neutral reaction byproducts (HR,
NMe,Ph or Ph;CR) is not generally observed.”'® Instead, the cationic metal center
typically interacts weakly with the B(C¢Fs);  counterion via long C—Fee*M contacts.

However, while [B(C¢Fs)4] based activators have proven to be highly effective for olefin
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polymerization, the resulting complexes often suffer from poor solubility in

hydrocarbons, poor thermal stability, and lack of crystallinity.217

PhsC][B(CeF

m—r  oABCFN g + Phc—R
PhNMe,H][B(C4F

[M]—R bl Ll [M][B(CcFs)a] + PhNMe, + H—R

Scheme 4.4: Metal alkyl abstraction using [Ph3C][B(C¢Fs)s] (top) and
[PhNMe;H][B(C¢Fs)4] (bottom).

4.1.3 — Actinide Olefin Polymerization Catalysts and Chapter Content

In contrast to group 3, group 4, and lanthanide catalysts for olefin polymerization,
catalysts based on thorium or uranium are rare, and non-carbocyclic systems have yet to
be developed. The only isolated base-free mononuclear actinide alkyl cation that has
been reported to be active for ethylene polymerization is [Cp*;ThMe][A] (A = a non-
coordinating borate anion). Cationic thorium and uranium hydrocarbyl complexes are
discussed in detail in Section 1.2.2.7 (vide supra).’' The focus of this chapter is the
synthesis of cationic thorium(IV) complexes via the reaction of neutral thorium dialkyl

[BDPP] and [XA»] complexes with B(C¢Fs); and [PhsC][B(CeFs)a].
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4.2 — Results and Discussion

4.2.1 — Monocationic [(XA2)Th(CH,Ph)][PhCH,B(C¢Fs);]

Slow addition of [XA;] dibenzyl complex 12 to one equivalent of B(C¢Fs); in
hexanes resulted in the immediate precipitation of [(XA;)Th(CH,Ph)][PhCH,B(C¢F5s)s]
(21, Scheme 4.5) as a bright yellow solid in 95 % yield. Despite numerous attempts,
X-ray quality crystals of 21 could not be obtained. However, the nature of monocation 21

was established by NMR spectroscopy and elemental analysis.

Bu Ph\I -B(CgFs)3
B(CeFs)3 S NIAT N
[(XAZ)Th(CH,Ph),] - 0 Th—
hexanes,20°C ~ < =N .
\Ar
30 minutes tBu

Scheme 4.5: Synthesis of monocationic [(XA2)Th(CH,Ph)][PhCH;B(C¢Fs);] (21).

At —50 °C in dg-toluene, complex 21 shows Th—CH, signals at 2.40 ppm in the 'H
NMR spectrum and 93.1 ppm in the *C NMR spectrum. The ipso-ThCH,Ph signals are
observed at 144.5 ppm in the >*C NMR spectrum. On the anion’s side, BCH,Ph signals
are observed at 6.52 (ortho), 5.98 (meta) and 6.56 (para) ppm in the 'H NMR spectrum,
with BCH,C¢Hs and ipso-BCH»Ph at 35.9 and 162.9 ppm respectively. The benzyl group

on thorium is n]—coordinated based on a 1JC.H value of 119 Hz for ThCHzPh.218
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Solution NMR data for 21 between 50 and —90 °C are consistent with a C-
symmetric complex lacking top-bottom symmetry. These data, as well as the high
solubility of 21, indicate tight ion pairing, presumably through n-coordination of the
anion. Evidence for this coordination mode is provided by the 3.93 ppm chemical shift
difference between the para and meta B-CgFs resonances (Ad,.,) in the F NMR
spectrum. The value of A3, is a reliable probe for coordination of [RB(CsFs)3]” (R =
Me, CH,Ph) to cationic metals; values of Ad,,, in the range of 3 to 6 ppm are indicative
of anion coordination, while values lower than 3 ppm correspond to non-coordination of
the anion.”’” The low frequency position of the m-BCH,Ph protons (5.98 ppm) and the
shift of the ipso-BCH,Ph carbon signal (162.9 ppm) to significantly higher frequency
than the “free” anion (148.2 ppm) also provide evidence to indicate tight ion pairing.
Furthermore, through-space coupling between the o- and m-BCH,Ph protons and one of

the CHMe; groups was observed by 2D-ROESY NMR spectroscopy.

4.2.2 - Synthesis and Properties of Monocationic [(XA;)Th(CHZSiMe3)(1]6-

CsHe)| [B(CeFs)d]

4.2.2.1 — Synthesis and In-situ NMR Characterization

Reaction of a 1.5 mM solution of [XA;] dialkyl complex 10 in benzene with one
equivalent of [Ph3C][B(C¢Fs)4] resulted in the formation of several organic byproducts

and a new organometallic compound over a period of 48 hours. The reaction of 10 with
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two equivalents of [Ph3;C][B(C¢Fs)s] is considerably faster, resulting in complete
consumption of the dialkyl precursor in just three hours, and formation of the same
organometallic product. The organic byproducts formed in these reactions gave rise to
NMR signals which are also be obtained by the reaction of [Ph3C][B(C¢Fs)4] or Ph3CCl
with LiCH,SiMes. The formation of multiple products in these reactions is surprising
given that a single product (Ph3CCH,SiMe;) would ordinarily be expected. However,
similar observations have been made in the reactions of titanium trimethylsilylmethyl
complexes with [Ph;C][B(CgFs)4], and between Ph3;CCl with LiCH,SiMe;; the Mountford

group identified these products as Ph3;CH and two isomers of Ph3CCH,SiMe;.

Me3S| ‘|+
u
[Ph;CI[B(CgFs)al S 2 G—A@
]

[(XA2)Th(CH;SiMe3),] o O""'}Th_
benzene, 20 °C W
SN
24 hours {Bu Ar

Scheme 4.6: Synthesis of monocationic [(XAZ)Th(CHZSiMe3)(n6-C6H6)][B(C6F4)4]
(22).

The 'H and “C NMR spectra of 22 gave evidence for the formation of a
thorium(IV) alkyl cation as the organometallic product, with Th-CH, signals for a single
remaining alkyl group at & 0.24 and 85.5 ppm in the 'H and “C NMR spectra,
respectively. The spectra also correspond with a complex that exhibits top-bottom

asymmetry through the observation of two different CMe; and CHMe, environments.
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4.2.2.2 - Solid-State Structure of [(XA,)Th(CH,SiMes)(n°-C¢Hg)][B(CFs)]

Unambiguous characterization of the reaction product was obtained by performing
the reaction of 10 with [Ph3;C][B(C¢Fs)4] at higher concentrations (~15 mM in benzene).
This resulted in the precipitation of an orange-brown oil that upon layering with hexanes
at 20 °C yielded yellow crystals growing within the oil and protruding into the hexane
solvent. 'H NMR spectroscopy showed that this product is identical to that observed
under more dilute conditions. While the oily coating on the crystals prevented successful
investigation by elemental analysis, X-ray crystallography revealed the formation of a
non-carbocyclic thorium alkyl cation by trimethylsilylmethyl group abstraction.
However, rather than formation of a coordinatively unsaturated species stabilized through
weak metal-tetrakis(pentafluorophenyl)borate anion interactions, a solvent-separated ion
pair, [(XA,)Th(CH,SiMe;)(n°-CsHs)][B(CsFs)s] (22, Figure 4.2) was observed as a result
of n°-benzene coordination. In addition to being the first structurally characterized non-
cyclopentadienyl thorium alkyl cation, complex 22 is a rare example of an arene solvent-
coordinated alkyl cation (vide infra) and is the first example of this type of complex for
an f-block metal.

In the solid-state structure of 22, the [XA;] ligand is bound to thorium via slightly
shorter Th-N and Th—O bonds than in neutral complex 10, with Th-N distances of
2.278(3) and 2.288(3) A versus 2.292(4) and 2.312(4) A in 22, and a Th-O distance of
2.496(5) A versus 2.534(3) A in 10. The CH,SiMe; group is bound in an apical position
above the plane of the ligand with a Th-C(48)-Si angle of 131.0(2)°, which strongly

suggests the presence of an a-agostic Th—-H—C interaction (cf., 127.6(3)° and 126.8(3)° in
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complex 10 in which both alkyl groups engage in temperature-dependant a-agostic Th—
H-C interactions). However, the ThCH, signal in the *C NMR spectrum of 22 was
extremely broad, preventing the measurement of a 'JC_H coupling constant. Benzene is
approximately n°-coordinated in the plane of the ligand, with Th—C bond distances in the

range of 3.18 - 3.31 A, and a distance of 2.95 A from thorium to the centroid of the ring.
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Figure 4.2: Molecular structure of [(XAZ)Th(CHzSiMe;)(nﬁ-C6H6)]-
[B(C4Fs)4]*benzene (22¢benzene). Thermal ellipsoids at the S0 % probability level.
Hydrogen atoms, the borate anion and non-coordinated benzene solvent are omitted
for clarity. Coordinated benzene carbon atoms in green and trimethylsilylmethyl
carbons in orange.

4.2.2.3 - Detailed NMR Characterization of [(XAZ)Th(CHZSiMe3)(n6-
CeHsR)][B(CcFs)]

While neutral complex 10 does not react with PMe;, cationic complex 22 reacted
rapidly with PMe; to precipitate a poorly soluble brown oil, presumably
[(XA,)Th(CH,SiMes)(PMes)|[B(CeFs)s]. Attempts to investigate the exact nature of the
oil by dissolving it in THF resulted in decomposition to form Hy[XA;]|. The unequivocal
absence of protic impurities in the ds-THF was confirmed by obtaining a 'H NMR

spectrum of LiCH,SiMejs in the same solvent used.

132



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

Reaction of cation 22 with pyridine, 4-(dimethylamino)pyridine, Et;PO or
PhNMe, also resulted in decomposition, and addition of THF resulted in polymerization
of the solvent. However, the compound is stable under vacuum and may be redissolved
without decomposition in bromobenzene. In the '"H NMR spectrum of 22 in C¢DsBr, all
benzene signals were unfortunately obscured by the [XA,], Ph;CCH,SiMe; isomers,
Ph3CH, Ph;C" (2 equivalents used for the preparation of 22) and residual proteo-solvent
signals.

Detailed NMR characterization of the [(XA;)Th(CH,SiMes)(n’-arene)]” cation
was finally achieved by conducting the reaction of dialkyl 10 with two equivalents of
[Ph3C][B(CgFs)s] in toluene, which after three hours resulted in formation of the related
cationic  species [(XAZ)Th(CHp_SiMe3)(n6-t0]uene)] [B(C¢Fs)4] (23). Subsequent
evaporation to dryness in vacuo and redissolution of complex 23 (with six equivalents of
toluene remaining) in C¢DsBr allowed observation of both free and coordinated toluene in
the "H NMR spectrum at 20 °C, confirming that the coordinated toluene molecule in 23 is
strongly bound in solution, and does not undergo rapid exchange with free toluene on the
NMR timescale or undergo substitution by C¢DsBr. Addition of 10 equivalents of toluene
(CsHg) to a solution of benzene coordinated 22 in C¢Dg similarly did not result in the
appearance of signals for coordinated toluene in the '"H NMR spectrum. Analogous
behavior has been reported for certain d” m-aryl complexes, including [Cp"MMez(n6-
toluene)][MeB(C¢Fs)s] (M = Ti, Zr, or Hf; Cp" = 1,3-bis(trimethylsilyl)cyclopentadienyl;
vide infra).”*' However, an EXSY NMR spectrum of 23 revealed that exchange of free

and coordinated toluene, and loss of top-bottom asymmetry (cross peaks between CHMe,
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signals), does occur on a longer time scale. A small 'Je.y coupling constant of 104 Hz for
ThCH, is also indicative of the presence of Th-H—C a-agostic interactions in 23; an
observation consistent with the unusually large Th—C—Si angle in the solid state structure

of benzene-coordinated cation 22.
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E’! l/}p-tox CH? ol coord
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; : [ e 5.8 ':“*) &
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i , cosy | 62 2
i y o iy S e 6.4 CHMe, {?/ . {;;3 2.6
72 70 68 66 64 62 60 58 g :
s : 2.8
EXSY | ppm
~6.8 30
{ ~70 : 5
e 0 CHWe, N S— ] EXSY 2
:%" i 1 i T H i ’—7‘2 1 ¥ i 1 i i H 3'4
72 10 68 66 64 62 60 S8 ppm 34 32 30 28 26 24 22 20 pm
[ A =free toluene; tol = coordinated toluene I 1 A =free toluene; « = 'Ph,CCH,SiMe;’ ]

Figure 4.3: Selected regions of the "H-'"H COSY and EXSY (1, 0.5 s) NMR spectra
for 23 with 6 equivalents of toluene in C¢DsBr at 20 °C (sample generated in situ
from the reaction of 10 with 2 equivalents of [Ph3C][B(C¢Fs)4] in toluene, followed
by evaporation to dryness in vacuo and redissolution in C¢DsBr).
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Table 4.1: Crystallographic data collection and refinement parameters and selected
bond distances for monocationic and dicationic complexes 22+2benzene and 27

22+2benzene 27
Formula C63H85 C127H121B2F30N20Th
fw 1825.51 2514.92
Cryst. Syst. Orthorhombic Triclinic
Space group Pca2(1) P-1
a(A) 26.721(6) 13.8360(16)
b(A) 15.842(5) 16.6177(19)
c(A) 19.271(6) 25.570(3)
a(deg) 90 76.793(2)
B(deg) 90 87.806(3)
v(deg) 90 89.678(2)
Volume(A?) 8158(4) 5719.5(11)
Z 4 g
Density(caled; mg/m?) 1.486 1.460
p(mm™) 1.935 1.405
F(000) 3672 2550
Cryst size (mm°) 0.50x 0.50x 0.01 0.20x 0.20 x 0.02
0 range for collection(deg) 1.49 to 27.16° 1.64 to 27.53°
No. of reflns. collected 92468 71694
No. of indep. reflns. 15797 25890
Completeness to Opax 99.2 % 98.3 %
Max. and min. transmn. 0.9809 and 0.4445 1.000 and 0.842
GOF on F* 1.036 0.970
Final Ry [/> 26(])] R1=0.0313 R1=10.0722
wR2 =0.0572 wR2 =0.1341
R indices (all data) R1=0.0674 R1=0.1586
wR2 =0.0673 wR2 =0.1653
Th—Namido 2.278(3), 2.28(3) 2.317(6); 2.322(5)
Th-O 2.496(3) 2.403(4)
Th—Ca]ky| 2434(5) n.a.
Th—Carene 3.179-3.310 2.901 —3.281
2.937 - 3.257

For 22+2benzene and 27: 7 = 173(2) K, wavelength = 0.71073 A, absorption correction = semiempirical
from equivalents, and refinement method = full-matrix least-squares on F~.
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423 — Synthesis and Properties of Monocationic [(XAz)Th(n*-CH;Ph)(n’-
C7Hg)][B(CeFs)4]

In a reaction analogous to the synthesis of complex 22, treatment of
[(XA2)Th(CH,Ph),] (12) with one equivalent of [Ph;C][B(C¢Fs)4] in benzene or toluene
resulted in the slow formation of one equivalent of Ph;CCH,Ph per equivalent of 12
consumed and precipitation of an orange-brown oil. Unlike the oil formed in the reaction
of 10 with [Ph;C][B(C¢Fs)4], this oil was insoluble in benzene, toluene, OEt, and
bromobenzene, and polymerized THF, which precluded characterization by solution
NMR spectroscopy. Deposition of the oil formed during the reaction as a film on the
walls of the reaction vessel also prevented direct NMR spectroscopy of the oil using an
NMR insert. Furthermore, reaction of the oil with PMejs did not result in the formation of
a more soluble product, and attempted dissolution of the presumed PMes-coordinated
product in ds-THF resulted in decomposition to release H,[XA;]. However, for the oil
deposited in toluene, layering with hexanes provided yellow crystals growing within the
oil and protruding out into the solvent. X-ray diffraction of the crystals (Table 4.1)
revealed the second example of an organothorium cation existing as an arene solvent-

separated ion pair: [(XA2)Th(n’-CH,Ph)(n’-C;Hs)][B(C4Fs)s] (24, Figure 4.4).
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[Ph3C][B(CgF5)4]
[(XA2)Th(CH,Ph),] il BN
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toluene, 20 °C
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Scheme 4.7: Synthesis of monocationic [(XA2)Th(n*-CH,Ph)(n°-C-Hg)][B(CgFs)4]
24).
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Figure 4.4: Molecular structure of [(XAZ)Th(nZ-CHzPh)(n(’-
C¢HsMe)|[B(C¢Fs)s]*2toluene (24+2toluene). Thermal ellipsoids at the 50 %
probability level. In both views, hydrogen atoms, the borate anion and non-
coordinated toluene solvent are omitted for clarity. In the second view (bottom),
N-aryl groups are also omitted for clarity. Coordinated toluene carbon atoms in
green and benzyl carbon atoms in orange.

The solid state structure of cationic benzyl complex 24 shares many similarities
with that of 22. However, in 24, the arene occupies an apical position and the anionic R
group (n>-CH,Ph) is bound in the plane of the [XA,] ligand. The arene is also less
symmetrically bound to the metal in 24, with Th-C distances increasing from 3.06 to 3.44
A toward the most sterically hindered methyl-substituted position {C(58)}. It is therefore
possible that toluene in 24 may be more accurately described as n*- or n’-coordinated.
However, n(’—bonding cannot be excluded on the basis of the observed Th—C distances,
which lie within the sum of the van der Waals radii for thorium and carbon (~3.60 A).”***
In addition, the Th-ring centroid distance of 2.94 A is almost identical to that observed in

complex 22.
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Similarly to complex 22, a reduction in the Th-N and Th—O bond distances is
observed relative to the corresponding neutral precursor, with Th-N distances of 2.314(3)
and 2.320(3) A in 24 versus 2.318(2) — 2.339(3) A in 12 and a Th-O distance of
2.455(3) A versus 2.526(2) and 2.519(2) A in 12 (note: the two sets of Th-N and Th-O
bond lengths listed for dibenzyl 12 correspond to the two distinct molecules in the unit
cell). In complex 24 shortening of the Th—O bond distance relative to that in neutral
dibenzyl precursor 12 is particularly pronounced, perhaps as a result of n’-benzyl
coordination in the plane of the [XA;] ligand, which positions the metal further above the
NON-plane and back toward the xanthene backbone of the ligand (evident by the
displacement of thorium from the NON-plane by 0.724 A in 24 versus 0.469 A in 22).

The current observations of arene solvent coordination, even in the presence of a
polyhapto-coordinating benzyl ligand (in 24), further highlight the extent to which metal-
arene interactions become favorable in the chemistry of more sterically open non-

carbocyclic alkyl thorium cations.

424 - Comparison of [(XA;)Th(CH;Sil\’Ie3)(1]6-C5I-I6)][B(C6F5)4] and
[(XA;)Th(CHZSiMe3)(n6-C7H8)] [B(C¢Fs)s] with Literature Examples of Arene
Solvent-Separated Ion Pairs

While contact ion pairs (CIPs) such as [Cp*,ZrMe][MeB(C¢Fs);] have been
studied in detail, and solvent separated ion pairs (SSIPs) involving strong donor solvents
are common {e.g., [Cp*,ZrMe(THF)][MeB(C¢Fs):]}.”” SSIPs involving weakly

coordinated arene solvents are rare, and their impact on olefin polymerization activity and

139



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

selectivity is not well understood. McConville et al. invoked a species of the form
[{CHa(CH,NAr),} TiR(n’-toluene)]” (Ar = Xyl or C¢H3'Pry-2,6) to explain greatly
reduced polymerization activities observed in the presence of small amounts of toluene.””
In addition, Piers ef al. reported the synthesis of [(nacnac™®?)ScMe(n°®-CeRe)][B(CeFs)4]
(C¢Rg = bromobenzene, benzene, toluene, p-xylene, or mesitylene), and while
[(nacnac™?)ScMe(n’-C¢HsMes-1,3,5)][B(C¢Fs)s] is an active ethylene polymerization
catalyst in bromobenzene, it shows negligible activity in more strongly-donating
toluene.””* Other d” arene solvent coordinated alkyl complexes are [Cp"MR;(n’-
toluene)][RB(C¢Fs);] {M = Zr, R — Me; M = Hf, R = Me or Et; Cp"” = 1,3-CsH3(SiMe3)»}
in which the arene is tightly coordinated,?! [Cp*MMez(né-CéRé)] [MeB(CgFs)3] (M = Ti,
CeRs = toluene or mesitylene; M = Zr, C¢R¢ = benzene, toluene, p-xylene, m-xylene,
mesitylene, styrene, anisole) in which the arene is particularly labile for M = Ti,”* and

[ {x' N-rBuNSiMe, (1’ n' C-CsMezCH,)} Ti(n°-toluene)][B(CFs)s] in which the arene is

only weakly bound.'”

4.2.5 — Comparison of [(XA2)Th(CH,SiMes)(n°-CsHe)|[B(C¢Fs)s] and [(XA;)Th(n’-

CHzPh)(n6-C7Hs)] [B(CgFs)s] with Other Arene-coordinated Actinide Complexes

Other structurally characterized actinide(IV) complexes containing a bound
neutral arene are [{(C¢Meg)UCl,}2(u-Cl)3][AICLy] and [{(C¢Mes)UCLy(u-Cl)3}2UC]
reported by Cotton et al., with U-C,ean bond distances of 2.92 and 2.94 A respectively.226

To allow meaningful comparison with 22 and 24, the M—Ccan distances can be adjusted

to take into account the larger ionic radius of thorium(IV) {0.94 A} relative to
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uranium(IV) {0.89 A}.” In addition, some indication of the extent to which the increased
steric presence and electron density associated with a C¢Meg ring, relative to a C¢Hg ring,
affects M—Cpean bond distances can be assessed with reference to [(C6R6)UI“(A1C14)3];
only small variations in the U—Cp,ean distances are observed for C¢Rg = benzene, toluene
and mesitylene (2.92, 2.94 and 2.93 A respecitively).227 Similarly, Sm—Cean distances in
[(M°-C6Re)SmM™(AIC4)3] vary from 2.91 to 2.88 A for C¢R¢ = benzene, m-xylene and
mesitylene.””” Based on these data, it appears that much stronger actinide-arene bonding
is observed in Cotton’s C¢Meg complexes.226 The longer Th—C distances of 3.263 and
3.240 A in 22 and 24, respectively, are likely the result of very significant steric
hindrance in the [XA;] and [BDPP] complexes, perhaps combined with the general trend

. « ¢ s 9
toward reduced covalency in complexes of thorium, relative to uranium. ¢

42.6 — Dinuclear [(BDPP)Th(n’-CH,Ph)(p-n':q*-CH,Ph)Th(n'-CH,Ph)(BDPP)]
[B(CsFs)4]

In contrast to the reactions of neutral [(XA;)Th(CH,SiMes),] (10) and
[(XA2)Th(CH,Ph),] (12) with [Ph;C][B(C¢Fs)s], which formed only mononuclear
products, addition of less than one equivalent of [Ph;C][B(C¢Fs)4] to solutions of
[(BDPP)Th(CH,Ph),] (13) in benzene resulted in precipitation of an orange-brown oil,
which upon layering with hexanes at 20 °C yielded crystals of dinuclear [(BDPP)Th(n’-

CH,Ph)(u-n':n®-CH,Ph)Th(n'-CH,Ph)(BDPP)][B(C¢Fs)4] (25, Figure 4.5).
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Scheme 4.8: Synthesis of dinuclear [(BDPP)Th(nZ-CHzPh)(p-n':nG-CHzPh)Th(n'-
CH,Ph)(BDPP)|[B(C¢Fs)4] (25).

Complex 25 is composed of a cationic [(BDPP)Th(n'-CH,Ph)]" fragment
coordinated via an n’-interaction to the benzyl group of a molecule of the neutral starting
material [(BDPP)Th(CH,Ph);] (13). In more detail, the metal center {Th(2)} in the
cationic fragment of 25 is 1'-coordinated to a benzyl substituent in an axial position, and
in the plane of the ligand, is n°-coordinated to the benzyl group of a molecule of the
neutral starting material 13. By contrast, the metal center {Th(1)} in the coordinated
molecule of 25 is n’-coordinated to a benzyl group in the plane of the ligand, and n'-

coordinated to the bridging benzyl ligand, which occupies an axial position.

142



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

Figure 4.5: Molecular structure of [(BDPP)Th(n*-CH,Ph)(p-n':n°~-CH,Ph)Th(y'-
CH,Ph)(BDPP)|[B(C¢F5)4]*0.75Shexane*0.55benzene  (25¢0.75hexane<(.55benzene).
Thermal ellipsoids at the 50 % probability level. The borate anion, 2,6-
diisopropylphenyl groups, hydrogen atoms and solvent are omitted for clarity. The
“neutral moiety” non-bridging benzyl group is colored orange, the bridging benzyl
group is colored red and “cationic moiety” benzyl group is colored green.

The arrangement of the ligands in the cationic portion of 25 is more similar to that
in the trimethylsilylmethyl cation 22, than n°-benzyl cation 24; that is, the alkyl group
(n'-benzyl in 25) does not lie in the plane of the ligand, but rather occupies an apical site.
However, while benzene is bound quite symmetrically in complex 22, the Th—Ciiy
distances in 25 vary from 2.97(1) to 3.35(1) A, increasing toward the more sterically

hindered ipso-carbon{C(40)} of the u-nl:n6-benzyl ligand. A similar variation in Th—Ciip,

143



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

distances was observed in toluene-coordinated cation 24. The presence of significant
steric hinderance at the arene coordinated cationic thorium center is particularly evident
from the degree of twisting in the 2,6-diisopropylphenyl rings of the [BDPP] ligand on
Th(2), resulting in C(59)+e+C(71) and C(62)*s+C(74) distances of 4.37 and 8.31 A
respectively.

Crystallographically characterized complexes containing a p-n':n"-benzyl
bridging interaction similar to that in 25 have not been previously reported in f-block or
early transition metal (groups 3-5) chemistry, and to the best of our knowledge, such
complexes do not exist for any metal. Observation of this unusual coordination mode in
25 again illustrates the propensity of cationic non-carbocyclic thorium complexes to
engage in m-arene coordination. The strong tendency towards m-arene bonding in this
chemistry may also be related to increased covalency in actinide-ligand bonding, relative
to the lanthanide-ligand bonding, and the potential for f-orbital involvement in bonding.
However, it is perhaps unexpected that a m-interaction between the cationic fragment and
a molecule of neutral 13 is preferred over an n’-interaction with benzene, which was
present in vast excess as the reaction and crystallization solvent. This preference is likely
due to the more electron rich nature of metal-benzyl groups, relative to benzene, in part as
a result of delocalization of negative charge into the ring. The presence of a more
effective interaction between the cationic fragment of 25 and the benzyl group of a
molecule of 13, relative to an interaction with a neutral arene, is supported by a Th-ring

centroid distance of 2.79 A, as compared to 2.95 and 2.94 A in 22 and 24 respectively.
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Table 4.2: Crystallographic data collection and refinement parameters and selected
bond distances for cationic complexes 24¢toluene and 250.75hexane*0.55benzene

24<2toluene 25+0.75hexane0.55benzene
Formula Co7HgoBF20N>,OTh Ci4a 8H116 8BF20NgThy
fw 1921.55 2435.43
Cryst. Syst. Monoclinic Monoclinic
Space group C2/c P2(1)/n
a(A) 47.788(3) 12.8654(6)
b(A) 14.0800(8) 15.9543(8)
c(A) 27.0268(15) 53.790(3)
a(deg) 90 90
B(deg) 121.8730(10) 91.4000(10)
v(deg) 90 90
Volume(A?) 16540.0(16) 11037.5(9)
& 8 4
Density(calcd; mg/m®) 1.543 1.466
p(mm™) 1.900 2.774
F(000) 7744 4850
Cryst size (mm3) 0.45x0.40x0.05 0.50x0.12x 0.08
0 range for collection(deg)  1.44 to 27.58° 1.48 to 26.53°
No. of reflns. collected 89440 129031
No. of indep. reflns. 19101 22842
Completeness to Opax 99.7 % 99.6 %
Max. and min. transmn. 1.00 and 0.77 1.000 and 0.549
GOF on F* 0.981 1.255
Final R, [/> 26(/)] R1=0.0396 R1=0.0957
wR2 =0.0912 wR2 =0.2158
R indices (all data) R1=0.0636 R1=0.1455
wR2 =0.0984 wR2 =0.2377

Th—Namido 2.317(3), 2.321(3) Th(1): 2.276(8), 2.290(9)

Th(2): 2.266(9), 2.300(10)
Th-C 2.482(4) Th(1): 2.562(12), 2.617(11)

Th(2): 2.504(11)
Th—Cipso 2.727(4) Th(1): 2.820(12)
Th—N,y n.a. Th(1): 2.550(9)

Th(2): 2.524(9)
Th-O 2.454(2) n.a.

For 24+2toluene and 25+0.75hexane+0.55benzene: 7 = 173(2) K, wavelength = 0.71073 A, absorption
correction = semiempirical from equivalents, and refinement method = full-matrix least-squares on F~.
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Direct investigation of the organometallic products formed in the reaction of
complex 13 with [Ph;C][B(C¢Fs)s] was prevented by their insolubility in benzene,
toluene, OEt, or bromobenzene, and polymerization of THF. However, the reaction
could be probed indirectly by monitoring the disappearance of 13 and the formation of
Ph;CCH,Ph by 'H NMR spectroscopy in the presence of O(SiMe;3), as an internal
standard. The reaction of 13 with half an equivalent of [Ph3C][B(C¢Fs)s] was complete
after 30 minutes at 20 °C, whereupon no further change in the amount of starting
materials was observed. This reaction resulted in consumption of 0.7 equivalents of 13
and release of 0.5 equivalents of Ph;CCH,Ph, consistent with the formation of a
0.3:0.2:0.3 mixture of unreacted 13, 25, and a mononuclear cation (Scheme 4.9). This
mononuclear  cation is  presumed to  have the  composition  of
[(BDPP)Th(CH,Ph)(benzene)][B(C¢Fs)4] (26) by analogy with cations 22 and 24. The
formation of a 0.3:0.2:0.3 mixture of 13, 25 and 26 was also confirmed by the addition of
ten equivalents of PMe; to the reaction mixture, which resulted in liberation of 0.2
equivalents of soluble 13 back into solution. In contrast, addition of ten equivalents of
toluene to mixtures containing dinuclear 25 did not release any observable amounts of 13.
However, conducting the reaction of 13 with one equivalent of [Ph;C][B(CgsFs)4] resulted
in an approximately 1:1 ratio of 13 consumed to Ph;CCH,Ph produced, consistent with

the precipitation of mononuclear 26 as the major product.
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PM :
[(BDPP)Th(CH,Ph),] (13) e3 no reaction
h3C][B(CeF
benzeqe X [Ph3ClIB(CeFs)a] toluene | 10 equiv.
30 min | - x PhsCCH,Ph
"""""""""""" product ratio |
. (13):(25):(26) | _|+
i x=0.5 = 0.3:0.2:0.3 \ ] Ar

' x=1.0 = >90 % of 26! A %

"[(BDPP)Th(CH,Ph)(benzene)][B(CgF5)4]" (26)

N

l PMe3

[(BDPP)Th(CH,Ph),] (13) +
"[(BDPP)Th(CH2Ph)(PMes),][B(CeFs)4l"

Scheme 4.9: Synthesis and reactivity of [(BDPP)Th(n*-CH,Ph)(p-n':n’-
CH,Ph)Th(n'-CH,Ph)(BDPP)][B(CsFs)s] (25).

In contrast to reactions of neutral [BDPP] dibenzyl 13 with [Ph;C][B(CeF5s)4],
monitoring the reaction of [(XA,)Th(CH,Ph),] (12) with half an equivalent of
[PhsC][B(CgFs)s] and subsequent addition of PMe; by 'H NMR spectroscopy did not
provide any evidence for the formation of a dinuclear complex analogous to 25. The

greater accessibility of a dinuclear complex with the [BDPP] ligand relative to the [XA;]
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ligand, is likely a consequence of the less sterically bulky and more flexible backbone of

the [BDPP] ligand.

4.2.7 — Synthesis and Properties of Dicationic [(XA,)Th][PhCH,B(C¢Fs);]2

Slow diffusion of a hexane solution of B(C¢Fs); into a toluene solution of
monocation 21 at —30 °C resulted in the precipitation of a bright orange crystals. Solution
NMR spectroscopic studies on this product were not possible due to insolubility in
solvents with which it did not react, such as toluene, benzene, and bromobenzene. The
complex was however identified as dicationic [(XA;)Th][PhCH,B(CgF5s)3]> (27, Scheme
4.6) by X-ray crystallography (Table 4.1) and elemental analysis. The only other
structurally characterized organoactinide dications are [(COT)U(hmpa);][BPhs], and

[Cp*,U(NCMe)s][X], (X =1, OTf or BPhy).!?>228

B(CeFs)s

B(CsFs);

toluene/
hexanes
-30°C

Scheme 4.10: Synthesis of dicationic [(XA;)Th][PhCH,B(C¢Fs)s]2 (27).
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Figure 4.6: Molecular structure of dicationic
[(XA3)Th][[PhCH;B(C¢Fs)s3]2*3toluenes2hexanes (27+3toluenes2hexanes). Thermal
ellipsoids at the 50 % probability level. Perfluorinated aryl groups, hydrogen atoms
and solvent molecules are omitted for clarity.

The [XA;] backbone in dication 27 is approximately planar and the benzyl borate
anions are m-coordinated to thorium both in the ligand plane and in the apical site, with
Th—C(X) bond distances increasing in order of C(X) = Cpura < Chreta < Cormo < Cipso and
ranging from 2.900(7) to 3.280(7) and 2.937(6) to 3.257(7) A for the borate anions in the
ligand plane and apical site respectively. To minimize unfavorable steric interactions
between the benzylborate anions and the ligand isopropyl groups, the thorium atom
resides 0.908(6) A above the plane defined by the NON-donor atoms, and the 2,6-

diisopropylphenyl groups are rotated to give C(30)+e+C(45) and C(33)+++C(42) distances
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of 4.139(12) and 8.531(11) A respectively. Thorium-nitrogen distances in dication 27
{2.317(6), 2.322(5) A} are extremely similar to monocationic [(XA;_)Th(CHzPh)(n6-
toluene)][B(CeFs)s] {2.317(3), 2.321(3) A} and neutral [(XA,)Th(CH,Ph),] {2.318(2),
2.332(2) A}, consistent with the very high rigidity of the [XA;] ligand framework.
However, Th—O bond distances increase in the order of [(XA;)Th][PhCH,B(C¢Fs)3], <
[(XA2)Th(CH,Ph)(n®-toluene)][B(CsFs)s] < [(XA2)Th(CH,Ph),] {Th-O: 2.403(4) <
2.454(2) < 2.5263(2) A}, highlighting some degree of flexibility available to [XA;] to
stabilize metal centers of varying electron deficiency.

Interestingly, reaction of [(XA;)Th(CH,Ph);] with two equivalents of
[Ph;C][B(CgFs)4] rather than two equivalents of B(C¢Fs); resulted in liberation of two
equivalents of Ph3CCH,Ph, suggesting the formation of an as-yet unidentified dicationic
species. Analogous behavior was observed in the reaction of two equivalents of
[Ph;C][B(CgFs)s] with dibenzyl complex [(BDPP)Th(CH,Ph),] (13), but not with bis-
trimethylsilylmethyl complexes 9 and 10.

Double alkyl, aryl or hydride abstraction has rarely been observed in d- or f-

129,229-232

element chemistry, and the resulting dications are typically stabilized by

additional Lewis base (O-, N- or P-donor) coordination. The only other “Lewis base-

free” dications that are formed by an analogous method are [(tBu3PN)2Ti][X];>_,230

[(nacnac)Sc]Xz,23 and [(CsH4CMesPh),Zr]X>,2? where X is the MeB(CgF5); anion, and

[LSc(CH,SiMes)][B(CeFs)s]2 generated in situ, and characterized by NMR spectroscopy

233

{L = 1.1,1-tris[(S)-4-isopropyloxazolinyl]ethane} or suggested on the basis of

extremely high 1-hexene polymerization activity (L= 1,4,7-trithiacyclononane).”**
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4.3 Conclusions

In summary, use of the rigid, dianionic [XA,] and [BDPP] ligands has allowed the
synthesis and characterization of the first non-cyclopentadienyl thorium alkyl cations and
a rare thorium dication. All complexes were prepared by alkyl abstraction from dialkyl
precursors using B(Cg¢Fs); or [PhsC][B(C¢Fs)s], and were investigated in solution by
NMR spectroscopy and/or in the solid state by X-ray crystallography. Some of these
cations (22, 23 and 24) are rare examples of arene solvent-separated ion pairs, dinuclear
25 is a unique p-n':n°-CH,Ph bridged complex, and mononuclear 21 and dicationic 27
exist as tight contact ion pairs. The structures of these complexes highlight an extremely
strong preference for m-arene coordination in highly electrophilic and sterically open non-

carbocyclic actinide alkyl cations.
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Chapter 5:

The Future of [XA;] and [BDPP] Supported Neutral and Cationic Organoactinide
Complexes in Olefin Polymerization, Hydroamination Catalysis and the Preparation

of Thorium Hydride Complexes

5.1 — Introduction to Chapter 5

The advances in the chemistry of non-carbocyclic organoactinide complexes
described in this dissertation present an opportunity for the study of these new systems as
catalysts for industrially relevant transformations. Two areas of catalytic reactivity are of
particular interest: olefin polymerization and hydroamination catalysis. Also of interest is
the potential for our non-carbocyclic thorium systems to stabilize highly reactive terminal
and/or bridging hydride complexes. Preliminary exploration of catalytic reactivity,
attempted synthesis of thorium hydride complexes, and proposed future directions in

these areas are described in this chapter.

5.2 — Preliminary Results

5.2.1 — Metal Catalyzed Olefin Polymerization

Polyolefins, the generic name for synthetic polymers based on ethylene, propylene

and a-olefins, are produced in quantities upwards of 70 billion kilograms per anum, and

235

are the most common synthetic materials used world-wide.”> While polyolefins were
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originally synthesized for commercial use through high-pressure radical polymerization
processes,”° the development of Ziegler-Natta type polymerization catalysts shifted the
focus of research in this area towards the use of metal catalysts.”*’ The development and
evolution of homogeneous, single-site olefin polymerization catalysts has been explored
since, and has recently experienced a renaissance, becoming a focus of intense study in
the last two decades. Advances in this field have resulted in the development of
specialized catalyst precursors and co-catalysts that grant a large degree of control over
polymer molecular weight and microstructure.

For more detailed discussion of the relevant organometallic reactions involved in

metal-catalyzed olefin polymerization, see Section 4.1.1.

5.2.1.1 - Neutral Thorium Dibenzyl and Bis-trimethylsilylmethyl Complex

Reactivity with Ethylene

The neutral thorium bis-trimethylsilylmethyl and dibenzyl complexes 9, 10, 12
and 13 in toluene (~0.5 mM) were exposed to 1 atm of ethylene at 20 to 110 °C. In each
case, no polymer formation was observed, even after extended periods of time (several
days). This result is perhaps unsurprising, given the much greater effectiveness of
cationic metal alkyl complexes for olefin polymerization relative to neutral polyalkyl
derivatives. However, coordination of thorium to arene solvent (observed for cationic
alkyl complexes; Chapter 4) could also have a detrimental effect on olefin polymerization

activity.
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To circumvent this potential obstacle, dibenzyl compounds 12 and 13, and bis-
trimethylsilylmethyl compounds 9 and 10 were exposed to 1 atm of ethylene as
suspensions or solutions in hexanes (only 12 dissolved fully in hexanes). For the
dibenzyl compounds, polyethylene formation was not observed at temperatures up to 70
°C. However, both the [BDPP] and [XA,] bis-trimethylsilylmethyl complexes 9 and 10
showed polymerization upon reaction with ethylene gas at 70 °C for 24 hours; polymer
was precipitated after quenching the reaction with methanol.

A summary of the reactivity of neutral thorium alkyl and benzyl complexes for
ethylene polymerization in hexanes can be found in Table 5.1. Differences in reactivity
of the bis-trimethylsilylmethyl and dibenzyl complexes may be due to polyhapto
coordination of the benzyl groups (observed in solution and the solid state; Section 3.2.2),
sterically saturating the coordination sphere of the metal and precluding ethylene

coordination.
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Table 5.1: Summary of preliminary ethylene polymerization reactivity for
[(L)Th(R),] {L = [BDPP], [XA;]; R = CH,Ph, CH;SiMe3} in hexanes*

Complex [complex] t/hr Temp. Polymer
/ mM 1°C Formation

[(BDPP)Th(CH,Ph);] 0.574 36 22 No
_[(BDPP)Th(CHPh))] 0574 36 70 No

[(XA2)Th(CH;,Ph),] 0.461 36 22 No
[(XA)TR(CHPhY,] 0461 36 70 No

[(BDPP)Th(CH,SiMe;),] 0.580 36 22 No
_[(BDPP)Th(CH,SiMes)o]  0.580 36 70 Yes

[(XA2)Th(CH;,SiMes)s] 0.464 36 22 No

[(XA2)Th(CH,SiMes),] 0.464 36 70 Yes

Reaction conditions: All reactions were performed under a static atmosphere of ethylene.
The complexes were placed in 20 mL of solvent, and freeze-pumped three times prior to
the introduction of ethylene. *All complexes are largely insoluble in hexanes and were
reacted as suspensions, with the exception of [(XA,)Th(CH,Ph),] which is soluble. Note:
although [(XA,)Th(CH,Ph,),] is the only compound fully soluble at room temperature;
[(XA,)Th(CH,SiMes),] is noticeably more soluble at increased temperatures.

5.2.1.2 — Reactivity of Monocationic Thorium Complexes with Ethylene

5.2.1.2.1 — Cationic Thorium Alkyl Complexes Generated In-Situ in Arene Solvents

It was expected that the cationic nature of complexes 21 — 27 would result in a net
increase in reactivity towards ethylene compared to neutral precursor complexes 9, 10, 12
and 13. However, solutions of [(XAz)Th(CHzSiM€3)(T]6-C(,H6)] [B(CeFs)s] (22) or
suspensions of [(XA2)Th][n®-PhCH,B(C¢Fs)s]> (27) in benzene or toluene, as well as
complexes [(XA,)Th(n*-CH,Ph)(n°-CsHsMe)][B(CeFs)s] (24), [(BDPP)Th(n*-CH,Ph)(p-
n':n°-CH,Ph)Th(n'-CH,Ph)(BDPP)][B(C¢Fs)s] (25), and [(BDPP)Th(CH,Ph)(benzene)]-

[B(CesFs)s] (26) generated as oils by the addition of one or half an equivalent of
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[Ph3C][B(C¢Fs)4] to their respective neutral dialkyl precursors in benzene or toluene, did
not polymerize ethylene at 1 atm (20-70 °C). These observations highlight the significant
potential for olefin polymerization activity in more sterically open non-cyclopentadienyl
thorium alkyl cations to be diminished or negated by arene (solvent, neutral dibenzyl
precursor, or benzylborate anion) coordination. The negative effects of m-arene
coordination can be explained on the basis of hindered access of olefin monomers to the
metal center, as well as the greatly reduced solubility of many solvent-separated ion pairs,

relative to contact ion pairs.

5.2.1.2.2 — Reactions of [(XA;)ThR;] (R = CH,Ph or CH,SiMe3) with B(C¢Fs); in

Hexanes

Non-aromatic solvents were investigated for ethylene polymerization reactions
involving cationic organoactinide complexes. These reactions were performed as
follows: Hexane was added in vacuo to a mixture of a neutral [(XA;)ThR;] (R = CH;,Ph,
CH,SiMe3) complex and B(CgFs)s3, and after a 10 minute mixing time, 1 atm of ethylene
was introduced. At room temperature, neither complex showed any activity for ethylene
polymerization, even after 24 hours. Increasing the temperature to 70 °C also had no
effect on the reactivity of [(XA,)Th(CH,Ph),] activated with B(CeFs);. However, at
70 °C, a significant increase in ethylene polymerization activity was observed for
[(XA2)Th(CH,SiMes),]/B(CgFs)s; considerable polymer precipitation was observed after
36 hours. The observed increase in activity at higher temperatures indicates substantial

thermal stability of the catalytic species, and may be due to improved catalyst solubility at
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higher temperatures in addition to the direct effects of increased reaction temperature. In
stark contrast to the observed catalytic activity of the in situ generated [XA,] based
cations formed in hexanes, complexes of the [BDPP] ligand showed no sign of

polymerization activity under identical conditions.

5.2.1.2.3 - Reactions of [(XA;)ThR;] (R = CH;Ph or CH,SiMe;) with
[Ph3C][B(CgFs)4] in Hexanes

Ethylene polymerization reactions using [(XA2)Th(CH,Ph),] (12) and
[(XA,)Th(CH,SiMes),] (10) in combination with [Ph;C][B(CgFs)4] resulted in polymer
formation at room temperature, with the latter catalyst/co-catalyst combination being
considerably more active, as evidenced by the complete solidification of the reaction
mixture by precipitated polyethylene after 16 hours. Low thermal stability of the cationic
active species is likely responsible for the decrease in polymerization activity observed
for [(XA2)Th(CH>Ph),}/[PhsC][B(CsFs)s] and [(XA2)Th(CH,SiMes3)]/[PhsC][B(CeFs)4]
upon raising the temperature from 20 to 70 °C. By contrast, the polymerization activity
of [(XA,)Th(CH,SiMes),]/B(CgFs); increased at higher temperature. The lower thermal
stability of cationic alkyl complexes paired with the B(C¢Fs)s anion, relative to an
RB(C¢Fs); (R = alkyl or benzyl) anion is well documented and stems from less effective
cation-anion interactions in B(C¢Fs)s complexes.

However, at temperatures where a particular alkyl cation is stable paired with
either a RB(C¢Fs);~ or a B(C¢Fs)4 anion, less effective cation-anion interactions in the

latter complexes typically result in higher catalyst activities. This trend is clearly
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observed when comparing the room temperature catalytic activities of
[(XA,)Th(CH»SiMe;3)][MesSiCH>B(CgFs)s] with [(XA2)Th(CH,SiMes)][B(CeFs)4], and

[(XA2)Th(CH2Ph)][PhCH,B(CeFs)3] with [(XA2) Th(CHPh)][B(CgFs)4].

Table 5.2: Summary of preliminary ethylene polymerization reactions using
[XA;)Th(R);] {R = CH;Ph, CH;SiMe;} in combination with B(C¢Fs); or
[Ph3C][B(CgFs)4] in hexanes

Complex” [complex]” t/hr Temp. Amount of
/ mM /°C Polymer Formed

[(XA;)Th(CH,Ph)][RB(CgFs)s] 0.5 36 22 None
[(XA)Th(CH;Ph)|[RB(CeFs);] 05 3 70 None

[(XA,)Th(CH,SiMe3)][RB(CsFs)s] 0.5 36 22 None
[(XA)Th(CHySiMes)][RB(CeFs)s] 0.5 ... 36 .70 Large amount

[(XA;)Th(CH,Ph)][B(CgF5)4] 0.5 36 22 Small amount
[(XA)TR(CHPh)BCeFs)] 05 3 70 None

[(XA;)Th(CH;SiMe3)][B(CeFs)4] 0.5 36 22 Large amount

[(XA,)Th(CH,SiMes)][B(CgFs)4] 0.5 36 70 Moderate amount

Reaction conditions: All reactions were performed under a static atmosphere of ethylene. The neutral
complexes and activators were placed in roundbottom flasks and approximately 20 mL of hexanes were
transferred in vacuo. Ten minutes of mixing time was allowed prior to the introduction of ethylene.
Resulting cationic complexes precipitated as residues on the bottom of the flask. R = CH,SiMe; or CH,Ph;
“Catalyst structure proposed based on reactivity observed in aromatic solvents and general literature
precedent. "Values of concentration are approximate and assume complete solubility, which is not the case.

5.2.1.3 — Future Directions in Olefin Polymerization

The preliminary reactions of both the neutral and cationic thorium alkyl
complexes discussed above show notable potential. However, industrial scale reactions
are often performed at pressures of up to 75 atm and temperatures greater than 160 °C.
Further studies should therefore endeavor to probe catalytic activity under a wider range
of temperatures and pressures, with careful control of temperature, cation concentration in

solution, stirring rate and reaction time. Investigation of different solvents to increase
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catalyst solubility, and characterization of the resulting polymers (molecular weight and
polydispersity) by gel-permeation chromatography (GPC) and differential scanning
calorimetry (DSC) should also be performed.

The propensity of the thorium complexes in this work to engage in ethylene
polymerization may also benefit from systematic modification of the steric environment
around the metal center. Increased ligand steric demands in the form of larger N-Ar
groups (e.g. 2.4,6-tri-tert-butyl-phenyl) could potentially be used to simultaneously
discourage strong m-arene interactions between the thorium center and arene solvents, and
increase complex thermal stability. A thorough and quantitative study of the
polymerization activities of established and new [XA;] and [BDPP] systems, complete
with polymer property investigation is then likely to prove profitable. Furthermore, use
of alternative trityl borate salts, such as [PhsC][B(C¢F4Si'Pr3-p)s]’" may lead to catalysts
with increased solubility in solvents of low polarity, leading to more uniform polymer

properties.

5.2.2 — Intramolecular and Intermolecular Hydroamination

Hydroamination is an atom economical process that results in the direct addition
of amines to carbon-carbon double and triple bonds, the importance of which lies
primarily in the production of biologically active nitrogen-containing organic
molecules.”*® This process may be performed intramolecularly on substrates that contain

both an amine and a carbon-carbon multiple bond (aminoalkenes/aminoalkynes) or
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intermolecularly between an amine and a multiple bond containing substrate (for

examples, see Scheme 5.1).

Ph Ph Catalyst
/\X/ NH

Ph
NH, Catalyst N ~Ph
. / ,_<
Ph

Ph

Scheme 5.1: Examples of (top) intramolecular hydroamination of 2,2-diphenyl-4-
pentenyl amine and (bottom) intermolecular hydroamination of aniline and
diphenylacetylene.

5.2.2.1 — Intramolecular Versus Intermolecular Hydroamination

Both inter- and intramolecular hydroamination reactions suffer from a high
activation barrier for the direct addition of amines across C-C multiple bonds due to the
electrostatic repulsion between the nitrogen lone pair and the electron-rich m-bond.
However, intramolecular hydroamination processes enjoy substantial entropic advantages
over intermolecular processes. The negative entropy of the reaction for intermolecular
processes is responsible for decelerated reaction rates at the higher temperatures

102

necessary to overcome the initial activation barrier. The overall effect is greatly

increased reaction times and decreased activity for catalysts systems in intermolecular

hydroamination when compared to intramolecular hydroamination.'”’
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5.2.2.2 — Lanthanide and Actinide Hydroamination Catalysts

In intramolecular hydroamination reactions, rare earth and actinide catalysts, such
as [(L),Y{N(SiMe;),}(THF)] {L = N-2,6-diisopropylphenyl(naphthyl)amidate},”
[(Cp*),LnR] {R = H or CH(SiMe;)}** and [(CGC)Th(NMe,),] {CGC =
Me,Si(CsMes)(N/Bu)}*® undergo initial protonolysis by the amine group of the
aminoalkene to generate amido complexes.lgg’199 The turnover limiting step is then
insertion of the alkene into the metal-nitrogen bond, which is followed by protonolysis of
the resulting metal-carbon bond by an aminoalkene molecule to regenerate the
catalytically active amido complex (Figure 5.1). In general, alkene hydroamination rates
for the lanthanides increase with larger Ln>" ionic radius (La > Sm > Lu) and more open

supporting ligation [e.g. Et,SiCp(CsMes) > Me,Si(CsMey), > Cp*,).'”
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Ph Ph

M—R  + HZNM

RH Initiation (Protonolysis)

H
Ph Ph
’ [M] H\)Q/\
Ph
Ph
Protonolysis c-bond metathesis
Ph Ph [M] H
H;N N
Ph
Ph

Figure 5.1: Simplified -catalytic cycle for lanthanide or actinide-mediated
hydroamination of aminoalkenes. [M] = Lanthanide or actinide complex; R = alkyl
or amido.

5.2.2.3 — Early Transition metal Hydroamination Catalysts

Dialkyl titanium and zirconium alkene hydroamination catalysts are in many cases
thought to proceed via a different mechanism to the lanthanide and actinide catalysts,
involving the formation of a metal-imido species (Figure 5.2).2*!' In this mechanism, the
crucial step is a formal [2 + 2] cycloaddition of the imido species with the alkene, which
is followed by protonation to regenerate the catalyst and to release the hydroamination

product.?*?
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L Ph_ Ph

U
N R + H2N M

2 RH Initiation (Protonolysis)

N Ph.  Ph
[M]=N N
Ph
Ph
Protonolysis [2 + 2] cycloaddition
Ph_  Ph [M]—/8N Ph

H,N

\ Ph

Figure 5.2: Simplified -catalytic cycle for early transition metal-mediated
hydroamination of aminoalkenes. [M] = Ti or Zr complex.

5.2.2.3 — Late Transition Metal Hydroamination Catalysts

3 244,245 1 246
2

Late transition metals, including 1r1d1um,2 rhodium, nicke

247,248 24

palladium, platinum®” and ruthenium®’ have been employed as catalysts for
hydroamination. In contrast to early transition metal, lanthanide and actinide catalysts,
late transition metal hydroamination catalysts undergo oxidative addition of an amine

substrate to generate an amido complex as the initial step in the catalytic cycle (Figure

163



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

5.3). Oxidative addition is followed by olefin insertion, and the cycle is concluded by a
reductive elimination step that yields the hydroamination product.

Late transition metal catalysts offer greater polar functional group tolerance than
their early transition metal counterparts. However, the reductive elimination step in the
catalytic cycle often only proceeds under acidic conditions that are incompatible with the

238

presence of free amines.”" Many late transition metal catalysts also suffer from short

catalyst lifetimes due to catalyst poisoning by the aminoalkene or aminoalkyne substrates,
and reduced reactivity leading to long reaction times and an inability to catalyze

hydroamination with more challenging substrates (vide infir-a).**> 246,248, 251

H
N
Ph
M]
Ph
Reductive Elimination Oxidative Addition

Olefin Insertion

Figure 5.3: Simplified -catalytic cycle for late transition metal mediated
hydroamination of aminoalkenes. [M] = Late transition metal complex.
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5.2.2.4 — Substrates for Intramolecular Hydroamination of Alkenes

A wide range of substrates have been utilized to challenge the ability of metal
catalysts to perform inter and intramolecular hydroamination reactions. While a
comprehensive list of hydroamination substrates examined is beyond the scope of this
introduction, several commonly employed intramolecular hydroamination substrates are
presented in Figure 5.4 arranged in order of increasing resistance towards catalytic

transformation.

Ph Ph
More ¢¢’°\\v/>x<\v/’NH2 P 4,;\\\/:><:\/,NH2 <
Reactive
A B
NH n
2 /\/\/
MNHz < /\/Y < / N <
C D E
X
NH,
< \/\/\/ < /\/\></NH2 <
H,N
F G H
Ph.  Ph Ph.  Ph
SO O P PN P
Less
I J Reactive

Figure 5.4: Commonly studied substrates for intramolecular hydroamination
catalysis by early transition metal, lanthanide and actinide catalysts. Substrates A-J
are arranged in order of increasing resistance towards catalytic transformation.
Highlighted sections of each substrate indicate structural differences from C,
leading to increased (blue) or decreased (red) hydroamination reactivity.
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Substrates A and B are the most readily cyclized aminoalkenes due to a presumed
favorable cyclic S-membered transition state at the metal center during the olefin insertion
step. By contrast, longer chain substrates requiring a 6- or 7-membered cyclic transition
state (G and H) are considerably less reactive. The gem dialkyl effect”” invoked by the
presence of geminal diaryl or dialkyl substituents (in this case on the B-carbon) also aids
the hydroamination process, and is evident by the lower reactivity of unsubstituted
substrate C in comparison to substrates A or B.

Increased steric demands in close proximity to the metal center in the rate
determining step for substrates D, E, I and J as well as substrate conformational rigidity
in F present further challenges to hydroamination catalysts. Within this group of
substrates the most challenging hydroamination reactions involve internal alkenes (I and
J), resulting in considerable steric congestion around the metal center. However,
electronic effects are also important, since phenyl-substituted I is more reactive than

methyl-substituted J.

5.2.2.5 — Intramolecular and Intermolecular Hydroamination by Neutral Thorium
Dialkyl Complexes

Preliminary reactivity studies of neutral [(BDPP)Th(CH,SiMes),] towards
intramolecular hydroamination show highly promising results.  Addition of 100
equivalents of  2.2-diphenyl-4-pentenylamine to a toluene solution of
[(BDPP)Th(CH,SiMe;),] resulted in almost complete conversion to the cyclized product

(Scheme 5.1, top) in under 5 minutes at room temperature. This activity is greater than
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that observed for most common metallocene based group 4 catalysts and is comparable to
the most active lanthanide hydroamination catalysts.”®

In contrast to intramolecular hydroamination catalysis, intermolecular catalysis by
[BDPP] or [XA;] based systems has shown a lack of success. Preliminary reactivity in
this area has been explored using neutral bis-trimethylsilylmethyl dialkyl complexes
[(L)Th(CH,SiMes),] {L = [BDPP] (9), [XA;] (10)} in the presence of phenyl aniline
(PhNH>) and styrene or diphenyl acetylene (see Scheme 5.1, bottom). However, in both
cases, no sign of catalytic reactivity was observed up to temperatures of 80 °C.

Stoichiometric reactions between diphenylacetylene and phenyl aniline
individually with the neutral dialkyl complexes 9 and 10 were performed. Addition of
two equivalents of diphenylacetylene to [(L)Th(CH,SiMes),] {L = [BDPP], [XA:]} in
toluene at room temperature resulted in no reaction, even at temperatures of 80 °C. A
lack of coordination with diphenylacetylene is unsurprising on both steric and electronic
grounds; less sterically demanding dme solvent does not coordinate to neutral dialkyl
complexes 9 and 10, and thorium(IV) lacks d- or f-electrons for n-backdonation to the
alkyne. However, deprotonation of phenyl aniline was clearly observed upon addition of
two equivalents this reagent to [(XA,)Th(CH,SiMes),] in toluene, giving rise to bis-
amido complex [(XA;)Th(NHPh),]*O(SiMes), {28*O(SiMej3)2, Scheme 5.2}, which was
isolated in 78 % yield. Complex 28 exhibits a '"H NMR signal at 5.21 ppm for Th-NH
proton and signals at 6.97, 6.23 and 6.58 ppm, respectively, for the ortho, meta and para
NHPh protons. A single septet corresponding to the methyne (CHMe,) proton at 3.43

ppm and pair of doublets for the isopropyl methyl (CHMe,) groups at 1.07 and 1.17 ppm
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are consistent with a C,y symmetric complex in solution, and lowering the temperature to
—80 °C did not result in any change in the '"H NMR spectrum.

Imido complex formation by intramolecular elimination of PhNH, from 28 could
not be achieved at room temperature or upon heating in a sealed vessel for days at 80 °C.
Formation of an imido complex by reaction of 10 with one equivalent of PhANH, was also
unsuccessful, leading only to a 1:1 mixture of the starting complex (10) and bis-amido

complex (28).

2 eq. PhNH,

Scheme 5.2: Synthesis of bis-amido complex [(XA;)Th(NHPh),]*O(SiMes3),
{28°O(SiMe3),}.

5.2.2.6 — Future Directions in Hydroamination

The preliminary studies of intramolecular hydroamination catalysis by neutral
[BDPP] and [XA;] alkyl complexes show promising results and are worthy of further
study.  In particular, given the high activity of [(BDPP)Th(CH,SiMes),] for

hydroamination of 2,2-diphenyl-4-pentenylamine, the limit of reactivity of this catalyst
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with more challenging substrates such as unsubstituted, sterically congested, strained or
internal aminoalkenes (Figure 5.4) is of particular interest.

This work could be further extended to the intramolecular hydroamination of
alkyne substrates, and systematic ligand modification may be beneficial to achieve
optimal complex performance. The ease of synthetic modification at the periphery of

[BDPP] and [XA;] ligands is likely to be a great asset in this work.

5.2.3 — Non-carbocyclic Ancillaries for the Formation of Thorium Hydride

Complexes

5.2.3.1 - Introduction to Hydride Complex Synthesis and Actinide Hydride
Complexes

In comparison to transition metal hydride complexes which have been thoroughly
studied and r<3viewed,253’254 lanthanide hydride complexes are more scarce, and actinide
hydride complexes are extremely limited, especially in the absence of cyclopentadienyl
ligands (see Section 1.2.2.6). Hydride complexes may be synthesized through a variety
of methods, the most common of which involves direct hydrogenation of a metal alkyl
precursor with hydrogen gas or a hydrosilane (e.g. PhSiH3). However, reaction between a
metal halide precursor and a reactive metal hydride, such as LiAlHs, MHBEt; (M = Li,
Na, K) or NaAIH,(OCH,CH,OCHj3), (Vitride)'**!''® may also be employed. In transition
metal chemistry, B-H elimination from a -H containing alkyl complex is also a common

pathway to metal hydride complexes. However, as discussed in Section 1.2.2.5, B-H
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elimination is much less favorable in actinide chemistry, and to date, only one example of
a Sf-element hydride formed via 3-hydrogen elimination from an alkyl precursor has been
reported; UV-irradiation of [(Cp);ThiPr] formed Cp;Th with elimination of propane and
propene. A hydride intermediate is implied in this reactivity, but was not isolated or
detected spectroscopically.?

The simplest hydride complexes of thorium and uranium are their binary hydrides,
ThH,, Th4H;s, and UH3, which can be obtained from the reaction of the respective metals

255

with hydrogen gas. However, the lack of solubility of these polymeric compounds

severely limits their potential reactivity, and prompts the development of more complex
ancillary ligand-supported hydride complexes.
Actinide hydride complexes are capable of participating in several reaction types

9

which include stoichiometric addition reactions to carbon-carbon'®” and carbon-

oxygenlog’”()’256 multiple bonds, and o-bond metathesis reactions with alcohol,'® thiol,*

37 and other small molecules.”>*® More importantly, actinide hydride

hydroxide,
compounds such as [(Cp*)AnH;]» (An = Th, U), are capable of catalyzing the
hydrogenation reactions of alkenes (1-hexene, propylene), alkynes (diphenylacetylene),
and even arenes (benzene, toluene, p-xylene, naphthalene).!” Furthermore, insertion of
CO into metal hydride bonds is favored in actinide chemistry due to increased M—C bond
strengths and a M—O interaction in the resulting formyl (M—CHO) complexes.*®

With all of the above in mind, it would be of great general interest to investigate

the ability of non-carbocyclic ligands {[BDPP] and [XA;]} to stabilize highly reactive

thorium hydride compounds.
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5.2.3.2 — Reaction of [(BDPP)Th(X),(dme)y] (X = CH;SiMe3, y = 0; X =Cl,y = 1)
Relevant to Hydride Complex Synthesis

Our initial foray into the area of actinide hydride complex formation began with
the exposure of [(BDPP)Th(CH,SiMes),] (9) to approximately 4 atm of hydrogen (1 atm
of hydrogen was introduced to a degassed J-Young tube containing 9 in C¢Dg at —196 °C
before sealing and warming to room temperature). The reaction was then monitored over
a period of 14 days.

Consumption of [(BDPP)Th(CH,SiMes),] was complete after two days at room
temperature with ~1.5 equivalents of SiMe4 produced and one additional SiMe; peak
(presumably a new ThCH,SiMes signal) at 0.1 ppm. The spectrum of the reaction
mixture showed signals consistent with the presence of two considerably different
products in solution with an approximate ratio of 1:1 (Figure 5.5). The first product
(product A) has lost top-bottom symmetry, giving rise to two sets of doublets for the
back-bone CH, group (5.47 and 4.89 ppm) with a large “Jiy.;; value of 20.1 Hz, and two
septets due to isopropyl CHMe, signals (4.12 and 3.51 ppm). In contrast, the second
product (product B) appears to be highly symmetrical, giving rise to a single set of back-
bone CH, and isopropyl CHMe; signals in the 'H NMR spectrum at 4.82 and 3.47 ppm,
respectively. The symmetry of product A is consistent with a mixed alkyl/hydride
complex such as [(XA;)ThH(CH,SiMes)], and integration of the new SiMe; signal at 0.1
ppm supports this assignment. The symmetry of product B is consistent with a dihydride
product, and the amount of SiMe,4 produced matches that expected for formation of a 1:1

mixture of a hydrido/alkyl and dihydride product. The majority of thorium hydride
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complexes bear cyclopentadienyl ligands, and give rise to Th-H 'H NMR signals
between 12.9 and 20.4 ppm (Table 1.7 in Section 1.2.2.6). However, the hydride signal
for [{(Mes;Si),N}sThH]'* was reported at 0.63 ppm; far upfield of the corresponding
signals in cyclopentadienyl complexes. This literature precedent provides additional
support for assignment of the sharp 1H NMR singlet at 2.73 ppm (integration 2H) in
complex B as Th-H signals.?*

After reacting for nine days (Figure 5.7), peaks corresponding to the less
symmetrical product A had diminished greatly, while those corresponding to the more
symmetrical product B had gained in intensity. This reactivity is further consistent with
conversion of a mixed hydrido/alkyl complex to a dihydride product. The decrease in
intensity of the signals corresponding to the less symmetric product also allowed closer
examination of the alkyl region between 0.8 and 1.7 ppm. Beyond the two large CHMe,

signals (doublets at 1.50 and 1.25 ppm), the most prominent feature is a new intense

singlet at 1.37 ppm, integrating to 6 protons. The origin of this peak is currently unclear.
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Figure 5.5: '"H NMR spectrum of the reaction of [(BDPP)Th(CH,SiMe;),| (9) with
H, after 30 minutes, in ds-benzene. Spectrum shows the '"H NMR of unreacted 9. * =
toluene; ** = '"H impurities in ds-benzene.

*%
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ThCH;SiMe3

936
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Figure 5.6: '"H NMR spectrum of the reaction of [(BDPP)Th(CH,SiMes);| (9) with
H; after 2 days, in ds-benzene. Red = signals proposed to arise from asymmetrical

product A; Blue = signals proposed to arise from symmetrical product B. * =
toluene; ** = "H impurities in ds-benzene.
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Figure 5.7: '"H NMR spectrum of the reaction of [(BDPP)Th(CH;SiMej3),| (9) with
H, after 9 days, in ds-benzene. Red = signals proposed to arise from asymmetrical
product; Blue = signals proposed to arise from symmetrical product. * = toluene; **

1 . oy . . oy
= H impurities in ds-benzene;a= unknown impurities.

Unfortunately, reproduction of the reaction on larger quantities was unsuccessful.

Reaction of [(BDPP)Th(CH,SiMes),| with 4 atm of hydrogen gas in a reaction bomb took

considerably longer to proceed than on a smaller scale, and monitoring the reaction over

prolonged time periods (up to three weeks) showed the precipitation of a black, insoluble

powder, and formation of a complex mixture of products in solution. Attempts to isolate
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hydride complexes via the reaction of [(BDPP)ThCl,(dme)] (6) with LiAlHs, KHB(Et);
and NaH,Al(OCH,CH,OCH3), were also unsuccessful, giving rise to intractable mixtures
of products, and no reaction was observed between [(BDPP)Th(CH,SiMes),] and PhSiH;
(up to 5 equivalents) at 20 to 110 °C. Finally, attempted synthesis of [BDPP] hydride
complexes through B-hydride elimination from [(BDPP)Th(nBu),] (14, see Section 3.2.3)
were also unsuccessful; this complex does not undergo clean decomposition using either

thermal or UV-photolysis methods.

5.2.3.3 — Reactions of [(XAz)Th(X):(dme),] (X = CH2SiMe3, y = 0; X =Cl, y = 1)
Relevant to Hydride Complex Synthesis

The reaction of [(XA,)Th(CH,SiMes),] with hydrogen gas (4 atm) in a J-Young
NMR tube was approximately 90 % complete after 14 days at room temperature.
Monitoring the reaction by 'H NMR spectroscopy over this period did not show any
evidence for an intermediate complex of low symmetry. The product of the reaction
appears to share one signal at 2.69 ppm that is analogous to the singlet at 2.75 ppm in the
[BDPP] reaction, however, the alkyl region of the spectrum is highly congested, with
substantial overlap of the xanthene 7Bu, and CHMe, signals. Attempts at large scale
synthesis and isolation of the product of this reaction also met with difficulty due to the

extended reaction times required.
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Figure 5.8: '"H NMR spectrum of the reaction of [(XA;)Th(CH;SiMes3);] (10) with H;
after 14 days, in ds-benzene. * = toluene; ** = "H impurities in ds-benzene.

5.2.3.4 — Future Directions in Thorium Hydride Complex Formation

Long reaction times required for preparative scale reactions of dialkyl complexes
[(BDPP)Th(CH,SiMe),] and [(XA;)Th(CH,SiMes),] with hydrogen gas rendered
decomposition pathways competitive with product formation. Future work in this field
should include the reaction of thorium dialkyl complexes with hydrogen gas at elevated
pressures to substantially decrease reaction times. Ligand modification to increase the

thermal stability of the resulting hydride complexes may also prove beneficial.

5.3 — Conclusions
In conclusion, the newly developed [XA;] ligand, and previously reported [BDPP]

ligand have proven useful for the preparation of neutral and/or cationic complexes
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capable of catalyzing ethylene polymerization and intramolecular hydroamination
reactivity. Preliminary studies in ethylene polymerization showed that both neutral and
cationic thorium alkyl complexes are suitable to catalyze this reaction. The propensity of
the cationic alkyl thorium complexes in this work to coordinate arene solvents lead to
improved catalyst performance in hexanes versus benzene or toluene, and the highest
activity was observed for “[(XA;)Th(CH,SiMe3)|[Me3;SiCH,B(CgFs)3]” generated in situ
in hexanes. However, the cationic complexes in this work are poorly soluble or insoluble
in hexanes, presumably leading to lower polymerization activities than would be observed
for a fully-soluble catalyst.

In the area of hydroamination, neutral [BDPP] and [XA;] dialkyl complexes
demonstrate extremely high activities for the intramolecular hydroamination of 2,2-
diphenyl-4-pentenylamine. However, attempts to perform intermolecular hydroamination
(PhNH; + C,Ph; or styrene) were unsuccessful.

Actinide hydride complex synthesis was also attempted, and both
[(BDPP)Th(CH,SiMes),] and [(XA)Th(CH,SiMes),] react with H, (4 atm) over
extended periods of time to produce new, as yet unidentified complexes. However, in
both cases, decomposition became competitive with product formation in preparative
scale reactions, preventing isolation of pure complexes. Other approaches to access
thorium hydride complexes were also unsuccessful {e.g. using PhSiH;, LiAlH,,
KHB(Et); and NaH,Al(OCH,CH,OCH3),}.

Suggestions for future work in the areas of olefin polymerization, olefin

hydroamination, and hydride synthesis are presented in Sections 5.2.1.3, 5.2.2.6 and

177



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

5.2.3.4 above, and include modified reaction conditions, investigations of substrate scope
and reactivity, and tailoring of catalyst properties through ligand design. Furthermore, in
the case of cationic complexes, investigation of alternative weakly-coordinated

counterions is proposed.
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Chapter 6:

Experimental Methods

6.1 — General

6.1.1 — Laboratory Equipment and Apparatus

An argon-filled MBraun UNIlab glove box was employed for the manipulation
and storage of all oxygen and moisture sensitive compounds, and all thermally unstable
compounds were stored in a —30 °C freezer within the glove box. Reactions were
performed on a double manifold high vacuum line using standard techniques,” and all
reaction products were thoroughly dried in vacuo. Commonly utilized specialty glassware
includes the swivel frit assembly, J-Young NMR tubes, and thick walled flasks equipped
with Teflon stopcocks. Residual oxygen and moisture was removed from the argon

stream by passage through an Oxisorb-W scrubber from Matheson Gas Products.

6.1.2 — Solvents

Anhydrous 1,2-dimethoxy ethane (dme) and diethylether were purchased from
Aldrich and dried further as described below. Hexanes, toluene and THF were initially
dried and distilled at atmospheric pressure from CaH,, sodium and sodium/benzophenone
respectively. Unless otherwise noted, all proteo solvents were stored over an appropriate
drying agent (dme, OEt,, THF, toluene, C¢Hg = Na/Ph,CO; hexanes, O(SiMes), =

Na/Ph,CO/tetraglyme) and introduced to reactions via vacuum transfer with condensation
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at —78 °C. Deuterated solvents (ACP Chemicals) were dried over CaH, (CD,Cl,, C¢DsBr)

or Na/Ph,CO (C¢Dg, ds-toluene, ds-THF).

6.1.3 — Instrumentation and details for NMR experiments

Nuclear magnetic resonance spectroscopy (‘H, 2 C{'H}, g, ''B, DEPT-135,
COSY, HSQC, HMBC, EXSY, NOESY and ROESY experiments) was performed on
Bruker AV-200 ( 'H 200.106 MHz), DRX-500 (‘"H 500.133 MHz, “C{'H} 125.757
MHz, "B{'H} 193.173 MHz, °F 470.593 MHz) and AV-600 ('H 600.139 MHz, *C{'H}
150.903 MHz) spectrometers. All 2D NMR experiments were performed using Bruker
DRX-500 or AV-600 spectrometers. All spectra were obtained at room temperature
(298K) unless otherwise specified. All 'H NMR and *C NMR spectra were referenced
relative to SiMey through a resonance of the employed deuterated solvent or proteo
impurity of the solvent; C¢Dg (& 7.15 ppm), C;Dg (& 7.09, 7.00, 6.98, 2.09), C¢DsBr
(8 7.30, 7.02, 6.94 ppm), ds-THF (3.58, 1.73 ppm), CD,Cl, (5.32 ppm) for '"H NMR, and
CeDs (6 128.0 ppm), C;Dg (6 137.86, 129.24, 128.33, 125.49, 20.4), C¢DsBr (5130.9,
129.3, 126.1, 122.3 ppm), ds-THF (67.57, 25.37 ppm), CD,Cl, (54.0 ppm) for *C NMR.
"B NMR spectra were referenced to an external standard of neat boron trifluoride diethyl
etherate (& 0.00 ppm). PF NMR spectra were referenced to an external standard of
CF(Cls.

All NMR samples were prepared inside a glove box in tubes capped with rubber

septa or in J-Young tubes. 'H NMR spectra are presented in the format of chemical shift
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(ppm), multiplicity, number of protons, ‘Jx.x coupling constant (where Y is the number
of bonds between the coupled nuclei, X and X' are the type of nuclei, and the coupling
constant is given in Hz), and assignment.

Herein, Q = quaternary, Ar = 2,6-diisopropylphenyl, the ipso carbon refers to the
carbon attached to nitrogen, Py and Xanth refer to the pyridine and xanthene backbones
of the [BDPP] and [XA,] ligands respectively, and CH' and CH? refer to the 1- and 3-
positions of the Xanthene backbone {para and ortho respectively to the amido group in
[XA>]}. O is used to indicate a quaternary carbon atom, and Bz is used to indicate a
CH,Ph group. Note: Xanthene quaternary carbons are not always evident in the

C NMR spectrum. All identifiable Xanth-Q signals are listed.

6.1.4 — Other Instrumentation and Analysis

A Fisher Scientific Ultrasonic FS-30 bath was used to sonicate reaction mixtures
where indicated. Combustion elemental analyses were performed on a Thermo EA1112
CHNS/O analyzer by Dr. Steve Kornic of this department. X-ray crystallographic
analyses were performed on suitable crystals coated in Paratone oil and mounted on a P4
diffractometer with a Bruker Mo rotating-anode generator and a SMARTIK CCD area
detector or a Bruker Mo SMART APEX2 in the McMaster Analytical X-Ray (MAX)
Diffraction Facility. Full X-ray crystallographic details may be found in the individual

tables for each crystal structure (see Appendix 1).
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6.1.5 — NMR Tube Reactions

Unless otherwise noted, NMR tube reactions were carried out by mixing separate
solutions of reagents in their corresponding deuterated solvents inside the glove box.
Subsequent reagents were introduced by microsyringe through the septum at the top of
the NMR tube. The contents of the tube were thoroughly shaken and unless otherwise
indicated, the contents were placed in the spectrometer and monitored within 15 minutes
of mixing. In reactions were gasses were employed as reagents, J-Young tubes fitted with
vacuum line adapters were utilized. Upon attachment to the vacuum line, solutions were
cooled to an appropriate temperature and freeze-pump-thaw cycles were used to remove

all traces of Argon prior to introduction of reagent gasses.

6.1.6 — Starting Materials

Th(NO3)4(H,0)s was purchased from Strem Chemicals. SOCL, O(SiMe;),,
2,6-bis(bromomethyl)pyridine, tetraglyme, xanthone, AlMe; (2M in toluene), Pd(OAc),,
PhCH,MgBr (1.0 M solution in Et,0), NaOrBu, DPEPhos
[bis{2-(diphenylphosphino)phenyl}ether], NaH, KH (30 wt.% in mineral oil),
LiCH,SiMe; (1.0M in pentane), nBuLi (2.0M in cyclohexane),”*’ Fe powder and Br;
were purchased from Sigma-Aldrich. 2,6-diisopropylaniline was purchased from
Lancaster. Prior to use, solid LiCH,SiMe; was obtained by removal of pentane in vacuo,
solid KH was obtained by filtration and washing with hexanes, and 2,6-diisopropylaniline
was distilled from CaH,. H,[BDPP],'"Y  4,5-dibromo-2,7-di-fert-butyl-9,9-

dimethylxanthene,”®' were prepared by literature procedures. ThCly(dme),'® was
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prepared by a modified procedure (vide infra) based upon literature procedures. B(C¢Fs)3
was purchased from Boulder Scientific and dried by repeated cycles of stirring in
dimethylchlorosilane for 14 hours and sublimation. Dryness of B(C¢Fs); was monitored
post sublimation by F NMR (peak sharpness), and was usually achieved within 1 or 2
cycles of drying. [Ph3C][B(C¢Fs)s] was purchased from Strem and used as received.

Ethylene (99.99 %) was purchased from Aldrich and used as received.

6.2 — Experimental Procedures Pertaining to Chapter 2

6.2.1 — Synthetic Procedures and Characterization

Synthesis of ThCly(dme);:

Th(NO3)4(H20)4 (40.000 g, 94.41 mmol) was placed in a 250 mL flask. The flask was
placed in a water bath and concentrated HCI (175 mL) was added slowly. The solution
was refluxed under N, using a heating mantle for 4 days, until the evolution of yellow
gas had ceased completely. The water and HCl were removed in vacuo at room
temperature leaving behind a white solid (Note: it is extremely important that the water be
removed without heating, as the resulting ThCIl4y(H,O), undergoes significant
decomposition to hydroxyl/chloro and/or oxy/chloro complexes at temperatures higher
than 100 °C)." To this solid, SOCI, (200 mL) was added and the resulting solution was
refluxed under N, for 3 days. The remaining SOCI, was removed in vacuo, and the flask
was quickly detached from the reflux condenser and attached to a pre-dried swivel frit
under N,. Toluene (100 mL) was added (Note: direct vacuum transfer of toluene onto

this solid was avoided as cross-transfer of any remaining SOCI, into the solvent drying
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bomb would present a serious hazard) and the resulting product was sonicated for 10
minutes. The solid was collected on the frit and the mother liquors were discarded. After
drying in vacuo, the apparatus was brought into the glove box and 31.215 g of a grey-
white solid was collected. The solid was placed in a Soxhlet apparatus with a cellulose
thimble, and a round bottom flask containing dme (300 mL) and set to reflux for 2 days to
exchange coordinated SOCl, with dme. A brown solution and a considerable amount of
solid was obtained when the Soxhlet extraction was halted. The flask was once again
quickly detached from the apparatus and attached to a pre-dried swivel frit under Ar. The
solid was washed three times with dme (50 mL) and twice with hexanes (100 mL) to

yield ThCly(dme), as a beige solid (26.750g, 48.28 mmol) in 52 % yield.

H>(XA3) (1):

4,5-dibromo-2,7-di-tert-butyl-9,9-dimethylxanthene (10.00 g, 20.82 mmol), 2,6-
diisopropylaniline (7.85 mL, 41.64 mmol), NaO'Bu (5.60 g, 58.30 mmol), Pd(OAc), (40
mg, 0.21 mmol) and DPEPhos (167 mg, 0.31 mmol) in toluene (150 mL) were heated to
100 °C for 16 hours. The reaction mixture was then quenched with water, extracted into

toluene (3 x 50 mL), dried over MgSO4 and concentrated to approximately 30 mL.
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Recrystallization from a hot ethanol/toluene (10:1) solution gave 1 as a white solid (12.02
g, 17.86 mmol) in 86 % yield. '"H NMR (C¢Ds, 600 MHz): & 7.26-7.21 (m, 6H, Ar-H),
6.99 (d, 2H, *Juu 1.9 Hz, CH®), 6.51 (d, 2H, *Ju 1.9 Hz, CH"), 5.93 (s, 2H, NH), 3.47
(sept, 4H, *Jiy 6.9 Hz, CHMe,), 1.98 (s, 18H, CMes3), 1.68 (s, 6H, CMe,), 1.18 (d, 12H,
3Jin 6.9 Hz, CHMe>), 1.14 (d, 12H, *Juu 6.9 Hz, CHMe,). BC{*H} NMR (C¢Ds, 125
MHz): 5 147.8 (Ar-Cyy), 146.1, 136.4, 135.9 (Xanth-Q), 136.2 (Ar-Compo), 129.4 (Ar-
Cpara)s 1243 (A1-Cper), 111.9 (CHY), 108.1 (CH"), 35.1 (CMe,), 34.8 (CMes), 32.9

(CMe,), 31.7 (CMes3), 28.7 (CHMe,), 24.7, 23.5 (CHMe,). Anal. Calcd. for C47HgsN2O:

C, 83.88; H, 9.58; N, 4.16. Found: C, 83.91; H, 9.64; N, 4.00 %.

K>(dme);[XA;] (2):

.
e,

:... (DME),

KH (0.120 g, 3.00 mmol) and H,[XA;] (0.750 g, 1.11 mmol) in dme (60 mL)
were stirred at room temperature for 5 h. The solution was filtered to remove excess KH.
Solvent was removed in vacuo and hexamethyldisiloxane (30 mL) was added, followed
by sonication. The solution was cooled to —78 °C and filtered on a pre-cooled frit to
obtain 0.756 g (0.81 mmol, 73 %) of 2 as a white solid. 'H NMR (CsDs, 600 MHz): &

7.29 (d, 4H, *Jiuns 7.5 Hz, At-Hyera), 7.14 (t, 2H, *Jiyn 7.5 Hz, Ar-Hpgra), 6.57 (d, 2H, *Jipy
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2.0 Hz, CH®), 6.18 (d, 2H, *Ji.11 2.0 Hz, CH"), 3.00 (sept, 4H, *Ji.y 6.9 Hz, CHMe,), 2.97
(s, 8H, OCH,), 2.83 (s, 12H, OCH;), 1.90 (s, 6H, CMey), 1.40 (s, 18H, CMes), 1.29 (d,
12H, *Jy.11 6.8 Hz, CHMe), 1.16 (d, 12H, *Jiy 7.0 Hz, CHMe). 3C{!H} NMR (C¢Ds, 125
MHz): 8 154.1 (Ar-Cipso), 149.2 (Ar-Cormo), 147.7, 143.0, 138.6, 132.9 (Xanth-Q), 124.3
(AT-Cpara), 120.6 (Ar-Crera), 109.1 (CHY), 100.8 (CH?), 71.7 (OCH,), 58.7 (OMe), 36.4
(CMey), 35.6 (CMes), 32.8 (CMes), 31.2 (CMe,), 28.7 (CHMe,), 25.5, 24.8 (CHMey).
Anal. Calcd. for CssHgN,OsKs: C, 71.07; H, 8.89; N, 3.01. Found: C, 71.16; H, 8.86; N,
3.10 %.

Na[XA;] 3):

NaH (0.100 g, 4.17 mmol) and H[XA;] (0.700 g, 1.04 mmol) were refluxed in
toluene (60 mL) for 2-12 days.* The solution was then filtered to remove excess NaH,
solvent was removed in vacuo, and hexamethyldisiloxane (30 mL) was added. Sonication
and filtration gave 0.555 g (0.866 mmol, 84 %) of 3 as a white solid. "H NMR (C¢Ds,
600 MHz): & 7.28 (d, 4H, *Jiy 7.7 Hz, Ar-Hpei), 7.19 (t, 2H, *Jyy 7.6 Hz, Ar-Hpora),
6.67 (d, 2H, *Jyu 2.0 Hz, CH), 6.34 (d, 2H, *Jyyn 2.0 Hz, CH"), 2.98 (sept, 4H, *Jiy1 6.9
Hz, CHMe,), 1.81 (s, 6H, CMe;), 1.35 (s, 18H, CMes), 1.29 (d, 12H, *Juyy 6.8 Hz,

CHMe;), 0.99 (d, 12H, *Ji.y 7.1 Hz, CHMe). ®C{*H} NMR (C¢Ds, 125 MHz): & 151.8,

186



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

148.8, 146.2, 133.0 (Xanth-Q), 137.4 (Ar-Cipso), 128.6 (Ar-Copno), 125.0 (Ar-Crera), 121.2
(A1-Cpara), 109.4 (CH?), 101.2 (CH"), 35.8 (CMey), 34.4 (CMes), 31.4 (CMe;3), 28.3
(CMe,), 27.7 (CHMe,), 24.0, 23.4 (CHMe;). Anal. Calcd. for C47He2NoNayO: C, 78.73;
H, 8.72; N, 3.91. Found: C, 79.09; H, 8.65; N, 3.96 %. * The reaction time was not
reproducible. Typically, no reaction was observed for days but once the reaction began, it

took less than 24 hours to reach completion

Li;[BDPP] (4):

2.0 M "BuLi in cyclohexane (2.20 mL, 4.37 mmol) was added dropwise to 2,6-
bis(2,6-diisopropylanilinomethyl)pyridine (1.00 g, 2.19 mmol) in hexanes (30 mL) at —
78 °C. After stirring at —78 °C for 5 min. the solution was warmed to —45 °C for 5 min to
give a yellow/brown solution with large amounts of yellow precipitate. The mixture was
then re-cooled to —78 °C and filtered quickly on a pre-cooled frit to provide 4 as a yellow
solid (0.898 g, 1.91 mmol) in 87 % yield. "H NMR (ds-THF,* -30 °C, 500 MHz): & 7.58
(t, 1H, *Jun 7.3 Hz, Py-CHpara), 7.44 (d, 2H, *Jipnt 7.3 Hz, Py-CHpera), 6.71 (d, 4H, *Jin
7.3 Hz, At-Hper), 6.23 (t, 2H, *Jy 7.3 Hz, Ar-Hpara), 4.78 (s, 4H, NCH,), 3.73 (sept, .

1 6.9 Hz, CHMe,), 1.11 (d, 24H, *Ji.i 6.7 Hz, CHMe,). *C{'H} NMR (ds-THF, —30°C,
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125 MHz): & 166.4 (Py-Corimo), 160.1 (Ar-Cipgo), 138.5 (Ar-Corno), 133.0 (Py-Cpara), 120.8
(A1-Chera), 115.9 (Py-Cpewa), 1102 (Ar-Cpara), 62.4 (NCHz), 25.5 (CHMey), 21.0
(CHMe,). Anal. Calcd. for C3;HgNsLip: C, 79.29; H, 8.80; N 8.95. Found: C, 79.15; H,
9.21; N, 8.49 %. * Li;[BDPP] (4) shows similar thermal stability in both benzene and
THF (extensive decomposition in minutes at room temperature), and is considerably less
stable in toluene (decomposition occurs rapidly even at —30 °C). The thermal
decomposition of 4 in benzene is not clean and a mixture of unidentified air-sensitive

products is formed.

[(BDPP)ThCly(dme)] (5):

Method A. ThCls(dme), (0.600 g, 1.08 mmol) and LiCH,SiMe; (0.204 g, 2.17 mmol) in
toluene (60 mL) were stirred for 1 h at —78 °C followed by 1 h at 0 °C. A solution of 2,6-
bis(2,6-diisopropylanilinomethyl)pyridine (0.620 g, 1.35 mmol) in toluene (10 mL) was
then added dropwise. The solution was allowed to warm to room temperature over ca. 2
hours, stirred for an additional 12 h, and then filtered to remove lithium salts. Solvent was

removed in vacuo, and hexanes (30 mL) were added, followed by sonication and filtration

to give § as a white solid (0.781 g, 0.92 mmol) in 85 % yield. Method B. ThCl (dme),
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(0.140 g, 0.25 mmol) in benzene (10 mL) was placed in an ice-water bath (the majority of
the solution did not freeze, despite the 6 °C freezing point of benzene). A solution of
Li;[BDPP] (4) (0.119 g, 0.25 mmol) in benzene (5 mL) was added dropwise (over 1-2
min). The solution was stirred for one hour, followed by filtration and removal of solvent
in vacuo. Hexanes (10 mL) were added, followed by sonication and filtration to give 5 as
a white solid (0.109 g, 0.13 mmol) in 51 % yield. "H NMR (C¢DsBr, 600 MHz): & 7.24
(t, 1H, *Jin 7.6 Hz, Py-CH,pra), 7.17 (br. m, 6H, Ar-H), 6.85 (d, 2H, 3Jiun 7.6 Hz, Py-
CH), 5.27 (s, 4H, NCH>), 4.19 (sept, *Jyuy 6.7 Hz, CHMe,), 3.42 (s, 2H, OCH,), 2.38 (s,
3H, OCHs), 1.42, 1.15 (d, 24H, *Jiiy 6.7 Hz, CHMe>). *C{"H} NMR (C¢D, 125 MHz):
8 165.0 (Py-Corno), 148.1 (A1-Cipso), 147.6 (Ar-Corino), 137.4 (Py-Cpara)s 125.3 (Ar-Crera),
116.8 (Py-Chieta), 124.2 (Ar-Cpara), 70.6 (NCH,), 27.8 (CHMe,), 27.0, 24.3 (CHMe,).
Anal. Calcd. for C35HsCL1LN3;0,Th: C, 49.53; H, 6.06; N 4.95. Found: C, 49.85; H, 6.35;

N, 4.37 %.

[(XA2)ThCly(dme)] (6):

) o/_\O .
Y2
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ThCly(dme), (0.416 g, 0.75 mmol) and Ky(dme);[XA>] (2) (0.700 g, 0.75 mmol)
in toluene (60 mL) were stirred for 16 h at 100°C. The solution was cooled to room
temperature, filtered and the solvent was removed in vacuo. Hexanes (30 mL) were
added, followed by sonication and filtration to give 6 as a white solid (0.378 g, 0.36
mmol) in 59 % yield. "H NMR (C¢Dg, 600 MHz): & 7.31 (m, 4H, *Ji. 7.5 Hz, Ar-H),
7.25 (m, 2H, *Jiu 7.5 Hz, Ar-H), 6.85 (d, 2H, *Ju 1.8 Hz, CHP), 5.89 (d, 2H, *“Ji.n 1.8
Hz, CH"), 4.06 (sept, 4H, *Ji.y 6.8 Hz, CHMe,), 3.04 (s, 4H, OCH>), 2.25 (s, 6H, OCH3),
1.70 (s, 6H, CMe,), 1.47 (d, 12H, *Juy.y 6.7 Hz, CHMe,), 1.25 (s, 18H, CMes), 1.09 (d,
12H, *Jin 6.9 Hz, CHMe,). *C{'H} NMR (C¢Ds, 125 MHz): & 149.4 (At-Corpo), 147.1,
145.9, 141.3 (Xanth-Q), 142.0 (Ar-Cjpgo), 127.3 (Ar-Cpara), 125.4 (Ar-Crrera), 111.7 (CHY),
111.4 (CH?), 71.0 (OCH,), 61.3 (OMe), 34.9 (CMe3), 34.1 (CMey), 33.8 (CMes), 31.7
(CMes), 28.1 (CHMe,), 27.2, 24.8 (CHMe;). Anal. Caled. for Cs;H72CLN,OsTh: C,

57.57; H, 6.82; N, 2.63. Found: C, 57.76; H, 6.89; N, 2.49 %.

[(BDPP)Th(NEt,),] (7).
: Et,N NEt, ©

.
wunll N 1
~
~

.

[(BDPP)ThCly(dme)] (5) (0.250 g, 0.29 mmol) and LiNEt; (0.047 g, 0.59 mmol)

in toluene (25 mL) were stirred at room temperature for 1 hour. The solution was filtered
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and toluene was removed in vacuo. Hexamethyldisiloxane (10 mL) was added and the
mixture was sonicated. Collection of the resulting solid through filtration produced 7 as
an off-white solid (0.154 g, 0.185 mmol) in 64 % yield. "H NMR (C¢Ds, 600 MHz):
8 7.26 (d, 4H, *Jizn1 7.2 Hz, Ar-Hpera), 7.20 (t, 2H, Jiypg 6.8 Hz, Ar-H,pr), 6.92 (t, 1H, *Jis.
u 7.5 Hz, Py-CHpura), 6.52 (d, 2H, *Jiys 7.7 Hz, Py-CHpera), 5.17 (s, 4H, CH>NAr), 3.70
(sept, 4H, *Ji.y 6.9 Hz, CHMe3), 3.00 (q, 8H, *Jiy 6.8 Hz, NCH,CH3), 1.42 (d, 12H, *Jis.
u 7.0 Hz, CHMe,), 1.30 (d, 12H, *Juu 6.8 Hz, CHMe>), 0.87 (t, 12H, *Jiry 6.8 Hz,
NCH>CHs). BC{H} NMR (C¢Dg, 125 MHz): 5 165.6 (Py-Coro), 148.0 (A1-Corino),
147.6 (Ar-Cips), 137.4 (Py-Cpara), 124.3 (Ar-Chiera), 124.9 (Ar-Cpara), 117.1 (Py-Criera),
68.3 (CH,NAr), 40.7 (NCH,CH3), 28.3 (CHMe»), 26.7, 25.3 (CHMe,), 15.9 (NCH,CH3).
Anal. Calcd. for C3oHgNsTh: C, 56.30 H, 7.39; N, 8.42. Found: C, 55.94; H, 7.56; N,

7.77 %.

[Th(BDPP),] (8):

\ / N—Th'TNN “ N
N Arl

Method A. [(BDPP)Th(CH,SiMes),] (9) (0.200 g, 0.23 mmol) and 2,6-bis(2,6-
diisopropylanilinomethyl) pyridine (0.106 g, 0.23 mmol) in benzene (15 mL) were heated

at 100 °C for 24 hours in a sealed flask. Upon cooling, the reaction mixture was filtered
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and the solvent was reduced to ca. 1 mL in vacuo. Addition of hexamethyldisiloxane (10
mL) and sonication afforded 8 as a pale greenish yellow solid (0.097 g, 0.085 mmol) in
37 % isolated yield. Method B. ThCly(dme), (0.100 g, 0.18 mmol) and Li,BDPP (0.170
g, 0.36 mmol) in benzene (15 mL) were stirred at 0 °C for one hour (the majority of the
solution did not freeze, despite the 6 °C freezing point of pure benzene). The reaction
mixture was then warmed to room temperature, filtered, and the solvent was removed in
vacuo. Addition of hexanes (5 mL) and sonication gave a brown solid, which was
collected by filtration and washed with hexanes several times. Recrystallization by
cooling a hot, concentrated toluene solution of 8 to —30 °C afforded the product as a pale
greenish yellow solid (0.109 g, 0.095 mmol) in 26 % isolated yield. "H NMR (C¢Ds, 600
MHz): & 7.10 (m, 12H, Ar-H), 6.81 (t, 2H, *Jun 7.7 Hz, Py-CH,gra), 6.48 (d, 4H, *Jiyp
7.7 Hz, Py-CHypera), 4.87 (s, 8H, NCH,), 3.00 (sept, 8H, *JiLy 6.5 Hz, CHMe,), 1.01 (d,
24H, *Ji1y 6.5 Hz, CHMe,), 0.97 (d, 24H, *Jii 6.6 Hz, CHMe,). BC{*H} NMR (CD,Cl,,
125 MHz): 5 167.5 (Py-Corino), 156.1 (Ar-Corino), 146.2 (Ar-Cipg,), 138.0 (Py-Criera), 123.9
(Ar-CHpera), 123.4 (A1-Cpara), 117.5 (Py-Cpara), 68.0 NCHy), 29.5 (CHMe,), 27.7, 24.1
(CHMe»). Anal. Calcd. for Cs;Hg:NgTh: C, 65.13; H, 7.23; N, 7.35. Found: C, 65.22; H,

7.36; N, 7.02 %.

6.3 — Experimental Procedures Pertaining to Chapter 3

6.3.1 — Synthetic Procedures and Characterization

[(BDPP)Th(CH,SiMe3),] (9):
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Method A. ThCly(dme), (0.750 g, 1.35 mmol) and LiCH,SiMes (0.510 g, 5.41 mmol) in
toluene (60 mL) were stirred for 1 h at —78 °C followed by 1 h at 0 °C. The cloudy,
colourless solution was then re-cooled to —78 °C and a solution of 2,6-bis(2,6-
diisopropylanilinomethyl)pyridine (0.620 g, 1.35 mmol) in toluene (10 mL) was added
dropwise. The solution was allowed to warm to room temperature over ca. 2 hours, stirred
for an additional 12 h, and then filtered to remove lithium salts. Solvent was removed in
vacuo and hexamethyldisiloxane (30 mL) was added, followed by sonication and
filtration to afford 9 as an off-white solid (0.949 g, 1.10 mmol) in 82 % yield. Method B.
[(BDPP)ThCly(dme)] (5) (0.150 g, 0.18 mmol) and LiCH,SiMe; (0.033 g, 0.35 mmol) in
toluene (15 mL) were stirred for 30 minutes at room temperature. The solution was
filtered and solvent was removed in vacuo. Hexamethyldisiloxane (10 mL) was added,
followed by sonication and filtration to afford 9 as an off-white solid (0.106 g, 0.12
mmol) in 68 % yield. "H NMR (C¢Dg): 6 7.24 (m, 6H, Ar-CH), 6.90 (t, 1H, *Jyi 7.7 Hz,
Py-CHpara), 6.49 (d, 2H, 3Jient 7.7 Hz, Py-CHopera), 5.24 (s, 4H, NCH), 3.75 (sept, 4H, *Jip.
i 6.8 Hz, CHMe), 1.52 (d, 12H, *Jiy 6.8 Hz, CHMe,), 1.26 (d, 12H, *Jyy 6.8 Hz,

CHMe,), —0.02 (s, 18H, SiMes), —0.32 (s, 4H, ThCH>). BC{*H} NMR (C¢Ds, 125 MHz):
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8 164.8 (Py-Corino), 148.1 (A1-Cipso), 141.9 (Ar-Corino), 138.4 (Py-Cpara), 126.8 (Ar-Cirera),
125.0 (A1-Cpara), 117.8 (Py-Chiera), 89.9 (ThCHy), 68.7 (NCH,), 28.7 (CHMe,), 27.3, 24.9
(CHMe,), 3.8 (SiMes). Anal. Caled. for Cs9oHgN3SipTh: C, 54.33; H, 7.37; N, 4.87.

Found: C, 54.10; H, 7.35; N, 4.69 %.

[(XA2)Th(CH,SiMe;)] (10):
Me,Si SiMe;

Method A. Complex 10 was prepared in a similar fashion to 9 (method A) using 0.750 g
(1.35 mmol) of ThCly(dme),, 0.510 g (5.41 mmol) of LiCH,SiMes and 0.909 g (1.35
mmol) of Hy[XA;] (1). However, the crude filtered product was sonicated in hexanes (20
mL) before filtration to give 0.710 g of 10 as a white solid (0.711g, 0.66 mmol) in 49 %
yield. Method B. Complex 10 was prepared in a similar fashion to 9 (method B) using
[(XA2)ThCly(dme)] (6) (0.250 g, 0.25 mmol) and LiCH,SiMe; (0.048 g, 0.51 mmol).
However, the crude filtered product was sonicated in hexanes (10 mL) before filtration to
afford 10 as a white solid (0.175 g, 0.16 mmol) in 65 % yield. "H NMR (ds-toluene, 600
MHz): § 7.26 (m, 6H, Ar-H), 6.77 (d, 2H, *Jiu 1.5 Hz, CH), 6.00 (d, 2H, *Jii 1.5 Hz,

CH"), 3.54 (sept, 4H, *Ji.y 7.0 Hz, CHMe,), 1.66 (s, 6H, CMe>), 1.40 (d, 12H, *Jiy 7.0
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Hz, CHMe,), 1.16 (d, 12H, *Juy 7.0 Hz, CHMe,), 0.03 (s, 18H, SiMe;), —0.17 (s, 4H,
ThCH,). BC{*H} NMR (ds-toluene, 125 MHz): & 146.2 (Ar-Coyy), 148.8, 148.5 (Xanth-
0). 142.6 (Ar-Cipgo). 130.3 (Ar-Cpara), 129.7 (Ar-Cpera), 110.7 (CH"), 110.9 (CH?), 35.6
(CMe3), 35.5 (CMey), 31.4 (CMe,), 32.1 (CMe3), 29.5 (CHMe,), 26.8, 25.5 (CHMe»), 3.4
(SiMes). Note: ThCH; was not observed at room temperature but was observed at +50 or

—-80 °C (see main text). Anal. Caled. for CssHgsN,OSi>;Th: C, 61.31 H, 7.86; N, 2.60.

Found: C, 61.41; H, 8.06; N, 2.37 %.

[(BDPP)Th(CH,SiMes),] (11):

PhMe,Si SiMe,Ph

ThCl4(dme); (0.100 g, 0.18 mmol) and LiCH,SiMe,Ph (0.113 g, 0.72 mmol) in
toluene (20 mL) were stirred for 1 h at —78 °C followed by 1 h at 0 °C. The cloudy,
colourless solution was then re-cooled to —78 °C and a solution of 2,6-bis(2,6-
diisopropylanilinomethyl)pyridine (0.082 g, 0.18 mmol) in toluene (3 mL) was added
dropwise. The solution was allowed to warm to room temperature over ca. 2 hours, stirred
for an additional 12 h, and then filtered to remove lithium salts. Solvent was removed in
vacuo and hexamethyldisiloxane (30 mL) was added, followed by sonication and

filtration to afford 11 as an off-white solid (0.138 g, 0.14 mmol) in 78 % yield. "H NMR
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(CeDg): & 7.46 (d, 4H, *Juy 8.0 Hz, SiMerPhouo), 7.21 (m, 12H, Ar-Hpeaparas
SiMesPhmeiajpara)s 6.94 (t, 1H, *Jiuns 7.8 Hz, Py-CHpara), 6.50 (d, 2H, *Juy 7.8 Hz, Py-
CHypeta), 5.16 (s, 4H, NCH>), 3.60 (sept, 4H, *Jy.y 7.0 Hz, CHMe,), 1.45 (d, 12H, *Jiyq 7.0
Hz, CHMes), 1.18 (d, 12H, *Jiu 6.9 Hz, CHMe,), 0.15 (s, 12H, SiMes), —0.22 (s, 4H,
ThCH,). PC{*H} NMR (C¢Ds, 125 MHz): 5 164.2 (Py-Copino), 147.4 (Ar-Cipy,), 145.3
(Ph-Cipso), 140.9 (Ar-Cortho), 137.6 (Py-Cpara), 132.9 (Ph-Cormo), 127.1, 127.5, 126.1,
124.3 (Ar-Coerapparas Ph-Coneiapara)s 117.0 (PY-Chrera), 86.3 (ThCH,), 67.7 (NCH,), 28.0

(CHMe,), 26.6, 24.0 (CHMe,), 1.3 (SiMe;).

[(XA2)Th(CH2Ph),] (12):

A 1.0 M solution of PhCH,MgBr in OEt, (1.21 mL, 1.21 mmol) was added
dropwise to a —78 °C solution of [(XA,)ThCly(dme)] (6) (0.600 g, 0.61 mmol) in toluene
(30 mL), and then allowed to warm to room temperature over 3 hours. The solvent was
removed in vacuo and hexanes (30 mL) was added. The solution was then filtered and
evaporated to dryness in vacuo to yield 12 as a yellow solid (0.659 g, 0.37 mmol) in 56 %

yield. X-Ray quality crystals were grown by cooling a concentrated solution of 12 in
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hexanes from room temperature to —30 °C. "H NMR (C¢Ds, 600 MHz, 50 °C): & 7.26
(br. s, 6H, Ar-H), 7.02 (br. s, 4H, ThBz,), 6.80 (br. s, 2H, CH'), 6.65 (br. s, 2H,
ThBzpura), 6.01 (br. s, 2H, CH’), 3.42 (sept, 4H, *Jiy 6.4 Hz, CHMe,), 1.69 (s, 6H,
CMey), 1.35 (br. d, 12H, *Jyu 5.7 Hz, CHMe;), 1.31 (s, 4H, ThCH,), 1.20 (s, 18H,
CMes), 1.09 (br. s, 12H, CHMe,). C{'H} NMR (C¢Ds, 151 MHz, 50 °C): & 148.8
(ThBZpsos AT-Copo). 148.0, 145.7, 141.8 (Xanth-Q), 136.5 (Ar-Cjps,), 131.0 (broad s,
ThBZmera), 129.4 (C%) 127.9 (Ar-Cpara), 125.1, 125.0 (ThBZorihor Ar-Cera), 121.9 (broad s,
ThBzpara), 111.0 (CHY), 110.8 (CH'), 35.0 (CMes), 34.9 (CMey), 322 (CMe,), 31.7
(CMes), 29.5 (CHMe,), 26.7, 24.1 (2 x CHMe,). "H NMR (ds-toluene, 500 MHz, —40
°C): 5 7.20 (broad m, 4H, Ar-Hpara, Ar-Hpera), 7.14 (broad m, 4H, Ar-Hpera, ThBzZpera B),
7.07 (s, 2H, ThBZepo A), 7.00 (s, 2H, ThBzye1s A), 6.85 (t, ThBz,, B), 6.84 (s, 2H, CH"),
6.56 (t, *Jin 6.9 Hz, ThBzpuq A), 6.08 (s, 2H, CH), 5.32 (d, 2H, *Jizy 6.7 Hz, ThBZp0
B), 3.45, 3.16 (sept, 2 x 2H, *Ji.y 6.9 Hz, CHMe,), 1.79, 1.57 (s, 2 x 3H, CMe;), 1.34 (s,
2H, ThCH, B), 1.30, 1.29, 1.11, 1.05 (d, 4 x 6H, *Juu 6.9 Hz, CHMe,), 1.26 (s, 2H,
ThCH, A), 1.22 (s, 18H, CMes). *C{'H} NMR (ds-toluene, 126 MHz, —40 °C): 5 149.3
(ThBzjpsy A & Ar-Coppo), 147.7, 147.6 (Ar-Copnos Xanth-Q), 145.5 (Xanth-Q), 144.2
(ThBz,,s B), 142.2 (Xanth-Q), 134.2 (Ar-Cps,), 133.3 (A1-Crera), 129.3 (Xanth-Q), 128.7
(ThBzmeta A), 127.9 (Ar-Cpew), 124.8 (Ar-Cpara, ThBZormo A & ThBzpew B), 124.3
(ThBZorio B), 123.0 (ThBzparg B), 120.6 (ThBzpu, A), 110.5 (CH?), 109.9 (CH"), 93.4
(ThCH, B) 90.9 (ThCH; A), 35.7, 26.5 (2 x CMes), 34.9, 34.8 (CMe; & CMe,), 31.5
(CMe3), 30.0, 29.0 (2 x CHMe,), 26.7 (2 x CHMe,), 23.7, 23.6 (2 x CHMe,). °C NMR

(ds-toluene, 126 MHz, —40 °C): 8 93.4 (t, 'Je.y 139 Hz, ThCH, B) 90.9 (t, 'Jey 120 Hz,
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ThCH; A). Anal. Calcd. for C4;H7N-OTh: C, 67.51; H, 7.06; N, 2.56. Found: C,
67.84; H, 7.31; N, 2.58 %. Note: ThCH, A = n'-coordinated; ThCH, B =n? or n’-
coordinated. Assignments of hapticity are based on 1JC.H values for ThCH,Ph. Lower
frequency shifts for the MCH,Ph and ipso-MCH,Ph carbon resonances in *C NMR

spectra have also been cited as evidence of nz-benzyl coordination.'” '¥!

[(BDPP)Th(CH,Ph),] (13):

A 1.0 M solution of PhCH,MgCl in OEt; (0.41 mL, 0.41 mmol) was added
dropwise to a —78 °C solution of [(BDPP)ThCly(dme)] (5) (175 mg, 0.21 mmol) in
toluene (15 mL), before warming to room temperature over 3 hours. The mixture was
then filtered to remove insoluble salts and the mother liquors were evaporated to dryness
in vacuo. Hexanes (30 mL) was added, followed by sonication and filtration to collect 13
as a yellow solid (120 mg, 0.14 mmol) in 67 % yield. X-Ray quality crystals of 13 were
obtained by layering a toluene solution of 13 with hexanes at =30 °C. '"H NMR (C;Ds,
500 MHz, —35 °C): § 7.22 (m, 6H, Ar-Hyetas At-Hpara, ThBZpera A), 7.12 (br, s, 2H, Ar-m),
6.96 (br, s, 2H, ThBzoy, B), 6.80 (app. t, *Jiu 7.8 Hz, 2H, ThBZers B), 6.78 (t, *Jin 8.2

Hz, 1H, Py-CHyur), 6.74 (1, *Jiys 6.4 Hz, 1H, ThBzpua A), 6.32 (d, 2H, * /iy 8.1 Hz , Py-
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CHpera)s 6.22 (t, 1H, >y 7.8 Hz, ThBzpars B), 5.47 (d, 2H, *Jius 7.6 Hz, ThBzommo A),
5.07, 4.83 (d, 2 x 2H, 2y 19 Hz, Py-CH>), 3.88, 3.47 (septet, 2 x 2H, *Jun 7.2 Hz,
CHMe,), 1.49, 1.41, 1.33, 1.07 (d, 4 x 6H, *Jiy.u 7.2 Hz, CHMe,), 1.45 (s, 2H, ThCH; A),
1.15 (s, 2H, ThCH; B). BC{'H} NMR (C-Ds, 125 MHz, —35 °C): & 164.3 (Py-Corno).
150.0 (ThBzips, B), 149.7, 147.7 (Ar-Corno), 145.8 (ThBzjps A), 141.8 (Ar-Cips), 1324,
126.3 (Ar-Cpara, ThBzZpers A), 124.3 (ThBzpo B), 124.0, 123.8 (2 x Ar-Cpen), 123.5
(ThBZorio A), 121.3 (ThBzZpara A), 118.8 (ThB2para B), 117.2 (PY-Corera)s 116.3 (PY-Cpara),
89.6 (ThCH, A), 78.5 (ThCH, B), 67.5 (NCH,), 30.0 , 28.2 (CHMe,), 28.03, 27.73,
23.44, 22.78 (CHMe;). Anal. Calcd. for C4sHssN3Th: C, 62.13; H, 6.37; N, 4.83. Found:

C,61.91; H, 6.94; N, 4.90 %.

[(BDPP)Th(nBu),] (14):

1.6 M nBuLi in hexane (0.368 mL, 0.59 mmol) was added dropwise to
[(BDPP)ThClx(dme)] (5) (0.250 g, 0.29 mmol) in toluene (25 mL) at room temperature.
The solution was stirred for 30 minutes, filtered, and the solvent removed in vacuo.
Hexamethyldisiloxane (10 mL) was added, followed by sonication (1 hour) and filtration
to give 14 as an off-white solid (0.133 g, 0.17 mmol) in 57 % yield. "H NMR (C¢Ds, 500

MHz): § 7.20 (app s, 6H, Ar-CH), 6.91 (t, 1H, *Jiiy 7.6 Hz, Py-CHparo), 6.5 (d, 2H. *Jiyg
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7.6 Hz, Py-CHypera), 5.19 (s, 4H, NCH,), 3.77 (sept, 4H, *Jiu 6.6 Hz, CHMe,), 1.49 (d,
12H, Jyn 6.6 Hz, CHMe;), 1.49 (app. d, 2H, ThCH,CH,), 1.29 (app. d, 2H,
ThCH,CH,CH), 1.26 (d, 12H, *Jiy 6.6 Hz, CHMe,), 0.87 (t, 6H, *Juy 6.6 Hz,
ThCH,CH,CH,CH3), 0.35 (d, 2H, *Juy 7.9 Hz, ThCH,). “C{H}NMR (C¢Ds, 125
MHz): § 165.12 (Py-Corno), 148.54 (Ar-Cipyo), 142.42 (Ar-Cormo), 126.16, 124.43 (Ar-
Cparas At-Cpera), 137.95 (Py-Cpara), 117.67 (PY-Cpera), 87.73 (ThCHa), 68.39 (NCH),
28.65 (CHMey), 27.35, 24.93 (CHMe,), 28.54 (ThCH,CH,), 29.40 (ThCH,CH,CH,),
14.60 (ThCH,CH,CH,CH3). Anal. Caled. for C3oHsoN3Th: C, 58.41; H, 7.42; N, 5.24.

Found: C, 58.07; H, 7.04; N, 5.20 %.

[(XA2)Th(nBu),] (15):

1.6 M nBuLi in hexane (0.176 mL, 0.28 mmol) was added dropwise to
[(XA2)ThCly(dme)] (6) (0.150 g, 0.14 mmol) in toluene (25 mL) at room temperature.
The solution was stirred for 30 minutes, filtered, and the solvent removed in vacuo.
Hexamethyldisiloxane (10 mL) was added, followed by sonication (1 hour) and filtration
to give 15 as an off-white solid (0.049 g, 0.05 mmol) in 35 % yield. "H NMR (C¢Ds, 600

MHz): 3 7.24 (app. s, 6H, Ar-CH), 6.80 (app. s, 2H, “Ji.y 2.1 Hz, CH"), 6.13 (app. s, 2H,
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“Jin 7.9 Hz, CH®), 3.59 (sept, 4H, *Ji.y 7.0 Hz, CHMe,), 1.63 (s, 6H, CMe,) 1.71 (app.
t, 2H, ThCH,CH), 1.37 (d, 12H, *Jun 7.1 Hz, CHMe;), 1.29 (app. d, 2H,
ThCH,CH,CH>), 1.16 (d, 12H, *Jiy 7.1 Hz, CHMe;), 0.83 (t, 6H, *Juy 6.6 Hz,
ThCH,CH,CH,CH3), 0.45 (d, 2H, *Jy 7.8 Hz, ThCH,). BC{H} NMR (C¢D¢, 125
MHz): 8 146.0 (Ar-Coppo), 148.3, 135.4, 129.9 (Xanth-Q), 141.8 (Ar-Cjs,), 128.4, 127.9
(AT-CH,perafpara)s 110.0 (CHY), 109.9 (CH?), 95.6 (ThCH,), 35.1 (CMes), 35.0 (CMey),
31.4 (CMes), 31.8 (CMes), 29.2 (CHMe,), 26.3, 25.1 (CHMe,), 28.8 (ThCH,CH,), 29.8
(ThCH,CH,CH,), 14.60 (ThCH,CH,CH,CH3). Anal. Calcd. for CssHgoN,)Th: C, 64.94;

H, 7.93; N, 2.75. Found: C, 63.98; H, 7.33; N, 2.38 %.

[(BDPP)ThMes][Li(dme)] (16):

[(BDPP)ThCly(dme)] (5) (0.750 g, 0.88 mmol) and MeLi (0.058 g, 2.65 mmol) in
toluene (25 mL) were stirred for 15 minutes at room temperature. The solution was
filtered and the solvent was removed in vacuo. Hexamethyldisiloxane (10 mL) was

added, followed by sonication and filtration to give 16 as an off-white solid (0.482 g, 0.65
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mmol) in 74 % yield. "H NMR (C¢Dg, 500 MHz): & 7.27 (d, 4H, *Jiy 7.6 Hz, Ar-
CHyera), 7.13 (t, 1H, >y 7.3 Hz, Ar-CHpara), 6.99 (t, 1H, >y 7.9 Hz, Py-CHpara), 6.63
(d, 2H, *Jizy 7.9 Hz, Py-CHyera), 5.39 (s, 4H, NCH>), 4.20 (m, 4H, *Jiry 6.3 Hz, CHMe,),
1.59, 1.35 (d, 12H, *Jiry 6.6 Hz, CHMe,), 0.02 (s, 9H, ThMe;). *C{*H} NMR (CDs,
125 MHZ): § 166.0 (Py-Corio)s 148.1 (Ar-Copno), 137.0 (Py-Chara), 124.9, 124.9 (Ar-Crera,
Ar-Cpara), 69.9 (OCH,), 68.1 (NCH,), 58.7 (OCH3), 56.3 (ThMes), 28.1 (CHMe,), 27.9,
24.8 (CHMe,). Anal. Calcd. for C3gHgLiN3O,Th: C, 55.00; H, 7.29; N, 5.06. Found: C,

55.67; H, 7.29; N, 4.80 %.

[(BDPP*)Th(p-Me;)Li(dme)] (17):

[(BDPP)ThMes][Li(dme)] (16) (0.100 g, 0.14 mmol) in toluene (10 mL) was
stirred for 4 days at room temperature. The solution was filtered and the solvent removed
in vacuo. Hexamethyldisiloxane (10 mL) was added, followed by sonication and

filtration to give 17 as a brown solid (0.22 g, 0.03 mmol) in 20 % yield. "H NMR (C¢Ds,

500 MHz):  7.35-7.25 (app. m, 6H, Ar-CHerapara). 6.89 (t, 1H, *Jipsy 7.5 Hz, Py-CHpura),
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6.58 (d, 2H, *Jizn 7.5 Hz, Py-CHypera), 5.95 (d, 1H, “Jiy.y 19.7 Hz, NCH>), 5.32 (app s, 2H,
NCH,), 4.78 (d, 1H, *Jiyp 19.6 Hz, NCH,), 4.03 (sept, 1H, *Jyu 6.6 Hz, CHMe;), 3.94
(sept, 1H, *Jiup 6.8 Hz, CHMey), 3.79 (sept, 1H, *Jiy 6.6 Hz, CHMey), 2.52 (s, 6H,
OCH3), 2.39 (br s, 7H, OCH, and ThCMe,Ar), 1.71 (d, 3H, *Juy 6.7 Hz, CHMe,), 1.61
(d, 3H, *Jiy 6.8 Hz, CHMe,), 1.50 (d, 3H, *Jiyy 6.7 Hz, CHMe;), 1.41 (d, 3H, *Jin 5.9
Hz, CHMes), 1.39 (d, 3H, *Juy 6.0 Hz, CHMe,), 1.35 (d, 3H, *Jux 6.5 Hz, CHMe,), 1.22
(s, 3H, ThCMe»Ar), -0.09 (s, 3H, ThMe>), -0.32 (s, 3H, ThMe,). “C{'H} NMR (C¢Ds,
125 MHz): & 168.45 (Py-Compo), 165.57 (Py-Coro), 148.13, 147.89, 147.41, 146.94,
146.77 (A1-Cipso), 136.59 (PY-Cpara), 168.45 (Py-Cormo), 124.57, 124.22, 124.05, 123.10,
118.74, 117.08 (Ar-Cpuras At-Crera), 116.86 (Py-Crera), 73.61 (ThCMe,Ar), 116.86 (Py-
Chea)s 70.19 (NCH,), 69.68 (OCH,), 67.93 (NCH,), 58.96 (OCHj3), 53.00, 41.44
(ThMey), 30.16, 28.63, 27.83 (CHMe,), 27.57, 26.90, 26.31, 25.73, 24.80, 24.79
(CHMe,), 27.29, 23.09 (ThCMe,Ar). Anal. Caled. for C3;Hs4LiN3O,Th: C, 54.74; H,

6.70; N, 5.18. Found: C, 54.51; H, 6.26; N, 4.94 %.

[(BDPP)ThMe;] (18):
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[(BDPP)ThCly(dme)] (5) (0.115 g, 0.14 mmol) and [(BDPP)ThMes][Li(dme)]
(16) (0.200 g, 0.27 mmol) in toluene (15 mL) were stirred for 5 minutes at room
temperature. The solution was cooled to 0 °C, filtered, and the solvent was removed in
vacuo. Hexamethyldisiloxane (10 mL) was added, followed by intermittent sonication
and cooling to —78 °C, to give 18 after filtration as an off-white solid (0.238 g, 0.33
mmol) in 81 % yield. 'H NMR (C7Ds, —25 °C, 500 MHz): 5 7.19 (app s, 6H, Ar-CH),
6.82 (t, 1H, *Jiuy 7.7 Hz, Py-CHygra), 6.37 (d, 2H, *Jiays 7.7 Hz, Py-CHypera), 5.12 (s, 4H,
NCH,), 3.75 (br s, 4H, CHMe,), 1.47, 1.23 (br s, 12H, CHMe,), 0.01 (s, 6H, ThMe,).
BC{'H}NMR (C;Ds, 25 °C, 125 MHz): 5 164.6 (Py-Coino), 148.0 (Ar-Copno), 126.0,
125.0 (Ar-Cparas Ar-Criera), 117.1 (Py-Cpara), 82.7 (ThMe,), 68.2 (NCH,), 28.1 (CHMey),
27.3,24.3 (CHMe;). Note: Acquisition of elemental analysis data was not possible due to

thermal instability.

[(XA2)Mg(dme)] (20):

H>[XA,] (0.121 g, 0.18 mmol) and ThCly(dme), (0.100 g, 0.18 mmol) were placed

in toluene (10 mL). 1.0 M BzMgCl in Et,0 (0.360 mL, 0.36 mmol) was added dropwise
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to the solution. After 1 hour, the solution was filtered and solvent was removed in vacuo
to give 20 as a bright yellow solid (0.098 g, 0.124 mmol) in 69 % yield. Note: Although
thorium is not incorporated in the reaction product, the addition of ThCly(dme), was
requires in order to obtain a high yield of 20. "H (C¢Ds, 600 MHz): & 7.27 (d, 4H, *Jiy.i
7.5 Hz, At-Hyew), 7.20 (t, 2H, *Jins 7.4 Hz, Ar-Hpara), 6.62 (d, 2H, “Jy 1.7 Hz, CHP),
6.24 (d, 2H, *Jiy 1.7 Hz, CHY), 3.55 (sept, 4H, *Ji.y 6.8 Hz, CHMe»), 2.79 (s, 6H, OMe),
2.58 (s, 4H, OCH,), 1.70 (s, 6H, CMey), 1.27 (d, 12H, *Juy 6.7 Hz, CHMe,), 1.12 (d,
12H, *Jii 6.7 Hz, CHMe;). C{*H} NMR (C¢D¢, 125 MHz): & 148.8 (Ar-Copiio), 148.2,
147.0, 132.1 (Xanth-Q), 146.1 (Ar-Cip0), 123.5 (A1-Cpara), 123.8 (Ar-Chrera), 109.1 (CH),
103.0(CHY), 69.4 (OCH,), 59.9 (OMe), 36.5 (CMe,), 35.1 (CMes), 28.8 (CMes), 32.0
(CMes), 28.2 (CHMe,), 26.0, 24.4 (CHMe;). Anal. Calcd. for: Cs5;H72MgN,035: C, 77.99;

H, 9.24; N, 3.57. Found: C, 78.43; H, 9.71; N, 3.48 %.

6.4 — Experimental Procedures Pertaining to Chapter 4

6.4.1 — Synthetic Procedures and Characterization

[(XA2)Th(CH:Ph)][B(CsFs)3(CH2Ph)] (21):

Ph B(CgFs)3
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A =30 °C solution of [[(XA2)Th(CH,Ph),] (12) (0.100 g, 0.092 mmol) in hexanes
(5 mL) was added dropwise to a —30 °C solution of B(C¢Fs); (0.047 g, 0.092 mmol) in
hexanes (2 mL). The reaction mixture was allowed to settle in the glove box freezer
overnight before the mother liquors were removed, and the solid was washed with
hexanes (3 x 2 mL). Residual solvent was then removed in vacuo to afford 21 as a
yellow-orange solid (0.138 g, 0.88 mmol) in 95 % yield. Complex 21 is stable for days at
room temperature under an inert atmosphere, both in solution and as a solid. However,
rapid thermal decomposition was observed at temperatures above 60 °C. '"H NMR
(CsDs, 600 MHz): & 7.31 (t, 2H, *Jyy 7.5 Hz, Ar-Hyy), 7.23 (d, 4H, *Jyy 7.5 Hz,
Ar-Hypera), 6.87 (m, 4H, ThBZorno, ThBZmera), 6.77 (d, 2H, *Jin 1.5 Hz, CH"), 6.56 (br. m,
2H, ThBZparas BB2Zpara), 6.52 (d, 2H, *Jiun 6.5 Hz, BBzowno), 5.98 (t, 2H, *Jun 6.5 Hz,
BBzpara), 5.76 (d, 2H, “Jiuy 1.5 Hz, CHP), 3.25 (broad s, 2H, BCH,), 3.00, 2.59 (sept, 2 x
2H, *Juu 7 Hz, CHMe,), 2.40 (sharp s, 2H, ThCH,), 1.52, 1.40 (s, 2 x 3H, CMe,), 1.29,
1.14, 0.98, 0.76 (d, 4 x 6H, *JiLy 6.9 Hz, CHMe;), 1.08 (s, 18H, CMe;). “C{'H} NMR
(CeDg, 151 MHz): 5 162.9 (BBzj,s), 148.5, 143.2, 140.6, 128.7 (Xanth-Q), 148.0 (broad
d, J 240 Hz, ortho- or meta-CeFs), 148.0, 145.4 (2 x Ar-Copno), 144.5 (ThBzj,), 138.3
(broad d, J ~230 Hz, para-CgFs), 136.7 (broad d, J ~240 Hz, ortho- or meta-C¢Fs), 136.0
(Ar-Cipso), 134.8 (BBzpera), 134.0 (BBzorino), 129.15 (Ar-Cpara), 128.3 (ThBzpers), 126.8
(BBzpara), 125.4 (ThBzopho), 125.2, 125.1 (2 X Ar-Cper), 122.4 (ThBzpars), 112.3 (CHY),
110.4 (CH?), 93.1 (ThCH,), 35.9 (broad s, BCH,), 34.2 (CMes), 33.8 (CMey), 33.6, 28.4
(2 x CMe»), 30.6 (CMe3), 29.7, 28.3 (2 x CHMe,), 26.0, 24.7, 24.6, 22.9 (4 x CHMe,).

BC NMR (CgDg, 151 MHz): §92.09 (t, 'Jey 119 Hz, ThCH>). ''B NMR (C¢Ds, 193
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MHz): 6 -11.62. Pr NMR (C¢Dg, 471 MHz): & —128.93 (d, J 20 Hz, F,m0), —160.40 (t,
he 20 Hz, Foaa), —164.34 (app. t, 3JF_F 20 Hz, F,ew). Anal. Caled. For

C2H77BFsN,OTh: C, 59.37; H, 4.86; N, 1.75. Found: C, 59.33; H, 5.01; N, 1.57 %.

[(XA2) Th(CH,SiMe3)(n°-CsHe)] [B(C4Fs)a], (22):

™ ' “1[B(CeFs)al

Method A: A solution of [Ph3;C][B(CeFs)4] (150 mg, 0.162 mmol) in benzene (10 mL)
was added dropwise to a solution of [(XA;)Th(CH,SiMes),] (9) (175 mg, 0.162 mmol) in
benzene (10 mL) at room temperature. The mixture was stirred for 15 minutes, and then
allowed to settle. The orange mother liquors were then decanted to leave an orange-brown
oil, which was washed with hexanes (10 mL), layered with hexanes (10 mL), and then
stored at 20 °C for several days to yield X-ray quality crystals of 22-C¢Hg growing within
and at the surface of the oil. Note: Crystals of 22 were always coated with oil, which
prevented elemental analysis. Method B: A solution of [Ph3C][B(C¢Fs)s4] (17 mg, 0.019
mmol) in C¢Dg (3 mL) was added dropwise to a solution of [(XA;)Th(CH,SiMes),] (9)
(10 mg, 0.009 mmol) in C¢Dg (3 mL) at room temperature. The solution was stirred for 16
hours prior to investigation by 'H, °C and 2D NMR spectroscopy. '"H NMR (CsDs, 600

MHz, 20 °C): 5 7.42 (t, 2H, *Jin 7.5 Hz, Ar-CHpara), 7.27, 7.25 (app. t, 2 x 2H, *Jipi1 6.9

207


http:8-128.93

Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

Hz, Ar-CHypera), 6.82 (d, 2H *Jus 1.9 Hz, CH"), 5.82 (d, 2H, “Ju 1.9 Hz, CHP), 3.25,
2.50 (septet, 2 x 2H, *Ji.y 6.9 Hz, CHMe,), 1.61, 1.46 (s, 2 x 3H, CMe,) 1.28, 1.13, 1.03,
0.86 (d, 4 x 6H, *Ji.yy 7.1 Hz, CHMe,), 1.07 (s, 18H, CMes), 0.25 (s, 2H, ThCH,), —0.13
(s, 9H, SiMes). BC{H} NMR (C¢Dg, 150 MHz, 20 °C): & 149.6, 147.5 (Ar-Corno).
145.0, 142.4, 129.6 (Xanth-Q), 133.1 (Ar-Cjy,), 131.2 (Ar-Cpara), 126.6, 126.1 (2 x Ar-
Crew), 113.2 (CH"), 110.6 (CH?), 85.5 (Th-CHs), 35.2, 27.2 (CMes), 35.0 (CMe3), 33.9

(CMe»), 31.3 (CMe3), 27.6 , 25.5 (CHMey), 27.9, 25.6, 25.1, 23.7 (CHMe,), 2.9 (SiMe3).

[(XA;)Th(CHzSil\’[e3)(1]6-toluene)] [B(C¢Fs)4] (23).

B : "][B(CéeFs)al

A solution of [Ph3C][B(C¢Fs)4] (17 mg, 0.019 mmol) in toluene (3 mL) was added
dropwise to a solution of [(XA;)Th(CH,SiMes),] (9) (10 mg, 0.009 mmol) in toluene (3
mL) at room temperature. The solution was stirred for 3 hours and then evaporated to
dryness in vacuo. The resulting oil was dissolved in ds-bromobenzene. "H NMR
(C¢DsBr, 600 MHz, 20 °C): § 7.46 (t, 2H, *Jyu 7.6 Hz, Ar-Cparq), 7.38, 7.30 (broad d, 2
X 2H, Ar-Cpena), 6.92 (s, 2H, CH"), 6.92 (m, 1H, PhMeyara), 6.67 (d, 2H, *Ji 6.8 Hz,
PhMe o), 5.91 (app t, 2H, *Jiy 6.8 Hz, PhMe ), 5.76 (s, 2H, CH), 3.24, 2.60 (septet,

2 X 2H, *Jiuy 6.9 Hz, CHMe»), 2.02 (s, 3H, PhMe), 1.70, 1.67 (s, 2 x 3H, CMe»), 1.32,

208



Ph.D. Thesis
Carlos A. Cruz
Department of Chemistry

1.18, 1.10, 0.86 (d, 4 x 6H, *Juu 6.9 Hz, CHMe,), 1.11 (s, 18H, CMes), 0.06 (s, 2H,
ThCH,), —0.16 (s, 9H, SiMes). *C{"H} NMR (C¢DsBr, 150 MHz, 20 °C): & 149.5,
142.1, 129.3 (Xanth-Q), 149.1, 147.5 (Ar-Coro)s 135.0 (PAMeorio), 134.5 (PhMemer),
132.9 (Ar-Cipso), 130.7 (A1-Cpara), 127.7 (PhMepars), 126.2, 125.5 (2 X Ar-Crers), 125.4
(PhMey,s,), 113.2 (CHY), 110.2 (CH?), 90.5 (Th-CHa, 'Je i 104 Hz), 35.2, 27.5 (CMe),
34.8 (CMes), 34.5 (CMe,), 31.2 (CMes), 29.8, 27.4 (CHMe,), 27.1, 25.4, 25.3, 23.5

(CHMe.), 21.4 (PhMe) 2.7 (SiMes).

[(XA,)Th(CH,Ph)(n’-toluene)] [B(C4Fs)4], (24).

B | [B(CeFs)dl

A solution of [Ph3C][B(CgFs)4] (150 mg, 0.162 mmol) in toluene (10 mL) was
added dropwise to a solution of [(XA;)Th(CH,Ph),] (12) (175 mg, 0.162 mmol) in
toluene (10 mL) at room temperature. The mixture was stirred for 15 minutes, and then
allowed to settle. The light orange mother liquors were decanted to leave an orange-
brown oil, which was washed with hexanes (10 mL), layered with hexanes (10 mL) and
stored at 20 °C for several days to yield X-ray quality crystals of 24-2C;Hg growing
within and at the surface of the oil. Extremely air-sensitive 24 was always obtained as an

oil, or as crystals coated with oil, and was insoluble in solvents with which it did not
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react. This precluded elemental analysis or solution NMR spectroscopy, and as a result,

direct characterization of 24 was limited to single crystal X-ray crystallography.

[(BDPP)Th(n*-CH;Ph)(u-n":n°*-CH,Ph) Th(n'-CH,Ph)(BDPP)] [B(C¢Fs)4] (25)

B ~1[B(CgFs)al

A solution of [Ph3C][B(C¢Fs)4] (150 mg, 0.162 mmol) in benzene (10 mL) was
added dropwise to a solution of [(BDPP)Th(CH,Ph),] (13) (141 mg, 0.162 mmol) in
benzene (10 mL) at room temperature. The mixture was stirred for 15 minutes, and then
allowed to settle. The light orange mother liquors were then decanted to leave an orange-
brown oil, which was washed with hexane (10 mL) and then layered with hexanes (10
mL) and stored at 20 °C for several days to yield several X-ray quality crystals of
25-0.75hexane-0.55benzene growing within and at the surface of the oil. These crystals
were obtained in low yield (the formation of 25 was presumably due to a slight deficiency
in the mount of [Ph;C][B(C¢Fs)4] added), and were coated with oil, which precluded
elemental analysis. In addition, all products formed in the reactions of 13 with

[Ph;C][B(CgFs)4] are insoluble in solvents with which they do not react, which prevented
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observation of 25 by solution NMR spectroscopy. As a result, direct characterization of

25 was limited to single crystal X-ray crystallography.

[(XA2)Th][B(CeFs);(CH2Ph)]> (27):
(CeFs)3B

Bu \—@ B(CeFs)3

A =30 °C solution of [(XA;)Th(CH,Ph)][PhCH,B(CsFs);] (21) (0.035 g, 0.022
mmol) in toluene (2 mL) was layered with a solution of B(CgFs); (0.012 g, 0.022 mmol)
in hexanes (1 mL) and allowed to slowly diffuse overnight at —30 °C. The mother liquors
were carefully decanted away from the resulting orange crystals, which were then washed
with toluene (3 x 2 mL) and hexanes (3 x 2 mL). Removal of residual solvent in vacuo
afforded 27 as an orange solid (0.029 g, 0.013 mmol) in 63 % yield. X-ray quality crystals
were obtained using the method outlined above. Solution 'H, ®cC, "B and F NMR
spectra were not obtained due to reaction of 27 with THF, 1,2-dimethoxyethane or
bromobenzene, and the insolubility of 27 in less reactive solvents such as benzene,
toluene and oo, a-trifluorotoluene. Anal. Caled. For Co7H7¢BoF30N-OTh: C, 55.23; H,

3.63; N, 1.33. Found: C, 55.70; H, 3.77; N, 1.53 %.
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6.5 — Experimental Procedures Pertaining to Chapter 5
6.5.1 — Synthesis Procedures and Characterization

[(XA2)Th(NHPh),]*O(SiMes); {28°0(SiMes).}:
- PhHN  NHPh :

Sy

Aniline (0.051 mL, 0.557 mmol) was added dropwise to a solution of

L LA N

.
“,

[(XA2)Th(CH,SiMes3),] (10) (0.300 g, 0.278 mmol) in toluene (30 mL) at room
temperature. After 30 minutes, the solvent was removed in vacuo and O(SiMe3), (30 mL)
was added. The solution was then sonicated, filtered and evaporated to dryness in vacuo
to yield 28°O(SiMe3), as an off-white solid (0.236 g, 0.217 mmol) in 78 % yield. 'H
NMR (C¢Dg, 600 MHz): & 7.29 (t, 2H, *Jiry 6.2 Hz, Ar-CH,ppa), 7.26 (d, 4H, Jiip 6.2
Hz, Ar-CHypera), 6.97 (t, 4H, * Syt 7.6 Hz, NHPAier), 6.87 (d, 2H, *Ji 2 Hz, CHY), 6.58
(t. 2H, *Jin 7.7 Hz, NHPhyuy), 6.23 (d, 4H, *Jiuy 7.6 Hz, NHPhoo), 6.14 (s, 2H, *Ji
2.1 Hz, CH®), 5.21 (s, 2H, NHPh), 3.43 (sept, 4H, *Ji.y 7 Hz, CHMe,), 1.68 (s, 6H,
CMe,), 1.23 (s, 18H, CMes), 1.17 (d, 12H, *Jyy 6.9 Hz, CHMe,), 1.07 (d, 12H, *Jiy 6.8
Hz, CHMe;). “C{'H} NMR (CsDs, 151 MHz): & 153.1 (NHPhy,,), 149.1, 148.9

(Xanth-Q), 134.5 (Ar-Cipso), 129.4 (NHPhyera), 128.6 (Ar-Cparg), 125.7 (Ar-Crera), 117.9
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(NHPhyara), 116.4 (NHPhono), 109.6 (C, %), 35.3 (CMey), 35.0 (CMe3), 31.7 (CMes),
31.1 (CMes), 29.2 (CHMey), 26.1 (CHMe,), 24.7 (CHMe,). Anal. Caled. for
CesHooN4O,Si>Th {28-0(SiMes)}: C, 62.47; H, 7.42; N, 4.48. Found: C, 62.67; H,

7.38; N, 4.37 %.
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Appendix 1

For complete crystallographic data tables, atomic coordinates, anisotropic displacement

parameters and metrical data, see word and cif files in the attached CD. Also included are

the published and accepted works arising from this thesis.
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