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Abstract

Different synthetic approaches to the development of complexes with X-
An=E and E=An=E functionalities (where An = U, Th) for use in studying the
inverse trans influence (ITI) and the role f-orbitals play in early actinide bonding
are expounded upon in this work. Chapter 1 gives a brief overview of the context
of early actinide complexes in the nuclear fuel cycle, the grand challenges
associated with understanding the inverse trans influence (ITI) and the
participation of f-orbitals in bonding between actinides and main group elements.

Chapter 2 discusses the use of a k*-ancillary anilido ligand [N(SiMes)(3,5-
(Me)2(CeH3)] to support actinide complexes to accommodate bulky U=E(R)
moieties that can protect the reactive U=E bonds. This scaffold can be used to
isolate tris(amido) halide (X)U[N(SiMes)(3,5-(Me)2(CsHs)]s (X = CI, Br and I;
complexes 2.3, 2.4 and 2.1 respectively) and homoleptic tetrakis(amido)
complexes of uranium (complex 2.6), where a correlation between halogen
electronegativity and *H NMR chemical shift is observed. The identity of the alkali
metal counterion (M) used in salt metathesis reactions of [M][N(SiMe3s)(3,5-
(Me)2(CsHs)] with AnX4 (An = U, Th; X = CI, 1) plays a significant role in the
reactivity of the resultant halo tris(anilido) uranium species. All attempts at
isolating U=E multiple bonds were unsuccessful and resulted in either no reaction
or isolation of a disproportionation byproduct, U[N(SiMe3)(3,5-(Me)2(CsH3)]4.

Chapter 3 explores the use of a bulkier k3-bis(diisopropylanilidomethyl)
pyridine (BDPP) ligand, for stabilizing mid-valent uranium complexes. Previous

studies with lanthanides and transition metals have shown this ligand scaffold to
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avoid non-innocent ligand-based reactivity. The BDPP ligand is shown to
undergo non-innocent ligand based reactivity through alkylation at the 4-position
of the BDPP pyridine backbone to generate a dihydropyridonate species
(complex 3.1). All attempts at elucidating a plausible mechanism for this
unwanted alkylation were unsuccessful; however, generality for this reaction is
demonstrated through reactivity studies with [BDPP]Zr(NMez2)2.

Chapter 4 highlights the use of k*-salen type Schiff base ligand (+)-trans-
6,6’-diethoxy-2,2’-[cyclohexane-1,2-diylbis(nitrilomethanylylidene)]diphenol. This
ligand system enables isolation of pseudo-trans dihalo actinide complexes
[L]JAN(X)2(Solv)2 (X = CI, Br, I; Solv = THF or pyridine; L = Schiff base ligand)
(complexes 4.1, 4.1-(Py), 4.2, 4.2-(Py), 4.8, 4.9, and 4.10). Ligand innocence in
[L]JAN(Cl)2(Solv)2 is maintained during reactions with both weak and strong
nucleophiles and metal-based salt metathesis reactivity. This scaffold supports
rare pseudo-trans diazido complexes [L]JAn(N3)2(Py) generated by reaction of
[L]JAN(CI)2(Solv)2 with excess NaNs (complexes 4.3 and 4.4). Remarkably, this
ligand framework can support the linear metallocene functionalities
[LJAN(Cp)2(1,4-dioxane) (complexes 4.6 and 4.7) upon reaction of
[LJAN(Cl)2(Solv)2 with 2 equiv. of NaCp, including the rare uranium linear
metallocene (complex 4.6) and the first example of a thorium linear metallocene
(complex 4.7). This ligand system also enables the preparation of a uranyl
complex, [L]JU(O)2(Py), through oxidation of the dichloro complexes with NaNO:2

(complex 4.11).
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Chapter 1

Introduction



1.1: U.S. energy demands and the search for a more sustainable fuel
source

With the U.S. population increasing to over 325 million people in 2017, the
pressure to provide enough energy to sustain the current population has
increased dramatically over the past few decades.! It was estimated that by the
end of 2016, roughly 97.4 quadrillion BTUs of energy were consumed across all
sectors.? By 2050, the U.S. population is expected to increase to over 400 million
people with an expected population growth of 2.1 million people per year.?
Consequently, the challenge to meet the population’s energy demands will only
increase for the foreseeable future.

U.S. energy consumption by energy source, 2016

Total = 97.4 quadrillion
British thermal units (Btu) Total = 10.2 quadrillion Btu

geothermal 2%
- solar 6%
— wind 21%

biomass waste 5%

biofuels 22% biomass
46%

wood 19%
hydroelectric 24%

Note: Sum of components may not egual 100% because of independent rounding.

Source: U.S. Energy Information Administration, Monthly Energy Review. Table 1.3 E
and 10.1, April 2017, preliminary data Cla

Figure 1-1: Contribution of various energy sources (%) to U.S energy
consumption in 2016

As of 2014, roughly 53% of energy produced in the U.S. comes from non-

renewable and non-carbon neutral sources like coal and oil.* As these resources



are finite, it is likely that these materials will run out in the foreseeable future,
creating a deficit in energy production unless a more reliable source of energy
can be found. Aside from the inability to sustain the growing population long term,
continued use of non-renewable fuel sources like coal and oil pose additional
problems. One of the main concerns with burning coal and other hydrocarbon
fuels sources is their emission of greenhouse gases like CO2.> High emissions of
these gases are believed to be the main contributor to global climate change.>®
Currently, the burning of coal accounts for roughly half of all CO2 emissions
associated with the burning fossil fuels.” Despite this, approximately 40% of the
world’s electricity is produced through the combustion of coal and other
hydrocarbon solids.>’ Due to the decreasing reserves of fossil fuel sources like
coal, and the environmental concerns with their continued use, cleaner, less
environmentally hazardous sources of fuel that can sustain the growing
population are currently being explored. One possible alternative fuel candidate
that easily has the ability to support the world’s growing population is nuclear
fuel.” Currently, nuclear energy is generated primarily through fission of heavy

actinide isotopes, namely uranium and plutonium (Figure 1-2).8
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Figure 1-2: Simplified depiction of U-235 undergoing nuclear fission.

During a fission event, a U-235 atom is bombarded with a neutron, which
is captured by the U-235 atom to temporarily become an excited U-236 atom. The
U-236 nuclide then splits or decays into two smaller fragments, releasing three
additional neutrons, which can in turn participate in additional fission events,
along with gamma-rays and energy in the form of heat. The heat generated from
this process is then harnessed to convert liquid water to steam, which is then
used to drive electricity producing turbines without producing carbon emissions.®
Interestingly, just one kilogram of fissile uranium fuel, has the ability to generate
about 500,000 MJ of energy.’ To illustrate the efficiency of uranium as a fuel
source, the equivalent mass (1 kg) of non-renewable black coal is produces only
24-30 MJ of energy.’ This difference in energy density, or the amount of energy
produced per unit of mass of the fuel source (MJ/kg) between a uranium nuclear
fuel source and coal can further be demonstrated by the amount of each fuel
source consumed by a power plant annually. It is estimated that a one million

kilowatt (1000 MW) coal burning power plant consumes approximately 3.2 million



tons of black coal per annum, whereas a one million kilowatt nuclear power plant,
uses only 27 tons of uranium fuel (UOz) each year.” 1° Through this comparison,
we can see that nuclear fuel, is a far more efficient fuel source than fossil fuels
like coal. Despite this, and the fact that nuclear fuel is able to produce energy
with minimal carbon emissions, there are still many concerns with using nuclear

power to meet world demands.

1.2: Concerns with nuclear energy as a long-term, sustainable fuel source

1.2.1: Public opinion and economic concerns with nuclear energy

The safe and reliable operation of nuclear power plants is of paramount
interest to the general public.®> Recent nuclear accidents, which led to significant
leaks of harmful radiation into the surrounding environment at the Fukushima
Daiichi nuclear power plant in Japan and historic releases of radioactive material
at the Chernobyl plant in Pripyat, Ukraine, have caused people to criticize the use
of this fuel source for fear of potential exposure to harmful radiation generated as
a byproduct of the fission process.!! Although catastrophic accidents where
significant amounts of radiation are released into the environment are extremely
rare, this fear of potential exposure to harmful radiation has created a negative
public opinion for the use of nuclear fuels.*? This negative opinion has, in turn,
prompted countries like Belgium, Germany and Switzerland to begin phasing out
the use of nuclear power by the year 2035.% 13 In an effort remedy public safety
concerns, many countries have begun to explore the development of safer

reactor designs, which are theoretically better equipped to handle a catastrophic



accident in the very unlikely event one were to occur.'* In addition to fear of
accidental exposure to radiation, economic pressures that limit the cost
effectiveness of nuclear power are an additional concern for long-term
sustainability of nuclear power. Due to falling natural gas prices, many old coal-
burning power plants have been replaced with new plants that run on natural gas
rather than nuclear power.® In addition to this, subsides for solar and wind energy
have prompted the construction of wind and solar farms rather than new nuclear
power plants,> > and government subsidies for renewable energy have driven
power generated by these methods, “so low that nuclear power cannot feasibly
compete” at this time.'> With nuclear power being responsible for the production
of roughly 20% of the electricity produced in the U.S. — and nearly 60% of the
nation’s “carbon-free” electricity — the inability for nuclear power to compete
effectively in the energy industry may be problematic for the future of the nation’s
carbon-free energy production.® As such, in 2016, the United States Department
of Energy (DOE) awarded two companies a combined sum of $80 million dollars
to develop safer, more cost-effective Gen IV nuclear reactors.'® It was their hope
that by awarding this grant, that the U.S. would be able to provide cleaner,

carbonless nuclear energy for decades to come.16

1.2.2: Concerns with radioactive nuclear waste
Although efforts have been made to address nuclear plant operation safety
and the long-term economic viability of nuclear power, many qualms still exist

about the use of nuclear power due to the production of highly toxic nuclear waste



as a byproduct of the nuclear fuel cycle. Nuclear fission generally results in
radioactive waste belonging to one of three different categories.'’” The first type
of radioactive waste produced from fission is known as low level radioactive
waste (LLW). This type of waste makes up roughly 90% of the volume of all
radioactive waste produced, but accounts for only 1% of all radioactivity for the
entire nuclear waste inventory.'” LLW typically contains paper, clothing and tools
that have been exposed to minor contamination.”- 8 The second category of
waste is known as intermediate level radioactive waste (ILW) and typically is
comprised of resins, metal fuel cladding and “sludge”.!” This type of waste
accounts for 7% of the volume of radioactive waste produced, but only 4% of the
total radioactivity.!” ILW is often solidified in concrete before being stored in
holding yards. The last type of waste produced as a result of nuclear power is
classified as high level radioactive waste (HLW) and is often comprised of spent
nuclear fuel and waste generated during the reprocessing of used fuel.’® This
type of waste accounts for about 3% of the volume of nuclear waste produced,
but nearly 95% of the total radioactivity.!” HLW is generally stored under water at
an onsite location at a nuclear power plant, allowing the highly radioactive
isotopes found in the waste to have time to decay.'’ Due to the long half-lives for
many of the radioactive isotopes found in this type of waste, storage of HLW is
required for 40-50 years — or longer in the case of long-lived isotopes — before
proper disposal can occur.l’ As this type of waste must be properly stored for
many years before disposal, buildup of HLW waste at nuclear power plants is a

concern. It is estimated that roughly 300,000 tonnes of HLW waste is distributed



across nuclear power plants worldwide, with annual additions of new HLW waste
reaching approximately 10,500 tonnes annually.'’” Buildup of this type of waste is
a concern not only from proliferation and storage standpoints, but from a national
security perspective as well. As this waste contains high levels of radioactivity, it
must be closely monitored to ensure that it is not stolen or intercepted and used
for illicit purposes.’® As this waste continues to accumulate, it becomes more
difficult and more expensive to monitor. As a result, efforts are being made to find
more suitable storage solutions and to reduce the amount of HLW waste

generated each year.

1.2.3: Management of high level radioactive waste and funding initiatives for
actinide science

Currently, it is internationally accepted that the best solution for storing
HLW waste is to bury it deep underground in a secure repository.t”- 1° Despite
consensus on this matter, no government has been able to institute the use of
long-term repositories due to negative public opinion concerning their use. Public
opinion regarding long-term repositories is negative due to fears that highly
radioactive waste will breach containment and seep out into the environment. As
a result, “not in my backyard” protests of radioactive waste storage have become
commonplace.?° Due to continued pressure on the government, this negative
opinion played a significant role in shutting down construction of Yucca Mountain,

the only long term nuclear waste storage facility in the U.S.1” With construction



on this nuclear waste repository halted, other means of dealing with the buildup
of HLW waste were needed.

In an effort to remedy this issue, the DOE began investing in ways to
reprocess or recycle spent nuclear waste such that the amount of HLW waste
produced each year could be minimized.?* Currently, the Plutonium and Uranium
Redox Extraction (PUREX) and URanium EXtraction (UREX) processes are the
most widely used methods for recycling spent high level nuclear waste. It is
estimated that these methods have the ability to remove greater than 99% of
useable plutonium and uranium from spent nuclear fuel.® Although this is the
case, the post PUREX raffinate or the material containing the desired fissionable
isotopes after the PUREX process, is still contaminated with lanthanides and
minor actinides like neptunium, americium and curium.% 22 Contamination of
uranium and plutonium with minor actinide byproducts is responsible for a large
portion of the long-term radiotoxicity and heat load of the post PUREX material.?*
24 As the desired plutonium and uranium isotopes are still contaminated with other
f-elements, methods for improving current separation technologies to obtain a
more pure raffinate are being investigated. In an effort expedite the improvement
of current separations technologies, the DOE is sponsoring fundamental actinide
research to better understand the differences in bonding between 4f and 5f
elements, and early and late actinides such that a better sequestering agent can
be developed to further purify the desired plutonium and uranium products from
reprocessed nuclear fuel.?® Currently, The DOE considers understanding the

nature of f-element bonding to be one of the three “grand challenges” of f-element



chemistry.2® With this in mind, funding has been made available for government
and academic labs seeking to perform research related to uncovering the role f-

electrons play in bonding.

1.3: Important breakthroughs in fundamental actinide science
1.3.1: Understanding the inverse trans influence (ITI)

With support from agencies like the DOE, research has shown that the 5f-
orbitals play a significant role in bonding for actinide complexes and materials
that are required for advanced energy systems.?® Since this discovery, significant
work has been done to determine the extent to which f-orbitals participate in
bonding for actinide complexes. A great deal of this work has been focused on
understanding the bonding in uranyl, [O=U=0]%*, as it is the most environmentally
prevalent form of uranium and makes up a significant portion of the uranium found
in spent nuclear waste. Studies of uranyl species have shown that uranium
displays a fairly unigue phenomenon not observed in bonding with transition
metals. Upon further investigation, it was determined that there was a
“cooperative stabilization of the metal-oxo bonds trans to one another.”?% As this
is opposite to what is observed in transition metal bonding, this phenomenon has
become known as the inverse trans influence, or the IT1.2” The uranium-oxo bond
strengthening observed with uranyl complexes, which derives from the inverse
trans influence is now accepted to be an underlying feature for the stability of

uranyl complexes.?®: 27 Considering that ITI bond strengthening is a common
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characteristic of high valent actinide complexes, considerable effort has been
invested into understanding the origins of this phenomenon.

Denning and coworkers suggested that the inverse trans influence may be
explained by the “electrostatic interaction between a strong anionic ligand and
the metal core electrons,”?® which leads to a polarization of these electrons. If the
highest filled core orbitals have the opposite parity, or symmetry with respect to
inversion, as the symmetry of the valence shell orbitals, then the resulting
polarization of the electrons is dipolar in nature. Conversely, if the highest filled
core orbitals have the same symmetry with respect to inversion as the symmetry
of the valence shell orbitals, then the resulting induced polarization of the
electrons is quadrupolar in nature.?’ For transition metals, the highest filled core
atomic orbitals are generally p-orbitals (antisymmetric with respect to inversion),
whereas the valence shell orbitals are d-orbitals (which are symmetric with
respect to inversion). As the core and valence shell orbitals for transition metals
have different symmetries with respect to inversion, the resulting polarization of
electrons in L-M=E functionalities is dipolar for d-block transition metal
complexes.?”- 2° This results in buildup of negative charge trans to a strongly
bound ligand (typically an M=E functionality), thus causing the M-L bond to
weaken by electron-electron repulsion (Figure 1-3).2” For early high valent
actinide complexes, the highest filled core atomic orbitals are p-orbitals, and the
valence shell orbitals are f-orbitals, both of which are antisymmetric with respect
to inversion. Since both the highest filled core atomic orbitals and the valence

shell orbitals have the same symmetry with respect to inversion for high valent
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early actinide complexes, the resulting polarization of the electrons in the L-M=E
functionality is quadrupolar. This results in negative charge build up cis to the
strongly bound M=E functionality.?” A consequence of this charge distribution is
a weakening of the M-L bonds cis to the strongly bound M=E functionality, and
the observed ITI strengthening of the M-X bond trans to the M=E functionality

(Figure 1-3).%7

Core Orbitals Valence Orbitals Parity
Transition Metals )lt@
M
I
p-orbital d-orbital Bond weakening
u-symmetry g-symmetry Dipolar
Actinides
i
IQL :M:LG
k
Xo
p-orbital X-M=E Bond strengthening
f-orbital Quadrupolar
u-symmetry u-symmetry

Figure 1-3: Explaining the origin of the inverse trans influence (ITI)

More simply put, it can be rationalized in part that the bond strengthening
observed with the ITI originates form the donation of electron density from the
semi-core 6p orbitals of the high valent uranium complex to the empty valence
5f-orbitals. This electron donation creates a hole in electron density which is
compensated for by donation from the strong 1r-donor ligand in the trans position
relative to the M=E functionality.3 3! This donation by the ligand trans to the M=E
functionality causes the observed bond strengthening seen in the ITI. Until

recently, evidence for the ITI was only observed with U(VI) uranyl complexes.3!
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A major reason for this observation is the difficulty associated with synthesizing
non-uranyl complexes that exhibit this behavior.?” Synthesis of non-uranyl
complexes that exhibit ITI behavior is complicated by the susceptibility of low
valent uranium precursor complexes to undergo unwanted side reactivity like
disproportionation.®? Additionally, preparation of examples of non-uranyl ITI
behavior have not been observed due to the difficulties associated with installing
more electropositive multiply bound ligands such as imides, nitrides and
phosphinidenes on the uranium center.33

Although methods for readily accessing the M=N(R) functionality have
long existed for Group 6 Mo and W complexes, suitable methods for installing the
imido functionality on uranium have only recently been developed.333* With this
in mind, recent efforts have been made to generate non-uranyl complexes that
exhibit the ITI with the aim of providing more experimental data that can help
accurately depict the electronic structure of these complexes. Information about
the electronic structure of these complexes is desired such that the role that 6p,

6d and 5f -orbitals play in actinide bonding can be elucidated.

1.3.2: Prior research into the inverse trans influence (ITI)

Through persistent pursuit of non-uranyl complexes that exhibit ITI
behavior, Meyer and coworkers were able to fully characterize a uranium imido
complex that exhibits the iconic bond strengthening characteristics of the inverse
trans influence.®® From this work, Meyer and coworkers were able to show that

the inverse trans influence can be observed in non-uranyl complexes, and is not
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specific to the O=U=0 moiety of uranyl. Similarly, Boncella and coworkers were
able to generate a bis(imido) U(VI) uranyl analog, through which they were able
to illustrate that trans E=U=E functionalities are also able to experience the bond
strengthening effects of the IT1.3> Additionally, Schelter and coworkers were able
to develop a tris(amido) uranium platform that is able to support a series of non-
uranyl X-U=0 functionalities.?® From this work, Schelter and coworkers were able
to observe how the ITI bond strengthening changes as the identity of the group
(X) trans to the uranium oxo bond is altered. Although this work answered
fundamental questions about how the magnitude of ITI bond strengthening
changes as the identity of a o-bound ligand trans to a U=0 bond is varied, many
guestions arose from this work about how the magnitude of ITI bond
strengthening would change as the identity of the uranium element multiple bond
is altered. From these studies, questions about other ways to tune the ITI bond
strengthening arose, and investigations are ongoing to better understand how the

ITI bond strengthening can be altered.3° 3¢

1.3.3: Understanding methods of quantifying actinide covalency
In addition to uncovering the ITI, the DOE-sponsored research has also
uncovered that early actinide complexes display a degree of covalency in
bonding unlike their lanthanide counterparts.?® This discovery is of particular
interest to the DOE and the nuclear energy community since it provides a

potential lead into finding a way to better separate lanthanide and actinide fission
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byproducts during nuclear waste reprocessing. This has spawned many
experimental investigations into the nature of actinide-ligand bond covalency.

It is currently understood that both orbital overlap driven covalency and
orbital near degeneracy driven covalency play a significant role in actinide-ligand
bonding interactions.3”: 38 It is also known that actinide covalency is dependent
on the “hard-soft nature of the ligand set, the formal oxidation state of the actinide
ion, and the degeneracy that results from simple energy matching of metal and
ligand valence orbitals.”® These components of actinide covalency have been
extensively studied by computational methods.3® 49 Unfortunately, experimental
validation of the these computational studies are lacking.3® This is in part due to
the fact that it is difficult to quantify actinide covalency experimentally.3® Currently
K-edge X-ray absorption near-edge spectroscopy (XANES) is one of the main
methods used to experimentally quantify actinide covalency.3”. 39 4143
Unfortunately, this technique is not broadly available, as it requires a synchrotron
for its implementation.*> Where it can be successfully applied, the XANES
technique is able to effectively measure transition intensities after a core ligand
electron is excited to a vacant metal-ligand antibonding orbital. The extent of
covalency in an M-L bond can be quantified by this technique since it involves an
electric dipole allowed transition from a ligand core 1s electron to an np orbital.
The intensity of this transition determines the amount of ligand p character in the
valence molecular orbital. As this is the case, this technique investigates both
unoccupied and singly-occupied acceptor orbitals of the metal complex that

contain ligand np contribution and directly probes the covalency of the metal-
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ligand bond.*! It has also recently been shown that pulse based electron
paramagnetic resonance spectroscopy (EPR) can reliably measure covalency in
actinide complexes using the ‘superhyperfine’ interaction of primarily metal-
based unpaired electrons with ligand nuclei that have a non-zero nuclear spin.3°
These pulse based EPR methods can detect much weaker metal-ligand
interactions and provide information on spin-dynamics/time resolution and spin
delocalization.®® Despite these breakthroughs in quantifying actinide covalency,
more experimental studies that quantify actinide covalency are needed to help

develop theoretical calculations that accurately model actinide bonding behavior.

1.4: Project goals

Although considerable effort has been directed to trying to understand the
ITI and the role f-electrons play in actinide bonding, there are still plenty of
unanswered questions related to these topics. Our actinide research tries to
answer these questions in a manner that is of relevance to the needs of funding
agencies like the DOE. As such, we set up our research targets into three main
phases described below:

Phase 1: The design and development of suitable ligand scaffolds that are
able to support X-An=E functionalities for studies related to the inverse trans
influence (ITI). Additionally during this phase of research, we intend to generate
and fully characterize suitable low valent actinide precursor complexes that can
be readily oxidized to support X-An=E functionalities. Generation of low valent

actinide complexes will be accomplished through salt-metathesis reactivity or
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protonolysis reactivity. Full characterization of these complexes will be
accomplished mainly through X-ray diffraction studies and relevant spectroscopic
studies.

Phase 2: Generation and characterization of X-An=E functionalities,
where E=0O, N(R) and P(R). Attempts at generating these uranyl analogs will be
made using oxidative methods, protonolysis methods, and salt metathesis
reactivity. Additionally, during this phase of research, we intend to vary the
identity of X for each type of X-An=E functionality generated for use in studies
related to the inverse trans influence. Full characterization of these complexes
will be performed using X-ray diffraction and relevant spectroscopic methods.

Phase 3: Collaborative studies will examine the bond strengthening
observed with the X-An=E functionalities generated in Phase 2. This will be
accomplished through electronic structure analysis using DFT calculations
performed by a collaborator, and will allow us to understand the role f-electrons
play in the bonding picture for complexes generated in phases 1 and 2.
Covalency will be quantified through XANES or EPR methods performed with
assistance from a collaborator.

As the work represented in this dissertation is the beginning of our
research efforts in actinide science, the research described herein focuses mainly
on the aims described in phases 1 and 2. We attempted to generate suitable
ligand scaffolds that can stabilize X-An=E functionalities using ligands that
employ different denticities. Chapter 2 will focus on our efforts at utilizing a k-

anilido ligand scaffold, and our attempts at generating X-An=E functionalities with
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this ligand framework. Chapter 3 will focus on the use of a k3-bis(anilido)pyridine
ligand for the synthesis of a low valent uranium precursor complex that has
potential to stabilize X-An=E functionalities. Finally, Chapter 4 focuses on the
development of a k*-Schiff base ligand scaffold that is able to stabilize low
oxidation state uranium and thorium precursor complexes that can stabilize the

desired X-An=E functionalities.
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Chapter 2
Synthesis and characterization of uranium(lV) & thorium(lVv)
tris(trimethylsilyl(anilido)) complexes: Divergent chemistry

influenced by alkali metal salt identity
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2.1: Background

Over the course of a year, a typical commercial nuclear power plant
produces about 20 metric tons of processed fuel.X” This material contains a large
mixture of high and low level radioactive waste that is typically accumulated and
stored on site.1” During the last four decades, it is estimated that the industry as
a whole has produced roughly 76,430 metric tons of nuclear waste.* If stacked
side-by-side and end-on-end, this is enough waste to cover an American football
field that is over 8 yards deep.** Accordingly, there is a strong desire to process
unspent nuclear fuel and dispose of the waste safely to prevent a large build-up
of nuclear waste on site.1® One such method suggested for helping to process
this waste is the recycling of fissionable materials. A significant portion of the
composition of nuclear waste is made up from 4f- and 5f-elements.??> Currently,
technology is available to selectively remove uranium and plutonium from nuclear
waste for reuse in nuclear fission for energy applications. These recycling
processes are collectively known as Plutonium Uranium Redox and EXtraction
(PUREX) and URanium EXtraction (UREX).1® UREX utilizes acetohydroxamic
acid to selectively remove ~99.9% of uranium and > 95% of technetium from each
other and from the other fission products.'® These methods do not, however,
extract and recycle other potentially useful 4f- and 5f-elements that are produced
as a result of the fission process.?? Finding a suitable sequestering agent that can
bind specifically to a desired f-element holds a lot of potential value for the future

of nuclear waste reprocessing.?!: 2> Understanding how this can be achieved
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necessitates the study of how uranium, a 5f-element, can be selectively removed
from other fission products.?® 4

One of the most environmentally prevalent forms of uranium is the uranyl
dication: [UO2]?*.#°> This species contains two U=0 bonds and is believed to be
the significant form of uranium recovered from nuclear waste.*¢ It has been
observed that this species exhibits unique behavior, where the U=0 fragments
undergo a bond contraction or strengthening when a strong mm-donor is trans (or
about 180°) from the U=0 fragment.?”- 28.30.31.33 |n the case of uranyl, the mutually
trans U=0 bonds are approximately 180° from each other, and serve as each
other’s strong m-donor. This interaction creates a system that contains very
strong U=0 bonds, that are extremely resistant to reactivity.#’*¢ The bond
strengthening observed with this system is opposite to what is typically seen with
analogous transition metal complexes, and as such it has become known as the
inverse trans influence (IT1).2” 2 Many questions still remain concerning the
nature of the inverse trans influence, such as: can this phenomenon be tuned by
adding different rr-donating groups trans to a U=0 bond? To what extent is a U=E
bond strengthened, when E is not oxygen? Understanding the answers to these
guestions along with determining the role that f-electrons play in bonding and
covalency observed for f-element complexes will help us better understand
actinide-ligand interactions such that improved sequestering technology could be
developed for the reprocessing nuclear waste.?> 51

In an effort to better understand the inverse trans influence and f-electron

participation in bonding for compounds that contain U=E bonds, a significant
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effort has been made to generate complexes that contain X-U=E fragments*® 52
(example shown in Figure 2-1 below). Generating these types of complexes
would provide insight into the extent to which a U=E bond is strengthened when
different m-donors trans to the U=E bond are present. The information obtained
from generating these complexes is directly relevant to the development of
improved nuclear waste separations technology since, the inverse trans influence
occurs in UO2, the main form of fissile uranium in spent nuclear waste.
Additionally, making analogous f° Th(IV) complexes of the type X-Th=E are also
of interest. The generation of these complexes provides an opportunity to study
actinide bonding for systems that lack valence 5f-electrons, since Th(IV)
complexes have a closed shell [Rn] electronic configuration, with no valence f-
electrons. When juxtaposed with their uranium(lV) counterparts, which have a
[Rn]5f? electronic configuration, a direct comparison can be made between the
two systems and insight into the role that f-electrons play in bonding can be
obtained experimentally through the aid of spectroscopic techniques.*°

E

[LI,AD
X
E=0,N,P, S, Se, Te
X = Strong n—donor ligand
An=Th, U
Figure 2-1: Target actinide complexes for studying the ITI
Currently, a large effort is being made to explore the use of lower oxidation

state thorium and uranium complexes as precursors to stable An=E(R)
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fragments.*8 53.54 Unfortunately, the chemistry of low oxidation state uranium and
thorium is heavily influenced by steric properties.>® 52 54 As such, a significant
portion of the work done with these systems utilizes bulky cyclopentadienyl type
ligands to stabilize the lower oxidation state metal centers.®>"’ Finding additional
ancillary ligands that support the chemistry of low oxidation state uranium and
thorium has proven to be a challenging endeavor that is often plagued with
unwanted side reactivity, such as C-H activation and disproportionation.”® This
unwanted reactivity can make isolating desired X-An=E functionalities for
investigating the ITI quite difficult. Ligands selected for use in accessing X-An=E
functionalities must not only be able to adequately sterically protect the actinide

metal center, but also must not engage in unwanted side reactivity.

2.2: Stabilization of U(IV) complexes using amido ligands
Recently, it has been shown that amido ligands can support lower
oxidation state uranium chemistry.52 54 74.79-83 Work by Anderson and coworkers
demonstrates that low valent uranium(lll) can be stabilized by the bulky amido

ligand [N(SiMes)2] without unwanted disproptionation reactivity.°

Me3Si

N SiMe;

Ny
Me3Si |
SiMej3
Figure 2-2: Structure of U[N(SiMe3)2]s

27



Interestingly, this system has proven to be versatile and effective in
supporting oxidation chemistry to generate stable U(IV),8* U(V)48. 52 59,8587 gnd
U(VI) species containing U=E multiple bonds, (where E =C, O, N, S, Se and Te).
49Although a great deal of success has been experienced with this system, it still
has a number of limitations, including the propensity to readily undergo potentially

unwanted C-H activation reactivity as illustrated in Scheme 2-1.78 88,89

Me3S|\N/S|Me3 Me.Si
| Toluene 2 |
110°C, 2 hrs N
Me;Si u > N—U SiMe;
\N/ \NN/SiMeg, -HN(SiMe3), / \N/
| Me;Si |
SiMe; / SiMe;

Me;Si
Sscheme 2-1: C-H activation reactivity of UN(SiMe3)2]4
Aside from C-H activation, the size of the amido ancillary ligand also limits
access to the metal center, and thereby affects the reactivity of the system. From
the space-filling model below (Figure 2-2), it can be seen that the size of the
reagents used during the oxidation chemistry of the system is limited to smaller
functionalities, such that the steric bulk of the resulting complex can be

accommodated.”8 84
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Figure 2-3: Space filling model of U[N(SiMe3)2]3

Due to the limitations associated with this ligand platform, and the success
it has had in stabilizing U=E functionalities, we endeavored to fine tune the
ancillary amido ligand. When designing the new framework, it was desired to
utilize a ligand that would provide increased access to the metal center to
accommodate a wider array of U=E(R) functionalities. It was reasoned that, by
keeping the SiMes functionality in the ligand, it could provide a potential platform
for MesSi-X elimination under oxidative conditions, enabling the synthesis of
uranium imido complexes. Consequently, we chose to utilize the [N(SiMe3s)(3,5-
Me2CesH3)] ligand pioneered by Mashima and coworkers for our subsequent
studies.®® The 3,5-dimethylaryl functionality was chosen as it is planar and can
allow for more steric access to the metal center. With this in mind, we hoped to
generate new X-U=E complexes of the type shown below in (Figure 2-4) to

enable the study of the extent of bond strengthening observed in the ITI.
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Me3Si

E=C,N,O,P, S, Se, Te
X = Strong n-donor
Figure 2-4: Targeted anilido type complexes

To test the utility of this anilido framework, 3 equiv. of the lithium salt of the
ligand [Li*(OEt2)][N(SiMes)(3,5-Me2CsH3)] were added to one equiv. of the readily
prepared trivalent uranium starting material Uls(1,4-dioxane)us in tetrahydrofuran
(THF), in an attempt to prepare a tris(amido) complex analogous to what was

observed by Anderson and coworkers as shown in Scheme 2-2.80.88

Ulj(dioxane)y s  + 3 —N e > N Us----y

Me3Si \

Scheme 2-2: Attempted synthesis of U[N(SiMes)(3,5-Me2CsH3)]s by salt
metathesis with a U(lll) starting material.
Rather than generating the desired U[N(SiMez)(3,5-Me2CesH3)]s complex,
an unexpected disproportionation reaction was observed to generate a
uranium(lV) complex: [L]sUl (2.1) and an uncharacterized byproduct. lodo

complex 2.1 was recrystallized from hexanes at room temperature in 26%
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isolated yield and characterized by *H NMR spectroscopy and single crystal X-
ray diffraction. Complex 2.1 was also synthesized rationally from one equiv. of
the readily prepared uranium (IV) precursor Uls(1,4-dioxane)2 and 3 equiv. of
[Li«(OEt2)][N(SiMes)(3,5-Me2CeHs)] as shown in Scheme 2-3. Using this

approach, 2.1 was isolated as a highly hexanes soluble red-orange powder in

o \s,u/— \M | I
|/ THE X AN

Ul,(dioxane) + 3 —N - RN MRS
4 2 RT, 24 hrs NI A

56% yield Me;Si \

56% isolated yield.

\
Figure 2-5: ORTEP Depiction of ()U[N(SiMe3){3,5-(CHz)2(CsHz3)] (2.1) with
elliposoids shown at 50% probability. Hydrogen atoms omitted for clarity.
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Table 2-1: Selected bond distances (A) and angles (°) for 2.1

Bond Bond Distance (A) Bond Angle Angle (°)
U(1)-1(2) 3.0358(3) 1(2)-U(1)-N(1A) 117.70(5)
U(1)-N(1A) 2.211(2) 1(2)-U(1)-N(1B) 121.21(5)
U(1)-N(1B) 2.214(2) 1(2)-U(1)-N(1C) 94.34(5)
U(1)-N(1C) 2.193(2) N(1A)-U(1)-C(1A) 31.14(7)
U(1)-C(1A) 2.769(2) N(1B)-U(1)-C(1B) 30.94(7)
U(1)-C(1B) 2.764(2) N(1C)-U(1)-C(1C) 29.92(7)
U(1)-C(1C) 2.823(3) N(1A)-U(1)-N(1B) 101.79(7)
N(1A)-Si(1A) 1.745(2) N(1A)-U(1)-N(1C) 100.89(7)
N(1B)-Si(1B) 1.737(2) N(1B)-U(1)-N(1C) 120.05(7)
N(1C)-Si(1C) 1.746(2) Si(1A)-N(1A)-U(1) 146.33(11)

Si(1B)-N(1B)-U(1) 141.51(11)
Si(1C)-N(1C)-U(1)  146.33(11)

Complex 2.1 exhibits solvatochromism changing color from red-orange to
green upon dissolution in THF. This complex is formally U(IV) and adopts a
pseudo tetrahedral environment, as demonstrated by the solid-state structure
shown in Figure 2-5. Complex 2.1 exhibits a U(1)-1(2) bond distance of 3.0358(3)
A (Table 2-1), which is similar to other reported U(IV) U-1 bond distances.82
Additionally, this complex showcases the electrophilic nature of the U(IV) metal
center with a short average U-Cipso distance of 2.785 A, indicating donation from
the aryl 7-system to the metal center. This length is shorter by about 0.12 A than
the average U-Cipso distances for the U(lll) tris(anilido) complex
(THF)U[N('Bu)(3,5-Me2CeHz)]z reported by Cummins and coworkers.®! This
indicates increased m-donation from the aryl system in the U(IV) complex 2.1
than in the U(lll) tris(anilido) complex reported by Cummins and coworkers.
Interestingly, in complex 2.1, one of the anilido ligands differs in its bonding vs.
the other two. The U(1)-N(1C) bond distance is ~0.02 A shorter than the U(1)-

N(1A) and U(1)-N(1B) distances with a distance of 2.193(2) A. Additionally, the
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anilido group bound through N(1C) exhibits a longer U-Cipso distance than the
other two anilido ligands by approximately 0.06 A. This observation also
correlates well with the 3.9° increase in Cipso-N(1C)-U(1) bond angle. The
difference in bonding observed for the N(1C) amido ligand can be attributed in
part to steric requirements that enable all three anilido ligands and the iodo ligand
to be accommodated by the metal center. The ipso-C coordinated [N(SiMe3)(3,5-
Me2CeH3)] ligand is structurally similar to the benzyl (CH2Ph) ligand in its higher
hapticity bonding capabilities. Kiplinger and coworkers have shown that a
[N(SiMe3)(Ph)] ligand in (7>-CsMes)2U(CI)[N(SiMes)(Ph)] binds in an n*-(N, C, C)
fashion.” In order to quantify the extent of aryl to metal interaction found in these
anilido systems, the following parameters have been identified: A and A’. A=
[MCortho-MN]-[MCipso-MN] and A’=[MCortho’-MN]-[MCipso-MN], where MCortho is the
shorter metal to ortho carbon bond distance, MN is the metal to anilido nitrogen
distance, and MCortho’ is the longer metal to ortho carbon distance.’ 9% 92 |t is
been determined that larger differences between A and A’ are indicative of n3-
interactions and smaller differences indicate n*-behavior.” In 2.1, the differences
between A and A’ are considerably smaller than that reported for (7°-
CsMes)2U(CIH[N(SiMes)(Ph)] (avg: 1.013).4 Additionally, the average U-Cipso
distance in complex 2.1 is substantially shorter (~2.786 A) than for (7°-
CsMes)2U(CI[N(SiMe3)(Ph)] (2.979 A). The U-Conno distances are, however,
comparable (avg: ~3.252 A) for complex 2.1 and 3.179 A for (7°-
CsMes)2U(CI)[N(SiMes)(Ph)]. From these distances, we can conclude that the

bonding interaction for the aryl system is n* for two of the anilido ligands in 2.1.
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The difference in hapticity of the aryl systems between complex 2.1 and (7°-
CsMes)2U(CIN[N(SiMes)(Ph)] may be explained by the increased steric access to
the metal center complex 2.1 has as a result of the lack of bulky (7°-CsMes)
ancillary ligands.

Table 2-2: Bond distances (A) for U(1)-N and U(1)-C(aryl) interactions for 2.1

Ligand U-N U-Cipso  U-Cortho?® U-Cortho'® A° A A'-Acd

(1A) 2.211(2) 2.769(2) 3.214 3.604 0.4448 0.8348 0.39
(1B) 2.214(2) 2.764(2) 3.203 3.593 0.4388 0.8288 0.39
(1C) 2.193(2) 2.823(3) 3.341 3.662 05177 0.8387 0.321

aCortho is the aromatic ortho carbon closer to the uranium center
bCortho' is the aromatic ortho carbon further from the uranium center
CA=[(U-Cortno)-(U-N)]-[(U-Cipso)-(U-N)]
4A’=[(U-Cortho")-(U-N)]-[(U-Cipso)-(U-N)]

In solution, 2.1 exhibits Csv symmetry, explained with a simple
paramagnetically shifted *H NMR spectrum (Figure 2-6). Complex 2.1 exhibits
drastically different 1H NMR chemical shifts to IU[N(‘Bu)(3,5-Me2CsH3)]s reported
by Cummins and coworkers.8! This is interesting because the only difference

between the two complexes is the use of SiMes in complex 2.1 instead of CMes

in IU[N('Bu)(3,5-Me2CesH3)]s.
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Figure 2-6: 300 MHz *H NMR Spectrum of (I)U[N(SiMe3s)(3,5-(CHz3)2(CeH3)]3
(2.1) in CeDs

Table 2-3: Comparison of IH NMR chemical shifts (ppm) of complex 2.1 and
IU[N('Bu)(3,5-Me>CsH3)]3

Complex 2.1 IU[N('Bu)(3,5-Me2CsH3)]s
Proton Type Chemical Shift (ppm) Proton Type Chemical Shift (ppm)
Si(CHa)s 7.83 C(CHa)3 11.26
0-Ar -2.30 o-Ar 6.6
Aryl-CHs -5.57 Aryl-CHs 477
p-Ar 0.09 p-Ar -0.30

The chemical shift for the SiMes group is considerably upfield shifted from
the CMes peak in (I)U[N('Bu)(3,5-Me2CeH3)]s (vide supra). This, however, can be
attributed to the greater shielding nature of the more diffuse 3p orbitals of silicon.
The chemical shift assigned for the aryl-methyl protons in 2.1 is slightly more

shielded with a peak at 8 -5.57 vs. 8 -4.77 in (I)U[N('Bu)(3,5-Me2CsH3)]3. The para
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protons of the aryl system are similar between the two complexes with a peak at
d 0.09 for complex 2.1 and & -0.30 for (I)U[N(‘Bu)(3,5-Me2CsHz)]s. Additionally,
the chemical shifts for the ortho-protons of the aryl system for the two complexes
differ significantly with a peak at 6 -2.30 for complex 2.1 and a peak at & 6.60 for
(DU[N('Bu)(3,5-Me2CesHz]3.8! From these results, it can be concluded that the use
of a silicon atom in the ancillary ligand backbone in 2.1 plays a significant role in

altering the electronics of the uranium tris(anilido) complex.

2.3: Synthesis and characterization of chloro tris(anilido) uranium
complexes

Since Uls(1,4-dioxane)z is prepared from uranium turnings, which are not
always readily available, and the other common U(IV) starting material UCla, is
prepared from the more readily available oxide UOs, it was determined that it
would be useful to generate the chloro analog (CI)U[N(SiMe3)(3,5-(CHz3)2(CsH3))]3
via synthesis from UCIls and 3 equiv. of [Li*(OEt2)][N(SiMe3)(3,5-(Me2CeH3)]
(Scheme 2-4).88 93 This preparation would have a greater universal utility as a
potential platform for generating U=E bonds, since UCls4 can be generated from
easier to obtain uranium starting materials. Upon characterizing the product of
this reaction, it was determined that a solvated LiCl adduct
[(THF)(Et20)LiCl]+«(CI)U[N(SiMe3z)(3,5-(CH3)2(CsH3))]s (2.2) was isolated (Figure

2-7) instead of the intended product (CI)U[N(SiMe3)(3,5-(CHz)2(CsH3))]3.
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Scheme 2-4: Attempted synthesis of (CI)U[N(SiMe3)(3,5-(CHz3)2(CsH3))]3 (2.3)
from UCl; and [Li(OEt2)][N(Si(Me3)(3,5-(CHz)2(CeH3)]

e
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Figure 2-7: ORTEP Depiction of [(THF)(Et20)LiCI][ (CHU[N(SiMes)(3,5-
(CHs3)2(CsH3)]3 (2.2) with ellipsoids shown at 30% probability. Hydrogen atoms
and aryl-CHzss omitted for clarity.
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Table 2-4: Table of selected bond distances (A) and angles (°) for 2.2

Bondab Bond Distance (A) Bond Angle Bond Angle (°)
U(1)-N(1) 2.221(4) Cipso(1)-U(1)-N(2) 21.5(1)
U(1)-N(2) 2.217(4) Cipso(2)-U(1)-N(2) 25.4(1)
U(1)-N(3) 2.251(4) Cipso(3)-U(1)-N(3) 22.5(1)
U(1)-Cl(1) 2.7429(10) Cl(1)-U(1)-N(2) 88.79(1)
U(1)-Cl(2) 2.7696(13) CI(1)-U(2)-N(2) 116.64(10)

U(1)-Cipso(1) 3.080 CI(1)-U(1)-N(3) 126.42(11)

U(1)-Cipso(2) 3.194 CI(2)-U(1)-N(2) 165.49(9)

U(1)-Cipso(3) 3.251 Cl(2)-U(1)-N(2) 88.29(10)
Si(1)-N(1) 1.738(4) CI(2)-U(1)-N(3) 86.92(11)
Si(2)-N(2) 1.763(7) Si(1)-N(1)-U(1) 125.49(18)
Si(3)-N(3) 1.744(4) Si(2)-N(2)-U(1) 131.43(19)
CI(1)-Li(2) 2.402(9) Si(3)-N(3)-U(1) 119.9(3)
CI(2)-Li(2) 2.338(8) N(1)-U(1)-N(2) 103.10(13)
O(1)-Li(2) 1.935(9) N(1)-U(1)-N(3) 96.43(14)
0O(2)-Li(2) 1.914(10) N(2)-U(1)-N(3) 113.86(15)
U-Cortho(1) 3.657 CIl(1)-U(2)-CI(2) 77.95(3)
U-Cortho(2) 3.831 O(1)-Li(2)-0(2) 106.0(4)
U-Cortho(3) 3.924 O(1)-Li(2)-CI(2) 110.2(4)
U-Cortho'(1) 4.013 0O(2)-Li(2)-CI(2) 110.7(4)
U-Cortho'(2) 4.104 CI(2)-Li(2)-CI(2) 94.0(3)
U-Cortho'(3) 4.191

aU-Cortho denotes shorter U-C aromatic ortho carbon bond distance for each ligand (1, 2, 3)
bU-Cortho' denotes longer U-C aromatic ortho carbon bond distance for each ligand (1, 2, 3)

Structurally, complex 2.2 adopts a distorted trigonal bipyramidal geometry
about the uranium metal center, with N(1) and CI(2) being axial, and a distorted
tetrahedral geometry about the lithium metal center. Bond angles about the
trigonal bipyramidal uranium metal center are distorted from an idealized
geometry in order to accommodate three fairly bulky anilido ligands and two
chlorido ligands. Additionally, in order to accommodate a distorted trigonal
bipyramidal geometry about the uranium metal center (preferred CI(1)-U(1)-CI(2)
bond angle of 90°), the CI(1)-Li(1)-Cl(2) bond angle distorts from an idealized
109.5° to 94.02° to accommodate both the preferred tetrahedral geometry for the

lithium center and the trigonal bipyramidal geometry for the uranium center. The
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average U-Cl bond distance for 2.2 is about 2.7563 A and is considerably longer
than the U-CI bond distance of 2.593 A for U(CI)[N(SiMe3)z2]s, a similar U(IV)
tris(@amido) uranium complex reported by Ephritikhine and coworkers.%*
Additionally the U-CI bond distance for complex 2.2 is significantly longer than
the U-CI bond distance reported in a uranium anilido complex that utilizes a
similar anilido ligand frame work; 2.5991 A for (CsMes)2U(CI)[N(SiMes)(Ph)]
reported by Kiplinger and coworkers.”* The average U-N bond distance of 2.230
A for complex 2.2, however, is in good agreement with U-N bond distances
reported for other U(IV) tris(amido/anilido) complexes.” 8 %4 Unlike 2.1, the
average U-Cipso and U-Cortho bond lengths are quite long, indicating a significant
decrease in 1r-electron donation from the aryl system to the metal center. As a
result, it can be concluded that the aryl system does not bond n* like in complex
2.1, but is only bound k! through the anilido nitrogen.

In solution, 2.2 displays Csv symmetry when triturated with THF followed
by removal of the solvent in vacuo (Figure 2-8). From the *H NMR spectrum (vide
infra), we can see a down field shift for the Si(CHs)s protons in complex 2.2 from
the same group in complex 2.1. For all other protons in complex 2.2, we observe
up field shifts when compared to the same groups in complex 2.1. This
observation is most likely explained by the difference in electronegativity between

Cl and I for the two complexes.
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Figure 2-8: 300 MHz 1H NMR spectrum of (THF)2[LiCl]* [(CI)U[N(SiMe3)(3,5-
(CH3)2(CsH3)]3 (2.2) in CeDs

Table 2-5: Comparison of 1H NMR chemical shifts (ppm) for 2.1 and 2.2

Proton Type Complex 2.1 Complex 2.2
Si(CHs)3 7.83 9.99
0-Ar -2.30 -13.45
Ar-CHs -5.57 -6.30
p-Ar 0.09 -1.74

LiCl can be removed from complex 2.2 through extraction with pentane.
This, however, leads to subsequent decomposition of 2.2 by means of
disproportionation to generate varying amounts of proligand H[N(SiMe3s)(3,5-

(CH3)2(CeH3)] and a homoleptic complex U[N(SiMes)(3,5-(CHz3)2(CeHz3)]4

discussed vide infra.
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(CNHU[N(SiMe3)(3,5-(CHzs)2(CeH3)]3 (2.3) can be generated from UCls upon
reaction with 3 equiv. of the potassium salt K[N(SiMes)(3,5-(CH3)2(CsH3s)] as
shown in Scheme 2-5. The use of the potassium salt of the ligand presumably
does not generate an ate salt adduct complex[MCI]s[U(CI)Ls] as seen with

complex 2.2.

! y KN THF
+ —_ > N—====----*=7
¢ 68% yield e

Me3Si \

Scheme 2-5: Synthesis of (CI)U[[N(SiMe3z)(3,5-(CH3)2(CsHz3)]3 (2.3) from UCls
and K[N(Si(Me3)(3,5-(CH3)2(CsH3)]

Complex 2.3 can be isolated as a golden-yellow powder, but all attempts
to recrystallize this complex were unsuccessful. Complex 2.3 was, however,
characterized by 'H NMR spectroscopy (Figure 2-9) and displays Cay symmetry
in solution. The simplicity of the spectrum and the integrations for each peak

support a single ligand environment (i.e. the assignment of symmetry) in solution.

41



4500

MM @ o ] 5 Fﬂ B
=2 5 [ ™ ] n I'P. n
c 4000
3500
D l'l.l ._..
A Lo F3000
C T
. S
B -, ""‘ F2500
N—== (=7
/o
Me; Si \ banon
A SiMey
1500
CEDS 1000
D
B Toluene Lso
! THF
I ' | =
o S - P— -_J_,-_-\__»!.. —U— o b - . --I-- ..... o
5 8 5 8 3 2 g |

T T T T
4 13 12 11w % 8 7 & s 4 3 2 2 3 4 5 % -7 -8B % -0 <11 -12 -13 -14

Figure 2-9: 300 MHz H NMR Spe::[tT:jm of (CI)U[N(SiMe3)(3,5-(CHz)2(CeH3)]3
(2.3) in CeDs

Complex 2.3 displays similar chemical shift behavior to complex 2.2 with
a few notable exceptions. An additional down field shift of about & 0.35 for the
Si(CHzs)s protons is noted when compared to complex 2.2. More noteworthy,
however, is the chemical shift change for the o-aryl protons when compared to
complex 2.2 from & 13.45 in complex 2.2 to & 11.25 in complex 2.3. The reason
for the magnitude of this chemical shift change is unknown, but may be attributed
to the removal of an unusual shielding environment provided by the LiCl adduct

in 2.2. All other protons in 2.3 experience only a very slight up field shift when

compared to analogous groups in complex 2.2.
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2.4: Synthesis and characterization of bromo anilido uranium complexes

Drastic changes observed in the chemical shifts for analogous protons in
the *H NMR spectra for complexes 2.1, 2.2 and 2.3 prompted attempts to prepare
[L]sU(Br) and [L]sU(F). The generation of these complexes would be beneficial
for cataloging the effect halogen identity has on *H NMR chemical shift for
paramagnetic U(IV) anilido species. Despite the wide spread use of amido type
ligands in stabilizing low valent uranium centers, only one study has examined
how halogen identity affects *H NMR chemical shift for amido ligand containing
uranium complexes.’ A study examining this effect would have utility in the field
since the present dearth of information on the subject makes it a herculean task
to predict the *H NMR chemical shifts for paramagnetic uranium complexes.
While attempting to generate LsU(Br), several approaches were attempted

(Scheme 2-6).

INY CuBr
\‘@* ST > No Reaction/ Decomposition
N THF, RT, N,
N3
/" Br/
~~~~~~~ | AN Pathway 2) 1 eq. Me,SiBr SN
N—=Uz-"""57 > N—=U"5/ e
N Mes THF, RT, N, N\ Mes
Me;Si \ Me,Si \
SiMes < SiMes
N\, %%
(2.3) \\4% (2.4)

AN A S . No Reaction/ Decomposition
2) XS CuBr/ THF -80°C, N,
Scheme 2-6: Synthetic pathways for generating (Br)U[N(SiMe3)(3,5-
(CH3)2(CeH3)]3 (2.4)

Recently, Kiplinger and coworkers pioneered the use of CuBr and other

copper halide salts to install U-X functionalities on low valent uranium systems.4®
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% Accordingly, this method was attempted first (Scheme 2-6, Path 1).
Unfortunately, the reaction was unsuccessful, yielding only proligand [L]H and a
disproportionation reaction product U[N(SiMes)(3,5-(CH3)2(CsHs)]4 (vide infra).
The second attempt at generating this complex involved the use of 1 equiv. of
(CH3)3Si-Br with 1 equiv. of 2.3. A completely pure powder not isolable from this
reaction; however, characterization of the product by *H NMR spectroscopy
suggests evidence for the formation of (Br)U[N(SiMez)(3,5-(CH3s)2(CsH3)]z 2.4

(Figure 2-10).

7.16
401

Figure 2-10: 300 MHz *H NMR spectrum of (Br)U[N(SiMe3s)(3,5-(CHz3)2(CeH3)]3
2.4 in CgDg

Herein we observe downfield-shifted peaks at & 11.18 (6H) for the o-aryl

protons and & 8.89 (27H) for the Si(CHs)s protons. Additionally, upfield peaks are
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observed at 6 -0.85 (4H) for p-aryl protons and & -5.92 (18H) for Ar-CHs protons.
These observations coincide with chemical shift trends observed for complexes
2.1, 2.2 and 2.3. Since the 'H NMR chemical shift trends match the trend
observed with the chloro and iodo tris(anilido) analogs and the integrations match
the values needed for (Br)U[N(SiMes3)(3,5-(CH3)2(CsH3)]s, it can be assumed that
this complex is being generated as the major product for the reaction in Path 2
(Scheme 2-6). Due to the high solubility of both complex 2.4 and the proligand
H[N(SiMe3s)(3,5-(CH3)2(CsH3)]s i most organic solvents, separation and
complete isolation of 2.4 was unsuccessful. A third path that would hopefully
generate 2.4 in higher purity was devised (Scheme 2-6, Path 3). This path utilized
1 equiv. of KCs to induce a one-electron reduction of complex 2.3. This would in
turn generate a transient U[L]s species in situ that would then be oxidized by an
excess of CuBr. By design, this approach would take advantage of the propensity
for a U(lll) species to undergo rapid oxidation to U(IV) in the presence of an
oxidizing agent. By adding an excess of CuBr, it was anticipated that the U(III)
species would more than likely react with the CuBr generating the desired
(Br)U[N(SiMe3s)(3,5-(CH3)2(CsHz3)]s species. This would in turn limit the possibility
for an unwanted disproportionation reaction to occur. Unfortunately, due to the
poor solubility of CuBr and the strong propensity for the U(lll) species to be
oxidized, only the disproportionation product U[L]4 (vide infra) was isolated.
While attempting to design a reaction pathway that would generate 2.4 in
high purity, it was rationalized that complex 2.2 might serve as a more suitable

starting material due to the added stability provided to the complex by the
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coordination of LiCl. The presence of LiCl in this complex was hypothesized to
provide enough steric protection to prevent unwanted disproprtionation reactivity
from occurring, thereby making this complex an ideal starting material for the
generation of complex (2.4). With this in mind, the synthesis shown in Scheme 2-

7 was attempted.

(24

2N
/LI 7

v & o)
\ é‘N\ xs MesSiBr oo AN

N—U_ “of)..  orrrrmoerIoeeseeeeseeees - N—=U5
N\ THF, RT, N, / SN

Me;Si \ -LiCl, -Me3Si- Me;Si \
SiMe3 SiMes

2.2 2.4
Scheme 2-7: Proposed pathway to generate complex 2.4 from complex 2.2

Upon workup, green plate crystals were isolated from THF. To our
surprise, instead of isolating complex 2.4 as intended, a trimetallic complex,
[LI2U(p(nt:nY)Br)2(u(ntnt:nY)BrLi(THF)2)U[L]2  (where L = [N(SiMes)(3,5-

(CH3)2(CeH3)]) (2.5), was isolated (Figure 2-11).
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Figure 2-11: ORTEP depiction of [L]2U(u(n*:nY)Br)2(u(nt: nt:nY)BrLi(THF)2)U[L]2

(2.5) shown at 30% probability. Hydrogen atoms and aryl-CHss removed for

clarity.

Table 2-6: Selected bond distances (A) for 2.5

BondaP Distance (A) BondaP Distance (A)
U(1)-N(2) 2.214(3) U(2)-N(3) 2.193(3)
U(1)-N(2) 2.187(3) U(2)-N(4) 2.215(3)
U(1)-Br(1) 2.8253(4) U(2)-Br(2) 2.8286(4)
U(1)-Br(3) 2.9489(3) U(2)-Br(3) 3.0876(3)
U(1)-Br(4) 3.1184(4) U(2)-Br(4) 2.9609(3)
U(1)-Br(5) 2.9605(3) U(2)-Br(5) 2.9757(3)

U(l)-Cipso(l) 2.843(3) U(Z)-Cipso(3) 2.790(3)
U(1)-Cipso(2) 2.788(3) U(2)-Cipso(4) 2.816(3)
U(l)-Cortho(l) 3.253 U(Z)-Cortho(B) 3.422
U(1)-Cortno'(1) 3.810 U(2)-Cortho'(3) 3.472
U(l)-Cortho(Z) 3.410 U(Z)-Cortho(4) 3.196
U(1)-Cortno'(2) 3.508 U(2)-Cortho'(4) 3.778

Si(1)-N(1) 1.757(3) Si(3)-N(3) 1.744(3)
Si(2)-N(2) 1.750(3) Si(4)-N(4) 1.748(3)
Li(1)-Br(1) 2.906(5) Li(1)-Br(2) 2.744(5)
Li(1)-Br(3) 2.907(6) Li(1)-Br(4) 3.042(5)
Li(1)-O(1T) 1.956(6) Li(1)-O(1S) 1.980(6)

aU-Cortho denotes shorter U-C aromatic ortho carbon bond distance for each ligand (1 and 2)
bU-Cortho' denotes longer U-C aromatic ortho carbon bond distance for each ligand (1 and 2)
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Table 2-7: Selected bond angles (°) for 2.5

Bond Angle Angle (°) Bond Angle Angle (°)
N(1)-U(2)-N(2) 99.84(10) N(3)-U(2)-N(4) 97.30(10)
Br(1)-U(1)-N(2) 88.87(7) Br(2)-U(2)-N(3) 90.69(7)
Br(1)-U(1)-N(2) 91.04(7) Br(2)-U(2)-N(4) 91.98(7)
Br(1)-U(1)-Br(3) 80.448(10) Br(2)-U(2)-Br(3) 75.860(10)
Br(1)-U(1)-Br(4) 77.968(10) Br(2)-U(2)-Br(4) 80.330(10)

Br(1)-U(1)-Br(5)

146.054(10)

Br(2)-U(2)-Br(5)

143.954(10)

Br(3)-U(1)-N(1) 86.55(7) Br(3)-U(2)-N(3) 95.52(7)
Br(3)-U(1)-N(2) 169.30(7) Br(3)-U(2)-N(4) 160.10(7)
Br(3)-U(1)-Br(4) 74.756(9) Br(3)-U(2)-Br(4) 74.774(9)
Br(3)-U(1)-Br(5) 74.517(9) Br(3)-U(2)-Br(5) 72.294(9)
Br(4)-U(1)-N(1) 158.59(7) Br(4)-U(2)-N(3) 169.83(7)
Br(4)-U(1)-N(2) 97.23(8) Br(4)-U(2)-N(4) 87.83(7)
Br(4)-U(1)-Br(5) 73.620(9) Br(4)-U(2)-Br(5) 75.445(9)
Br(5)-U(1)-N(1) 111.77(7) Br(5)-U(2)-N(3) 110.18(7)
Br(5)-U(1)-N(2) 110.46(7) Br(5)-U(2)-N(4) 113.09(7)
U(1)-N(1)-Cipso(1) 100.32 U(2)-N(3)-Cipso(3) 98.34
U(1)-N(2)-Cipso(2) 98.44 U(2)-N(4)-Cipso(4) 98.60
N(1)-U(1)-Cipso(1) 29.68 N(3)-U(2)-Cipso(3) 30.62
N(2)-U(1)-Cipso(2) 30.67 N(4)-U(2)-Cipso(4) 30.34
Si(1)-N(1)-U(1) 143.44(15) Si(3)-N(3)-U(2) 141.54(15)
Si(2)-N(2)-U(1) 144.18(16 Si(4)-N(4)-U(2) 144.79(15)
U(1)-Br(3)-U(2) 91.392(9) U(1)-Br(1)-Li(1) 90.03(10)
U(1)-Br(4)-U(2) 90.188(9) U(2)-Br(2)-Li(1) 92.03(11)
U(1)-Br(5)-U(2) 93.423(9) U(1)-Br(3)-Li(1) 87.63(10)
U(1)-Br(4)-Li(1) 82.30(11) U(2)-Br(3)-Li(1) 83.91(11)
U(2)-Br(4)-Li(1) 83.47(10) O(1T)-Li(1)-O(1S) 101.3(3)
Br(1)-Li(1)-Br(2) 153.6(2) Br(2)-Li(1)-Br(3) 80.22(14)
Br(1)-Li(1)-Br(3) 79.83(14) Br(2)-Li(1)-Br(4) 80.59(14)
Br(1)-Li(1)-Br(4) 78.03(13) Br(3)-Li(1)-Br(4) 76.53(13)

In complex 2.5, the uranium center is hexacoordinate and adopts a pseudo
octahedral geometry, whereas the lithium center is pentacoordinate and adopts
a trigonal bipyramidal geometry. This geometric assignment for the uranium
center can be supported by the fact that many of the bond angles about the
uranium center adopt angles close to the idealized angle of 90° for cis ligands
within a true octahedral complex. An angle contraction is noted for many of the

groups trans to one another within complex 2.5. Optimally the angle between
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these groups should be about 180° in a true octahedral complex, but the need to
accommodate the octahedral environments of both uranium centers and the
trigonal bipyramidal environment of the lithium center, forces many of the bond
angles to contract and become more acute. This contraction allows for the
formation of an idealized pseudo-octahedral equilibrium geometry for each
uranium center in the complex. In general, the U-N and U-Br distances reported
for complex 2.5 are in good agreement with other U-N and U-Br bond distances
for related U(IV) species.®* % The unique hetero trimetallic core of complex 2.5
(Figure 2-12) displays a U(u(n*:nY)Br)2(u(n*:nt:nY)Br Li(THF)2)U halogen bridging
motif. To date only one other complex reported by Marks and coworkers has a

core similar to the core found in complex 2.5.%7
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Figure 2-12: Hetero trimetallic core of complex 2.5
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Table 2-8: Selected bond distances (A) for hapticity analysis for 2.5
Ligand U-N U-Cipso  U-Cortho® U-Cortho™ A° A" A-A'cd
L[N(1)] 2.214 2.843 3.253 3.810 0.41 0.967 0.557
L[N(2)] 2.187 2.788 3.410 3.508 0.622 0.72 0.098
LIN(3)] 2.193 2.790 3.422 3.477 0.632 0.687 0.055
LIN(4)] 2.215 2.816 3.196 3.778 0.38 0.962 0.582

aU-Cortho denotes shorter U-C aromatic ortho carbon bond distance for each ligand (1, 2, 3, 4)
bU-Cortho' denotes longer U-C aromatic ortho carbon bond distance for each ligand (1, 2, 3, 4)
CA=[(U-Cortho)-(U-N)]-[(U-Cipso)-(U-N)]

dA':[(U-Corthol)-(U-N)]-[(U-Cipso)-(U-N)]

From the hapticity analysis of complex 2.5 (Table 2-8), it was determined
that the complex displays two different types of bonding interactions from the
ligand aryl 11- systems. Interestingly, each uranium metal center — U(1) and U(2)
— contains a ligand that has the aryl system bound n?2: ligand L[N(2)] on U(1) and
L[N(3)] on U(2). Each metal center also contains a ligand that has the aryl -
system bound n3: L[N(1)] on U(1) and L[N(4)] on U(2). The n? designation was
determined for ligands L[N(2)] and L[N(3)] since these ligands contain the
shortest U-Cipso bond distances and much longer U-Cortho bond distances. The
short U-Cipso bond distances suggests a strong U-Cipso interaction signifying that
these ligands are at least bound n? from the aryl Tr-system and not just «* through
the anilido nitrogen. The average U-Cortho bond distance for these ligands is about
0.192 A longer than the average U-Corho bond distance for ligands L[N(1)] and
L[N(4)]. This distance, however, is still about 0.4 A shorter than the shortest U-
Cortho bond distance for complex 2.2, which had no discernable U-Cortho ligand
interactions. This suggests that there is still a minor U-Cortho interaction occurring
with ligands L[N(2)] and L[N(3)]. Assuming this to be the case, it was determined
that at least two ligand aryl carbons are interacting with the uranium metal centers

for ligands L[N(2)] and L[N(3)], justifying the n® designation used with these
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ligands. As discussed previously, the n? designation for ligands L[N(1)] and
L[N(2)] was determined since the average U-Corho' bond distance (3.794 A) is
0.361 A shorter than the U-Corno' bond distance observed with Kiplinger's n3
bound (CsMes)2U(CI)[N(SiMe3)(CsHs)] anilido complex, indicating a possible U-
Cortho' interaction.”* This result along with a moderate difference between A and
A' suggest that these ligands are more than likely bound n? through the Cortho',
Cipso and Cortho carbons of the aryl 1r-system.

The unique difference in hapticity observed with the two sets of ligands on
each uranium center can in part be explained by the sterics of the system. In the
case of 2.5, the anilido ligands adopt N-U-N' bond angles of less than 100°. In
complexes 2.1 and 2.2, however, the N-U-N' anilido bond angles are all greater
than 100°. The contraction observed with the N-U-N' bond angles experienced in
complex 2.5 forces the bulky anilido ligands to be in closer proximity to one
another. This in turn adds unwanted steric pressure to the system. From Figure
2-11, we can also see that the aryl groups are all down on the bottom half of the
molecule near Br(5).This forces the aryl groups to be in close proximity to one
another and can lead to some repulsion between the groups. This repulsion is
partly responsible for the difference in hapticity observed for the sets of anilido
ligands as two of the aryl groups may be forced further away from the uranium
centers preventing necessary U-Cortho' interactions for n binding.

A H NMR spectrum representative of the bulk material isolated from the

reaction pathway displayed in Scheme 2-7 was collected (Figure 2-12). It can be
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determined from the *H NMR spectrum that a mixture of 2.4, 2.5, U[L]4 (vide infra)

and [L]H was generated during the reaction.
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Figure 2-13: 300 MHz 1H NMR spegz:um of isolated products from reaction of
2.2 with excess MesSi-Br in Ce¢Ds. The major product (2.5) is shown inset.
Although complex 2.5 is the major product, it is clear that other pathways
are occurring during the reaction, resulting in the generation of other products. In
an effort to cleanly isolate 2.5, the reaction was repeated several times with
varying amounts of MesSi-Br. All attempts to remake and isolate this complex,

however, were unsuccessful. In an effort to better understand how complex 2.5

formed, a possible mechanism was rationalized and is displayed in Figure 2-14.
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Figure 2-14: Possible mechanism for the formation of complex 2.5

It was rationalized that the first step of the process involves dissociation of
LiCl from complex 2.2 to generate complex 2.3. Next, complex 2.3 undergoes a
o-bond metathesis with 1 equiv. of MesSi-Br to generate complex 2.4.
Subsequently, a second equivalent of MesSi-Br presumably undergoes a second
o-bond metathesis with one of the [N(SiMe3s)(3,5-(CHz3)2(CsH3)] ligands, thereby
eliminating an equivalent of [N(SiMes)2(3,5-(CHs)2(CeHs)] and generating
[L]2U(Br)2 as an intermediate. Unfortunately, experimental evidence for the
formation of [N(SiMes)2(3,5-(CHzs)2(CeHs)] was not observed. At this point,
bromido ligands from two species of [L]2U(Br)2 form a bridging interaction,
generating a homo bimetallic intermediate, which is then capped and stabilized
with an equivalent of LiBr (formed by a o-bond metathesis between LiCl and

excess MesSi-Br), forming complex 2.5.
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Through the isolation of complexes 2.2 and 2.5, it was discovered that the
alkali metal counterion identity of the ligand salt [M][N(SiMes)(3,5-(CH3)(CsH3)]
(where M = Li* or K*) used to generate the uranium tris(anilido) complexes, plays
a significant role in the reactivity and stability of the [L]sU(X) anilido complexes

formed (Scheme 2-8), allowing some control over reactivity patterns.

3 [M][N(SiMe3)(3,5(CH3)2(CeH3)l & [ ]
M=Li*orK* X

N
THF, N, / SN

THF, N,

2.2

3 [KIIN(SiMe3)(3,5"(CHa)»(CgHa)l Nﬁ;ﬁt\ﬁ

THF, N,

Scheme 2-8: Divergent reactivity influenced by ligand salt alkali metal
counterion identity
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When using the lithium salt of the ligand to generate the uranium anilido
complexes, it was found that the lithium halide byproduct generated during the
reaction would end up coordinated to the uranium center(s) during the formation
of (X)U[N(SiMes)(3,5-(CHz3)2(CesHs)]s (where X= CI or Br). When the potassium
salt of the ligand was used, however, coordination of the potassium halide
byproduct to the uranium center(s) was not observed. Although potassium
halides were not found to coordinate to the uranium centers of the tris(anilido)
complexes, a disproportionation byproduct U[N(SiMe3)(3,5-(CHz)2(CsHz)]4 was
often observed by *H NMR spectroscopy when the potassium salt of the anilido
ligand was used to generate the uranium anilido complexes. The homoleptic
byproduct was not observed when the lithium salt of the anilido ligand was used
to generate the tris(anilido)halo uranium complexes. From this observation, it was
rationalized that coordination of a lithium halide salt to the uranium center
stabilized the tris(anilido)halo uranium complexes and prevented formation of the
disproportionation byproduct U[N(SiMes)(3,5-(CHz3)2(CesHs)J4 (vide infra). To
support this theory, the LiCl was removed from complex 2.2 to directly generate
complex 2.3. This was accomplished by extracting the (CI)U[N(SiMes)(3,5-
(CHB3)2(CsHz3)]s complex with pentane and removing the LiCl byproduct via
filtration over Celite. The uranium complex has high solubility in hydrocarbon
solvents, making its extraction facile. As 2.3 is isolable using this extraction
process, it demonstrates that the coordination of LiCl in complex 2.2 is a weak
interaction. Upon removal of the LiCl from complex 2.2 and subsequent analysis

of the uranium complex by H NMR, it was found that the [L]sU(CI) complex
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generated from this process readily disproportionates to generate a significant
amount U[N(SiMes)(3,5-(CHs)2(CsH3)]a and an additional uncharacterized
disproportionation byproduct. This in turn, supports the notion that the
coordination of the lithium halide salt to the uranium center of the tris(anilido)
complexes prevents unwanted disproportionation from occurring. Interestingly,
when generating the iodo complex 2.1, the identity of alkali metal counter ion of
the ligand did not matter, as coordination of lithium iodide to the uranium center
was not observed when [Lis(Et20)][N(SiMes)(3,5-(CH3)(CsHsz) was used to
generate the tris(anilido) uranium complex, presumably because of the lower
stability of Lil due to hard soft acid base theory.%

Aside from stabilizing the uranium tris(anilido)halo complexes from
disproportionation, the coordination of these salts to the uranium tris(anilido)
complexes also alters the reactivity of these uranium complexes. This
observation can be seen with the formation of complexes 2.4 and 2.5. When a
lithium halide salt is present during the reaction intended to generate [L]sU(Br),
the lithium halide salt remains coordinated to the uranium center(s) and complex
2.5 is preferentially generated. In the absence of the lithium halide salt, however,

the intended uranium tris(anilido) (2.4) is generated.

2.5: Attempts to generate (F)U[N(SiMe3)(3,5-(CHz3)2(CsH3)]3
According to hard-soft acid base theory, fluorine is known to form a
stronger interaction than either chlorine or bromine with lithium.%® As this is the

case, it was rationalized that divergent reactivity might also be seen during the
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formation of [L]sU(F) depending on which alkali metal salt of the [N(SiMe3s)(3,5-
(CHB3)2(CsH3)] ligand is used for the reaction. Additionally, by generating [L]sU(F)
a more complete 'H NMR spectroscopic study can be performed to better
understand the effect halogen identity has on *H NMR chemical shift for
paramagnetic uranium anilido complexes. With this in mind, efforts were made to

generate [L]sU(F) as shown in Scheme 2-9.
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Scheme 2-9: Synthetic pathways used to try to generate (F)U[N(SiMe3)(3,5-
(CH3)2(CeHa)]s

Path 1 was attempted first with the belief that [L]sU(X) would undergo a
simple salt metathesis reaction with CsF to generate more favorable Csl and U-
F interactions. As both U(IV) and F are considered to be hard, the formation of a

U-F bond is a favorable process. Both Cs and | are considered to be softer, so
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the formation of a Cs-I interaction is also favorable according to Hard-Soft Acid-
Base Theory.® Although seemingly favorable, this process was unfortunately
unsuccessful due to the poor solubility of CsF in most organic solvents. The same
logic was applied for Path 2. The formation of KCI would be a better hard-soft
Lewis acid base match than U(IV) and CI, while a U-F interaction would be more
favorable than a U-CI interaction.®® This pathway also was unsuccessful in
yielding [L]sU(F) due to the poor solubility of KF in organic solvents. Unlike Paths
1 and 2, Path 3 attempted to generate the desired [L]sU(F) complex by means of
a similar reduction and oxidation pathway used by Kiplinger and coworkers. In
step 1 of this pathway, the starting tris(anilido)halo uranium complex was reduced
in situ with KCs, a very strong reducing agent, to generate a transient U(lll)
tris(anilido) species. Then, the uranium(lll) tris(anilido) complex was treated with
CuF2 in hopes of oxidizing the U(lll) species to the desired U(IV) complex. Like
the other pathways, this route too was unsuccessful. Upon characterization of the
product from Path 3, it was found that only a disproportionation byproduct U[L]4
(vide infra) was generated. This means that after the reduction of the [L]sU(X)
complex, the transient U(lll) species most likely rapidly underwent
disproportionation, before being oxidized by the CuF2. The rapid
disproportionation experienced by the U(lll) species in situ can be explained in
part due to the lack of steric protection provided to the uranium center by only 3
equiv. of the ligand. Unlike the bulky [N(SiMes)2] amido ligand used to stabilize
U(Ill) by Anderson and coworkers, the [N(SiMes)(3,5-(CH3)2(CsHzs)] ligand seems

to be unable to indefinitely stabilize a U(lIl) center from disproportionation.® As
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a result, further reduction pathways that generated a U(lll) species in situ were
not attempted. Path 4, on the other hand, attempted to utilize a transmetallation
reaction in which AgF and [L]sUCI would exchange halogens to generate AgCI
and [L]sUF.#8 By design, this reaction makes use of AgClI’s poor solubility in most
organic solvents by having it precipitate out of solution as the reaction proceeds.
As this happens, the reaction should theoretically be driven forward by Le
Chatlier’s Principle, generating the intended [L]sUF complex. Unfortunately, Path
4 did not show any evidence of a reaction occurring by *H NMR spectroscopy.
With Paths 1-4 failing to generate the intended [L]sUF complex, a new pathway
that made use of protonolysis was devised. In this reaction, U-L and H-X bonds
are broken and L-H and U-X bonds are formed. This is accomplished by exposing
the U-L bond to only one equivalent of an acidic proton. When this occurs, the
electrons in the U-L bond attack the acidic proton generating the new L-H bond
(in this case H-[N(SiMes)(3,5-(CHs)2(CesHs)] and an equivalent of X" and leaving
behind a formal positive charge on at the metal center. Finally, the X anion
attacks the metal center generating the desired U-X bond (in this case the U-F
bond). Although this type of pathway was shown to be effective for generating a
similar chloro tris(amido) uranium complex by Ephritikhine and coworkers, this
pathway did not generate the desired [L]sUF complex. Instead, only [L]H was
observed by 'H NMR spectroscopy.® In each of these pathways, either the
disproportionation byproduct U[L]4 was generated or no reaction was detected by
'H NMR spectroscopy. It was rationalized that if the [L]sUF complex was

generated through any of the above pathways, it most likely underwent
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disproportionation to generate an equivalent of U[L]s and another
uncharacterized uranium byproduct. This is most likely due to the poor steric
protection provided by the anilido ligands and the smaller fluorido ligand. Since
the [L]sU(X) complexes can be isolated when X=CI, Br and | and given the fact
that F is considerably smaller than the other halides, it is reasonable to assume
that it may not provide the same type of steric protection that the other halides
can provide the metal center. It is possible that the [L]sUF complex undergoes
rapid ligand exchange to generate the sterically more encumbering U[L]4
complex. For these reasons, further attempts to isolate [L]sUF were abandoned.

While attempting to generate [L]sUF and complexes 2.1-2.5, it was
discovered by 'H NMR spectroscopy that there was often a small amount of a
disproportionation byproduct, U[L]s present in the bulk material for these
complexes. In order to more accurately determine which *H NMR peaks belonged
to the intended tris(anilido) halo uranium complexes and which belonged to the

U[L]4 byproduct, the U[L]4a complex (2.6) was synthesized rationally (Scheme 2-

10).
4 eq. [M][N(SiMe3)(3,57(CH3)2(CgH3)] N N__
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Scheme 2-10: Rational synthesis of U[L]4 (2.6) from UCl4 or Ul4(1,4-dioxane):
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It was found that 2.6 could be generated from UCls or Uls(1,4-dioxane)2
with 4 equiv. of either the lithium or potassium salt of the anilido ligand. Complex
2.6 can be isolated cleanly through recrystallization from hydrocarbon or ethereal

solvents.

Figure 2-15: ORTEP depiction of U[N(SiMe3)(3,5-(CHz)2(CsH3)]s complex (2.6)
with ellipsoids shown at 30% probability. Aryl-CHss and hydrogen atoms
removed for clarity.

Complex 2.6 displays S4 symmetry in the solid state and adopts a pseudo
tetrahedral geometry as shown in Figure 2-15. Crystallographically, all four
anilido ligands are equivalent. The U-N bond distances (Table 2-8) for this
complex are in good agreement with the U-N bond distances for complexes 2.1-
2.5 and are similar to the U-N bond distances of related anilido uranium
complexes.®* The U-Cipso bond distance (U(1)-C(1)) for complex 2.6 is about
0.250 A longer than the average U-Cipso bond distance for complex 2.1 (U-Cipso
avg = 2.785 A), and about 0.226 A longer than the average U-Cipso bond distance
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in complex 2.5 (U-Cipso avg = 2.809 A). This U-Cipso bond elongation for complex
2.6 relative to complexes 2.1 and 2.5 suggests that there is a greatly diminished
U-Cipso interaction for complex 2.6. This U-Cipso bond elongation can be attributed
to the increased steric congestion of the complex, as there are now four anilido
ligands about the metal center with this system instead of the three or two for
complexes 2.1 and 2.5, respectively. The increased congestion caused by these
additional ligands forces the aryl groups of the ligands to be further away from
the uranium center, preventing strong U-Cipso interactions (such as those
observed in complexes 2.1 and 2.5) from occurring. The anilido ligands in
complex 2.6 thus only bind k* through the anilido nitrogens and have little to no
m-aryl donation to the uranium center. This bonding designation is supported with
the fact that the U-Cipso bond distance of complex 2.6 more closely matches the
U-Cipso bond distances found in the k! bound anilido ligands of complex 2.2.
Additionally, 2.6 contains fairly long U-Cortho bond distances, which signify little to
no U-Cortho interactions.

Table 2-9: Selected bond lengths (A) and angles (°) for 2.6

Bond Distance (A) Bond Angle Angle (°)
U(1)-N(1) 2.2473(12) N(1A)-U(1)-N(1B) 104.21(6)
U(1)-C(1) 3.0352(14) N(1A)-U(1)-N(1C) 112.17(3)
U(1)-(C2) 3.669 N(1A)-U(1)-N(1D) 112.17(3)
U(1)-C(6) 3.868 N(1B)-U(1)-N(1C) 112.17(3)
Si(1)-N(2) 1.7433(13) N(1B)-U(1)-N(1D) 112.17(3)
N(1)-C(1) 1.4331(18) N(1C)-U(1)-N(1D) 104.21(6)

C(1)-U(2)-N(1) 26.50
Si(1)-N(1)-U(1) 135.04(7)

In solution, as in the solid state, complex 2.6 displays high symmetry, as

indicated by the simplicity of its 'H NMR spectrum (Figure 2-16). The spectrum
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contains only four peaks, indicating that the ligands are equivalent on the NMR
time scale. This means that there is free rotation of the anilido ligands about the
U-N bonds despite the increased steric congestion of the system with four
equivalents of the anilido ligand. This is consistent with the high symmetry
observed with a bulkier tetrakis(amido)uranium complex reported by Schelter and
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Figure 2-16: 300 MHz TH NMR spectrum of U[N(SiMe3)(3,5-(CHz3)2)(CesH3)]4
(2.6) in CeDs

2.6: Synthesis of Th[N(SiMe3)(3,5-(CHz)2)(CesH3)]4
Since the [N(SiMes)(3,5-(CHs)2)(CesH3)] ligand was able to support uranium
tris(anilido) complexes of the type [L]sU(X), it was determined that generating the

analogous f° [L]sTh(X) complexes would be beneficial. By generating these
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thorium complexes, studies could be performed that examine the differences that
exist in the bonding interactions between the analogous f2 uranium and f° thorium
complexes, including information regarding the role of f-electrons in bonding and
covalency observed with early actinide complexes. There are very few easily
accessible thorium halide starting materials suitable for generating analogous
thorium tris(anilido) complexes. Given this limitation, [L]sTh(CI) was targeted
using the method shown in Scheme 2-11, as the necessary thorium halide

starting material (ThCls(DME).) is easily prepared.1®

/ THF & N
ThC1,(DME), &N -

+ 3 M—N = --eeiiees » N—Th---""=7

M = Li* or K*
Scheme 2-11: Proposed synthesis of [L]sTh(CI)

To our surprise, [L]sThCl was not readily isolated using several
permutations of analogous synthetic pathways that enabled the preparation of
the LiCl ate salt (2.2) and [L]sUCI (2.3). Rather than generating the desired
[L]sTh(CI) anilido complex, the homoleptic Th[L]4 complex was instead isolated in
every attempt to generate the desired halo tris(anilido) thorium compound. This
difference in reactivity between thorium and uranium is likely due to the difference
in size of the ionic radii for Th(IV) and U(IV). It is well understood that low
oxidation state uranium and thorium chemistry is governed primarily by steric

considerations. This means that tetravalent uranium and thorium complexes are
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more stable, and thus less likely to undergo side reactivity, when the metal center
is protected by a large ligand or a ligand that creates a large cone angle around
the metal center. As the [N(SiMes)(3,5-(CHzs)2(CsHs3)] ligand is less bulky than the
previously studied [N(SiMes)2] ligand, it stands to reason that a significant portion
of the actinide metal center is exposed when the [N(SiMes)(3,5-(CH3)2(CsH3)]
ligand is used for stabilization of an actinide metal center. Although having
increased steric access to an actinide center with this ligand was chosen by
design, it fails to adequately protect the actinide center from side reactivity like
disproportionation, as demonstrated by bromo cluster 2.5. Given that the ionic
radius of Th(IV) is 0.08 A larger than that of U(IV), greater steric access is
available to the thorium center as compared to uranium, and the propensity for
disproportionation greatly increases, resulting in the isolation of Th[L]4 instead of
the intended [L]3sThCI complex.®! While the [N(SiMes)(3,5-(CH3)2(CsH3)] ligand
has been shown to stabilize the U(IV) center from significant disproportionation
with complexes 2.1-2.5, it stands to reason that this ligand is too small to
adequately stabilize a Th(IV) center from disproportionation when only 3 equiv.
of the ligand are present.

Although [L]3ThCI could not be isolated, Th[L]a complex 2.7 can be
isolated through recrystallization from either hydrocarbon or ethereal solvents,

and the solid-state structure is shown in Figure 2-17.
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Figure 2-17: ORTEP depiction of Th[N(SiMe3)(3,5-(CH3)2)(CsH3)]4 (2.7) with

ellipsoids shown at 30% probability. Aryl-CHss and hydrogen atoms removed
for clarity.

Table 2-10: Selected bond lengths (A) and angles (°) for 2.7

Bond Distance (A) Bond Angle Angle (°)
Th(1)-N(1) 2.309(5) N(1A)-Th(1)-N(1B) 112.17
Th(1)-C(1) 3.058(8) N(1A)-Th(1)-N(1C) 112.17
Th(1)-C(2) 3.846 N(1A)-Th(1)-N(1D) 104.20
Th(1)-C(6) 3.700 N(1B)-Th(1)-N(1C) 104.20
Si(1)-N(2) 1.734(3) N(1B)-Th(1)-N(1D) 112.17
N(1)-C(1) 1.427(4) N(1C)-Th(1)-N(1D) 112.17

N(1)-Th(1)-C(2) 26.41(14)
Si(1)-N(1)-Th(1) 135.19

Complex 2.7 displays a rare Sa4 symmetry in the solid state and adopts a
pseudo-tetrahedral coordination geometry. Structurally, this complex was nearly
identical to complex 2.6, with only a few minor differences noted in bond

distances (Tables 2.8 and 2.9). As to be expected, the Th-N bond distances for
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complex 2.7 were slightly longer than the corresponding U-N bond distances for
complex 2.6. The difference between the M-N bond distances for complexes 2.6
and 2.7 was about 0.062 A, which is close to the expected difference of 0.08 A.

Due to the structural similarities between complexes 2.6 and 2.7 it was
determined that all of the anilido ligands in complex 2.7 are bound only k* through
the anilido nitrogen, as observed with the analogous U[L]4 system. The ligands
in complex 2.7 most likely do not engage in 1-aryl donation. This claim can be
further supported by the fact that the Th-Cipso, Th-Cortho and Th-Cortho' bond
distances are significantly longer than expected for ligands containing 1-aryl
donation.”

Like complex 2.6, complex 2.7 displays high symmetry in solution, which
can be seen in both the *H and *C NMR spectra for the complex. In the *H NMR
spectrum, shown below in Figure 2-18, complex 2.7 displays only four prominent
peaks. The aromatic protons of the ligands show up as singlet peaks at d 6.80
and 6.68 and integrate for eight and four protons, respectively. The aryl-CHs
protons show up as a singlet peak at ® 2.33 and integrate for 24 protons. The
SiMes protons show up as a singlet peak at & 0.29 and integrate for 36 protons.
These data are consistent with a structure for 2.7 where all the anilido ligands
about the metal center are equivalent. The 3C NMR spectrum of 2.7 is shown in
Figure 2-19 and further supports the claim of high symmetry in solution. The
spectrum has six peaks — one for each expected unique 3C environment — where

all four ligands are equivalent.
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(2.7) in CeDs
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Figure 2-19: 400 MHz 13C NMR spectrum of Th[N(SiMe3)(3,5-(CHz)2)(CsHz3)]4
complex (2.7) in CeDe

Although complexes 2.6 and 2.7 are nearly structurally identical, their *H
NMR spectra differ greatly. This is the case because U[L]4, (2.6) is paramagnetic,
whereas Th[L]s, (2.7) is diamagnetic. Thus, the U(IV) center of complex 2.6
contains unpaired electrons, whereas the Th(IV) center does not. These unpaired
electrons affect the chemical shifts of the NMR active nuclei in the complex by
either greatly shielding or deshielding them. This is why, for example, the aryl-
CHs peak appears upfield at d -1.09 in U complex 2.6 but appears downfield at &
2.33 in Th complex 2.7. Although we were unable to generate the intended
[L]sTh(X) series with this anilido ligand framework, we were able to see the

structural differences that exist between the Th[L]4 complex (2.7) and the uranium
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analog (2.6) and how the unpaired electrons of the paramagnetic uranium

complex influence the chemical shifts in the H NMR spectrum.

2.7: Analysis of 'H NMR chemical shift trends for the [L]3U(X) series

Currently, H NMR spectroscopy is the most common and versatile form
of characterization for low valent uranium complexes. Despite this, many
challenges still exist with the interpretation of *H NMR spectra of complexes of
this type. One of the main challenges associated with interpreting the 'H NMR
spectra of paramagnetic systems is the fact that it can often be difficult to
accurately assign the peaks. This can arise from the fact that no information can
be gained from peak splitting or coupling since the peaks are typically
paramagnetically-broadened singlets. This leaves integration and chemical shift
as the only other sources of spectral information useful in assigning peaks. To
make matters worse, if the ligand contains many different sets of equivalent
protons that all integrate for the same value, integration is useless for the correctly
assigning the peaks. This leaves chemical shift as the only useful spectral useful
for peak assignment. Although the coordination chemistry of low valent uranium
has been studied for many years, little is known about where many common
proton-containing functionalities show up in the 'H NMR spectra of these
complexes. Additionally, where certain functionalities show up in a *H NMR
spectrum is highly dependent on the type of ancillary ligand used with the
complex. Therefore, chemical shift is less useful for paramagnetic systems than

for diamagnetic systems. Targeted studies that demonstrate how the chemical
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shift of ligand functionalities change when the chemical environment is altered
will greatly improve the value of chemical shift in peak assignments for
paramagnetic U complexes. Subsequently, studies were initiated to examine how
halogen identity effects anilido ligand *H NMR chemical shifts for the [L]aU(X)
complexes 2.1, 2.3, 2.4 and 2.6. Since amido and anilido ligands are becoming
more common in low valent uranium chemistry, these studies could have broad
applications for the actinide community.

In order to perform this study, the *H NMR spectra of complexes 2.1, 2.3,
2.4 and 2.6 were compared to see if a trend exists for the chemical shifts of the
anilido ligand as the electronegativity of the halogen changes (Table 2-10 and
Figure 2-20).

Table 2-11: Comparison of *H NMR chemical shifts (ppm) for complexes 2.1,
2.3, 2.4 and 2.6

Complex 0 Si(CHs)s  © Ar-CHs & 0-Ar-H & p-Ar-H
[L]sU(CI) 2.3 10.34 -6.39 11.25 -1.81
[L]sU(Br) 2.4 8.89 -5.92 11.18 -0.85

[L]sU(l) 2.1 7.83 -5.57 -2.30 0.09
U[L]a 2.6 1.65 -1.09 -2.89 3.54
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Figure 2-20: Correlation between halogen electronegativity (X,) and the *H
NMR chemical shift (ppm) of selected protons.

Figure 2-20 demonstrates a strong correlation between the
electronegativity of the halogen atom and the chemical shift of the Ar-CHs protons
(R? = 0.9985).192 A moderately strong correlation exists between the halogen
electronegativity and chemical shifts of the SiMes protons and the p-Ar-H protons
(R? = 0.9647 and R? = 0.9376, respectively). There appears to be no correlation
between o-Ar-H proton chemical shift and halogen electronegativity (Table 2-10),
so these data were not included in Figure 2-20. This may be due to the differing
degrees of agostic/arene interactions of the ortho arene carbons to the uranium
center, as discussed in Section 2.2. The chemical shifts of homoleptic complex
2.6 are also given in Table 2-11 to show how the presence of a halogen atom in

the complex greatly changes the chemical shifts of all unique proton
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environments in the system. From this comparison, we can generalize that *H
NMR chemical shifts and halogen electronegativity are correlated. It is our hope
that the information gained from this comparison can be used for predicting where
'H NMR chemical shifts will show up for new paramagnetic uranium complexes

that contain halogen functionalities.

2.8: Attempts to generate uranium-element multiple bonds using halo
tris(anilido) uranium platform

It was shown through the generation of complexes 2.1-2.4 that the
[N(SiMe3)(3,5-(CHs)2(CeH3))] ligand framework is able to stabilize the U(IV) ion.
Although many of the complexes that utilized this ligand framework were prone
to disproportionation, the metal centers in these complexes remain more
sterically accessible than their U(IV) counter parts that utilize the [N(SiMes3)2]
ligand.®* The increased steric accessibility to the U(IV) metal center makes these
complexes suitable candidates reactivity to install U=ER functionalities with bulky
groups. We thus attempted to explore one of the central aims of this research
project: the generation of stable X-U=E functionalities for studies that examine
the inverse trans influence and how U=E bond strength is changed as the identity
of the trans 11-donor X is altered. These studies are meant to provide insight into
how to develop suitable sequestering agents for f-element extractions in nuclear
waste reprocessing. Generation of the X-U=0 functionality was attempted first;
the U=0 framework is the most relevant functionality for nuclear waste

reprocessing as it is present in the waste as the uranyl ion, [O=U=0]?*.4% 46 |n
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order to accomplish this task, we decided to use a technique similar to that
pioneered by Hayton and coworkers that successfully installed one U=0

functionality on the U[N(SiMe3)2]s tris(amido) complex shown in Scheme 2-12.52
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Scheme 2-12: Synthetic pathways attempted to generate [L]3U(O)(X)

Path 1 of Scheme 2-12 employs the use of a pyridine N-oxide donor to
transfer an oxygen atom to a uranium center via a two-electron oxidative process.
As our [L]sU(X) framework is sterically more open than the U[N(SiMe3)2]s system
(vide infra) and thus more prone to disproportionation, 2 equiv. of a bulky donor,
OPPhs, was added in hopes that it would coordinate to the uranium center and
prevent unwanted disproportionation and dimerization from occurring.
Unfortunately, upon characterization of the bulk material produced from this
reaction by *H NMR spectroscopy, it was discovered that this pathway generated
a mixture of products. Similarly, Path 2 (Scheme 2-12) employed the same
strategy of donating an oxygen atom through the use of an N-oxide donor by
using the bulkier TEMPO oxide donor, since it was reported by Hayton and

coworkers that less bulky N-oxide donors may lead to the formation of a bridging
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oxo species.>> 103 ke Path 1, Path 2 was also unable to cleanly generate the
desired [L]3U(O)(X) complex. It was found by 'H NMR spectroscopy that this
pathway exclusively generated the disproportionation byproduct U[L]4 (2.6). It
was rationalized that the U(IV) to U(VI) two-electron oxidative pathway was less
favorable than disproportionation of the starting [L]sU(X) complex. This caused
us to then explore the more favorable U(lll) to U(V) transformation (Scheme 2-
12, Path 3). Although more than one step, Path 3 directly utilizes the U(lII) to U(V)
oxidation used by Hayton and coworkers to install a U=0 functionality.>? This
process first requires an in situ one-electron reduction of the [L]sU(X) starting
material to generate a transient U(lll) species. After reduction, the transient U(lll)
species is then rapidly oxidized to U(V) via an oxygen atom transfer from pyridine
N-oxide. Finally, the U(V) [L]sU(O) species is oxidized to the desired U(VI)
[L]sU(O)(X) complex with a copper halide salt. Unfortunately, this pathway was
unsuccessful in generating the desired [L]sU(O)(X) complex. It was found through
characterization by *H NMR spectroscopy that this pathway only produced the
disproportionation byproduct U[L]4a complex (2.6). To ensure that the first step of
the process was working correctly, we decided to try and isolate the U[L]3 species
to see if reduction of the staring complex with KCs was occurring as intended.
Isolation of the U[L]s species was accomplished by rapid workup of the reaction
immediately after KCs was added to the reaction mixture. It was found that the
U[L]s species can be isolated as a dark purple solid in moderate to high yields
and can be recrystallized from hexanes at -30°C. While attempting to recrystallize

this material, it was found that two products actually recrystallize from hexanes:
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an amber material and a dark purple material. It was found that the amber
material is the disproportionation byproduct U[L]4, while the purple material is the
desired U[L]s (2.8), which was characterized by XRD and is shown in Figure 2-
21. Although these two products can be manually separated and characterized,
the U[L]s complex decomposes within a few days in the solid state at low
temperatures (-35°C). In solution, it was found the U[L]s complex completely
disproportionates to U[L]4 within a few hours at room temperature. If the reaction
mixture is worked up within 15 min from the addition of the reactants, it is still

found by 'H NMR spectroscopy that approximately 50% of the bulk material is

U[L]a.
& —
Y W
& & I
v/ |
N(1) 2 &
\ - Ufﬁ;{ —g
w X |
/NGB) N(2)@ :
o i)

Figure 2-21: ORTEP Depiction of (THF)U[N(SiMe3)(3,5-(CH3)2)(CeH3)]z (2.8)
with ellipsoids shown at 50% probability. Hydrogen atoms omitted for clarity.
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Table 2-12: Selected bond distances (A) and angles (°) for 2.8

Bond Distance (A) Bond Angle Angle (°)
U(1)-N(1) 2.3445(17) N(1)-U(1)-N(2) 108.59(6)
U(1)-N(2) 2.3112(17) N(1)-U(1)-N(3) 105.51(6)
U(1)-N(3) 2.3445(17) N(1)-U(1)-O(2) 110.73(5)
U(1)-0(1) 2.4811(14) N(2)-U(1)-N(3) 110.49(6)

U(1)-Cipso(1) 2.8879(12) N(2)-U(1)-0O(2) 109.22(5)
U(1)-Cipso(2) 2.887(2) N(3)-U(1)-0O(1) 112.20(5)
U(1)-Cipso(3) 2.912(2) N(1)-U(1)-Cipso(1) 28.77(6)
Si(1)-N(1) 1.7235(18) N(2)-U(1)-Cipso(2) 29.17(6)
Si(2)-N(2) 1.7151(18) N(3)-U(1)-Cipso(3) 28.40(6)
Si(3)-N(3) 1.7252(18) Si(1)-N(1)-U(1) 136.52(9)

Si(2)-N(2)-U(1) 139.98(10)

Si(3)-N(3)-U(1) 135.13(9)

Table 2-13: Selected bond distances (A) for hapticity analysis for 2.8
Ligand U-N U-Cipso  U-Cortho? U-Cortho™ A° A" A-A'cd
L(N1) 2.3345 2.8879 2.997 4.008 0.1091 1.1201 1.011
L(N2) 2.3112 2.887 3.520 3.565 0.633 0.678 0.045
L(N3) 2.3444 2.912 3.048 4.048 0.136 1.136 1.000

aU-Cortho denotes shorter U-C aromatic ortho carbon bond distance for each ligand (1, 2, 3)
bU-Cortho' denotes longer U-C aromatic ortho carbon bond distance for each ligand (1, 2, 3)
CA=[(U'Cortho)'(U-l\l)]-[(U-Cipso)'(U-N)]

dA'=[(U'Cortho')'(U-N)]-[(U-Cipso)'(U-N)]

Complex 2.8 displays Cs symmetry in the solid state and adopts a pseudo-
tetrahedral geometry. The average U-N bond distance is = ~0.1 A than the
average U-N bond distances of complexes 2.1-2.6. This increase in U-N bond
distance from the U(IV) tris(anilido) complexes to this U(lll) complex is due to the
higher ionic radius of the U(lll) center as compared to the U(IV) center. This U(llI)
tris(anilido) complex is nearly identical to the (THF)U[N(C(CHs3)3)(3,5-
(CHz3)2(CeH3)]3 system generated by Cummins and coworkers.8! The average U-
N bond distance for complex 2.8 is about 0.01 A longer than the average U-N

bond distance for the analogous U(lll) system generated by Cummins and

coworkers, meaning that the two complexes have identical U-N bond lengths
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within experimental error. The average U-Cipso bond distance for complex 2.8,
however, is 0.022 A shorter than the average U-Cipso bond distance for the
analogous U(lll) complex produced by Cummins and coworkers.8! By comparing
the average U-N and U-Cipso bond distances of complex 2.8 to the analogous
bond distances in Cummins’s U(lll) tris(anilido) system, we can see that the two
complexes are nearly identical. Interestingly, upon further bonding analysis, it can
be seen that complex 2.8 showcases two anilido ligands that are bound n? and
one that is bound nt. By examining the U-Cipso bond distances for ligands L(N1)
and L(N3), we can see that there is a strong U-Cipso interaction for these ligands.
Additionally, we can see that there is a relatively short U-Cortho distance, meaning
that there is also a strong interaction between the ortho carbon of the aryl
backbone. The bonding analysis shown in Table 2-12 indicates a large difference
between A and A' suggesting that the ligand is bound n® through Cipso, Cortho, and
Cortho'. "

If we compare the space-filling model of complex 2.8 to the space-filling
model of Andersen’s tris(amido) complex U[N(SiMes)2]s (Figure 2-22), it can be
seen that the phenyl rings of 2.8 form a pocket in which the uranium center is
accessible. Figure 2-22 also demonstrates that the metal center in complex 2.8
is more sterically accessible than the uranium center in Andersen’s tris(amido)
complex, meaning it may be possible for complex 2.8 to support a fairly bulky

U=E functionality.®°
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Complex (2.8) Andersen’s U[N(SiMe;3););

Figure 2-22: Comparison of the space-filling models of complex 2.8 and
Andersen’s tris(amido) complex U[N(Si(Me3)2)]s
Due to our success in isolating 2.8 from a reduction pathway, we
attempted to generate the complex using a less hazardous approach. This
pathway involved adding 3 equivalents of K[N(SiMe3s)(3,5-(CH3)2)(CeH3)] to a
solution of Ul3(1,4-dioxane)is in cold THF to try and isolate complex 2.8 in one
step from the base uranium starting materials. Like the reduction pathway, this
salt metathesis pathway was found to generate a mixture of complexes 2.6 and

2.8 by 'H NMR spectroscopy (Figure 2-23).
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Figure 2-23: 300 MHz 1H NMR spectrum of (THF)U[N(SiMe3)(3,5-
(CH3)2)(CeH3)]3 (2.8) generated by salt metathesis from Uls(dioxane)1s in CeDs
It should be noted that the Si(CHs)s protons in complex 2.8 display a
significant upfield shift from analogous Si(CHs)s protons in complexes 2.1-2.6,
whereas the Ar-CHs protons in complex 2.8 experience a downfield shift relative
to complexes 2.1-2.6. The magnitude of these shifts may be explained by the
additional unpaired electron of the U(lll) center, where the additional unpaired
electron may cause a shift in the shielding environments.
Although isolation of an [L]3U(O)(X) complex was unsuccessful, additional
strategies to generate X-U=E functionalities were explored. Recently, Schelter
and coworkers demonstrated success in generating the U=N(R) functionality with

the similar U[N(SiMez)z2]s system.>® As a result, we attempted to employ a
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modified version of Schelter’s approach to installing the U=N(R) functionality with

our own [L]sU(THF) system (Scheme 2-13, Path 1).
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Scheme 2-13: Synthetic approaches for generating the uranium imido (U=N)
functionality

Since Schelter’'s method to install the uranium imido functionality utilized
a two-electron oxidation pathway from U(lll) to U(V), we had to first generate the
necessary U(lll) tris(anilido) complex for the reaction. This was accomplished by
reducing 2.3 with a strong one-electron reducing agent to generate U[L]3 (2.8) in
situ. This transient U(Ill) tris(anilido) complex was then treated with 1 equiv. of
MesSi-N3 to generate the desired U(V) imido complex [L]sU(=N(SiMes)). Finally,
this complex was to be treated with CuX to generate [L]sU(=N(SiMe3))(X) and
obtain the desired X-U=N(R) functionality. Unfortunately, this pathway did not
work as intended, since a significant amount of U[L]4 was generated during the
reduction of 2.3 in the first step of Path 1 to generate complex 2.8. Since the
necessary U(lll) tris(anilido) complex for the U(lll) to U(V) two-electron oxidation
process was unable to reliably be generated via reduction or salt metathesis
methods as described earlier, it was determined that utilizing a synthetic pathway
that made use of the U(lll) to U(V) oxidation pathway was not suitable for this

system. As a result, a salt metathesis approach to installing the imido functionality
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was attempted (Scheme 2-13, Path 2). Salt metathesis followed by deprotonation
was chosen since the necessary uranium starting material for the reaction,
complex 2.3, is stable and can be readily isolated. Additionally this pathway would
aim to generate a [L]sU[L"] type intermediate system where L' = [N(H)( 3,5-(CH3)2
(CsH3)] which is similar to the stable easily isolable homoleptic complex 2.6. This
pathway uses K[N(H)( 3,5-(CHzs)2(CesHs)] which reacts with 2.3, eliminating an
equivalent of KCI and generating the [L]sU[N(H)(3,5-(CH3)2(CeH3) intermediate.
The N(H) proton on the intermediate complex is then deprotonated using n-BulLi
to generate the lithium salt of the desired [L]sU=N(Ar) functionality. Once the
imido functionality is generated, the lithium salt of the U(IV) imido tris(amido)
complex would then be oxidized to the U(V) analog: [L]3U(=N(3,5-(CHz)2(CsH3))
using 0.5 eq Iz thereby eliminating an equivalent of Lil. Finally, the intended X-
U=N(Ar) functionality would be installed by reacting [L]sU(=N(3,5-(CHz3)2(CeH3))
with one equivalent of CuX. This pathway unfortunately did not cleanly generate
the desired U=N(Ar) functionality. It was noticed by *H NMR spectroscopy that
multiple products were formed. As both methods failed to generate the desired
U=N(Ar) functionality, it was decided to explore the possibility of generating
different U=E moieties.

The last U=E functionality explored for the [N(SiMes)(3,5-(CHz)2(CsH3)]
tris(amido) uranium system was the generation of a uranium phosphinidene
functionality, or U=P(R). Unlike the other U=E functionalities explored, the most
naturally abundant isotope of phosphorus, 3P, is NMR active. Thus, 3P NMR

spectroscopy could serve as an additional cost-effective tool to examine the
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tuneability of the inverse trans influence. Information about the relative U=P(R)
bond strength could be obtained from 3!P NMR spectroscopy by examining how
the 3P chemical shift tensor changes as the X group trans to the U=P(R)
functionality is altered.*® Generating this particular functionality posed the
greatest synthetic challenge as this motif is highly reactive and unstable.1%4 105
The high reactivity of the U=P(R) functionality arises mainly from the poor hard-
soft mismatch between U(IV), which is hard, and P, which is soft.°® For these
reasons, only a few examples of uranium phosphinidenes have been reported
despite continued synthetic interest of the functionality within the actinide
community.50 104-106 Dye to the synthetic challenge posed by generating this
U=P(R) functionality, we attempted a variety of synthetic pathways to try and
access the U=P(R) functionality (Scheme 2-14).
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Scheme 2-14: Synthetic pathways used to attempt to generate the U=P(Ar)
functionality

Path 1 was the first approach used to generate a uranium phosphinidene
and employed the use of a two-electron oxidation from U(lIl) to U(V). Although

previously deemed synthetically non-feasible for this system, this pathway was
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reexamined in hopes that a very bulky P? donor might react with the U(lIl)
tris(amido) system to generate the U(V) phosphinidene and prevent ligand
redistribution. This pathway made use of the phosphaylide Mes’P=PMes as the
source of P where Mes*=(2,4,6-tritertbutylphenyl).1°7. 108 This particular pathway
has been shown to generate the desired phosphinidene functionality with
zirconium and vanadium.!®” Unfortunately, this pathway proved to be
unsuccessful, with only the formation of U[L]4 observed in the *H NMR spectrum.
Path 2, like the first, makes use of a two-electron oxidation. This time, however,
the uranium species would be oxidized from U(IV) to U(VI). As the U(IV)
tris(anilido) complexes 2.1-2.3 are readily isolable and stable, this pathway
seemed potentially lucrative. Unfortunately, this pathway did not result in the
formation of a stable uranium phosphinidene complex. Instead, a highly stable

Mes*P=PMes* diphosphene dimer was isolated (Figure 2-24).

Figure 2-24: ORTEP depiction of Mes*P=PMes* dimer isolated from Path 2
with ellipsoids shown at 30% probability. Hydrogen atoms omitted for clarity.
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This particular diphosphene species has been previously isolated and
reported by Yoshifuji and coworkers; however, upon isolation from Path 2, it was
found that the dimer crystallized in a different space group than previously
reported, and metrical parameters vary slightly from the original report.1® The
generation of this dimeric species provides circumstantial evidence for the
formation of a uranium phosphinidene that rapidly decomposed and
dimerized.108 110113 |t is also possible that the phosphayilde did not react at all
with the U(IV) tris(amido) species, but rather dimerized in solution; however, this
particular decomposition pathway requires higher concentrations of Mes*P? to
be present in solution, which is unlikely.*'? As both oxidation pathways with the
Mes*P=PMes phosphayilide proved to be unsuccessful in forming the desired
uranium phosphinidene complex, alternative methods for the preparation and
stabilization of the U=P(R) functionality were explored.

Paths 3 and 4 make use of a salt metathesis approach that aimed to
generate the U=P(R) functionality in two steps, where Path 3 utilized the bulky
Mes*PHLi proligand and Path 4 utilized the smaller lithium phenylphosphine salt.
Isolation of a phosphinidene from a salt metathesis approach has been seen
previously in the successful generation of a Zr=PMes* functionality.'%® In the case
of Path 3, 3P NMR spectroscopic analysis indicated that a phosphaindole
byproduct was formed during the reaction (Figure 2-25). This particular byproduct
was formed as a result of the insertion of the phosphorus atom into an o-'Bu

methyl C-H bond.19: 112
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Figure 2-25: Phosphaindole byproduct generated from Path 3 (Scheme 2-14)

This particular phosphaindole has been observed in the literature while
attempting to make terminal phosphinidene complexes with Til!3, Fell4 Col'4,
Rh'2 and La''?, It has been noted in each of these cases that the phosphaindole
is formed as a direct result of decomposition of a transient phosphinidene
complex, supporting the notion that the phosphaindole is generated as a result

of transient U=PMes* decomposition (Scheme 2-15).
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Scheme 2-15: Possible mechanism for the formation of the phosphaindole

Since the terminal phosphinidene complex [L]sU(=PMes*) was not isolable
via Paths 1-3, it was determined that the Mes* group may be too bulky to use as
a steric protecting group for the phosphinidene moiety. Since all phosphorous-
containing decomposition byproducts from Paths 1-3 suggest the formation of a
transient terminal phosphinidene functionality in situ, it was determined that using

a smaller aryl protecting group may allow for isolation of the desired U=P(Ar)
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functionality. As a result, Path 4 utilizes a salt metathesis pathway with a sterically
less-encumbering lithium phenylphosphine salt. This method was also
unsuccessful in cleanly generating the desired terminal U=P(Ph) functionality, as
determined by 'H and 3P NMR spectroscopy. Path 5, the last pathway attempted
for the generation of the desired uranium phosphinidene, involved a protonolysis
approach. This particular method would generate a transient uranium alkyl
species that would then be exposed to Mes*PH2. Treatment of the transient
[L]sU(R) species with Mes*PH2 would thus allow for the formation of
[L]sU[P(H)(Mes*)] and the elimination of R-H (where R = (CH2(CsHs))) in solution.
The uranium phosphide complex [L]sU[P(H)(Mes*)] would then be treated with n-
BuLi to generate the intended uranium phosphinidene functionality. Upon
analysis of the bulk material isolated from Path 5 by 3P NMR spectroscopy, it
was found that LiHPMes* and the phosphaindole (vida supra) were the major
phosphorus-containing products produced from the reaction. Additionally, it
should be noted that a small peak or minor product was observed at & 199.66 in
the 3P NMR spectrum. This peak may indicate formation of the precursor
[L]sU[P(H)(Mes*)] phosphido complex. Unfortunately, since this uranium
phosphido complex was not the major product produced from Path 5 it was
determined that this protonolysis approach was not a viable method for producing
the desired U=P(R) functionality. It was thus determined that the U[N(SiMe3)(3,5-
(CHB3)2(CsHs)]s platform is unsuitable for stabilizing the highly reactive U=P(R)

functionality.
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In each of our previous attempts at stabilizing a U=E interaction, steric
hindrance played a significant role in the inability to isolate this desired
functionality. Many of the synthetic pathways used to generate this U=E
functionality featured a uranium precursor complex that was often unable to
sterically protect the resulting U=E functionality from subsequent reactivity. In the
case of generating a uranium phosphinidene, however, the resulting transient
[L]sU=P(R) complex was often too sterically encumbered, which lead to the
degradation of the desired U=P functionality. We decided to further examine a
way to modify the overall steric protection provided by the [N(SiMes)(3,5-
(CH3)2(CsHs)] ligand, such that a U=E functionality might be stabilized. After
careful consideration, it was decided that using a U(V) tris(anilido) dihalo
precursor complex may allow the ligand to provide additional steric support to the
system and allow for isolation of a U=E interaction. This is the case since U(V) is
about 0.10 A smaller than U(IV), which in turn would result in possibly stronger
M-L interactions for a U(V) complex as opposed to a U(1V) complex.1%? This would
translate to having shorter bond distances between the nitrogen donors and the
metal center. With the ligands closer to the uranium center, the anilido ligands
would be able to provide additional steric support to the complex, making it less
likely to undergo ligand redistribution. When determining which U(V) tris(anilido)
complex would be the most suitable precursor for generating X-U=E functionality,
it was rationalized that the precursor complex should have groups that can be
easily activated for accessing the U=E framework. Since Schelter and coworkers

have been able to install a U=0 functionality on a trans dihalo U(V) tris(amido)
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complex by means of salt metathesis with NaNO: followed by reductive cleavage
of nitrite, we decided to design an analogous framework that would be best suited
for similar reactivity.*® 11> As we have been able to isolate [L]3U(CI) (2.3) cleanly,
we attempted to generate the desired U(V) precursor complex [L]sU(Cl)2 by

means of oxidation of complex 2.3 with either CuCl or WCles (Scheme 2-16).

\x |,.:;\N\ CuCI/THF or WClg/pentane \% |,f;;\N\
o .
N—=U
/ N

SiMe; SiMe;
23
Desired U(V) precursor

Scheme 2-16: Attempted synthetic pathway to access (Cl)2U(N(SiMe3)(3,5-
(CH3)2(CeHa))ls
Unfortunately, both attempts at oxidizing complex 2.3 were unsuccessful.
Upon analysis of the products from these reactions by *H NMR spectroscopy, it
was found that only U[L]4 was formed. It was ultimately decided that this particular
ligand system is not suitable for stabilizing X-U=E functionalities due to the high

proclivity for precursor complexes 2.1-2.5 and 2.8 to undergo ligand

redistribution/disproportionation to generate U[L]a.

2.9: Concluding remarks
The [N(SiMes)(3,5-(CHz3)2(CsH3)] anilido ligand framework is able to
stabilize complexes of the type [L]sU(X) (where X = CI, Br and ). These
complexes can be readily accessed by reacting UXa(Solvent)n (where X = Cl and

I; n = 0 or 2) with 3 equiv. of the potassium salt of the proligand. Additionally, it
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was discovered that the alkali counter ion identity of the proligand influenced the
coordination chemistry and reactivity of the tris(anilido) system. This difference in
coordination chemistry was showcased with the formation complexes 2.2 and
2.3. If the Li salt of the proligand was used, [(THF)(Et20)LICI][(L)sU(CI)] (2.2) was
isolated; however, if the K salt of the proligand was used, [L]sU(CI) (2.3) was
isolated. Interestingly, if both complexes 2.2 and 2.3 were exposed to excess
MesSi-Br, two different bromo-containing products were formed: [L]sU(Br) (2.4)
and [L]2U(Br)(u-Br)sU(Br)[L]2 (2.5). While attempting to explore the reactivity of
complexes 2.1-2.5 it was found that the tris(anilido) uranium complexes would
often undergo ligand redistribution to generate the homoleptic complex U[L]4
(2.6). Additionally, it was found that the analogous [L]sTh(X) complexes could not
be readily accessed through similar reactivity. Each attempt at generating the
analogous [L]sTh(X) complexes resulted in the formation of the homoleptic
complex Th[L]s (2.7). A moderate to strong correlation exists between the
chemical shifts of the Si(CHs)s, Ar-CHs and p-Ar protons and halogen
electronegativity in this class of compounds, indicating that *H NMR spectroscopy
can be a good measure of electron density at the U center.

While attempting to generate X-U=E functionalities for use in studying the
inverse trans influence, it was found that the [N(SiMe3)(3,5-(CHz)2(CesHs3)] ligand
is unable to support formation of X-U=0, X-U=N(R) and X-U=P(Ar) species.
Precursor [L]sU(X) complexes often underwent ligand redistribution to generate
U[L]4, which prevented isolation of the desired U=E functionalities. It was found

that [L]sU(THF) (2.8) could be co-isolated with U[L]4 after reduction of [L]sU(X)
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with KCs. Complex 2.8 was found to have poor stability at room temperature and
readily disproportionated to form U[L]4 in solution. Any reactivity explored with
complex 2.8 lead to the direct formation of U[L]4 via ligand redistribution.

Accessing the U=P(Ar) functionality also proved to be an unfruitful
endeavor for this system. It was found that by reacting either 2.3 or 2.8 with the
phosphayilde Mes*P=PMes, the Mes*P=PMes* diphosphene dimer was
generated. This dimeric species is most likely formed by decomposition of a
transient phosphinidene complex.!'% 113 Additionally, reactions of 2.3 with
Mes*PH: resulted in the formation of a phosphaindole byproduct. This particular
byproduct supports the transient generation of a uranium phosphinidene
complex, which then decomposes through a phosphorus insertion into an ortho
'Bu methyl C-H bond followed by reductive elimination!!l. Unfortunately, the use
of a smaller phosphine ligand did not allow for isolation of the desired uranium
phosphinidene functionality.

As all reactivity with the [L]sU(X) complexes resulted in the formation of
U[L]4, it was determined that the [N(SiMe3)(3,5-(CHz)2(CeH3)] anilido ligand was
unable to adequately protect the uranium center from undergoing ligand
redistribution. Attempts at altering the steric properties of the system through use
of a smaller U(V) tris(anildo) complex of the type [L]sU(CI)2 were not possible, as
the desired U(V) species could not be accessed through oxidation of [L]sU(CI)
(2.3) with either CuCl or WCle.

With most reactivity of the [L]sU(X) complexes resulting in the formation of

U[L]4, the [N(SiMe3)(3,5-(CHzs)2(CeHs3)] anilido ligand was deemed unsuitable for
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stabilizing targeted X-U=E functionalities. With this in mind, other ancillary ligand
frameworks that made use of chelating motifs were explored, as these systems

are less likely to undergo unwanted ligand redistribution reactivity.

2.10: Experimental
2.10.1: General experimental procedures

All experiments were performed under an atmosphere of dry N2 in a VAC
Atmospheres dry box. Solvents were purified using the appropriate VAC
Atmospheres solvent purifier or dried over sodium benzophenone ketyl and
distilled under an atmosphere of dry N2. Solvents purified by these methods were
subsequently degassed using successive freeze-pump-thaw cycles, brought into
the dry box without exposure to air, and stored over activated 4-A molecular
sieves. Celite and molecular sieves were activated and dried by heating under
high vacuum (about 0.3 mmHg) at > 200°C overnight. Deuterated NMR solvents,
CeéDs and CDCIs, were purchased from Cambridge Isotope Laboratories,
degassed using freeze-pump-thaw cycles and stored over 4-A molecular sieves.
The anilido ligand [Li][N((SiCHz3)3)(3,5-dimethylphenyl)],®° Uls(1,4-dioxane)us,
Uls(1,4-dioxane)2,88 UCI4* and ThCls(DME)2'°° were synthesized by reported
methods. 'H NMR spectra were recorded using Varian VNMRS spectrometers
operating at 300 MHz or 400 MHz for *H at room temperature in CsDs unless
otherwise specified. All chemical shifts herein are reported with reference to
residual solvent peaks for CeDes at & 7.16. Microanalyses were performed at

Atlantic Microlabs in Norcross, GA.
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2.10.2: Synthesis of [K][N(SiMe3)(3,5-(CH3)2(CsH3)]

To a 20-mL scintillation vial charged with 15 mL of toluene and a small stir
bar, (2.00 g, 10.35 mmol) of N-trimethylsilyl-3,5-dimethylaniline was added. The
golden colored solution was allowed to mix thoroughly, where then (0.423 g,
10.55 mmol) of KH was added. The mixture was heated to 100°C and allowed to
stir overnight (~15 hrs). The solid material was collected on a medium porosity
frit and was washed with toluene. Volatiles were removed in vacuo to afford a
pure product. Yield: 2.23 g, 93%. *H NMR (300 MHz, CeDs, 298K): & = 6.14 (s,

1H, p-Ar-H), 6.06 (s, 2H, o0-Ar-H), 2.29 (s, 6H, Ar-CHs), 0.28 (s, 9H, Si(CHa3)3).
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Figure 2-26: 300 MHz 1H NMR spectrum of K[N(SiMes)(3,5-(CHz)2(CsH3)] in
CsDs
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2.10.3: Synthesis of [L]sU(l) (2.1) from [Li][N(Si(CHz)3)(3,5-dimethylphenyl)]

To a 20-mL scintillation vial charged with 15 mL of diethyl ether and a small
stir bar, (0.170 g, 0.185 mmol) of Uls(1,4-dioxane)2 was added. The clear red
solution was allowed to mix thoroughly, where then (0.150 g, 0.549 mmol) of
Li(Et20)[N(SiMes3)((3,5-dimethylphenyl)] was added as a powder. The solution
became an opaque, red-orange color and was allowed to stir overnight (~18 h).
Volatiles were removed in vacuo. The crude product was extracted with pentane
and filtered over a bed of Celite in a Pasteur pipette to afford a clear red-orange
solution. Volatiles were removed in vacuo to afford a red-orange solid. Yield:
0.0928 g, 56%. *H NMR (300 MHz, CsDs, 298 K): d = 7.83 (27H, Si(CHs)s), 0.09

(3H, p-Ar-H), -2.30 (6H, 0-Ar-H), -5.57 (18H, Ar-CHs).

2.10.4: Synthesis of [Li(CI)(THF)2][[L]sU(CD)] (2.2)

To a 20-mL scintillation vial charged with 10 mL of THF and a small stir
bar, (0.282 g, 0.74 mmol) UCls was added. The pale-green solution was allowed
to mix thoroughly, where then (0.608 g, 2.22 mmol) of Li(EtzO)[N(SiMe3)((3,5-
dimethylphenyl)] salt was added directly as a powder. The solution turned a
darker green color and was allowed to stir overnight (~18 h). Volatiles were
removed in vacuo. The crude product was extracted with diethyl ether and filtered
over a bed of Celite in a Pasteur pipette. Volatiles were removed in vacuo to
afford a green solid. Yield: 0.663 g, 81%. *H NMR (300 MHz, CeDs, 298K): & =
9.99 (27H, Si(CHa)s), 4.02 (6H, THF), 1.65 (6H, THF), -1.74 (3H, Aryl-H), -6.30

(18H, Aryl-CHs), -13.42 (6H, Aryl-H).
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2.10.5: Synthesis of [L]sU(CI) (2.3)

To a 20-mL scintillation vial charged with 10 mL of THF and a small stir
bar, (0.075 g, 0.197 mmol) of UCl4 was added. The green solution was allowed
to mix thoroughly, where then a solution containing (0.133 g, 0.575 mmol) of
K[N(Si(CHz3)3)(3,5-dimethylphenyl) in 4 mL of THF was added dropwise over 5
min. The solution became darker green in color and was allowed to stir overnight
(~18 h). Volatiles were removed in vacuo to afford a golden-brown powder. The
crude product was extracted with ~10 mL of toluene and filtered over a bed of
Celite in a Pasteur pipette. Volatiles were again removed in vacuo. Crude product
was then extracted with pentane (~10mL) and filtered over a bed of Celite in a
pasture pipette. Volatiles were removed in vacuo to afford a golden-brown
powder. Yield: 0.103 g, 68%. *H NMR (300 MHz, CsDs): 6 = 11.25 (6H, Aryl-H),
10.34 (27H, Si(CHa)s), -1.81 (3H, Aryl-H), -6.39 (18H, Aryl-CHas), -13.78 (4H,

THF).

2.10.6: Synthesis of [L]sU(Br) (2.4)

To a 20-mL scintillation vial charged with 10 mL of THF and a small stir
bar, (0.060 g, 0.078 mmol) [L]sUCI (2.3) was added. The golden solution was
allowed to mix thoroughly, where then (0.012 g, 0.078 mmol) of MesSiBr was
added. The solution became yellow-green in color and was allowed to stir for 4
days. Volatiles were removed in vacuo. The crude product was extracted with
~10 mL of pentane and was then filtered over a bed of Celite in a Pasteur pipette.

Volatiles were removed in vacuo at 40°C for 2 h to ensure excess MesSiBr was
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removed. H NMR (CeDs, 300 MHz, 298 K) : 511.16 (6H, Ar-H), 8.89 (27H,

Si(CH3)s , -0.85 (3H, Aryl-H), -5.92 (18H, Aryl-CHs), -7.76 (4H, THF).

2.10.7: Synthesis of [L]2U(Br)(u-Br)sU(Br)[L]2 (2.5)

To a 20-mL scintillation vial charged with 10 mL of THF, 4 mL of 1,4-
dioxane and a small stir bar, (0.100 g, 0.0964 mmol) of 2.2 was added. The
yellow-green solution was allowed to mix thoroughly, where then a solution
containing (0.086 g, 0.56 2mmol) of trimethylsilyloromide in 4 mL of THF was
added dropwise over the course of 2 min. The resulting solution was allowed to
stir for 6 days. Crystals suitable for X-ray diffraction were grown from THF at room

temperature over the course of several days.

2.10.8: Synthesis of [L]sU from K[L] (2.6)

To a 20-mL scintillation vial charged with 10 mL of THF and a small stir
bar, (0.100 g, 0.108 mmol) of Uls(dioxane)2 was added. The clear red solution
was allowed to mix thoroughly, where then (0.100 g, 0.434 mmol) of K[L] was
added. The solution turned cloudy and a gold color and was allowed to stir
overnight (~15 h). Volatiles were removed in vacuo. The crude product was
extracted with pentane and filtered over Celite. Volatiles were again removed in
vacuo. The crude product was extracted with pentane again and filtered over a
bed of Celite. Volatiles were removed in vacuo to afford a golden powder. Yield:
0.041 g, 38%. 'H NMR (300 MHz, CsDs, 298 K): 5 = 3.54 (4H, Ar-H), 1.65 (36H,

Si(CHs)3), -1.09 (24H, Ar-CHs), -2.89 (8H, Ar-H).
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2.10.9: Synthesis of [L]aTh (2.7)

To a 20-mL scintillation vial charged with 10 mL of THF and a small stir
bar, (0.100 ¢,0.180 mmol) of ThCl4(DME)2 was added. The clear, colorless
solution was allowed to mix thoroughly, where then (0.168 g, 0.726 mmol) of K[L]
was added as a powder. The solution became cloudy and pale yellow upon
addition of K[L]. The solution was allowed to stir overnight (~15 hrs). Volatiles
were removed in vacuo. The crude product was then extracted with pentane and
filtered over Celite. Volatiles were again removed in vacuo. The crude product
was extracted with pentane again and filtered over a bed of Celite. Volatiles
removed in vacuo. Crude product was recrystallized from diethyl ether at room
temperature and formed golden-yellow hexagonal plate crystals. Yield
(recrystallized): 0.045 g, 25%. *H NMR (400 MHz, CeDs, 298 K): & = 6.80 (s,
8H, Ar-H), 6.68 (s, 4H, Ar-H), 2.33 (s, 24H, Ar-CHs), 0.17 (s, 36H, Si(CHs3)3). 13C
NMR (400 MHz, CsDs, 298 K) & = 146.94 (Ar-C), 138.94 (Ar-C), 126.14 (Ar-C),

125.35 (Ar-C), 21.30 (Ar-CHz), 0.83 (Si(CH3)3).

2.10.10: Synthesis of [L]3U(THF) (2.8) via reduction pathway
To a 20-mL scintillation vial charged with 10 mL of THF and a small stir
bar, (0.073 g, 0.0953 mmol) L3sU(CI) (2.3) was added. The pale-green solution
was allowed to mix thoroughly and was then chilled to -35°C for about 15 min.
Once chilled, (0.013 g, 0.095 mmol) of KCs was added. The solution turned dark
purple instantly and was allowed to stir for 45 min while warming to room

temperature. Volatiles were removed in vacuo. The crude product was extracted
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with hexanes and filtered over Celite. Volatiles were removed in vacuo to afford
a dark purple solid. Yield: 0.069 g, 90.2%. Note: the complex is thermally
unstable and decomposes after a few hours at room temperature. *H NMR (300
MHz, CeDs, 298 K): & = 9.96 (3H, Ar-H), 0.76 (6H, Ar-H), 0.26 (18H, Ar-CHs), -

6.50 (27H, Si(CHa)3).

2.10.11: Synthesis of [L]sU(THF) (2.8) from KJL]

To a 20-mL scintillation vial charged with 10 mL of THF and a small stir
bar, (0.102 g, 0.136 mmol) of Uls(dioxane)i1.s was added. The purple solution was
allowed to mix thoroughly, where then (0.047 g, 0.283 mmol) of KI was added.
To this solution, 4 mL of a solution containing (0.092 g, 0.397mmol) of K[L] was
added dropwise over 4 min. The solution turned a burgundy color instantly and
was allowed to stir for 15 min. Volatiles were removed in vacuo to afford a dark-

purple solid. Yield: 0.077 g, 0.67%.
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Chapter 3 H

An unexpected alkylation: Redox non-innocent ligand reactivity

of a bis(amido)pyridine uranium complex
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3.1: Exploring the use of a new ligand framework

With the inability to isolate An=E functionalities using monodentate (k%)
amido ligands, a different ancillary ligand platform was sought to support the
desired X-An=E fragments. In order to avoid the complications faced while using
the monodentate amido ligands, the new ancillary ligand platform needed to be
resistant to ligand redistribution. As low valent actinide chemistry is often dictated
by steric properties, the new platform must also provide sufficient steric protection
to stabilize the potentially reactive An=E group and allow for inverse trans
influence studies of the X-An=E fragment.*®> Multidentate ligand platforms were
thus pursued as a means of mitigating unwanted side reactivity, like ligand
redistribution, due to their stronger affinity for the metal center. The «° 2,6-bis(2,6-
diisopropylanilidomethyl)pyridine (BDPP) ligand framework was chosen due to
its documented use with thorium?6-119 and uranium? 121 to give access to
bis(alkyl), alkyl halide and dihalide actinide complexes, which are suitable
precursor complexes for generating An=E functionalities. It was hoped that these
bis(alkyl) BDPP uranium complexes could be used as suitable building blocks to

generate An=E groups (E = N, P) as outlined in Scheme 3-1.

N

N
— lx—P“ _________ THE — l_ i
\ TN T zeachn T
N

N E=NorP

Scheme 3-1: Proposed protonolysis pathway to BDPP stabilized U=E
functionalities (E = N, P).
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In addition to actinide complex formation, bis(amido)pyridine ligands have
seen widespread use with many different metals including metals from groups
3,120, 122-124 4’125-130 5,131, 132 7’133-135 8,136'138 10139 and 11,140 as well as some
lanthanides.'?%: 122-124 \Vith the exception of a Sn complex that exhibits unusual
redox reactivity to generate a bis(imino)pyridine complex (BIP),'*! the BDPP
ligand framework has proven to be a robust structural motif that is largely innocent
during metal based reactivity. This behavior is in stark contrast to the redox-
promiscuous behavior seen with the structurally-similar BIP ligand framework
(Figure 3-1) on a wide array of metals.**? Due to its redox innocence, widespread
use with many different metals and robust nature, the BDPP ligand framework is
a prime candidate for use in stabilizing actinide complexes that contain potentially

unstable An=E functionalities.

Ar Ar
NH HN SN -
y (o
X ‘ N
Z =
BDPP Ligand BIP Ligand Core

Figure 3-1: Structural comparison between the BDPP ligand framework and the
core of the structurally-similar BIP ligand.

3.2: An unexpected alkylation resulting in [BDPP'JU(CH2Ph)2
It has been reported that salt metathesis reactivity to install the BDPP

ligand framework on uranium can be problematic, leading to the formation of
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[BDPP]2U.12! Issues with installing only 1 equiv. of the BDPP ligand on uranium
by this method are due in part to the instability of the Li2[BDPP] salt.!'® As such,
we pursued the synthesis of [BDPPJU(CH2Ph). by means of a reported
protonolysis route.’?' This particular pathway, developed by Diaconescu and
coworkers, involves the in situ generation of a U(lll) alkyl species “U(CHzPh)3”
from Ul3(THF)4, which then undergoes a proposed redox disproportionation to
generate the desired [BDPP]JU(CH2Ph)2 complex and an uncharacterized U(0)
byproduct.'?* As disproportionation is essential to generate the bis(alkyl) BDPP
uranium complex, the yield of the desired complex is inherently low; after the
disproportionation occurs, roughly 50% of the uranium is lost as an
uncharacterized low valent uranium species. With the recent development and
characterization of U(CH2Ph)4 by Bart and coworkers,43-145 a similar, more direct
protonolysis route that does not require a disproportionation reaction was
envisioned. This pathway would require the reaction between 1 equiv. of Bart and
coworkers U(CH2Ph)4 precursor and 1 equiv. of the proligand [BDPP]H2.127: 143 |f
successful, this reaction would install the BDPP ligand and eliminate 2 equiv. of
PhCHs.

Upon attempting to generate [BDPP]U(CH2Ph)2 by this new method, it was
found that an unexpected alkylation occurred at the 4-position of the pyridine ring,
generating [K]([BDPP’JU(CH2Ph)2) (3.1) (Figure 3-2), where BDPP' = 2,6-bis(2,6-

diisopropylanilidomethyl)-4-(benzyl)dihydropyridonate.
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Figure 3-2: ORTEP depiction of [K]([BDPPU(CH2Ph)>) (3.1) with ellipsoids
shown at 30% probability. 2,6-diisopropyl groups and most hydrogen atoms
removed for clarity.

Table 3-1: Selected bond distances (A) and angles (°) for 3.1

Bond Distance (A) Bond Angle Angle (°)
U(1A)-N(1A) 2.347(5) N(1A)-U(1A)-N(2A) 67.79(18)
U(1A)-N(2A) 2.239(5) N(1A)-U(1A)-N(3A) 70.57(18)
U(1A)-N(3A) 2.242(5) N(1A)-U(1A)-C(39A) 139.3(2)

U(1A)-C(39A) 2.572(6) N(1A)-U(1A)-C(46A) 101.16(19)
U(1A)-C(40A) 2.851(5) N(2A)-U(1A)-N(3A) 136.27(17)
U(1A)-C(46A) 2.490(6) N(2A)-U(1A)-C(39A) 101.2(2)
U(1A)-C(47A) 3.403 N(2A)-U(1A)-C(46A) 103.1(2)
N(1A)-C(1A) 1.404(7) N(3A)-U(1A)-C(39A) 101.6(2)
C(1A)-C(2A) 1.356(8) N(3A)-U(1A)-C(46A) 97.3(2)
C(2A)-C(3A) 1.471(8) C(39A)-U(1A)-C(46A) 119.6(2)
C(3A)-C(4A) 1.517(8) C(40A)-U(1A)-C(39A) 30.43
C(4A)-C(5A) 1.299(8) C(47A)-U(1A)-C(46A) 23.44
C(5A)-N(1A) 1.427(8) U(1A)-C(39A)-C(40A) 85.49
C(13A)-N(2A) 1.483(7) U(1A)-C(46A)-C(47A) 115.03
C(26A)-N(3A) 1.468(7)

Complex 3.1 adopts a pseudo-trigonal bipyramidal geometry with
approximate Cs symmetry in the solid state. Additionally, the alkylated ligand,

BDPP', binds in a meridonal fashion to the uranium center with N(1A)-U(1A)-
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N(2A), N(1A)-U(1A)-N(3A) and N(2A)-U(1A)-N(3A) bond angles of 67.79(18)°,
70.57(18)° and 139.3(2)°, respectively. These angles deviate from ideal
meridonal binding angles of 90°, 90° and 180°, respectively, in order to
accommodate 2 equiv. of CH2Ph about the uranium center and allow for higher
hapticity interactions of one of these CH2Ph ligands with the uranium center. The
binding geometry of the pincer ligand also deviates from ideality due to the short
length of the methylene bridges between the Py ring and the amido donors, which
do not accommodate ideal meridonal bond angles. Complex 3.1 is structurally
very similar to the [BDPP]JU(CH2Ph)2 complex characterized by Diaconescu and
coworkers.??! For example, the U(1A)-N(2A) and U(1A)-N(3A) bond distances of
2.239(5) and 2.242(5) A, respectively, are nearly identical to the analogous
distances observed by Diaconescu and coworkers for their BDPP uranium
complex.*?! A major difference between 3.1 and Diaconescu’s [BDPP]U(CH2Ph)2
complex is the U(1A)-N(1A) bond distance. For complex 3.1, this bond distance
is 2.347(5) A and is about 0.15 A shorter than the analogous bond for the non-
alkylated BDPP complex reported by Diaconescu and coworkers.*?! The shorter
U(1A)-N(1A) bond distance for 3.1 is consistent with the formation of an anionic
amido donor through the dearomatization of the pyridine ring to form a
dihydropyridonate species.'*¢ Dearomatization of the pyridine ring was confirmed
crystallographically through the bond distances within the dihydropyridonate ring:
N(1A)-C(1A) 1.404(7) A, C(1A)-C(2A) 1.356(8) A, C(2A)-C(3A) 1.471(8) A,
C(3A)-C(4A) 1.517(8)A, C(4A)-C(5A) 1.299(8) A and N(1A)-C(5A) 1.427(8)A.

The C(1A)-C(2A) and C(4A)-C(5A) bond distances are consistent with C=C
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double, and the C(2A)-C(3A) and C(3A)-C(4A) bond distances are consistent with
C-C single bonds. This pattern of bond distances is supportive of broken
aromaticity of the BDPP pyridine backbone after alkylation.

The benzyl ligands are best described as n* and n*, with the n'-benzyl
ligand having a U(1A)-C(46A) bond distance of 2.490(6) A and the n*-benzyl
ligand having a U(1A)-C(39A) bond distance of 2.572(6) A and a U(1A)-C(40A)
bond distance of 2.851(5) A to the ipso carbon of the phenyl ring. Additionally,
the n4-benzyl ligand displays a very acute U(1A)-C(39A)-C(40A) bond angle of
85.5(4)°, in comparison to the U(1A)-C(46A)-C(47A) bond angle of 115.03° for
the n'-benzyl ligand. This acute bond angle seen with the n“-benzyl ligand is
characteristic of similar n*-benzyl interactions, including that seen with
[BDPP]U(CH2Ph)2 characterized by Diaconescu and coworkers.'?!: 144 The K* ion
seen in complex 3.1 is involved in intramolecular m-interactions with both the
dihydropyridonate ring and the phenyl ring of the nt-benzyl ligand. In addition,
the K* ion also experiences intermolecular m-interactions with the n“-benzyl

ligand of a neighboring molecule of complex 3.1 (Figure 3-3).
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Figure 3-3: Crystal packing depiction of 3.1 illustrating intermolecular interactions
between K* ions and benzyl ligands. n*benzyl ligands displayed in orange, n?-
benzyl ligands displayed in brown and pyridine alkylated benzyl groups shown in
red. Hydrogen atoms and BDPP aryl groups omitted for clarity.

In solution, complex 3.1 displays evidence of low symmetry, which is
contrary to what is observed in the solid-state structure. It is possible that 3.1
could display low symmetry in solution due to complex intermolecular interactions
brought on by the mr-donation of the benzyl ligands to the K* ions. Unfortunately,
due to the complicated nature of the *H NMR spectrum for a crystalline sample
of complex 3.1 (Figure 3-4), peak assignments could not be made with any
certainty. Interestingly, the expected U-CH.Ph protons are not observed in *H
NMR spectrum at the expected upfield-shifted region of the spectrum near -100

ppm;*?1 however, metal-alkyl protons can sometimes be broadened into the

baseline with U(IV) alkyl species.4?
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Although proton assignments could not be conclusively made for the H

NMR spectrum of 3.1, it was possible to conclude from the NMR data that the

main species present in solution is not [BDPP]U(CH2Ph)z2, as this spectrum differs

greatly from that of the *H NMR spectrum reported for the non-alkylated BDPP

complex by Diaconescu and coworkers.?! This suggests that complex 3.1 is the

prevalent species in solution and that the crystal obtained from this sample is

representative of the bulk material.

3.3: Rational synthesis of [K][BDPP]JU(CH2Ph)2 from [BDPP]JU(CH2Ph)2

Although solution phase data do not definitively confirm formation of

complex 3.1, elucidation of the structure of 3.1 by X-ray diffraction begs the
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guestion: how does this non-innocent ligand based reactivity occur during the
intended preparation of [BDPP]U(CH2Ph)2? Considering that U(CH2Ph)4 was
generated in situ during the synthesis of 3.1, it is plausible that residual KCH2Ph
in solution is responsible for the alkylation of the BDPP ligand framework.'43
Alkylation of the electron-deficient pyridine ring was most likely made possible
through coordination of the BDPP ligand to the uranium center, where the
uranium center acts as a strong Lewis acid, activating the pyridine for reactivity.
The residual KCH2Ph could then attack the activated ring causing the observed
dearomatization of the pyridine moiety and formation of the anionic donor
nitrogen atom N(1A). In order to validate whether the presence of excess KCH2Ph
caused the formation of complex 3.1, [BDPPJU(CH2Ph)2 by prepared
independently by established methods®?! and reacted with one equiv. of KCH2Ph

(Scheme, 3-2 Path 1).
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Scheme 3-2: Direct and multistep procedures used to generate complex 3.1

Upon addition of 1 equiv. of KCH2Ph to [BDPP]JU(CH2Ph)2, the material
isolated in modest yield was characterized by *H NMR spectroscopy. It was found
that the spectrum for the isolated material matches the *H NMR spectrum of the
crystalline material first isolated for complex 3.1, supporting the intermediacy of
[BDPP]U(CH2Ph)2 in the synthesis of 3.1. The isolation of complex 3.1 was rather
surprising given the lack of reactivity observed at the BDPP ligand for

lanthanide!?0 122-124 actinide%-1%1 and transition metal complexes.120. 122-140
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3.4: Attempts at elucidating a mechanism for the observed alkylation
Two reasonable mechanistic possibilities are envisioned to explain the

formation of complex 3.1 (Scheme 3-3).

Pathway A) 1,4-alkyl migration Pathway B) Direct nucleophillic attack
on Py ring

Scheme 3-3: Possible mechanisms for the formation of [BDPP JU(CH2Ph)2 (3.1)

Path A illustrates a mechanism where 1,4-migration of the benzyl ligand
from the uranium center to the 4-position of the pyridine ring occurs. At first
glance, this mechanistic pathway seems to be a viable candidate to explain the
formation of complex 3.1, as similar migrations have been observed with
structurally-similar BIP complexes of Zn(CHz2Ph)2 and Mn(CH2Ph)2.147 148 |n
these BIP complexes, the migration occurs via two successive 1,3-migrations
around the periphery of the ligand. This step-wise mechanism of migration is not
possible with the BDPP ligand, as it does not have an unsaturated imine ligand
backbone to facilitate this type of migration.14? 147 148 A more plausible
mechanism can be envisioned to explain the formation of 3.1 involving the direct
nucleophilic attack of KCH2Ph on the Py ring of the BDPP ligand (Scheme 3-3,
Path B). In this case, the highly electrophilic U(IV) center polarizes the electron

density in the pyridine ring, activating it for nucleophilic attack by KCH2Ph. Recent
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work has shown that uranium is capable of activating C-H bonds of N-
heterocycles for protonolysis chemistry and coupling reactions, indicating that
uranium can act as a very powerful Lewis acid activator.56 149

In an effort to elucidate how the 4-benzyl group is actually added to the
pyridine backbone of the BDPP ligand framework, isotopic labeling studies were
performed. These used KCD2(CeDs) as an alkylating agent for direct nucleophilic
attack and [BDPP]U(CD2(CsDs))2 to trace benzyl ligand migration from the

uranium center to the 4-position of the Py moiety (Scheme 3-4).

R
CD,(C¢Ds)= é
R
\LQL \f >/:\< CH,Ph= gj
N

—_—r \__

N
@ Path 2) Tracking Possible Migration

Scheme 3-4: Isotopic labeling studies probing the mechanism of formation of
[BDPP JU(CH2Ph)2 (3.1)

To test if direct nucleophilic attack is the favored mechanistic pathway to
generate [BDPP’JU(CH2Ph)2, 1 equiv. of K[CD2(CeDs)] was added to
[BDPP]U(CH2Ph)2 (Scheme 3-4, Path 1). If the deuterated benzyl ligand added

only to the 4-position of the pyridine ring, then it could be assumed that
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nucleophilic attack of the pyridine ring by the extra equivalent of KCD2(CsDs) was
the most likely mechanism to form the alkylated BDPP complex 3.1. Conversely,
if it was found that the most prevalent species in solution contained a protonated
form of the benzyl ligand at the 4-position of the benzene ring, then it could be
assumed that either some sort of ligand exchange followed by a nucleophilic
attack was occurring, or a migration was occurring.

A second isotopic labeling experiment was also performed where 1 equiv.
of K(CH2Ph) was added to [BDPP]U(CD2(CsDs))2 (Scheme 3-4, Path 2). Similar
to the first isotopic labeling experiment, if the CH2Ph ligand added directly to the
pyridine ring, then it could be assumed nucleophilic attack was the favored
mechanistic pathway. Conversely, if a deuterated benzyl ligand were to add to
the pyridine ring, then either benzyl ligand exchange was occurring or a migration
was occurring. Although the experiment from Path 2 was not designed to add any
new insight into the elucidation of the mechanism, it was run as a means to
deconvolute the *H NMR spectrum obtained for the non-deuterated analog of
complex 3.1. *H NMR data from this experiment was particularly desirable as it
would illustrate where the peaks show up for the coordinated alkylated BDPP
ligand only, as the deuterated n' and n*-benzyl ligands coordinated to the metal
center would not show up in the *H NMR spectrum. Unfortunately, these isotopic
labeling experiments were unable to help us identify which peaks belonged to the
benzyl groups in the *H NMR spectrum of the crystalline material of complex 3.1,
as the 'H NMR spectra from these isotopic labeling experiments were also very

complicated.
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Since minimal information was gained through the analysis of the *H NMR
spectra from these isotopic labeling experiments, we decided to hydrolyze off the
alkylated BDPP' ligands from these experiments and analyze them by mass
spectrometry to see which benzyl ligand isotopomer added to the BDPP ligand
framework. Unfortunately, in each case it was noted that both deuterated and
non-deuterated benzyl ligands added to the BDPP ligand framework in roughly
equal proportions, suggesting that isotopic scrambling may have occurred in the
mass spectrometer.'>0 While a migration mechanism cannot be ruled out, given
the lack of unsaturation in the ligand backbone for BDPP and the absence of
evidence for benzyl migration with the reported synthesis of [BDPP]JU(CH2Ph)2
and related thorium and transition metal BDPP complexes, we believe that a
direct nucleophilic attack mechanism is the most likely pathway to generate the

alkylated BDPP complex 3.1.

3.5: Scope of nucleophilicity

Given this observed non-innocent ligand based reactivity and the
difficulties faced with deciphering the paramagnetic *H NMR spectrum of complex
3.1, it was determined that the BDPP ligand framework was not a suitable
candidate for use in generating An=E functionalities for further study. Although
we no longer intended to pursue generating An=E functionalities for use in
studying the ITI with this ligand framework, many questions still remained about
the nature of the alkylation observed to generate complex 3.1. For example, we

desired to know if this type of alkylation could occur with additional nucleophiles
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and whether alkylation of the BDPP ligand framework was specific to uranium, or
if it was more general. Due to the widespread use of this ligand with transition
metals, lanthanides and actinides, answering these questions would be of
general interest to the organometallic community at large. In an effort to answer
these questions, we generated the analogous [BDPP]Zr(CH2Ph)2 complex by
established methods,*?® and added 1 equiv. of K(CH2Ph) to [BDPP]Zr(CH2Ph)2

(Scheme 3-5, Path 1).

K(CHPh)
o THF, RT
Q?’, \\
N h

— , NMe, Path 3) LiCH,SiMe;

&L e T A T e >
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Scheme 3-5: Scope of nucleophilicity for alkylation of [BDPP]Zr(X). complexes
(X = (CH2Ph) or N(Me2))
Unfortunately, all attempts at characterizing the product from this reaction

by 'H NMR spectroscopy proved to be inconclusive. Likewise, several attempts
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at growing crystals suitable for X-ray diffraction analysis were made but proved
to be unsuccessful. Due to the difficulty faced with characterizing the product from
Path 1, we tested possible alkylation reactivity with a simpler [BDPP]Zr(NMe2)2
system. Although electronically different than [BDPP]Zr(CH2Ph)2, it was hoped
that the [BDPP]Zr(NMez)2 complex would be unable to rr-donate to both the Zr
metal center and the resultant alkali metal counterion like the previously used
benzyl ligands could for 3.1.%27 This inability to interact with the alkali metal
counter ion was important to our choice in using this bis(amido) zirconium
scaffold, since the inter- and intramolecular rmr-interactions observed with the
benzyl ligands to the potassium counterion in 3.1 most likely contributed to the
complicated *H NMR spectrum observed with attempted alkylation of the
[BDPP]Zr(CH2Ph)2 complex. Aside from not being able to engage in unwanted
inter- and intramolecular interactions that could further convolute solution phase
analysis, alkylation of the [BDPP]Zr(NMe2)2 complex would demonstrate that the
non-innocent behavior of the BDPP ligand is not specific to use of the BDPP
ligand with uranium. Additionally, alkylation of the [BDPP]Zr(NMe2z)2 complex
would also show that this non-innocent ligand behavior can occur under a variety
of different electronic conditions. We thus decided to test for possible alkylation
reactivity of the BDPP backbone of this system using a variety of different
nucleophiles (Scheme 3-5, Paths 2-5).

We first attempted to induce non-innocent behavior of the pyridine moiety
by adding 1 equiv. of K(CH2Ph) to the [BDPP]Zr(NMez)2 complex (Scheme 3-5,

Path 2). This particular reaction was performed as a means to determine if the
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same alkylation reactivity would occur at the pyridine backbone if the BDPP
ligand was coordinated to a more electron-rich metal center. Upon analysis of the
product of this reaction by *H NMR spectroscopy, it could be seen that alkylation
of some kind most likely occurred (Figure 3-5). The *H NMR spectrum of the
product (bottom panel (red) of Figure 3-5) differs greatly from *H NMR spectrum
of the starting material [BDPP]Zr(NMe2)2 (top panel (blue) of Figure 3-5). In
particular, the spectrum shows signs of the dihydropyridinate moiety (labeled F),
along with further signs of proton inequivalence brought on by the addition of a
benzyl group to the pyridine backbone of the BDPP ligand. Although the product
spectrum differs significantly from the *H NMR spectrum of the [BDPP]Zr(NMe2)
starting material, it is still difficult to conclude if the alkylation reactivity occurred
as intended. This is further complicated by the fact that there appears to be at
least one other species present in solution, evidenced by the peak labeled 'Pr in

the product spectrum.
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Figure 3-5: Stacked 300 MHz 'H NMR spectra of [BDPP]Zr(NMe>)2 (top, blue)
and possible alkylation product [BDPP ]Zr(NMez)2 (bottom, red) in CsDe at 298 K

Unfortunately, all attempts to generate crystalline material of sufficient
quality for X-ray diffraction analysis of this material were unsuccessful. Due to the
difficulty in characterizing the alkylation products from reactions involving the use
of K(CH2Ph), alkylation based reactivity of [BDPP]Zr(NMe2)2 was attempted with
a nucleophile that would potentially result in a simpler *H NMR spectrum.
LiCH2SiMes was used as a nucleophile as it is a similar carbon based nucleophile
to the previously used K(CH2Ph) nucleophile and it contains an easy to follow *H
NMR handle in the Si(CHs)s protons that would help in analyzing if alkylation
occurs. If the 'H NMR chemical shift for the Si(CHs)s protons changes
significantly, then we could assume that most likely the nucleophile attacked the

pyridine moiety of the BDPP ligand as intended. To this end, 1 equiv. of
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LiCH2SiMes was added to [BDPP]Zr(NMez2)2 (Scheme 3-5, Path 3).
Unfortunately, analysis of the product from this reaction by *H NMR spectroscopy
provided data (not shown) that were also inconclusive for determining if alkylation
reactivity occurred at the BDPP ligand. Ironically, despite choosing LiCH2SiMes
as a nucleophile for its potentially simpler *H NMR spectral characteristics, the
'H NMR spectrum for this reaction was the most complicated observed yet. The
reason for this complication could be that multiple products may have been
formed in solution. Unfortunately, all attempts to generate suitable crystals for X-
ray analysis were also unsuccessful.

Although we were unable to conclusively characterize the alkylation
products from reactions of strong carbon nucleophiles with [BDPP]Zr(NMez2)2, we
did learn through *H NMR spectroscopy that some form of alkylation reactivity is
likely occurring with this system at the BDPP ligand. It thus appears that non-
innocent behavior of the BDPP ligand is not limited to the ligands use with
uranium, and can in fact occur when the ligand is coordinated to other metals. In
an effort to determine whether or not similar alkylation reactivity could be
observed with non-carbon containing nucleophiles, 1 equiv. of potassium tert-
butoxide (KO'Bu) was added to the [BDPP]Zr(NMe2): starting material (Scheme
3-5, Path 4). Unfortunately, after isolation of the product and analysis by *H NMR
spectroscopy, the results of the alkylation experiment were inconclusive. From
the 'H NMR spectrum (Figure 3-6), it can be seen that a reaction occurred, but
what exactly happened is too difficult to tell from these data. Again, attempts at

growing crystals suitable for X-ray diffraction were unsuccessful.
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Figure 3-6: Stacked 300 MHz 1H NMR spectra of [BDPP]Zr(NMez): (top, blue)
and the attempted alkylation product [BDPP-O'Bu]Zr(NMe2). (bottom, red) in
CeDs at 298 K

With the inability to isolate the product of the reaction between
[BDPP]Zr(NMez2)2 and 1 equiv. of KO'Bu, we attempted nucleophilic attack at the
BDPP ligand using a stronger nitrogen based nucleophile. When 1 equiv. of

Na[N(SiMe3z)2] was added to [BDPP]Zr(NMez)2, however, no apparent reaction

occurred.

3.6: Concluding Remarks
Although our initial goal was to utilize the BDPP ligand scaffold to access
complexes that contain X-U=E functionalities, we ultimately determined that this
ligand framework was unsuitable for use due to unwanted ligand based side

reactivity. Additionally, due to the difficulty in characterizing the alkylation
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products using both the BDPP uranium and zirconium systems, it was decided
that further investigation into the nature of the non-innocent behavior of the BDPP
ligand would futile. Despite this limitation, we did establish that the non-innocent
behavior exhibited by the BDPP ligand is not specific to its use with uranium.
Additionally, from the *H NMR data obtained for the attempted reactions of the
[BDPP]Zr(NMez)2 system, we were able to determine that nucleophilic attack is
likely occurring with non-carbon based as well. Unfortunately, as we were not
able to fully characterize the products from the reactions with non-carbon based
nucleophiles, this non-innocent alkylation of the BDPP backbone by these
nucleophiles is likely but not conclusive. Although the BDPP ancillary ligand
system proved not to be a suitable candidate for stabilizing desired An=E
functionalities as originally intended, we discovered that the multidentate system
did not engage in unwanted ligand redistribution side reactivity as previously seen

with the [N(SiMe3)(3,5-(Me2CsHs)] amido ligand in Chapter 2.

3.7: Experimental
3.7.1: General experimental procedures
All experiments were performed under a dry nitrogen atmosphere in a VAC
Atmospheres inert-gas glove box under an atmosphere of dry N2. Solvents were
purified using the appropriate VAC Atmospheres solvent purifier or dried using
sodium benzophenone ketyl and distilled under nitrogen. Solvents purified by
these methods were subsequently degassed and brought into the glove box

without exposure to air and stored over activated molecular sieves. Celite was
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activated and dried by heating at > 200°C overnight under high vacuum (about
0.3 mmHg). Deuterated NMR solvents, CsDs and Ds-toluene were purchased
from Cambridge Isotope Laboratories, degassed and stored over molecular
sieves. KCH2Ph,*3 KCD2(CeDs), Ul3(1,4-dioxane)s, 8 U(CH2Ph)s,144 [BDPP]H2
121 and [BDPP]JU(CH2Ph)2!?! were produced by literature methods. 'H NMR
spectra were recorded using Varian VNMRS spectrometers operating at 300
MHz or 400 MHz for H at room temperature in CeDs unless otherwise specified.
All chemical shifts herein are reported in reference to residual solvent peaks for
CeDs at & 7.16. Mass spectrometry measurements were collected by the

University of Oklahoma Mass Spectrometry facility.

3.7.2: Synthesis of KIBDPP'JU(CH2(CsHs))2 (3.1) from U(CH2Ph)4
Synthesis of U(CH2Ph)4 generated for in situ use

To a 20-mL scintillation vial charged with 4 mL of THF and a small stir bar,
(250 mg, 0.655 mmol) of UCl4 was added. To a separate 20-mL scintillation vial
charged with 13 mL of THF and a small stir bar, (343 mg, 2.63 mmol) of K(CHz2Ph)
was added. Both solutions were allowed to cool in the glove box freezer at -10°C
for 1 hour. After cooling, the solution containing the K(CH2Ph) was added
dropwise to the solution containing the UCl4 while stirring. The resultant solution
turned dark red and was allowed to stir for 2 min to generate U(CH2Ph)4. The

formation of U(CH2Ph)s was confirmed by 'H NMR spectroscopy.
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Synthesis of 3.1
To the solution containing U(CH2Ph)4, (298 mg, 0.658 mmol) of [BDPP]H2
was added. The dark red solution was allowed to stir for 15 min, after which the
solution volume was concentrated to a total volume of 8 mL in vacuo. The crude
product was allowed to recrystallize in the glove box freezer at -10°C for several

weeks.

3.7.3: Synthesis of [K][BDPP']JU(CH2Ph). (3.1) from [BDPP]U(CH2Ph):

To a 20-mL scintillation vial charged with 10 mL of THF and a small stir
bar, (51 mg, 0.0586 mmol) of [BDPP]U(CH2Ph)2 (3.2) was added. The dark red
solution was allowed to stir for 1 min to dissolve and mix thoroughly. To this
solution, (7.6 mg, 0.0586 mmol) of K(CH2Ph) was added. The resulting dark
brown solution was allowed to stir overnight. The solution was concentrated to

dryness in vacuo. Yield: 36.4 mg, 62%.

3.7.4: Synthesis of [BDPP]U(CD2CeDs)2
To a 20-mL scintillation vial charged with 10 mL of THF and a small stir
bar, (250 mg, 0.333 mmol) of Uls(1,4-dioxane)is was added. The dark blue
solution was allowed to stir for 1 minute, where it was then allowed to cool in the
cold well (approx. -108°C) for 75 min. Once chilled, (0.137 g, 0.999 mmol) of
K(CD2CesDs) was added. Upon addition of the K(CD2CesDs) the solution color
changed from dark blue-purple to a dark red-brown. The resulting solution was

allowed to stir for about 2 min, where then a cold solution (about -108°C)
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containing (152 mg, 0.333 mmol) of [BDPP]H2 in 5 mL of diethyl ether was added
dropwise over 5 min. The resulting solution was allowed to stir for 30 min, after
which the crude product solution was filtered over a pad of activated Celite in a
Pasteur pipette to afford a transparent, dark-red solution. Volatiles were removed
in vacuo and the crude product was extracted with toluene and filtered over a pad
of activated Celite in a Pasteur pipette to afford a red solution. Toluene was
removed in vacuo. Crude product was extracted with hexanes and filtered over a
pad of activated Celite in a Pasteur pipette. Volatiles were removed in vacuo and

the product was recrystallized from diethyl ether at -10°C. Yield: 124 mg, 42%.

3.7.5: Synthesis of K[BDPP'JU(CD2CeDs)2
To a 20-mL scintillation vial charged with 10 mL of THF and a small stir
bar, (51.3 mg, 0.0579 mmol) of [BDPP]U(CD2C6D5)2 was added. The dark-red
solution was allowed to stir for 1 min to dissolve and mix thoroughly. To this
solution, (7.5 mg, 0.0579 mmol) of K(CH2Ph) was added. The resulting dark-
brown solution was allowed to stir overnight. Volatiles were removed in vacuo to

afford a dark-brown powder. Yield: 35.0 mg, 59%.
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Chapter 4

A new hope for generating An=E functionalities: Synthesis,

characterization and reactivity of Th(IV) and U(IV) dichloro

Schiff base complexes
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4.1: Background

The generation of An=E functionalities has thus far proven to be a difficult
synthetic challenge. Through previous studies exploring the stabilization of this
motif, it was found that low valent uranium precursor complexes are prone to
decomposition through unwanted side reactivity.®® Typically, if a low valent
uranium center is inadequately sterically protected, it can readily undergo
unwanted side reactivity, such as ligand redistribution, disproportionation and C-
H activation.3® 151 These unwanted decomposition pathways usually occur to
provide the metal center with optimal steric protection. Thus, it is essential to
choose an ancillary ligand support system that can provide adequate steric
protection for low valent actinide metal centers, while still allowing desirable
chemistry to occur.'®? Additionally, it is important for this ancillary ligand to be
resistant to decomposition pathways such as ligand redistribution or C-H
activation. After carefully considering common decomposition pathways for low
valent uranium complexes it was determined that utilizing an ancillary ligand that
binds to the actinide metal center in multiple locations is optimal. The ancillary
ligand framework must therefore have more than one donor bound to the actinide
center at once, increasing the ligand’s affinity for the metal center through the
chelate effect and preventing decomposition pathways like ligand redistribution
from occurring.®® In order to best prevent unwanted C-H activation events from
occurring, it is imperative to make sure that the ancillary ligand does not overly
crowd the uranium center.'®! In many cases, C-H activation occurs when a C-H

bond is in close proximity to a uranium center due to excess steric encumbrance

137



imparted by the ancillary ligands.'>! Typically, C-H activation will relieve steric
pressure about the metal center, creating a lower energy system. We thus
targeted a ligand framework that reduced the number of bulky substituents on the
ligand, which could overly crowd the metal center. This left us with an interesting
challenge; how could we develop a ligand system that is resistant to
decomposition through ligand redistribution or C-H activation while still being able
adequately protect the metal center? With this question in mind, we decided to
investigate a multi-dentate ligand framework that binds solely across the
equatorial plane of the metal center. This type of ligand system would
theoretically be resistant to ligand redistribution while still allowing for chemistry
to occur at the axial positions of the metal center, assuming the metal adopts a
pseudo-octahedral geometry. We decided to investigate the use of a k*-salen
type Schiff base ligand as the ancillary support system for use in our An=E
precursor, complexes as they can be prepared in high yields through a simple,

modular synthesis.>

\
N\M/O
N/ \O
\

Figure 4-1: Highlighted k* bonding motif of the Schiff base ligand (salen)
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Schiff base ancillary ligands are ubiquitous in transition metal
chemistry.151%8 Transition metal Schiff base complexes have been used to
catalyze a variety of different transformations, including: asymmetric a-addition
reactions,®® enantioselective epoxidation reactions,*6® asymmetric nitro-Mannich
reactions,*®! enantioselective ring opening reactions of meso aziridenes!¢? and
other enantioselective transformations.'63 164 Transition metal Schiff base
complexes have been shown to stabilize M=01%> and M=N(R)¢ functionalities,
making these ligands ideal candidates for use in stabilizing An=E bonds (E = O,
NR, etc.). Additionally, k*-Schiff base ligands of the type shown in Figure 4-1 have
been shown to stabilize uranyl (JUO2]?*) complexes.53 167-169 Despite this, these
ligands have not been widely used to study other X-An=E motifs, making this
ligand type suitable for our use in studying the “tuneability” of the inverse trans
influence (ITI) as discussed in Chapter 1. Interestingly, while widely utilized with
uranyl derivatives, very few examples exist of k*-Schiff base ligands stabilizing
low valent uranium complexes or their thorium counterparts.1’%-174 In light of this,
we decided to explore the following Schiff base ligand for use in accessing An=E

precursor complexes (Scheme 4-1).

o |r ; \OJ
NH, N OH
) H Abs. EtOH
* reflux, 2 h
OH NH, N OH
h AOR

Scheme 4-1: Synthesis of Schiff base proligand [L]H2
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We targeted the racemate (z)-trans-6,6'-diethoxy-2,2'-[cyclohexane-1,2-
diylbis(nitrilomethanylylidene)]diphenol for a proligand ([L]H2) for stabilizing An=E
precursor complexes for a variety of reasons.'>* The cyclohexyl backbone of this
Schiff-base ligand provides additional steric protection along the equatorial plane
of the metal center not offered by traditional salen type Schiff base ligands or
Schiff base ligands that have a planar backbone. This element of ligand design
was appealing since it is well established that inadequately protected actinide
metal centers are prone to ligand redistribution (see Chapter 2). The steric
protection afforded by the cyclohexyl backbone was more appealing than the use
of traditional bulky functionalities in our ligand design, since it avoided
incorporation of functional groups prone to C-H activation. The ethoxy groups
were incorporated into our ligand design as a potential platform for generating
actinide-metal bonds. The two pendent ether groups have been shown to
coordinate to other metal centers when this ligand was used to stabilize transition
metal complexes.'5% 161 As such, it is our hope that the pendent ether groups will
datively coordinate to other metal centers to allow for the generation of potential

actinide-metal bonds to form.

4.2: Synthesis and characterization of [L]An(Cl)2(Solv)2 complexes
After carefully considering our ligand design, we then focused on suitable
precursor complexes for generating the desired X-U=E functionalities. Precursor
complexes bearing trans or pseudo-trans dihalo X-U-X functionalities could be

readily used to access X-U=E motifs through salt metathesis.®® The
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[LJU(C)2(THF)2 complex was thus targeted, as the necessary UCIs starting
material is more readily accessed than other uranium tetrahalide starting
materials. To the best of our knowledge, k*-Schiff base ligands have not been
used to stabilize Th(lV). Consequently, we extended this approach to the
analogous [L]Th(Cl)2(THF)2 complex using ThCls(DME)2 as the starting material.
This provided an interesting opportunity to compare the basic coordination
chemistry of an f° thorium system to that of an isostructural f2 uranium system.
Currently, the role f-electrons play in the bonding of actinide complexes is still
poorly understood.3® By comparing and contrasting the coordination chemistry of
these two complexes, inferences can be drawn regarding the role f-electrons play
in the bonding of actinide complexes. We were able to access both Th and U

Schiff base complexes in good yields by the method shown in Scheme 4-2.17

N 1) 2 KO'Bu

2) UCI, or ThCI,(DME), \\ /

/u/

THF / \" """""" o
| -2 HO'Bu, 2 KCI |

R W

M=U (4.1), 81% yield
M = Th (4.2), 72% yield

Scheme 4-2: Synthesis of Th(IV) and U(IV) dichloro Schiff base complexes

As illustrated in Scheme 4-2, deprotonation of the proligand [L]H2 was
accomplished through addition of 2 equiv. of potassium tertbutoxide in situ.
Formation of the dipotassium salt is signaled by a solution color change from

yellow to yellow-green. The solution of the dipotassium salt of the Schiff base
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proligand is then slowly added to a THF solution of either UCl4 or ThCla(DME)2.
[LJU(CD2(THF)2 (4.1) and [L]Th(Cl)2(THF)2 (4.2) can be purified and isolated in
moderate yields through extraction with dichlorometane and filtration over Celite.
Complexes 4.1 and 4.2 have poor solubility in common ethereal solvents and, as
such, could only be slowly recrystallized from pyridine. For both complexes, THF
is displaced by pyridine to generate complexes 4.1-(Py) and 4.2-(Py) (Figure 4-

2)_175

o\ 0f2)

P . g
°\ -~ » .r‘}‘l;;'"{q 17)
0/.\0 \? ‘\0 o 1 ) /'b
-,\of

Figure 4-2: ORTEP depiction of [L]JU(CI)2(Py)2 (4.1-(Py)) (left) and
[LITh(CI)2(Py)2 (4.2-(Py), right) with ellipsoids shown at 50% probability.
Hydrogen atoms omitted for clarity.

Table 4-1: Selected bond distances (A) for 4.1-(Py) and 4.2-(Py)

Complex 4.1-(Py) Complex 4.2-(Py)
Bond Distance (A) Bond Distance (A)

U(1)-CI(1) 2.7112(17) Th(1)-CI(1) 2.764(7)
U(1)-N(1) 2.614(5) Th(1)-CI(2) 2.744(7)

U(1)-O(1) 2.190(4) Th(1)-N(1) 2.62(2)

U(L)-Npy(2) 2.666(6) Th(1)-N(2) 2.60(2)

N(1)-C(4) 1.283(8) Th(1)-0(1) 2.20(8)
Th(1)-0(2) 2.212(16)

Th(1)-N(3) 2.69(2)

Th(1)-N(4) 2.62(2)

N(1)-C(9) 1.28(3)

N(2)-C(16) 1.29(3)
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Table 4-2: Selected bond angles (°) for 4.1-(Py) and 4.2-(Py)

Complex 4.1-(Py) Complex 4.2-(Py)

Bond Angle Angle (°) Bond Angle Angle (°)
0O(1)-U(1)-0(2) 151.2(2) 0O(1)-Th(1)-0O(2) 154.1(6)
N(1)-U(1)-N(21) 65.7(2) N(1)-Th(1)-N(2) 64.3(6)
N(2)-U(1)-N(2) 66.7(2) N(3)-Th(1)-N(4) 64.5(6)
CI(2)-U(2)-Cl(2) 148.36(7) CI(2)-Th(1)-ClI(2) 150.0(2)
0O(1)-U(1)-N(2) 71.41(16) O(1)-Th(1)-N(2) 72.0(6)
0(1)-U(1)-N(2) 80.95(16) 0O(1)-Th(1)-N(4) 80.9(7)

In both complexes 4.1-(Py) and 4.2-(Py), the Schiff base ligand adopts a
nearly planar configuration, where the trans cyclohexyl backbone creates a slight
distortion of the N202 plane of the ligand. In each complex, the chlorido ligands
are pseudo-trans to one another with CI-M-Cl bond angles of 148.36(7)° for
complex 4.1-(Py) and 150.0(2)° for complex 4.2-(Py). Both complexes adopt
pseudo-dodecahedral geometries and display approximate C2v symmetry in the
solid state. In each complex, the chlorido ligands are bent away from the open
face of the metal center to best accommodate coordination of the pyridine
moieties and round out the 8-fold coordination sphere of the complexes. Both
complexes exhibit similar M-O bond distances, which are consistent with single
bonds at 2.190(4) A for complex 4.1-(Py) and 2.208(16)/2.212(16) A for complex
4.2-(Py). The dative imino M-N bond distances of the Schiff base ligand are also
similar for complexes 4.1-(Py) and 4.2-(Py) at 2.614(5) A and 2.62(2)/2.60(2) A,
respectively. These bond distances are on the long side and are consistent with
weak M-N interactions.’® This slight difference between the M-L bond distances
of the Th(IV) and U(IV) Schiff base complexes can be accounted for primarily by
the slightly larger ionic radius of Th(IV) vs. U(IV). The M-L bond distances,

however, are slightly shorter than expected by this argument alone. It is likely that
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the observed M-L bond distances strike a compromise between optimizing M-L
distances and minimizing ligand distortion, which can be severe (vide supra). This
rationalization is supported by the fact that the U(1)-Cl(1) bond distance of
complex 4.1-(Py) is about 0.05 A shorter than the Th(1)-Cl bond distances in
complex 4.2-(Py), which is consistent with the approximate 0.05 A longer ionic
radius of 8-coordinate Th(IV) vs U(IV).1"" It should be noted, however, that the
U(1)-Cl(1) bond distance of complex 4.1-(Py) is slightly longer than a typical U-
Cl bond for a U(1V) complex.8% 94,152,176 |n hoth complexes 4.1-(Py) and 4.2-(Py),
the ligand imine C=N bond distances are between 1.28-1.29 A and are consistent
with typical C=N bond distances, suggesting that the C=N bond is not activated
or reduced.

In solution, complexes 4.1, 4.1-(Py) and 4.2-(Py) display high symmetry,
which can be seen through the simplicity of the 'H NMR spectra for these
complexes. Complex 4.2, however, displays dynamic behavior in solution in the
absence of a strong donor solvent, partially due to aggregation. This is supported
by the broadness of each peak in the *H NMR spectrum for this complex and
further supported by the fact that addition of a strong donor greatly simplifies the
!H NMR spectrum for complex 4.2. In addition, when exposed to Ds-Py, each
peak in the *H NMR spectrum for complex 4.2 becomes sharp and is readily

assignable to the pyridine adduct of 4.2, complex 4.2-(Py).
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Figure 4-7: 100 MHz 13C NMR spectrum of [L]Th(Cl)2(Py)2 (4.2-(Py)) in D5
pyridine at 298 K
4.3: Salt metathesis reactivity of the [L]JAn(Cl)2(Solv). complexes with
NaNs

Unlike our previous attempts to access trans X-An-X functionalities, the *H
NMR spectroscopic data for complexes 4.1 and 4.2 and their pyridine adducts do
not show evidence of complex decomposition nor the formation of ligand
redistribution byproducts in solution. The k*-Schiff base ligand is able to support
pseudo-trans dihalo actinide species. We next sought to ensure that the Schiff
base ligand was not prone to non-innocent redox behavior observed with the
BDPP ligand (described in Chapter 3). Potential non-innocent ligand behavior

was a concern since many ligands with imine linkages have been shown to
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participate in redox activity.43 167, 171, 178-188 |n order to demonstrate ancillary
ligand innocence, we decided to test the degree of electrophilicity with this system
by investigating whether the ligand exhibited non-innocent nucleophilic
substitution reactivity with complexes 4.1 and 4.2. In order to avoid potential
nucleophilic activation of the imine bond of the Schiff base ligand, we first targeted
weaker nucleophilies for ligand substitution reactivity. Imine C=N bond activation
was evaluated during our reactivity studies by monitoring changes of the C=N
bond by IR spectroscopy. For complexes 4.1 and 4.2, the imine C=N stretch
appears at 1614 cm™ and 1611 cm?, respectively, which is shifted from the free
ligand C=N stretch of 1626 cm.1”> The C=N stretches for 4.1 and 4.2 are similar
to other Schiff base complexes.'’® During initial reactivity screening, complexes
4.1 and 4.2 reacted cleanly with sodium azide in THF/pyridine to generate the

diazide species 4.3 in 61% yield and 4.4 in 82% yield, respectively (Scheme 4-

3) . 175

\\ / xs NaN;

THF/Py
| 80°C, 5 days
W -2 NaCl
M= U (4.1) M = U (4.3), 61% yield
M = Th (4.2) M = Th (4.4), 82% yield

Scheme 4-3: Synthesis of [L]JAn(N3)2(Py)2 complexes from [L]An(Cl)2(THF)2
where An = U, Th
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Diazido actinide complexes 4.3 and 4.4 are readily isolated by means of
extraction from dichloromethane and filtration over Celite. [LJU(N3)2(Py)2 (4.3) can
be recrystallized by slow evaporation of a solution of either dichloromethane or
toluene. Interestingly, depending on the solvent used for crystallization, two
conformers of complex 4.3 were isolated and characterized by single crystal x-
ray diffraction (Figure 4-8). The endo conformation of complex 4.3 was the major
product of the reaction, as indicated by mass, while the exo conformation
constituted less than 5% of the bulk material by mass. The endo conformation
was isolated as brown crystals from dichloromethane and was the only conformer
isolated when recrystallized from dichloromethane; the exo conformation was
isolated as green crystals and was the only conformer isolated when
recrystallized from toluene. Unfortunately, suitable crystals for [L]Th(Ns)2(Py)2

(4.4) could not be obtained.

Complex 4.3-Endo Complex 4.3-Exo

Figure 4-8: Solid-state structures of endo and exo conformers of complex 4.3,
with ellipsoids shown at 50% probability. Hydrogen atoms omitted for clarity.
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Table 4-3: Selected bond lengths (A) for 4.3-Endo and 4.3-Exo

Complex 4.3-Endo Complex 4.3-Exo
Bond Distance (A) Bond Distance (A)
U(1)-N(1) 2.609(5) U(1)-N(1) 2.561(4)
U(1)-N(2) 2.567(6) U(1)-N(2) 2.610(3)
U(1)-N(3) 2.440(7) U(1)-N(3) 2.404(4)
U(1)-N(6) 2.425(8) U(1)-N(6) 2.407(4)
U(1)-N(9) 2.632(6) U(1)-N(9) 2.6551(3)
U(1)-N(10) 2.652(6) U(1)-N(10) 2.615(3)
U(1)-O(1) 2.157(4) U(1)-0(2) 2.160(3)
U(1)-0(2) 2.170(4) U(1)-0(3) 2.161(3)
N(3)-N(4) 1.147(8) N(3)-N(4) 1.126(5)
N(4)-N(5) 1.165(9) N(4)-N(5) 1.167(6)
N(6)-N(7) 1.138(9) N(6)-N(7) 1.175(5)
N(7)-N(8) 1.176(9) N(7)-N(8) 1.153(4)
N(1)-C(9) 1.290(7) N(1)-C(9) 1.281(5)
N(2)-C(16) 1.283(9) N(2)-C(16) 1.273(5)

Table 4-4: Selected bond angles (°) for 4.3-Endo and 4.3-Exo

Complex 4.3-Endo Complex 4.3-Exo

Bond Angle Angle (°) Bond Angle Angle (°)
0O(1)-U(2)-0(2) 150.73(16) 0(2)-U(2)-0(3) 152.86(11)
N(3)-U(1)-N(6) 145.2(2) N(3)-U(1)-N(6) 149.65(12)
N(1)-U(21)-N(2) 66.08(16) N(1)-U(1)-N(2) 65.36(11)
N(9)-U(1)-N(10) 68.54(18) N(9)-U(1)-N(10) 67.52(10)
U(1)-N(3)-N(4) 134.5(5) U(1)-N(3)-N(4) 138.5(3)
U(1)-N(6)-N(7) 144.7(5) U(1)-N(6)-N(7) 137.0(3)
N(3)-N(4)-N(5) 177.7(8) N(3)-N(4)-N(5) 177.0(3)
N(6)-N(7)-N(8) 177.0(7) N(6)-N(7)-N(8) 178.0(4)

Both structures of [L]JU(Ns)2(Py)2 complexes 4.3-Endo and 4.3-Exo are
nearly identical and are largely similar to that of [L]JU(CD2(Py)2 (4.1-(Py)), with all
adopting 8-coordinate pseudo-dodecahedral geometries. Like complex 4.1-(Py),
complexes 4.3-Endo and 4.3-Exo contain pseudo-trans X-U-X functionalities (X
= Ns3), with N(3)-U(1)-N(6) bond angles of 145.2(2)° and 149.65(12)°,
respectively. The N(3)-U(1)-N(6) bond angle of complex 4.3-Endo is slightly

contracted compared to the 148.36(7)° Cl(1)-U-CI(1) bond angle of complex 4.1-
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(Py). In contrast, complex 4.3-Exo displays a slightly more obtuse N(3)-U(1)-N(6)
bond angle compared to the CI(1)-U(1)-CI(1) bond angle in 4.1-(Py). In both
complexes 4.3-Endo and 4.3-Exo, the azido ligands are essentially linear with
N=N=N bond angles between 177-178°. The U-N azido bond distances are
similar to those seen for other non-Cp uranium(lV) azide complexes at 2.440(7)
A and 2.425(8) A for 4.3-Endo and 2.404(4) A and 2.407(4) A for 4.3-Ex0.78 176,
189-193 These bond distances are slightly longer than the U-N azido bond
distances reported by Walensky and coworkers for a related 8-coordinate
bis(salicyladiminato) diazido complex (U-Nazide = 2.362(10) A), where the azide
ligands are in a cis arrangement.’® The presence of the azide functionality for
these complexes can also be confirmed through IR spectroscopy, with a strong
azide stretch for the bulk material of 4.3 at 2056 cm-L. This stretch is red shifted
from the Nz stretch of NaNs at 2104 cm, signaling ligand 1r-donation to the
uranium center.1’> Additionally, the ligand imine C=N functionality is maintained
in both conformers of 4.3, with C=N bond distances between 1.27 and 1.29 A and
an IR C=N stretch at 1611 cm™ for the bulk material. Importantly, this means that
the ancillary ligand remains innocent and allows nucleophilic substitution
reactivity to cleanly occur at the actinide metal center.

Although a crystal structure was not obtained for complex 4.4, the complex
was analyzed by IR and NMR spectroscopy. Similar to complex 4.3, complex 4.4
displayed a strong, red shifted azide stretch at 2061 cm™ and a red shifted C=N
stretch at 1603 cm™ in the IR spectrum, confirming that the Schiff base ancillary

ligand remains innocent during reactivity at both U and Th centers. In solution,
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both complexes 4.3 and 4.4 display high symmetry, with diagnostic imine HC=N
peaks. Like complex 4.1, complex 4.3 has an upfield HC=N resonance at 0 -86.8,
whereas the diamagnetic Th complex 4.4 displays this imine C-H peak downfield
at & 8.81. Like [L]Th(Cl)2(THF)2 (4.2), [L]Th(Ns)2(Py)2 (4.4) displays aggregation
behavior in solution in the absence of a strong donor solvent.'’® This is supported
by the broadness of the peaks in the tH NMR spectrum of this complex in CDCl3z
and by the fact that the resonances become sharp and easy to assign when the
NMR solvent is changed to Ds-pyridine. Successful isolation of 4.4 is also
supported by elemental analysis data obtained for the complex.”> Combustion
analysis indicated complex 4.4 was comprised of 43.46% C, 4.42% H, and
13.69% N, which correlates well with the calculated values (C: 43.48, H: 4.18, N:

14.01).
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Figure 4-9: 300 MHz 1H NMR spectrum of [L]JU(N3)2(Py)2 (4.3) (bulk material) in
CDClz at 298 K
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4.4: Salt metathesis reactivity of [L]JAn(Cl)2(Solv)2 complexes with carbon
nucleophiles

Through solution-phase NMR spectroscopic, IR spectroscopic and X-ray
diffraction data, it was determined that complexes 4.1 and 4.2 cleanly undergo
salt metathesis reactivity with NaNs to form pseudo-trans diazido uranium and
thorium Schiff base complexes (4.3 and 4.4, respectively) with no observed non-
innocent redox behavior of the ligand system. In order to ensure the Schiff base
ancillary ligand will maintain its innocence complexes 4.1 and 4.2 were reacted
with stronger, carbon-based nucleophiles. Reactivity with carbon nucleophiles
was chosen specifically since these reagents have been known to induce non-

innocent ligand redox behavior for a variety of metal complexes — including our
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uranium BDPP system (Chapter 3) — and is a better test for redox non-innocence.
If the Schiff base ligand is able to support clean salt metathesis reactivity with
carbon nucleophiles, then it is a suitable candidate for testing oxidation chemistry
and stabilizing the desired An=E functionalities. If the Schiff base ligand is able
to support reactivity to form the typically-sensitive actinide alkyl species, then it
may also be a suitable candidate for supporting sensitive An=E(R) functionalities
as well. To this end, complexes 4.1 and 4.2 were reacted with a variety of carbon-
based nucleophiles (Figure 4-13), with nucleophiles ranging in size from small to
large to probe the steric limits that can be accommodated by the ancillary ligand

system.
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Scheme 4-4: Synthetic approaches for generating dialkyl Schiff base actinide
complexes

The first attempt at preparing a Schiff base bis(alkyl) complex involved the
addition of 2 equiv. of LICH2SiMes to 4.1 or 4.1-(Py). In theory, this salt metathesis
pathway would eliminate 2 equiv. of LiCl and generate a pseudo-trans dialkyl
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uranium complex of the type [L]JU(CH2SiMes)2(Solv)2. Unfortunately, *H NMR
spectroscopy of the isolated products was inconclusive, and all attempts to
recrystallize the product from Path 1 were unsuccessful. The inability to cleanly
isolate a bis(alkyl) uranium species could be due to instability brought about by
the poor steric protection afforded by the Schiff base ligand. Although uncommon
for uranium complexes, it is also possible that upon generation of the bis(alkyl)
complex in situ, the alkyl groups undergo reductive elimination to form
MesSiCH2CH2SiMes and a transient U(ll) species that undergoes further
decomposition. We were ultimately unable to isolate the Schiff base bis(alkyl)
uranium complex via Path 1, and we decided to use bulkier cyclopentadiene
functionalities to see if the added steric protection would allow for isolation of a
bis(alkyl) actinide complex.

Although cyclopentadienyl uranium and thorium complexes have been
widely studied, we decided to use these frameworks to potentially access rare
linear actinide metallocenes. To date, almost all known uranium metallocenes
bearing cyclopentadienyl type ligands are bent, with a few exceptions reported
recently by Berthart, Ephritikhine and coworkers.1%4 19 Furthermore, prior to our
investigations, there were no reported cases of linear thorium metallocence
species, despite the fact that these complexes have been computationally
predicted to be stable.1% Since complexes 4.1 and 4.2 contain pseudo-trans
dihalo functionalities, they are useful platforms for accessing linear actinide

metallocenes. To test the limits of steric bulk that could be accommodated by the
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ancillary Schiff base ligand framework, complex 4.1 was reacted with 2 equiv. of
K(Cp*) (Cp*= CsMes).

The reaction mixture was heated to 60°C for 24 hours in an effort to
overcome a potentially high activation energy barrier associated with
accommodating two equivalents of the bulky Cp* ligand. Upon isolation and
recrystallization of the uranium product from Path 2, it was determined through
X-ray diffraction that an open-faced metallocene [L]U(Cp*)(CI)(1,4-dioxane) (4.5,

Figure 4-13) was generated rather than the desired linear uranium metallocene.
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Figure 4-13: ORTEP depiction of [L]JU(Cp*)(CI)(1,4-dioxane) (4.5) with
ellipsoids shown at 50% probability. Hydrogen atoms omitted for clarity.
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Table 4-5: Selected bond lengths (A) and angles (°) for 4.5

Bond Distance (A) Bond Angle? Angle (°)
U(1)-CI(2) 2.6874(8) 0(2)-U(1)-0(3) 147.30(8)
U(1)-N(1) 2.592(2) 0(2)-U(1)-0(5) 73.55(7)
U(1)-N(2) 2.571(2) 0(3)-U(1)-0O(5) 74.42(7)
U(1)-0(2) 2.1936(19) 0(2)-U(1)-N(2) 71.60(8)
U(1)-0(3) 2.210(2) 0(2)-U(1)-N(2) 134.89(8)
U(1)-0O(5) 2.629(2) 0(3)-U(1)-N(2) 133.73(10)
U(1)-C(29) 2.772(3) 0O(3)-U(1)-N(2) 70.98(8)
U(1)-C(30) 2.795(3) N(1)-U(1)-N(2) 64.18(9)
U(1)-C(31) 2.830(3) Cl(2)-U-0(2) 84.44(6)
U(1)-C(32) 2.822(3) Cl(1)-U(1)-0(3) 83.81(6)
U(1)-C(33) 2.786(3) Cl(1)-U(1)-0O(5) 80.23(5)
N(1)-C(9) 1.298(4) CI(1)-U(21)-N(2) 75.66(11)
N(2)-C(16) 1.294(3) CI(2)-U(1)-N(2) 76.73(6)

Cl(1)-U(1)- Cp*centroid 178.94

aCp*centroid iS the calculated center of the ring containing C(29), C(30), C(31), C(32) and C(33)

Complex 4.5 is heptacoordinate and displays a pseudo-pentagonal
bipyramidal geometry in the solid state. As anticipated, the N20:2 plane of the
Schiff base ligand is puckered compared to complex 4.1 to accommodate the
bulky Cp* ligand. From the extent of puckering caused by the Cp* ligand, it can
be inferred that the system more than likely cannot support the addition of a
second Cp* ligand. Comparatively, the U(1)-CI(1) bond distance in complex 4.5
is slightly shorter than in complex 4.1 but is similar to other Cp*-containing U(IV)
complexes. Additionally, the U-N bond distances for complex 4.5 are slightly
shorter than reported in complex 4.1.17° This is likely due to the fact that complex
4.5 is heptacoordinate while complex 4.1 is octacoordinate. Reduced donation to
the metal center in heptacoordinate complex 4.5 is compensated by
strengthening the dative U-N bond interactions. Although the N(1)-C(9) and N(2)-
C(16) bond distances of 1.298(4) A and 1.294(3) A are slightly longer than the

C=N bond distances of complex 4.1, they are within acceptable parameters for
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C=N double bonds. This indicates that the Schiff base ligand remains innocent
during salt metathesis with the strong carbon nucleophile, Cp*. Interestingly, the
Cl(1)-U(1)-Cp*centroid (Cp*centroid = center of cyclopentadienyl ring) bond angle is
nearly linear at 178.94°, suggesting that it could be possible to generate a linear
uranium metallocene with this Schiff base ligand framework utilizing a less bulky
cyclopentadienyl ligand variant.

In solution, complex 4.5 does not display Cs symmetry, illustrating that
there is inequivalence within the ancillary Schiff base framework. This can be

seen from the complexity of the *H NMR spectrum for this complex (Figure 4-14).
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Figure 4-14: 300 MHz 1H NMR spectrum of complex 4.5 in C¢Ds at 298 K

Due to the puckering of the Schiff base ligand caused by the Cp* moiety,

complex 4.5 contains two diagnostic imine HC=N peaks at § -59.46 and & -95.58.
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The more upfield peak at -95.58 ppm is likely due to the imine that is closer to the
Cl ligand, since the imine peaks of complex 4.1 come in near this value. This is
further supported by the CI-H interaction distances in the solid state for complex
4.5 (Figure 4-13), where the distance between Cl(1) and the C(16) imine proton
(3.551 A) is significantly shorter than the distance between CI(1) and the C(9)
imine proton (3.817 A). Assuming that ligand puckering does not fluctuate readily
on the NMR time scale, it is possible for two very different imine proton peaks to
be present in the 'H NMR spectrum. An analogous reaction of 2 equiv. of KCp*
with complex 4.2 was attempted as a means of accessing the linear thorium
metallocene [L]Th(Cp*)2(Solv). Unfortunately, despite several attempts, a pure
product could not be isolated from this reaction mixture.

In an effort to mitigate the issue of excess steric encumbrance seen with
Cp*, linear actinide metallocenes were pursued utilizing 2 equiv. of the less bulky
sodium cyclopentadienyl proligand (Scheme 4-4, Path 3). The reaction mixtures
of 4.1 and 4.2 with NaCp were heated between 65-75° for at least 24 hours.
Gratifyingly, the reaction of 4.1 and 2 equiv. of NaCp resulted in generation of the

linear uranium metallocene [L]U(Cp)2(1,4-dioxane) (4.6) (Figure 4-15).
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Figure 4-15: ORTEP depiction of [L]U(Cp)2(1,4-dioxane) (4.6) with ellipsoids
shown at 30% probability. Hydrogen atoms and cocrystallized 1,4-dioxane
removed for clarity.

Table 4-6: Selected bond lengths (A) and angles (°) for 4.6

Bond Distance®? Distance (A) Bond Angle®P Angle (°)
U(1)-0(2) 2.234(5) 0(2)-U(1)-0(3) 149.66(18)
U(1)-0(3) 2.240(5) 0(2)-U(1)-0(5) 75.4(2)
U(1)-0(5) 2.781(4) 0(2)-U(1)-N(1) 72.49(18)
U(1)-N(1) 2.605(6) 0(2)-U(1)-N(2) 137.42(18)
U(1)-N(2) 2.584(5) 0(2)-U(1)-Cpeent(1) 88.88
U(1)-C(25) 2.829(13) 0(2)-U(1)-Cpeent(2) 89.95
U(1)-C(26) 2.826(12) 0(3)-U(1)-0(5) 74.2(2)
U(1)-C(27) 2.827(8) 0(3)-U(1)-N(1) 137.84(17)
U(1)-C(28) 2.823(9) 0(3)-U(1)-N(2) 72.92(17)
U(1)-C(29) 2.825(8) O(3)-U(1)-Cpeent(1) 89.99
U(1)-C(30) 2.812(16) 0(3)-U(1)-Cpeent(2) 88.98
U(1)-C(31) 2.832 O(5)-U(1)-N(1) 147.83(19)
U(1)-C(32) 2.855 0(5)-U(1)-N(2) 147.2(2)
U(1)-C(33) 2.844 O(5)-U(1)-Cpeent(1) 88.89
U(1)-C(34) 2.796(13) O(5)-U(1)-Cpeent(2) 88.04

U(1)-Cpeent(1) 2.562 N(1)-U(1)-N(2) 64.94(18)
U(1)-Cpeent(2) 2.568 N(1)-U(1)-Cpeent(1) 92.69
N(1)-C(9) 1.283(9) N(1)-U(1)-Cpeent(2) 90.89
N(2)-C(16) 1.282(9) N(2)-U(1)-Cpeent(1) 91.88
N(2)-U(1)-Cpcent(2) 91.72
Cpeent(1)-U(1)-Cpeent(2) 175.80

aCpeent(1) is the calculated centroid for Cp carbons 25-29.
bCpeent(2) is the calculated centroid for Cp carbons 30-34.
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Complex 4.6 is 7-coordinate (with Cp ligands considered to be
monodentate in the apical positions) and adopts a pseudo-pentagonal
bipyramidal geometry in the solid state, with approximate Cs symmetry. Although
bis(cyclopentadienyl) uranium complexes have been widely studied, almost all of
these species have featured the Cp rings in a bent conformation, where Cp-U-
Cp bond angle is = 145°.58 74,151,195 Ag this is the case, the isolation of complex
4.6 presents a rare opportunity to examine the bonding interactions of a
bis(cyclopentadienyl) uranium complex with the Cp rings in a different
conformation. Although complex 4.6 is not the first linear uranium metallocene, it
is — to the best of our knowledge — the first neutral uranium(IV) linear metallocene
species. Like the series of anionic 7-coordinate linear uranium metallocenes of
the general type [X][(Cp*)2U(CN)s] (X = cation) reported by Berthet, Ephritikhine
and coworkers®3, the two Cp rings in complex 4.6 are virtually eclipsed, with a
slight torsion of -7.8°. The average Cp carbon-uranium bond distance for 4.6 is
2.82 A, which is only slightly longer than the average U-Ccp bond distances of
2.81(1) A for the anionic linear metallocene series.>® Notably, the average U-Ccp
bond distance for 4.6 is slightly longer than other reported average U-Ccp bond
distances for bent uranium metallocene species.? 5% 55 57 Like the series of
anionic linear metallocenes, 4.6 displays strong Cp-U interactions, with short
Cpceentroid-U distances of 2.562 and 2.568 A. The nearly linear arrangement of the
Cp rings is manifested by a Cpcent(1)-U(1)-Cpcent(2) bond angle of 175.80°. This
bond angle is slightly more acute than the analogous Cp*centroid(1)-U(1)-

Cp*centroid(2) bond angles of 177.5-179.5° for the anionic linear uranium
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metallocene series, which can be explained in part by the steric properties of the
system.>3 Given the size of the ancillary Schiff base ligand, it is possible that the
Cp rings move closer to the smaller, more labile 1,4-dioxane ligand to reduce the
possible ligand-ligand repulsion with the cyclohexyl backbone of the Schiff base
ligand. This is supported by the weak coordination of the 1,4-dioxane ligand to
the uranium center, which has a very long U(1)-O(5) bond distance of 2.781(4)
A. Interestingly, N(1), N(2), (02), O(3) and O(5) are coplanar, creating an
equatorial motif reminiscent of the ancillary cyano ligands in the series of anionic
linear metallocenes.®® The Schiff base U-O bond distances are longer than the
analogous bond distances for starting complex 4.1 by about 0.044-0.05 A, while
the U(1)-N(1) and U(1)-N(2) bond distances are shorter than analogous distances
for 4.1 by about 0.01 and 0.03 A, respectively. Finally, it should be noted that the
N(1)-C(9) and N(2)-C(16) Schiff base C=N imine bond distances of 1.283(9) and
1.282(9) A, respectively, are within expected parameters for a C=N bond,
indicating that the Schiff base ligand remained a non-participant in salt
metathesis reactivity at the metal center with a strong carbon nucleophile.

In solution, complex 4.6 appears to display high symmetry, as
demonstrated by *H NMR spectroscopy (Figure 4-17). There are 15 peaks with
an appreciable integration, each correlating to a unique hydrogen environment
for the complex, as expected for a Cs symmetric species. Additionally, it should
be noted that there are no diagnostic upfield peaks around -90 ppm as seen with
the dichloro starting material (4.1), indicating a change in shielding environment

around the imine protons due to the presence of the Cp rings.
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Figure 4-16: 300 MHz 1H NMR speétrum of the linear uranium metallocene
(4.6) in CsDs at 298 K

This is further supported by the fact that there is a diagnostic imine HC=N
peak at -44.30 ppm, which is in a similar location to one of the HC=N peaks (-
59.46 ppm) for the confirmed Cp*-containing complex 4.5. The approximate 15
ppm difference between the imine HC=N peaks of complexes 4.5 and 4.6 could
be accounted for by the fact that complex 4.5 has a chlorido ligand that could
significantly shield the second imine proton on its Schiff base ligand. As
mentioned earlier, the Schiff base imine hydrogens of complex 4.5 differ
significantly in location relative to the ancillary chlorido ligand of the complex. The
imine proton that is further away from the chlorido ligand would be expected to

be less shielded than the imine proton that is closer to the chlorido ligand.
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Inspired by the isolation of the linear uranium metallocene 4.6, the
analogous reaction to generate the linear thorium metallocene was also
attempted. Upon reacting two equivalents of NaCp with complex 4.2, the linear
thorium metallocene [L]Th(Cp)2(1,4-dioxane) (4.7) was formed in 88%
recrystallized yield. Surprisingly, crystals suitable for X-ray diffraction were only
obtainable if the complex was not isolated from the NaCl byproduct. A structure
of the linear thorium metallocene was confirmed through X-ray diffraction (Figure

4-17).

o(6)

Figure 4-17: ORTEP depiction of [L]Th(Cp)2(1,4-dioxane) (4.7) with ellipsoids
shown at 30% probability. Hydrogen atoms and 2 cocrystallized 1,4-dioxane
molecules removed for clarity.
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Table 4-7: Selected bond lengths (A) and angles (°) for 4.7

BondaP Distance (A) Bond Angle®P Angle (°)
Th(1)-0(2) 2.287(3) 0(2)-Th(1)-0(3) 151.97(11)
Th(1)-0(3) 2.295(3) 0(2)-Th(1)-0(5) 77.51(13)
Th(1)-O(5) 2.719(3) 0(3)-Th(1)-0(5) 74.49(13)
Th(1)-N(1) 2.642(3) O(2)-Th(1)-N(1) 72.25(9)
Th(1)-N(2) 2.645(3) 0(2)-Th(1)-N(2) 136.03(10)
Th(1)-C(25) 2.911 O(3)-Th(1)-N(1) 135.78(10)
Th(1)-C(26) 2.898(4) 0(3)-Th(1)-N(2) 71.98(11)
Th(1)-C(27) 2.872(4) N(1)-Th(1)-N(2) 63.85(10)
Th(1)-C(28) 2.849(4) N(1)-Th(1)-O(5) 149.70(12)
Th(1)-C(29) 2.876(4) N(2)-Th(1)-O(5) 146.16(14)
Th(1)-C(30) 2.872(4) Cpeent(1)-Th(1)-Cpeent(2) 177.47
Th(1)-C(31) 2.897(4) Cpeent(1)-Th(1)-O(2) 89.04
Th(1)-C(32) 2.923 Cpeent(1)-Th(1)-O(3) 90.27
Th(1)-C(33) 2.930 Cpeent(1)-Th(1)-O(5) 91.23
Th(1)-C(34) 2.904 Cpeent(1)-Th(1)-N(1) 90.14

Th(1)-Cpcent(1) 2.624 Cpcent(1)-Th(1)-N(2) 93.37
Th(1)-Cpcent(2) 2.648 Cpeent(2)-Th(1)-0(2) 89.28
N(1)-C(9) 1.292(5) Cpeent(2)-Th(1)-O(3) 90.34
N(2)-C(16) 1.287(5) Cpeent(2)-Th(1)-O(5) 86.57
Cpeent(2)-Th(1)-N(1) 91.13

Cpcent(Z)-Th(l)-N(Z) 89.15

aCpcent(1) is the calculated center of cyclopentadienyl ring: C(25), C(26), C(27), C(28), C(29)
bCpcent(2) is the calculated center of cyclopentadienyl ring: C(30), C(31), C(32), C(33), C(34)

In the solid state, the Th complex 4.7 is structurally similar to its U analog
(4.6), being heptacoordinate with pentagonal bipyramidal geometry exhibiting
pseudo Cs symmetry. As this is the first linear bis(cyclopentadienyl) thorium
metallocene complex, there is no structural information available to compare the
Cp C-Th bond distances to gauge if they are within expected parameters for a
complex of this type. Consequently, only structural comparisons between 4.7 and
known bent bis(cyclopentadienyl) thorium metallocene complexes were possible.
Notably, the Th-O and Th-N bond distances for complex 4.7 are slightly longer
than the analogous bonds in complex 4.2. The Th-O and Th-N bond elongation

observed with complex 4.7 can be explained in part due to the steric demands of
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the system. As complex 4.7 accommodates two fairly bulky cyclopentadienyl
ligands along with the Schiff base ligand and an equivalent of 1,4-dioxane, it is
reasonable that these ligands adopt positions further from the thorium center to
minimize ligand repulsion. Additionally, the Th-O and Th-N bond elongation
observed with complex 4.7 can be rationalized using an electronic argument as
well. Since the cyclopentadienyl ligands are both strong 1T-donors and contribute
more electron density to the metal center than the chlorido ligands of complex
4.2, the Th center of complex 4.7 does not require as much electron density from
the Schiff base ligand to stabilize the metal center, resulting in weaker Th-O and
Th-N interactions. The average cyclopentadienyl Th-C bond distance for complex
4.7 is approximately 2.897 A. Although on the long side, this average
cyclopentadienyl Th-C bond distance is similar to a variety of
bis(cyclopentadienyl) thorium complexes reported by Walter and coworkers,
which contain a range of average metallocene Th-C bond distances between
2.835 and 2.936 A.58 %9 Additionally, the Cpcent(1)-Th(1)-Cpcent(2) bond angle in
4.7 is nearly linear at 177.47°. This bond angle differs significantly from the
Cpcent(1)-Th(1)-Cpcent(2) bond angles of the bent thorium metallocenes, which
span a range of 118.6-144.9°.58 %9 |t should also be noted that the Schiff base
C=N imine bond distances of 1.292(5) A and 1.287(5) A for N(1)-C(9) and N(2)-
C(16), respectively, are in good agreement with other reported imine C=N bond

distances, illustrating that this ligand does not engage in non-innocent behavior.*°
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In solution, complex 4.7 displays high symmetry, which can be observed
through the simplicity of the 'H NMR spectrum for this complex (Figure 4-18),

with a single peak for the ten cyclopentadienyl hydrogens.
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Figure 4-18: 400 MHz 1H NMR spectrum of [L]Th(Cp)2(1,4-dioxane) (4.7)
spiked with excess 1,4-dioxane in CeDs at 298 K
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Prior to the isolation of complex 4.7, linear bis(cyclopentadienyl) thorium
metallocenes were calculated to be stable,> but only bent metallocenes have
been reported. Upon generating the first bis(Cp*) linear uranium metallocene,
Ephritikhine, Maron and coworkers calculated that an f° actinide metal center,
like Th(IV), should exhibit greater stability with a linear metallocene geometry as
compared to a bent conformation.> In fact, from their calculations, it was
determined that a linear actinide metallocene geometry is more favored for
actinide complexes that contain fewer f-electrons.>* Complex 4.7 provides the
first experimental evidence supporting the calculations performed by Ephritikhine

and coworkers.
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4.5: o-Bond metathesis reactivity of [L]An(Cl)2(Solv)2 complexes with
MesSi-Br

In addition to examining the reactivity of complexes 4.1 and 4.2 with
nitrogen and carbon based nucleophiles, we explored o-bond metathesis
reactivity using MesSi-Br with these complexes. This reactivity was explored as
a means for comparing the activation of the chlorido ligands with the tris(anilido)
system discussed in Chapter 2. Aside from accessing an additional dihalo Schiff
base complex, it was hoped that exploring o-bond metathesis reactivity would
shed light on whether this type of reactivity could be used to install different An=E
functionalities. To this end, 2 equiv. of MesSi-Br were added to a solution of either

complex 4.1 or 4.2 in pyridine (Scheme 4-5).

O
N|\\ %OD 2 Me;Si-Br

/EN 0 Py, RT
N \0
R
=U

| -2 Me,Si-Cl

M

4.1 0r4.1-(P
(Fy) M = U (4.8), 79% vield

M =Th
4.2 or 4.2-(Py) M = Th (4.9), 69% yield

Scheme 4-5: 0-Bond metathesis reactivity used to generate [LJAn(Br)2(Py)2,
complexes 4.6 (An = U) and 4.7 (An = Th)

Complexes 4.1 and 4.2 readily undergo o-bond metathesis with an excess
of MesSi-Br to generate [L]JU(Br)2(Py)2 (4.8) and [L]Th(Br)2(Py)2 (4.9) in good

yields. The dibromo Schiff base actinide complexes are less soluble in
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chlorinated solvents than their dichloro counterparts, which made isolation and

purification of these complexes difficult; however, single crystals were obtained

for both complexes by means of slow evaporation from chloro benzene (Figure

4-20).
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Figure 4-20: ORTEP depiction of [L]U(Br)2(Py)2 (4.8) and [L]Th(Br)2(Py)2 (4.9)
with ellipsoids shown at 50% probability. Hydrogen atoms omitted for clarity.

Table 4-8: Selected bond lengths (A) and angles (°) for 4.8

Bond Distance (A) Bond Angle Angle (°)
U(1)-Br(1) 2.9015(10) Br(1)-U(1)-Br(2) 149.16(3)
U(1)-Br(2) 2.9026(10) 0(2)-U(2)-0(3) 152.5(2)
U(1)-0(2) 2.160(6) 0(2)-U(1)-N(2) 71.1(2)
U(1)-0O(3) 2.143(6) 0(2)-U(2)-Br(1) 90.89(16)
U(1)-N(2) 2.605(7) 0O(3)-U(1)-N(2) 71.4(2)
U(1)-N(2) 2.597(7) 0(3)-U(2)-Br(2) 87.65(15)
U(1)-N(3) 2.623(7) N(1)-U(1)-N(2) 65.3(2)
U(1)-N(4) 2.659(7) N(3)-U(1)-N(4) 66.0(2)
N(1)-C(9) 1.286(10)

N(2)-C(16) 1.265(12)

Complexes 4.8 and 4.9, like their dichloro counterparts, are 8-coordinate

and display pseudo-dodecahedral geometry in the solid state. Although a

structure was solved for complex 4.9, the X-ray diffraction data for this complex



is not of sufficient quality to reliably determine metrical parameters but can be
used to establish symmetry. As this is the case, a detailed structural analysis is
only provided for complex 4.8. Structurally, complex 4.8 is very similar to its
dichloro precursor (4.1). The Br(1)-U(1)-Br(2) bond angle is 149.16(3)°, whereas
the CI(1)-U(1)-Cl(1) bond angle of 4.1 is 148.36(7)°. This subtle difference in the
X-U-X bond angle is likely due to the larger size of the bromido ligands, which
move further apart to minimize repulsion of the bromido ligands’ lone pairs.
Interestingly, the O(2)-U(1) and O(3)-U(1) bond distances of 2.160(6) A and
2.143(6) A, respectively, are slightly shorter than the U(1)-O(1) bond distance of
2.190(4) A for 4.1. Additionally, all of the U-N bond distances for complex 4.8 are
slightly shorter than the U-N bond distances of complex 4.1. These stronger U-L
interactions observed for complex 4.8 could be due in part to the weaker o-
donating ability of the bromido ligands compared to the chlorido ligands of
complex 4.1, where the shorter U-L bond distances in 4.8 arise as a means to
compensate for the reduced donation to the metal center. The U(1)-Br(1) and
U(2)-Br(2) bond distances of 2.9015(10) A and 2.9026(10) A, respectively, are in
good agreement with other U(IV)-Br bond distances previously reported.®’
Additionally the N(1)-C(9) and N(2)-C(16) bond distances of 1.286(10) and
1.265(10) A are consistent with the C=N bond distances and are similar to the
C=N distances for 4.1 and 4.3.

In solution, complexes 4.8 and 4.9 display high symmetry in their *H NMR

spectra. Similar complex 4.1 the *H NMR spectrum of 4.8 displays a diagnostic
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upfield peak for the imine protons of the Schiff base ligand at 6 -92.23 (Figure 4-

21).
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Figure 4-21: 300 MHz 1H NMR spectrum of [L]JU(Br)2(Py)2 (4.8) in CDCls
at 298 K

Due to the poor solubility of complex 4.8 in most common organic solvents,
a 'H NMR spectrum that accurately depicts the integrations of each peak could
not be obtained. Like complex 4.8, complex 4.9 also displays poor solubility in
most common organic solvents, including pyridine. The Th dibromo complex (4.9)
displays high symmetry in solution by *H NMR spectroscopy (Figure 4-22), and,
unlike the Th dichloro complex (4.2), does not display signs of aggregation in the
absence of a strong donor solvent. we can see that the complex displays high

symmetry in solution. Due to poor solubility of this complex in most organic
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solvents, a suitable 3C NMR spectrum could not be obtained, despite

hours of data acquisition.
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Figure 4-23: 100 MHz 13C NMR spect"rum of [L]Th(Br)2(Py)2 (4.9) in CDCls at
298 K

The solution phase and solid state data show that complexes 4.1 and 4.2
readily undergo o-bond metathesis with MesSi-Br. The Schiff base C=N bonds
remain intact, indicating that the Schiff base backbone is robust enough to
attempt oxidation chemistry to generate desired An=E functionalities.

Before attempting oxidation chemistry, we sought to study the effect halide
electronegativity has on *H NMR chemical shift of the Schiff base ligand. In order
to generate the remaining dihalo Schiff base complexes for this study, the

reactions outlined in Scheme 4-6 were attempted.
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Scheme 4-6: Synthetic approaches to generate the diiodo and difluoro Schiff
base complexes of the type [L]U(X)2(Solv)
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In an effort to generate [L]JU(I)2(Py)2 (4.10), the same method used to
generate complex 4.1 was utilized due to its success in accessing the dichloro
Schiff base complex. Unfortunately, this method was far less successful for
accessing the diiodo complex. While complex 4.10 could be isolated, the reaction
yielded less than 5% of the desired product. This is mainly due to the poor
solubility of complex 4.10 in most common organic solvents. It was qualitatively
determined that the solubility of the dihalo Schiff base complexes in chlorinated

solvents was: [L]JU(CD2(Py)z2 > [L]U(Br)2(Py)z > [L]JU(I)2(THF)2. For this reason, all
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attempts to recrystallize complex 4.10 were unsuccessful. Despite this, solution

phase data were obtained by 'H NMR spectroscopy (Figure 4-24).
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Figure 4-24: 300 MHz 1H NMR spectrum of [L]JU(I)2(THF)2 (4.10) in CDCls at
298 K

As demonstrated by the 'H NMR spectrum, complex 4.10 exhibits high
symmetry in solution like the other dihalo Schiff base uranium complexes in the
series. Like complexes 4.1 and 4.8, complex 4.10 also displays a diagnostic
upfield HC=N imine peak at 6 -94.57. Although a crystal structure could not be
obtained for this complex, it is still possible to safely conclude that the desired
[LJU(I)2(THF)2 species was generated. The *H NMR spectrum for this complex
contains the appropriate number of peaks that account for all of the protons for

the intended bis(iodido) species. Additionally, the *H NMR spectrum for complex
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4.10 closely resembles the *H NMR spectra of the other dihalo Schiff base
uranium complexes that have been fully characterized in the series.

In an effort to generate [LJU(F)2(Py)2, the final dihalo uranium Schiff base
complex of the series, we attempted to utilize a transmetallation reaction to install
the flourido ligands on the uranium center by means of ligand exchange with
silver fluoride. Unfortunately, although a red-orange powder was isolated from
the reaction, all attempts at characterizing the product from this reaction pathway
were inconclusive.

Despite being unable to conclusively access the difluoro uranium Schiff
base complex, we decided to go ahead and analyze the *H NMR chemical shift
data to see if there is a strong correlation that exists between 'H NMR chemical
shift and halide electronegativity for this series of dihalo uranium Schiff base
complexes. In an effort to best observe this correlation, we decided to examine
the diagnostic upfield HC=N peaks and plot this data against the Pauling

electronegativity values for the corresponding halides of the series (Figure 4-25).
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Figure 4-25: 'H NMR chemical shifts of the diagnostic imine peaks in 4.1, 4.8,

and 4.10 compared to the Pauling electronegativity value of the halides
By plotting the *H NMR chemical shift data of the diagnostic Schiff base
HC=N imine protons against the electronegativity values of the corresponding
halides, we were able to see that there is a very strong correlation (R?=0.9993)
that exists between *H NMR chemical shift and halide electronegativity (Figure
4-25). The information gained from this study may prove useful in helping to
predict the expected *H NMR chemical shifts for uranium complexes containing

trans pseudo-halide ligands.

4.6: Attempts at generating [L]JAn=E functionalities via oxidative pathways
Through the isolation and characterization of complexes 4.3-4.9, we were
able to demonstrate the innocent behavior of the ancillary Schiff base ligand

under a variety of different reaction conditions. In each of these cases, we were
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able to show crystallographically and spectroscopically that the Schiff base C=N
imine fragment remains intact and does not undergo reactivity at this site seen in
some related systems. As a result, we sought to explore the generation of An=E
functionalities through oxidative pathways with this ligand framework. as outlined

in Scheme 4-7.
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311,

Scheme 4-7: Oxidative pathways used to generate (R)E=U=E(R) functionalities

As uranyl complexes supported by Schiff base ligands are well known, %%
61 our first oxidation pathway targeted the isolation of a Schiff base uranyl species
for ease of comparison. Recently, Schelter and coworkers disclosed that the
nitrite anion (NO2") can act as a one-electron oxidant to install the uranium oxo
functionality through the elimination of NO (g).%? Path 1 makes use of this
transformation through the addition of excess NaNO: to a solution of compound
4.1 or 4.1-(Py) in THF/Py. The resultant reaction mixture was heated to 60°C
over the course of about 12 h. Upon isolation, it was found that [L]U(O)2z(Py)
(4.11) was generated in quantitative yield.?® Red-orange crystals suitable for X-
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ray diffraction were grown by means of slow evaporation from CDClIs. To the best
of our knowledge, this is the first reported conversion of a dichloro uranium(1V)
complex to a uranyl species utilizing oxidation with NaNOz2. In the solid state,
complex 4.11 is 7-coordinate and adopts a pseudo-pentagonal bipyramidal

geometry and displays pseudo Cs symmetry in the solid state (Figure 4-26).

Figure 4-26: ORTEP depiction of [L]U(O)2(Py) (4.11) with ellipsoids shown at
30% probability. Hydrogen atoms omitted for clarity.
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Table 4-9: Selected bond lengths (A) and angles (°) for 4.11

Bond Distance (A) Bond Angle Angle (°)
U(1)-0(1) 1.786(3) 0(1)-U(1)-0(2) 178.67(14)
U(1)-0(2) 1.775(3) 0(1)-U(1)-0(3) 92.12(15)
U(1)-0(3) 2.259(3) 0(1)-U(1)-0(4) 90.89(15)
U(1)-0O(4) 2.262(3) 0O(1)-U(1)-N(2) 89.92(16)
U(1)-N(1) 2.549(4) 0O(1)-U(1)-N(2) 91.81(14)
U(1)-N(2) 2.557(4) O(1)-U(1)-N(1A) 89.70(14)

U(1)-N(1A) 2.609(4) 0(2)-U(1)-0(3) 88.14(14)
N(1)-C(7) 1.269(7) 0(2)-U(1)-0(4) 89.39(14)

N(2)-C(14) 1.284(7) 0(2)-U(1)-N(2) 88.96(15)
0(2)-U(1)-N(2) 87.06(14)

0(2)-U(1)-N(1A) 91.62(13)

0(3)-U(1)-0(4) 156.39(12)

0(3)-U(1)-N(2) 69.46(12)

0(3)-U(1)-N(2) 132.90(12)

0O(3)-U(1)-N(1A) 79.03(12)

0O(4)-U(1)-N(21) 133.97(12)

0(4)-U(1)-N(2) 70.35(12)

O(4)-U(1)-N(1A) 77.58(12)

N(1)-U(1)-N(2) 63.63(13)

N(1)-U(1)-N(1A) 148.45(13)

N(2)-U(1)-N(1A) 147.91(13)

Interestingly, the Schiff base U(1)-N(1) and U(1)-N(2) interactions
(2.549(4) and 2.557(4) A, respectively, are considerably shorter in complex 4.11
than in complex 4.1-(Py). Conversely, the U(1)-O(3) and U(1)-O(4) U-L bond
distances of (2.259(3) and 2.262(3) A, respectively, are substantially longer in
complex 4.11 than the analogous bonds in complex 4.1-(Py). This can be largely
attributed to the size difference of 8-coordinate U(IV) and the smaller 7-
coordinate U(VI). As nitrogen is a better donor than oxygen, the more electron-
deficient U(VI) center tries to maximize the U-N interaction, resulting in shorter
the U-N bond distances for 4.11 than previously observed for complex 4.1-(Py).
Additionally, as the U(VI) center is smaller than U(IV), the N202 binding

environment of the Schiff base ligand deviates significantly from planarity in order
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to find a suitable equilibrium geometry that optimizes electron donation from the
nitrogen and oxygen atoms of the Schiff base ligand. This deviation from planarity
of the N202 bonding environment causes the Schiff base ligand to create a “bowl”
like shape that encompasses O(2) and leaves O(1) relatively exposed. As seen
with all discrete uranyl complexes, the O(1)-U(1)-O(2) bond angle is effectively
linear with a bond angle of 178.67(14)°.20 6364 The U=0 bond distances for the
uranyl complex (4.11) are 1.786(3) A for U(1)-O(1) and 1.775(3) A for U(1)-O(2),
which are in good agreement with other reported uranyl U=0O bond distances and
— as expected due to the bond strengthening attributed to the inverse trans
influence (ITI) — shorter than non-uranyl U=0 bond distances.?% 63 64 Importantly,
the Schiff base imine N(1)-C(7) and N(2)-C(14) bond distances of 1.269(7) and
1.284(7) A, respectively, are in good agreement with other reported imine C=N
distances, indicating that the Schiff base ligand remains innocent during metal
based redox reactivity. In solution, complex 4.11 is unremarkable and displays a
diamagnetic *H NMR spectrum as expected for a U(VI) complex with approximate
C2v symmetry in solution, as demonstrated by the simplicity of the *H NMR

spectrum for this compound (Figure 4-27).
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Figure 4-27: 300 MHz *H NMR spectrum for [L]U(O)2(Py) (4.11) in CDCls at
298 K
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Figure 4-28: 100 MHz 13C NMR spectrum of [L]JU(O)2(Py) (4.11) in CDCls at
298 K

The number of peaks in the 13C NMR spectrum for complex 4.11 (Figure
4-28) is matches the number of unique carbon environments for a C2yv symmetric
uranyl complex. The *H and 3C NMR spectroscopic and X-ray diffraction data
verify that complex 4.1-(Py) is able to react with an excess of NaNO:2 to generate
the uranyl species [L]U(O)2(Py) (4.11) in high yields and high purity.?® In an effort
to generate additional X-U=0 functionalities suitable for studying the inverse
trans influence (ITI), we modified the reaction from Path 1 (Scheme 4-7) by
adding only 1 equiv. of NaNO2 in hopes of generating the trans CIl-U=0

functionality. Unfortunately, the product from this reaction disproportionated to
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generate an equivalent of complex 4.11 and complex 4.1-(Py). It should also be
noted that the generation of the analogous [L]Th(O)2(Py) species from complex
4.2 was not attempted, as thorium, unlike uranium, can only access a maximum
oxidation state of +4.

As the oxidation pathway to generate the U=0O functionality was
successful, we decided to explore the generation of additional U=E functionalities
for use in studying the ITIl. The next two oxidation pathways examined aimed to
install either U=N(Ar) or U=P(Ar) functionalities, Paths 2 and 3, respectively. Each
of these pathways utilized an identical three-step process for generating the
desired U=E(Ar) functionality. The first step in this process was a salt metathesis
reaction with complex 4.1 to install the U-E(H)(Ar) oxidation precursor
functionality. This step involved the addition of either 2 equiv. of [LiJ[N(H)(3,5-
(CH3)2(CsH3)] (Path 2) or [Li][P(H)(CeHs)] (Path 3) to generate the U-(E(H)(Ar))2
oxidation precursor species. The second step of this process attempted to
generate the desired U=E(Ar) functionality by deprotonating the U-E(H)(Ar)
moieties with a strong base. Finally the third step of this process oxidized the
desired U=E(R) containing complexes via a formal two electron oxidation using
l2. This would in turn remove any excess Li* from the complexes as Lil. Path 2
aimed to generate the bis(imido) Schiff base complex [L]JU[=N(3,5-
(CHB3)2(CsH3))]2(Solv), which is a N=U=N uranyl analog for use in studying the
inverse trans influence (ITl). We hoped that accessing this complex would help
us understand how the magnitude of bond strengthening observed with strong

trans U=E 1-donors changes as the identity of E changes. Unfortunately, all
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attempts to isolate and characterize the desired bis(imido) species were
unsuccessful. Like Path 2, Path 3 aimed to access a similar P=U=P uranyl
analog. This species was targeted for a number of reasons, the first of which was
the fact that a uranium trans bis(phosphinidene) complex has never been
accessed before. Aside from the synthetic novelty of the species, this moiety
could provide additional information relevant to the ITI that would help us
understand how the magnitude of bond strengthening observed with strong trans
U=E mr-donors changes as E changes. Additionally, accessing this P=U=P
functionality affords the opportunity to inexpensively monitor changes to the U=P
bond strength spectroscopically using 3P NMR spectroscopy as changes are
made to the system. This technique can be used to monitor the U=P bond
strength by taking into account the correlation between phosphorous bond
strength and the 3P chemical shift tensor. Once an initial 3P chemical shift is
obtained for the P=U=P fragment, relative bond strength information can be
obtained from any changes to the 3P chemical shift tensor that occur after
chemical perturbations are made to the P=U=P system. This information coupled
with DFT calculations can provide insight into the magnitude of any changes in
U=P bond strength that occur after a chemical perturbation is made to the P=U=P
system. Unlike with U=0O and U=N fragments, this spectroscopic technique to
monitor U=E bond strength is only readily available for the U=P fragment, since
31p is NMR active and 100% naturally abundant, unlike the most abundant
isotopes of O and N. Despite repeated attempts to access this U=P functionality,

all attempts to isolate and characterize a trans bis(phosphinidene) species of the
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type [L]JU[=P(Ph)]2(Solv) were unsuccessful. Isolation of the desired trans
bis(phosphinidene) species could have eluded us in part due to the poor hard-
soft acid/base match of the hard U(VI) metal center and the softer RP%
phosphinidene species, making the U=P bonds highly reactive and unstable. This
is reflected by the low number of known uranium phosphinidene species and may
be why each of these species have been observed with softer U(IV) centers.55-67
Due to the possible stability problems with accessing the U(VI) U=P functionality,
we abandoned our attempts to isolate the Schiff base supported trans
bis(phosphinidene) species.

Since the technique of salt metathesis followed by deprotonation and
oxidation to generate U=N and U=P functionalities (Scheme 4-7, Paths 2-3) were
unsuccessful, we shifted our focus to complexes that contain the uranium nitride
functionality (U=N) and decided to explore their generation through alternate
means (Scheme 4-8). This particular moiety was targeted as species containing
this type of functionality have been strongly considered for use as Gen Il, 11l and
IV nuclear fuel sources, and, as such, are coveted industrial targets in the field of
nuclear energy®. Uranium nitride species are desirable since they have been
postulated to be a more accident-tolerant nuclear fuel source due to their higher
thermal conductivity, melting point and fissile density than traditional MOX fuel
sources.%® Despite the interest in these uranium nitride materials as nuclear fuel
sources, very little experimental data characterizing the U=N fragment is currently

available.? 7972 In an effort to provide critical experimental data to the actinide
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community, we attempted to isolate the U=N fragment using a variety of methods,

focusing on reduction and photochemical pathways. (Scheme 4-8).
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Scheme 4-8: Methods attemgzé;h:;rsgenerate the uranium nitride functionality

We first attempted to access the U=N fragment by means of
photochemical cleavage of the azido ligands of complex 4.3 in either CDCIs or
chlorobenzene (Scheme 4-8, Paths 1 and 2, respectively). By exposing the azido
ligands of complex 4.3 to UV light, we hoped that we could induce homolytic
cleavage of an N-N bond within the azido ligand to give off N2 gas and an
generate the desired U=N moiety as seen previously with an azido complex
generated by Kiplinger and coworkers.? As complex 4.3 is readily soluble in
chlorinated solvents, we decided to explore the photolysis of this complex in
CDCls and chlorobenzene. Although CDCIs can readily generate chlorine radicals
under photolytic conditions that could potentially cause complex 4.3 to undergo
unwanted side reactivity, this solvent was still chosen for Path 1 to enable
monitoring by *H NMR spectroscopy. Interestingly, after running the reaction for

19 hours, the 'H NMR spectrum for this reaction showed evidence of the
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formation multiple products in solution. In an effort to better characterize these
products, separation of these complexes was attempted through selective
recrystallization by means of slow evaporation from CDCls at room temperature.
Upon analysis of the crystals by X-ray diffraction, three different species were
found to be cocrystallized in roughly a 75:24:1 ratio. The chloro azido species
[L]JU(CI)(N3)(Py)2 (4.12) was formed as the major product, making up roughly 75%
of the material analyzed. The starting material (4.3) comprised more than 24% of
the sample analyzed, and the desired nitride complex made up a negligible
portion of the sample (about 1%). This result suggests that chlorine radicals were
generated in CDCls under photolytic conditions, which then reacted with complex

4.3 to generate [L]U(CI)(N3)(Py)2 as the major product (Figure 4-29).
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Figure 4-29: ORTEP depiction of [L]JU(CI)(N3)(Py)2 (4.12), the major product of
Path 1 (Scheme 4-8) with ellipsoids shown at 30% probability. Hydrogen atoms
omitted for clarity.
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While solving the structure for complex 4.12, it was found that the chlorido
and azido ligands exhibited positional disorder. As a result, restraints on the
positional and displacement parameters for these groups were required. A
discussion related to the bond lengths and angles for this system will be omitted
since the metrical data for this system is unreliable. Although this is the case, it
can still be seen that 8-coordinate complex 4.12 is similar to both complexes 4.1
([L]JU(Ch2(Py)2 and 4.3 [L]JU(Ns)2(Py)2 and adopts a pseudo dodecahedral
geometry in the solid state, with pseudo-Cs symmetry.

Since the desired uranium nitride product could not be isolated in any
appreciable yield in Path 1, we altered our photochemical approach by using a
solvent that is far less susceptible to forming chlorine radicals under photolytic
conditions. Since formation of a phenyl radical is unfavorable, we used
chlorobenzene as our solvent of choice for Path 2. Unfortunately, all attempts to
isolate and characterize a uranium nitride product by this method proved
unsuccessful.

Since photochemical cleavage methods proved to be unsuccessful for the
isolation of a terminal uranium nitride complex, we determined that the Schiff
base ancillary framework could not stabilize an unprotected terminal U=N
fragment. This is supported by Kiplinger and coworkers’ finding that upon
generating a terminal uranium nitride species, the nitride fragment rapidly
underwent decomposition through C-H bond activation.? In an effort to prevent
possible insertion behavior of the nitride with our system, we employed strategies

to generate the U=N fragment in a sterically and electronically protected way. In
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an effort to protect the nitride fragment, we attempted to reduce the azido ligands
of complex 4.3 with 1 equiv. of KCs, a strong 1-electron reducing agent (Scheme
4-8, Path 3). It was anticipated that KCs would induce cleavage of an N-N bond
of the azido ligand to generate the U=N-K fragment, giving off N2 gas as a
byproduct. Through coordination of the nitride to the potassium counterion, it was
hoped that the U=N bond would not participate in unwanted side reactivity.
Unfortunately, all attempts to isolate and characterize a Schiff base supported
uranium nitride species was unsuccessful. As this was the case, we determined
that it was possible that either KCs was not inducing N-N bond cleavage to form
the uranium nitride species as intended or the potassium counterion is not
suitably protecting the nitride fragment, as found for a terminal uranium nitride
species generated by Liddle and coworkers.”

Due to the inability to access a uranium nitride species through reductive
methods, we decided to try to access the uranium nitride functionality again
through photochemical methods. This time, however, we added a borane to the
reaction mixture in hopes of generating a nitrido-borane adduct species that could
form through coordination of the nitride nitrogen lone pair to the neutral borane
species. Forming such a nitride-borane adduct species would sterically protect
the U=N fragment and prevent it from engaging in unwanted side reactivity. In
order to ensure a strong interaction between the nitride nitrogen lone pair and the
borane species, we utilized a borane that contained strong electron withdrawing
groups, B(CeFs)s. The electron withdrawing groups of the borane would

strengthen the nitride-borane interaction, as these groups would strengthen lone
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pair donation to the borane through induction. Unfortunately, even with the
inclusion of a borane species during photolysis, isolation of a Schiff-base-
supported terminal nitride complex was unsuccessful. With this method failing to
yield the desired functionality, we concluded that the Schiff base ligand

framework is unable to sterically protect a nitride species.

4.7: Concluding remarks

The Schiff base compound (z)-trans-6,6'-diethoxy-2,2'-[cyclohexane-1,2-
diylbis(nitrilomethanylylidene)]diphenol was used as an ancillary ligand to
support low and high oxidation state actinide metal centers.?® This particular
framework was used in an effort to find a redox-innocent ancillary ligand
framework that was also resistant to undergoing unwanted side reactivity like
disproportionation, ligand exchange and C-H activation such that chemistry could
be performed at the actinide metal centers to generate An=E multiple bond
functionalities. Through our initial investigations with this ancillary ligand
framework we determined that the Schiff base framework could support pseudo-
trans dichloro U(IV) and Th(lV) species of the general type [LJAn(Cl)2(Solv)z,
complexes 4.1, 4.2, 4.1-(Py) and 4.2-(Py). In an effort to establish the redox
innocent behavior of the Schiff base ligand framework before generating the
desired An=E functionalities, these dichloro Schiff base actinide species were
exposed to different nucleophiles to see if desired salt metathesis reactivity would
occur as intended. It was found that the dichloro Schiff base complexes

[L]JAN(CI)2(Solv)2 reacted cleanly with an excess of NaNs at 80°C for several days
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to generate bis(azido) actinide complexes of the type [L]JAn(N3)2(Py)2 (complexes
4.3 and 4.4). Additionally, when dichloro Schiff base complexes 4.1 and 4.2 were
exposed to stronger carbon nucleophiles like NaCp, salt metathesis reactivity
occurred as intended to generate the first neutral uranium linear metallocene
[LJU(Cp)2(1,4-dioxane) (4.6) and the first ever linear thorium metallocene
[L]Th(Cp)2(1,4-dioxane) (4.7). Even in the presence of these strong carbon
nucleophiles, the Schiff base ligand framework remains redox innocent and
allows desired chemistry to occur at the actinide centers. It was also found that
complexes 4.1 and 4.2 readily undergo o-bond metathesis with MesSi-Br to
generate complexes of the type [L]JAn(Br)2(Py)2 (4.8 and 4.9) in good vyields.
Attempts at isolating the analogous [L]U(F)2(Py)2 complex were unsuccessful;
however, the diiodo complex [L]JU(I)2(THF)2 (4.10) was isolated and characterized
spectroscopically. Upon comparing the 'H NMR spectra of the series of dihalo
Schiff base uranium complexes, it was determined that a very strong correlation
exists between 'H NMR chemical shift of the imine protons and the
electronegativity of the halide ligands (R?= 0.9993). Additionally, the solubility of
the dihalo uranium complexes in chlorinated solvents was found to decrease as
the size of the halogen atom increased: ([LJU(Cl)2(THF)2 > ([L]JU(Br)2(THF)2 >
([LJU(D2(THF)z2).

Generation of uranium-element multiple bond functionalities was also
explored. During these investigations, it was found that complex 4.1 can be
readily oxidized to the uranyl complex [L]JU(O)2(Py) (4.11) upon reaction with

excess NaNOz. To the best of our knowledge, this is the first reported example
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where a dichloro uranium complex was converted to a uranyl species in one step
using NaNO2 as an oxidant. Attempts at generating U=N(Ar) and U=P(Ar)
functionalities for use in studying the ITI was also attempted. Unfortunately, all
attempts to isolate Schiff base complexes that bared these functionalities were
unsuccessful. Investigations into the generation of a U=N terminal nitride moiety
were also explored in an effort to better understand the main functionality
proposed for next-generation ceramic nuclear fuel. Photochemical cleavage of
the azido ligands from complex 4.3 was investigated, and upon exposure of
complex 4.3 to UV light for 19 hours in CDCIs, an unwanted side product,
[LJU(CI)(N3)(Py)2 (4.12), was isolated as the major product from the reaction
instead of generating the desired U=N functionality. Isolation of 4.12 showed that
complex 4.3 was susceptible to unwanted side reactivity, where a chloride radical
is generated and substitutes an azido ligand from complex 4.3. Further
investigations into photochemically generating the U=N functionality using
solvents that are less likely to form chlorine radicals proved to be unfruitful, and
a Schiff-base-supported terminal uranium nitride complex could not be isolated.
Similarly, attempts to isolate the actinide nitride functionality, using methods to
sterically protect the resultant terminal nitride fragment were employed, but we
were unsuccessful.

Although isolation of U=N, U=P and U=N functionalities was unsuccessful,
we demonstrated that the ancillary Schiff base ligand framework is readily able
to support oxidation chemistry, salt metathesis and o-bond metathesis reactivity

at the actinide metal centers. Additionally, we were able to confirm
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crystallographically and spectroscopically that this ancillary ligand framework
remains innocent under a variety of different reaction conditions, thereby allowing
for desired reactivity to occur at the actinide metal centers. The behavior of this
Schiff base framework differs significantly from our previously studied k*-anilido
and k3-BDPP ligand frameworks. Since this Schiff base ligand framework
remained innocent in the presence of strong carbon nucleophiles and complexes
that made use of this scaffold did not generally undergo unwanted side reactivity,
we believe that this k*framework is a viable candidate for the continued

exploration of the generation of An=E functionalities.

4.8: Experimental
4.8.1: General Experimental Procedures

All experiments were performed under an atmosphere of dry N2 in a VAC
Atmospheres dry box. Solvents were purified using the appropriate VAC
Atmospheres solvent purifier or dried over sodium benzophenone ketyl and
distilled under an atmosphere of dry N2. Solvents purified by these methods were
subsequently degassed using successive freeze-pump-thaw methods, brought
into the dry box without exposure to air, and stored over activated 4 A molecular
sieves. Celite was activated and dried by heating under high vacuum (approx.
0.3 mmHg) at > 200°C overnight. Deuterated NMR solvents, CeDs and CDCls,
were purchased from Cambridge Isotope Laboratories, degassed using freeze-
pump-thaw cycles and stored over 4 A molecular sieves. The Schiff base ligand

[L]H2,> UCI4"® and ThCls(DME)2"* were synthesized by reported methods. *H
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NMR spectra were recorded using Varian VNMRS spectrometers operating at
300 MHz or 400 MHz for *H at room temperature in CDCIs unless otherwise
specified. All chemical shifts herein are reported with reference to residual solvent
peaks: & 7.27 for CDClsz or & 7.16 for CeDs. All infrared spectra were collected
using an ATR adapter on a Thermo Scientific Nicolet 6700 FT-IR instrument at
room temperature. Microanalyses were performed by Atlantic Microlabs in

Norcross, GA.

4.8.2: Synthesis of (L)UCI>(THF)2 (4.1)
Synthesis of K2(L) generated for in situ use
To a 20 mL scintillation vial charged with 14 mL of THF and a small stir
bar, (0.250 g, 0.609 mmol) of the racemate of (%)-trans-6,6'-Diethoxy-2,2'-
[cyclohexane-1,2-diylbis(nitrilomethanylylidene)]diphenol, [L]H2 was added. The
resulting clear yellow solution was allowed to mix thoroughly, after which 2 equiv
of KO'Bu (0.136 g, 1.21 mmol) was added to the solution as a solid. The solution
immediately became opaque, and a color change to a yellow-green was noted.
The resulting solution was allowed to stir for 1.5 h prior to use in subsequent

chemistry.

Synthesis of (L)UCI2(THF)2 (4.1)
To a 20-mL scintillation vial charged with 4 mL of THF and a small stir bar,
(0.231 g, 0.608 mmol) of UCls was added. The clear green solution was allowed

to mix thoroughly, after which the solution of Kz[L] (vide infra) was added
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dropwise over 5 min. The resulting solution turned dark brown and then became
a cloudy, golden-yellow suspension during the addition of the dipotassium salt
solution. The cloudy, golden-yellow suspension was allowed to stir overnight
(approx. 12 h). Volatiles were then removed under vacuum, and the crude
product was extracted with dichloromethane (about 75 mL). The extraction
products were then filtered over a bed of Celite on a 30-mL medium porosity frit
under vacuum. The filtrate was then concentrated to dryness in vacuo and the
product was isolated as a yellow powder. Yield: 0.423 g, 81%. The product was
recrystallized from pyridine over the course of 2 weeks at room temperature. H
NMR (300 MHz, CDCls, 298 K): & = 45.23 (2H), 41.73 (2H), 38.94 (2H), 28.30
(2H), 24.59 (2H), 23.97 (2H), 5.56 (6H, OCH2CHg), -10.29 (4H, THF), -11.19 (2H),
-12.11 (2H), -15.58 (4H, THF), -19.93 (2H), -22.27 (2H), -89.80 (2H, HC=N). IR
(cm™): 2973 (C-H), 2927 (C-H), 1614 (C=N), 1598 (C=C). Elemental analysis of
(L)UCI2(THF)2¢CH2Cl2: Theoretical C: 41.87, H: 4.90, N: 2.96; Actual: C: 42.30,

H:5.01, N: 3.17.

4.8.3: Synthesis of (L)UCI2(Py)2 (4.1-(Py))

To a 20-mL scintillation vial charged with 8 mL of pyridine and a small stir
bar, (0.250 g, 0.608 mmol) of [L]H2 was added. The clear yellow solution was
allowed to mix thoroughly, after which 2 equiv. of KO'Bu powder was added. The
solution became cloudy upon addition of the KO'Bu, and was allowed to stir for 1
h. To a separate 20-mL scintillation vial charged with 3 mL of THF, 4 mL of Py

and a small stir bar, (0.231 g, 0.608 mmol) of UCl4 was added. The green solution
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was allowed to mix thoroughly, after which the solution of Kz[L] prepared
separately was added dropwise over 5 min. During the addition of Kz[L], the
solution turned cloudy yellow-green, and the resulting mixture was allowed to stir
overnight (approx. 18 h). Volatiles were removed in vacuo to afford a yellow-
green powder. The crude product was then extracted with dichloromethane (~50
mL) and filtered over a bed of Celite on a medium porosity frit. The resulting
yellow solution was collected in a 125-mL side arm flask and the volatiles were
removed in vacuo, providing a yellow-green powder. Yield: 0.423 g, 79%. 'H
NMR (400 MHz, CDCls, 298 K) : 8 49.77 (2H), 44.54 (2H), 42.73 (2H), 31.14 (2H),
27.02 (2H), 25.02 (2H), 5.56 (6H, OCH2CHz), 0.47 (4H, Py), -4.37 (1H, Py), -7.68

(2H, Py), -11.44 (2H), -12.85 (2H), -20.51 (2H), -22.29 (2H), -90.82 (2H, HC=N).

4.8.4: Synthesis of (L)ThCIx(THF)2 (4.2)

A solution of K2(L) was generated in situ by the method above using (0.200
g, 0.487 mmol) of the racemate of (L)H2 and (0.109 g, 0.971 mmol) of KO'Bu. To
a 20-mL scintillation vial charged with 5 mL of THF and a small stir bar, (0.270 g,
0.487 mmol) of ThCls(DME)2 was added. The clear, colorless solution was
allowed to mix thoroughly, after which the solution of Kz(L) was added dropwise
over 5 min. The combined solution instantly turned cloudy and yellow upon
addition of the dipotassium salt. The resulting suspension was allowed to stir
overnight (approx. 12 h), after which volatiles were removed in vacuo. The crude
product was extracted with dicholormethane (~75 mL) and filtered over a bed of

Celite on a 30-mL medium-porosity frit. Volatiles were removed in vacuo to afford
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a yellow powder. Yield: 0.302 g, 72%. The yellow powder was recrystallized from
pyridine over 2 weeks at room temperature. *H NMR (400 MHz, Ds-Py, 298 K): &
=8.70 (s, 2H, HC=N), 7.35 (d, 2H, 3Jun = 8 Hz, Ar-H), 7.20 (d, 2H, 3Jun = 8 Hz,
Ar-H), 6.93 (t, 2H, 3JuH = 8 Hz, Ar-H), 4.66 (2H, m, cyclohexyl), 4.04 (4H, g, 3J =
7 Hz, OCH2CH?3s), 2.25 (2H, m, cyclohexyl), 1.76 (2H, m, cyclohexyl), 1.40 (t, 6H,
3JuH = 8Hz, OCH2CHs3), 1.17 (2H, m, cyclohexyl). 3C NMR (100 MHz, Ds-Py, 298
K): 8 = 163.41 (C=N), 152.76 (Ar-C), 149.10 (Ar-C), 127.32 (Ar-C), 125.00 (Ar-
C), 117.48 (Ar-C), 115.98 (Ar-C), 67.76 (cyclohexyl), 63.51 (OCH2CHs), 30.50
(cyclohexyl), 24.66 (cyclohexyl), 15.03 (OCH2CHz3). IR (cm™): 2973 (C-H), 2928
(C-H), 1611 (C=N), 1561 (C=C). Elemental analysis of (L)ThCI2(THF)2¢(1.5

CH2Cl2): Theoretical: C: 41.29, H: 4.79, N: 2.83; Actual: C: 41.21, H:4.80, N: 3.27.

4.8.5: Synthesis of (L)U(N3)2(Py)2 (4.3)

To a 20-mL scintillation vial charged with 8 mL of pyridine and a small stir
bar, (0.115 g, 0.133 mmol) of (L)UCI2(THF)2 (4.1) was added. The resulting clear
yellow-green solution was allowed to mix thoroughly and was heated to 70 °C,
after which 6 equiv. of NaNs (0.053 g, 0.800 mmol) was added. No immediate
color changed was observed, but after 24 h the solution changed color from
yellow-green to dark amber. The resulting solution was allowed to stir for 4 days,
after which volatiles were removed under vacuum. The crude product was
extracted with dichloromethane and filtered over a bed of Celite in a Pasteur
pipette to afford a clear, amber solution. Volatiles were removed under vacuum

to yield a pale-brown solid. The resulting solid was recrystallized slowly from
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dichloromethane, and dark brown crystals were afforded within 24 h. Yield 0.072
g, 61%. *H NMR (300 MHz, CDCls, 298 K): d = 49.43 (2H), 42.37 (2H) ,40.25
(2H), 29.63 (2H), 26.20 (2H), 24.35 (2H), 5.32 (6H, OCH2CHs3), -5.51 (1H), -10.95
(2H), -11.87 (2H), -19.66 (2H), -22.04 (2H), -86.81 (2H, HCN). IR (cm™): 2973
(C-H), 2055 (Ns3), 1611 (C=N), 1599 (C=C). Elemental analysis of
(L)U(N3)2(Py)2+(1.5 Py, 1 CH2Cl2): Theoretical C: 46.73, H: 4.38, N: 14.75; Actual:

C:46.93, H: 4.64, N: 14.27.

4.8.6 Synthesis of (L)Th(N3)2(Py)2 (4.4)

To a 20-mL scintillation vial charged with 10 mL of pyridine and 4 mL of
THF, (0.075 g, 0.088 mmol) of (L)ThCI2(THF)2 (4.2) was added. The yellow,
translucent solution was allowed to mix thoroughly, after which approximately 8
equiv. of NaNs (0.046 g, 0.701 mmol) was added. The solution was heated to
80°C and stirred for 4 days. The cloudy, yellow suspension was filtered over
Celite to give a pale-yellow solution and volatiles were removed in vacuo to afford
a yellow solid. The crude product was then extracted with dichloromethane and
filtered over Celite a second time, and volatiles were removed in vacuo. Yield:
0.063 g, 82%. 'H NMR (400 MHz, Ds-Py, 298 K): & = 8.85 (s, 2H, HC=N), 7.36
(d, 2H, 3Jun = 8Hz, Ar-H), 7.18 (d, 2H, 3Jun = 8Hz, Ar-H), 6.92 (t, 2H, 3Jnn = 8 Hz,
Ar-H), 4.28 (m, 2H, cyclohexyl), 4.04 (q, 4H, 3Jun = 8Hz, OCH2CHB3), 2.36 (m, 2H,
cyclohexyl), 1.77 (2H, m, cyclohexyl), 1.38 (m, 2H, cyclohexyl), 1.33 (t, 6H, 3JuH
=7 Hz, OCH2CHs). 13C NMR (100 MHz, Ds-Py, 298 K): 5 = 163.94 (C=N), 152.75

(Ar-C), 127.37 (Ar-C), 124.49 (Ar-C), 117.45 (Ar-C), 116.36 (Ar-C), 114.71 (Ar-
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C), 68.32 (cyclohexyl), 63.62 (OCH2CH3s), 30.86 (cyclohexyl), 24.79 (cyclohexyl),
15.01 (OCH2CH3s). IR (cm™): 2930 (C-H), 2061 (Ns), 1603 (C=N), 1558 (C=C).
Elemental analysis of (L)Th(N3)2(Py)2¢(1.5 CH2Cl2, 0.5 Py): Theoretical: C: 43.48,

H: 4.18, N: 14.01; Actual: C: 43.46, H: 4.42, N: 13.69.

4.8.7: Synthesis of [L]U(Cp*)(CI)(1,4-dioxane) (4.5)

To a 20-mL scintillation vial charged with 10 mL of 1,4-dioxane, 4 mL of
pyridine and a small stir bar, (0.101 g, 0.115 mmol) [L]JU(Cl)2(Py)2 (4.1-(Py)) was
added. The yellow-brown mixture was allowed to mix thoroughly, where then
(0.040 g, 0.231 mmol) of K[Cp*] was added. The reaction mixture was then
heated to 60°C and allowed to stir at this temperature overnight (approx. 18 h),
during which the resulting solution became dark red in color. Volatiles were then
removed under vacuum, and the crude product was extracted with benzene. The
extraction products were then filtered over a bed of Celite in a Pasteur pipette.
Volatiles were removed under vacuum at 65°C to afford a red-brown powder.
Yield: 0.043 g, 36%. Crystals suitable for X-ray diffraction were afforded through
slow evaporation from 1,4-dioxane at room temperature. *H NMR (300 MHz,
CeDs, 298 K): & = 49.48 (1H), 38.78 (1H), 37.48 (1H), 36.06 (1H), 34.81 (1H),
32.54 (1H), 26.56 (1H), 25.56 (1H), 25.06 (1H), 23.80 (1H), 22.80 (1H), 18.40
(1H), 8.37 (3H, OCH2CHs3), 5.97 (3H, OCH2CHzs), 1.68 (1H), 1.16 (1H), -0.20
(15H, C5(CHa)s), -4.00 (2H, OCH2CHg), -9.85 (2H, OCH2CHs), -11.03 (1H), -13.32

(1H), -16.76 (1H), -19.28 (1H), -19.94 (1H), -25.33 (1H), -59.49 (1H, HC=N), -

206



95.54 (1H, HC=N). Elemental analysis of (L)U(Cp)2(1,4-dioxane)+2(1,4-dioxane):

Theoretical: C: 51.09, H: 6.24, N: 2.60; Actual: C:51.03, H:5.96, N: 3.01

4.8.8: Synthesis of [L]JU(Cp)2(1,4-dioxane) (4.6)

To a 20-mL scintillation vial charged with 8 of mL 1,4-dioxane and a small
stir bar, (0.075 g, 0.087 mmol) [L]JU(CIl)2(THF)2 (4.1) was added. The yellow-
brown reaction mixture was allowed to mix thoroughly, where then (0.10 mL,
0.174 mmol) of a 2.25 M NaCp solution in THF was added. The reaction mixture
turned transparent and red instantly upon addition of the NaCp solution. The
resulting reaction mixture was heated to 70°C and allowed to stir overnight
(approx. 18 h). [L]JU(Cp)2(1,4-dioxane) was selectively recrystallized from the
reaction mixture through slow evaporation. Yield: 0.059 g, 78%. Elemental
analysis of [L]JU(Cp)2(1,4-dioxane)2¢1.5(KCl): Theoretical: C: 46.73, H: 4.75, N:

2.87; Actual: C: 47.16, H: 4.87, N: 3.11.

4.8.9: Synthesis of [L]Th(Cp)2(1,4-dioxane) (4.7)

To a 20-mL scintillation vial charged with 10 mL of 1,4-dioxane and a small
stir bar, (0.150 g, 0.175 mmol) [L]Th(Cl)2(THF)2 (4.2) was added. The opaque,
yellow reaction mixture was allowed to mix thoroughly, where then (0.18 mL,
0.405 mmol) of a 2.25 M NaCp solution in THF was added. Upon addition of the
NaCp solution, the reaction mixture became translucent but remained yellow. The
resulting solution was heated to 70°C and allowed to stir for 6 days.

[L]Th(Cp)2(1,4-dioxane) was selectively recrystallized from the reaction mixture
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through slow evaporation. Yield: 0.132 g, 88%. 'H NMR (400 MHz, CeDs, 298
K): & =7.95 (s, 2H, HC=N), 6.94 (d, 3Jnn = 8 Hz, 2H, Ar-H), 6.80 (d, 3Jun = 8 Hz,
2H, Ar-H), 6.71 ('t, 3Jun = 8 Hz, 2H, Ar-H), 6.07 (s, 10H, Cp-H), 3.62 (m, 4H,
OCH2CHz), 3.38 (m, 2H, cyclohexyl), 1.83 (m, 2H, cyclohexyl), 1.49 (m, 2H,
cyclohexyl), 1.36 (m, 2H, cyclohexyl), 1.05 (t, 3Jun = 8 Hz, OCH2CHs), 0.81 (m,
2H, cyclohexyl). 13C NMR (100 MHz, Ds-pyridine, 298 K): & = 165.46 (HC=N),
160.87 (Ar-C), 157.17 (Ar-C), 133.27 (Ar-C), 132.42 (Ar-C), 127.66 (Ar-C),
125.93 (Ar-C), 114.21 (cyclohexyl), 113.27 (cyclohexyl), 111.98 (Cp-C), 63.61
(cyclohexyl), 41.61 (OCH2CHs), 15.67 (OCH2CHs). Elemental analysis of
[L]Th(Cp)2(1,4-dioxane)+*1.5(KCI): Theoretical: C: 47.02, H: 4.78, N: 2.89; Actual:

C: 46.88, H: 4.88, N: 3.30.

4.8.10: Synthesis of [L]JU(Br)2(Py)- (4.8)

To a 20-mL scintillation vial charged with 10 mL of pyridine and a small stir
bar, (0.105 g, 0.126 mmol of [L]JU(Cl)2(THF)2 (4.1) was added. The yellow slurry
was allowed to mix thoroughly, where then (0.076 g, 0.487 mmol) of MesSi-Br
was added dropwise via syringe. The resultant reaction mixture was allowed to
stir overnight. Volatiles were removed under vacuum to afford a green solid.
Yield: 0.092 g, 79%. Crystals suitable for X-ray diffraction were afforded through
slow evaporation from chlorobenzene at room temperature over several days. *H
NMR (300 MHz, CDCls, 298 K): 6 = 53.34 (2H), 46.17 (2H), 44.38 (2H), 32.00
(2H), 27.66 (2H), 25.69 (2H), 0.31 (6H, OCH2CHs3), -11.90 (2H), -13.44 (2H), -

21.23 (2H), -23.04 (2H), -92.23 (2H, HC=N).
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4.8.11: Synthesis of [L]Th(Br)2(Py)2 (4.9)

To a 20-mL scintillation vial charged with 8 mL of pyridine and small stir
bar, (0.085g, 0.0977 mmol) [L]Th(Cl)2(Py)2 (4.2-(Py)) was added. The yellow
slurry was allowed to mix thoroughly, where then (0.060g, 0.391 mmol) of MesSi-
Br was added dropwise via syringe. The resultant reaction mixture was then
heated to 60°C and allowed to stir for 3 days, and the reaction mixture then
became an opaque yellow color. Volatiles were removed under vacuum at 65°C
and a pale-yellow powder was afforded. Yield: 0.065 g, 69%. *H NMR (400 MHz,
CDCIls, 298 K): & = 8.59 (s, 2H, HC=N), 7.07 (d, 2H, 3Jun = 8 Hz, Ar-H), 7.03 (d,
2H, 3J1H = 8 Hz, Ar-H), 6.79 (t, 2H, 3JuH = 8 Hz, Ar-H), 4.60 (m, 2H, cyclohexyl),
4.13 (g, 4H, 3JuH = 8 Hz, OCH2CH3), 2.58 (m, 2H, cyclohexyl), 2.09 (m, 2H,
cyclohexyl), 1.73 (m, 2H, cyclohexyl), 1.46 (t, 6H, 3Jun = 8 Hz, OCH2CHjs), 0.88
(m, 2H, cyclohexyl). **C NMR (100 MHz, CDCls, 298 K) & = 163.40 (HC=N),
148.46 (Ar-C), 128.58 (Ar-C), 127.14 (Ar-C), 124.95 (Ar-C), 117.51 (Ar-C),
115.55 (Ar-C), 109.94 (cyclohexyl), 29.68 (cyclohexyl), 24.73 (OCH2CHs), 15.25

(OCH2CHs).

4.8.12: Synthesis of [LJU(I)2(THF)2 (4.10)

To a 20-mL scintillation vial charged with 6 mL of THF and a small stir bar,
(0.564 g, 0.617 mmol) of Uls(1,4-dioxane)2 was added. The clear, red solution
was allowed to mix thoroughly, where then a solution containing 1 equiv. (0.298
g, 0.617 mmol) of the [K]2[L] proligand in 12 mL of THF was added slowly over

the course of 5 min. For preparation, of [K]2[L] see above in preparation of
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complex 4.1. The resultant solution became cloudy and yellow upon addition of
the proligand solution. The reaction mixture was allowed to stir for 48 h at room
temperature. Volatiles were removed under vacuum. The crude product was
extracted with dicholormethane (=50 mL) and filtered over a bed of Celite in a
medium-porosity frit. Volatiles were again removed under vacuum to afford a
yellow-orange powder. Yield: 0.015 g, 2%. *H NMR (300 MHz, CDCls, 298 K): &
= 52.38 (2H), 46.41 (2H), 44.17 (2H), 31.25 (2H), 26.80 (2H), 25.78 (2H), 5.36
(6H, OCH2CHs3), -6.23 (16H, THF), -12.17 (2H), -13.72 (2H), -21.63 (2H), -23.93

(2H), -94.57 (2H, HC=N).

4.8.13: Synthesis of (L)UO2(Py) (4.11)

To a 20-mL scintillation vial charged with 8 mL of pyridine and a small stir
bar, (0.100 g, 0.114 mmol) of (L)UCI2(Py)2 (4.1-(Py)) was added. The opaque
yellow suspension was allowed to mix thoroughly, after which approximately 11
equiv (0.088 g, 1.26 mmol) of NaNO: were added to the solution. After
approximately 1 h of stirring, the color of the solution changed from yellow to
orange. The resulting solution was allowed to stir overnight (~12 h) at 60°C.
Volatiles were removed in vacuo to afford an orange solid. The crude product
was then extracted with dichloromethane (~14 mL) and filtered over a bed of
Celite on a frit and volatiles were removed in vacuo to afford a bright-orange solid.
Yield: 0.087 g, quantitative yield. The product was recrystallized slowly from
CDClz at room temperature as orange plate crystals. *H NMR (300 MHz, CDCls,

298 K): 5 = 10.81 (2H, Py), 9.26 (s, 2H, HC=N), 8.03 (LH, Py), 7.83 (2H, Py), 7.13
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(d, 2H, 3Jun = 8 Hz, Ar-H), 7.11 (d, 2H, 3Jun = 8 Hz, Ar-H) 6.62 (t, 2H, 3Ju1 = 8
Hz, Ar-H), 4.15 (g, 4H, 3Jun = 7 Hz, OCH2CH3s), 2.51 (m, 2H, cyclohexyl), 2.12
(m, 2H, cyclohexyl), 1.93 (m, 2H, cyclohexyl), 1.58 (m, 2H, cyclohexyl) 1.53 (t,
6H, 3Jun = 8 Hz, OCH2CHs3). 13C NMR (100 MHz, CDCIs, 298 K): & = 165.84
(C=N), 159.68 (Ar-C), 150.62 (Ar-C), 125.76 (Ar-C), 123.83 (Ar-C), 117.02 (Ar-
C), 116.47 (Ar-C), 71.04 (cyclohexyl), 64.34 (OCH2CHs), 32.11 (cyclohexyl),
25.14 (cyclohexyl), 15.44 (OCH2CHs). Elemental analysis of (L)UO2(Py)+(2

CDCls): Theoretical: C: 37.33, H: 3.64, N: 4.21; Actual: C: 36.88, H: 3.64, N: 4.18.
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Appendix A

X-ray diffraction data for complexes described in Chapter 2
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Table A-1: X-ray diffraction data for L3U(l) (2.1)

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

Z:Z

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption correction

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
wR(F2 all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [l > 26(1)]
Largest and mean shift / s.u.
Largest diff. peak and hole

WR2 = { = W(Fo? - FDP] | S [w(Fg 22 12

R1 =X ||Fol - IFcll / £ |Fol

Ca3 Hse | N3 Siz U

941.99

monoclinic

P24In

a=115338(7) A a= 90°
b=17.3628(11) A p= 95.9269(8)°
c=20.1160(13) A y=90°
4006.9(4) A3

4.1

1.562 Mg/m3

0.71073 A

100(2) K

1840

4.935 mm-1

semi-empirical from equivalents
0.360 and 0.169

1.553 to 25.809°

40798

7289 [R(int) = 0.0259]
7289/0/370

wR2 = 0.0424

R1=0.0177

0.994

6485

0.003and 0.000

0.663 and -0.370 e/A3
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Table A-2: X-ray diffraction data for [Li(CI)(THF)2][LsU(CI)] (2.2)

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

2z

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption comection

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
wR(F all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [l = 2a(l)]
Largest and mean shift / s.u.
Largest diff. peak and hole

WR2 = { X [W(Fo? - Fc2)2)/ £ [w(Fp 9 1112

R1=Z||Fol - IFcll / Z |Fol

Ca1 Hrz3a Clz Li N3 Oz Sia U
1039.50

monoclinic

F2ile

a=16.8114(16) A a= 90°
b=13.3779(13) A = 90.146(2)"
c=22306(2) A y=90°
5016.6(8) A3

4.1

1.376 Mg/m3

0.71073 A

100(2) K

2105

3.447 mm-

semi-empirical from equivalents
0.445 and 0.267

1.775 to 28.377°

115200

12559 [R({int) = 0.0483]
12559/ 319/ 589

wR2 = 0.0995

R1=0.0404

1.006

10125

0.002and 0.000

2.674 and -2.857 e/A3
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Table A-3: X-ray diffraction data for LoU(Br)(u-Br)sU(Br)L2 (2.5)

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

22

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption correction

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
wR(F2 all data)

R(F obsd data)
Goodness-of-fit on /2
Observed data [l > 2a(1)]
Largest and mean shift / s.u.
Largest diff. peak and hole

WR2 = { £ [W(F? - FDP)1 S [WiFo 221 112

R1=ZX||F| - |Fcll/ £ |Fol

C52 Hag Bl’s Li N4 02 Sl. Uz
1796.17

monoclinic

P24n

a=16.9688(7) A a= 90°
b=20.1935(8) A B=90.0076(7)°
c=19.7887(8) A v=90°
6780.8(5) A3

4.1

1.759 Mg/m3

0.71073 A

100(2) K

3448

7.824 mm-1

semi-empirical from equivalents
0.573 and 0.106

1.008 to 27.833°

130697

16080 [R(int) = 0.0567)
16080/ 17 /1 642

wR2 = 0.0547

R1=0.0235

1.005

13904

0.006and 0.000

1.266 and -0.880 e/A3
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Table A-4: X-ray diffraction data for U[L]4 (2.6)

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption correction

Max. and min. fransmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parametars
wR(FZ all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [| > 2a(l)]
Largest and mean shift / s.u.
Largest diff. peak and hole

wR2 = {  [w(Fg2 - Fe2)2]/ £ [w(Fy 22 112

R1=Z|IFgl - IFell 1 Z |Fl

Caa Hrz Na Sie U

1007 .44

tetragonal

Pdaln

a=14.4091(11) A o= 90°
b=14.4091(11) A p=90°
c=11.5639(9) A y=90°
2400.9(4) A3

2,14

1.394 Mg/m3

0.71073 A

100(2) K

1024

3.513 mm-!

semi-empirical from equivalents
0.743 and 0.262

1.999 to 28.320°

46696

3000 [R{int) = 0.0304]
3000/0/7120

wR2 = 0.0361

R1=0.0134

0.987

2566

0.001and 0.000

0.432 and -0.281 e/A3
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Table A-5: X-ray diffraction data for Th[L]4 (2.7)

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption comection

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
wR(F2 all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [I = 2a(l)]
Absolute structure parameter
Largest and mean shift / s.u.
Largest diff. peak and hole

WR2 = { T [W(Fp? - Fe2)2] 1 T [w(Fp 2)2) 112

R1=Z||IFgl - IFell 1 Z |Fyl

Caa Hrz N4 Sis Th

1001.45

tetragonal

14

a=14.4058(15) A o= 90°
b=14.4058(15) A p= 90"
c=11.6263(12) A y= 80°
2412.8(6) A3

2,025

1.378 Mg/m3

0.71073 A

100(2) K

1020

3.222 mm-!

semi-empirical from equivalents
0.661 and 0.382

1.999 to 31.583°

13669

3757 [R(int) = 0.0248]

3757 1224 1 248

wRz2 = 0.0312

R1=0.0146

1.001

3755

0.30(3)

0.005and 0.001

0.600 and -0.214 e/A3
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Table A-6: X-ray diffraction data for [L]sU(THF) (2.8)

Empirical formula

Foarmula weight
Crystal system
Space group

Unit ezl dimensions

Volurne

Lz

Density (calculated)
Wavelength

Temperature

F{(000)

Absorplion coefficient
Absorption correction

Mazx. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
wR{F all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [| > 2a(l))
Largest and mean shift / s.u.
Largest diff. peak and hole

wiR2 = [ T [w(Fy2 - F2)2) 1 £ [w(F, 2)2] }112

R1=Z||Fgl - |Fell £ Z [Fal

(Car Haz N3 O Sia U) - 0.5(Cs Hua)
Cap Hee N3 O Sis U

930.28

manoclinic

FP2iin

a=112221(6) A o= 90°
b=187614(11) A p= 91.2144(10)%
&= 2145588(12) A y= 90"
4516.3(4) A3

4.1

1.368 Mg/m?3

071073 A

100{2) K

1888

3.704 mm-

semi-empirical from equivalents
0.424 and 0.240

1.899 to 31.396°

99602

14202 [R(int) = 0.0495]

14202 10/ 433

wR2 = 0.0503

R1=0.0255

1.002

11427

0.006and 0.000

1.500 and -1.158 e/A3
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Appendix B

X-ray diffraction data for complex described in Chapter 3
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Table B-1: X-ray diffraction data for [K][BDPPJU(CH2Ph)2 (3.1)
K* (Csz Haz N2 U) ™ - 3(Cs Hg O)

Empirical formula

Fomula weight
Crystal system
Space group

Unit cell dimensions

Volume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption correction

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
wWR(F2 all data)

R{F obsd data)
Goodness-of-fit on F2
Observed data [l = 23(1)]
Largest and mean shift / s.u.
Largest diff. peak and hole

WR2 = { T [w{Fe? - FP11 2 [W(Fp 21 172

R1=Z|IFl - IRl Z IRl

Cea Hes KMz Oz U

1222 48
monoclinic
P2y
a=25307(3) A
b =23.069(3) A
c=19679(2) A

o= 90°
B= 111.822(2)
-i'I: guu

10665(2) A3

a2

1.523 Mg/m2

071073 A

100(2) K

5008

3.173 mmr!
semi-empirical from equivalents
0.584 and 0.493

1.734 to 25.959°
126423

19671 [R(int) = 0.0514]
19671715/ 1027

WR2 =0.1593
R1=0.0428

0.999

11466

0.007and 0.000

2.995 and -1.399 e/A3
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Appendix C

X-ray diffraction data for complexes described in Chapter 4
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Table C-1: X-ray diffraction data for (L)UCI2(Py)2 (4.1-(Py))

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption cormection

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
wR(F2 all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [| > 2a(l)]
Largest and mean shift / s.u.
Largest diff. peak and hole

WR2 = { T [W{Fy2 - F2P2] 1 £ [WiFg 22 1112

R1=Z||Fgl - IFcll / Z |Fol

Caa Hae Clz Ne Os U

875.61

manoclinic

C2lc

a=19.233(6) A o= 890"
b=19.034(6) A P= 122 796(3)"
c=12.202(4) A y= 80"
3755(2) A3

4,05

1.549 Mg/m3

0.71073 A

100(2) K

1712

4504 mm-

semi-empirical from equivalents
0.687 and 0.411

1.653 to 27 517"

24171

4301 [R(int) = 0.0666]
4301/0/ 204

w2 = 0.1424

F1=0.0424

1.020

33486

0.000 and 0.000

2.368 and -2.619 e/A3
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Table C-2: X-ray diffraction data for (L)ThCl>(Py). (4.2-(Py))
(Cas Haa Clz Ns O4 Th) - (Cs Hs N}

Empirical formula

Formula weight
Crystal system
Space group

Unit cell dimensions

WVolume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption correction

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
WR{F2 all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [1 = 24(1}]
Largest and mean shift / s.u.
Largest diff. peak and hole

wR2 = { Z [w(Fo? - F2P1/ 2 [w(FRo 2P 112

R1=Z IRl - IRl Z 1R

Cae Haa ClzNs Q4 Th

94872
maonoclinic

P2y/c
a=16.806(13) A
b=14283(11) A
c=15268(12) A

o= 90°
B= 92.515(14)
-i'l= guu

I661(5) A3

4.1

1.721 Mg/m3
0.71073 A

100(2) K

1872

4267 mmr!
semi-empirical from equivalents
0.726 and 0.675
2268 to 22 464°
85853

4595 [R{int) = 0.2301]
4595 /493 / 462

wR2 =02203
R1=0.1052

1.071

2708

0.004 and 0.000
2233 and -1.716 e/A3
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Table C-3: X-ray diffraction data for endo-(L)U(Ns)2(Py)2 (4.3-Endo)

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

£ 7

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption correction

Max_. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
wR(F2 all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [| = 2a(l)]
Largest and mean shift / s.u.
Largest diff. peak and hole

wR2 = { T [w(Fy2 - F2)2]/ T [W(Fy 221 P12

R1=Z|IFgl - IFll F Z 1Rl

Cas Hag Nwp Oz U

888.77

monoclinic

P2ilc

a=16872(4)A o= 90°
b=15338(3)A F=93.301(2)F
c=15062(3) A = 90°
3891.3(14) A3

4.1

1.517 Mg/m?

071073 A

100(2) K

1744

4219 mm-1

semi-empirical from equivalents
0.237 and 0.154

1.897 to 26.257"

81766

7117 [R{int) = 0.1176]

T117 70/ 442

wR2 =0.1202

R1=0.0468

1.001

4959

0.003 and 0.000

1.574 and -1.971 e/A3

Note: This sample was a 3-component twin. The intensity data were effectively detwinned by the
data reduction and scaling programs. A dichloromethane molecule was severely disordered and
was eliminated using the Squeeze program.
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Table C-4: X-ray diffraction data for exo-(L)U(N3)2(Py)2 (4.3-Ex0)

Empirical formula

Formula weight
Crystal system
Space group

Unit cell dimensions

Yolume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption correction

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
WR(F2 all data)

R{F obsd data)
Goodness-of-fit on F2
Observed data [l = 2g(1}]
Largest and mean shift / 5.u.
Largest diff. peak and hole

(Cas Haa N1p O4 U) - (C7 Hz)
Ca1 Has Nio Qe U

980.91

triclinic

P1

a=9572(5) A o= T6.878(2)°
b=13791(7)A f= 86 987 (2)°
¢c=16.103(2) A = T1.973(2)F

1968.2(15) A3

2.1

1.655 Mg/m?3
071073 A

100(2) K

972

4179 mor1
semi-empirical from equivalents
0.680 and 0.279
1.29910 31.673°
50881

11866 [R(int) = 0.0574]
11866 / 1149/ 648
WR2 = 0.0945
R1=0.0420

0.990

9414

0.003 and 0.000

2478 and -1.960 e/A3

WR2 = {2 [W{Fo? - F?P] 1 = [Fo 2P 112
R1=Z IRl - IR/ Z IRl

Note: The selected crystal was split. The intensity data were corrected by data reduction and
scaling programs. Three parts of the structure were disordered. The occupancies of atoms C(1)
and C(2) refined to 0.727(8) and 0.273(8) for the unprimed and primed atoms, respectively. The
occupancies of atoms C(10) — C(15) refined to 0.750(5) and 0.250(5) for the unprimed and primed
atoms, respectively. The occupancies of the toluene molecule refined to 0.660(5) and 0.340(5)
for the A- and B-labeled atoms, respectively. Restraints on the positional parameters of the
disordered atoms and the displacement parameters of all atoms were required.
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Table C-5: X-ray diffraction data for (L)U(Cp*)(CI)(1,4-dioxane) (4.5)

Empirical formula

Formula weight
Crystal system
Space group

Unit cell dimensions

WVolume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption comection

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
WR(F2 all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [l = 2a(1)]
Largest and mean shift / s.u.
Largest diff. peak and hole

wR2 = { Z [w(Fo? - Fe? P11 2 [W(Fg 22 72

R1=Z I - IR E 1Rl

(Caa Hst CI N2 Og L) - (C4 Ha O2)
Ca2Hsa CIN2 O U

993.39

monoclinic

P24/n

a=120835(6) A o= 90°
b=145754(7T) A f=95.3391(7)
c=23.9974(11) A = 90°
4208.1(3) A3

4.1

1.568 Mg/m?3

0.71073 A

100(2) K

1992

3.973 mm-!

semi-empirical from equivalents
0.890 and 0.314

1.637 to 27.512°

43219

9663 [R(int) = 0.0446]

9663 / 357 / 546

WR2 = 0.0592

R1=0.0270

1.031

8266

0.015 and 0.000

0.998 and -1.123 e/A3
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Table C-6: X-ray diffraction data for (L)U(Cp)2(1,4-dioxane) (4.6)

Empirical formula

Fommula weight
Crystal system
Space group

Unit cell dimensions

Wolume

2z

Density (calculated)
Wavelength

Temperature

F(D00)

Absorption coefficient
Absorption commection

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
wR(F2 all data)

R{F obsd data)
Goodness-of-fit on F2
Observed data [1 = 24(1)]
Absolute structure parameter
Largest and mean shift / s.u.
Largest diff. peak and hole

WR2 = { T [WMFy2 - F2)]/ = [W(Fg 271 12

R1=Z IFgl - IR Z 1Rl

(Cas Haa N2Og U) - (Cs Hg O2)
Caz Hs4 Nz Oa U

952.90

arthorhombic

Pna2

a=21513(3) A o= 90°
b=146224(15) A B=90°
o =12.4258(12) A = 90°
3908.8(8) A3

4,1

1.619 Mg/m?

071073 A

100{2) K

1904

4.208 mm-!

semi-empirical from equivalents
0678 and 0.419

1.684 to 26.105°

44600

7734 [R{int) = 0.0401]

7734 /335/536

WR2 = 0.0634

R1=0.0281

1.016

6705

0.355(9) (inversion twin)

0.001 and 0.000

1.100 and -0.873 e/A3
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Table C-7: X-ray diffraction data for (L)Th(Cp)2(1,4-dioxane) (4.7)

Empirical formula

Formula weight
Crystal system
Space group

Unit cell dimensions

Wolume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption correction

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
WR(F2 all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [l > 2a(1)]
Largest and mean shift / s.u.
Largest diff. peak and hole

wR2 = { Z [w(Fo? - F? P11 Z [w(Fo 21 172

R1=Z [IFgl - IR E [yl

(Caa Hea N2 Os Th) - 2(C4 Ha O2)
C4g Haz Nz O Th

1035.01

monoclinic

P24/c

a=205126(7T)A o= 90°
b=86783(3) A
¢ = 24.3505(9) A = 90°
4311.9(3) A3

4.1

1.594 Mg/m?3

0.71073 A

100(2) K

2088

3.519 mm-!

semi-empirical from equivalents
0.639 and 0.307

0.998 to 27 507"

89233

9511 [R(int) = 0.0307]

9911 / 766/ 670

wR2 =0.0907

R1=0.0294

1.029

9308

0.003 and 0.000

1.475 and -2.295 e/A3
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Table C-8: X-ray diffraction data for (L)U(Br)2(Py)2 (4.8)
(Cas Haa Bra Ng Qs U) - (Cs Hs CI)

Empirical formula

Formula weight
Crystal system
Space group

Unit cell dimensions

Wolume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption correction

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
WR(F2 all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [1 = 2o(1)]
Largest and mean shift / s.u.
Largest diff. peak and hole

wR2 = { 2 [W{Fe? - F2P1/ = [W(Fo 2111172

R1=Z[IF| - IFII T Z IRl

Cao Haa Brz CIN4 O4 U

1077.08
monoclinic

P 24/C

a = 16.858(3) A
b=14828(2) A
c=15810(2)A

o= 90°
B= 92.136(2)°
.:_.: guu

3949.3(10) A3

4.1

1.812 Mg/m3

0.71073 A

100(2) K

2088

6.247 mm-"
semi-empirical from equivalents
0.745 and 0.521

1.209 to 26.022°
57696

7616 [R({int) = 0.0588]
7616 /07469

WR2 =0.1375
R1=0.0622

0.989

5296

0.001 and 0.000
1.850 and -2.709 e/A3
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Table C-9: X-ray diffraction data for (L)U(O)2(Py) (4.11)

Empirical formula

Formula weight
Crystal system
Space group

Unit cell dimensions

Wolume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absorption correction

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
WR(F2 all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [l = 2a(])]
Largest and mean shift / s.u.
Largest diff. peak and hole

wR2 = { Z [w(Fo? - F? P11 Z [w(F 2711172

R1=Z[IF | - IR T Z 1R

(Ca2g Haa N2 Os U) - (C D Cla)
CaoHauaClrDMN2Os U

B77.99

monoclinic

C2lc

a=273134)A o= 90°
b=92102(13) A = 97.694(2)°
c=26618(4) A = 90*
6635.7(17) A3

g, 1

1.758 Mg/m?3

0.71073 A

295(2) K

3408

5179 mm-'

semi-empirical from equivalents
0.860 and 0.297

1.505 to 28.359°

76032

8293 [R(int) = 0.0561]

B293 /387433

WR2=0.1016

R1=0.0335

0.977

6454

0.001 and 0.000

1.579 and -1.017 e/A3
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Table C-10: X-ray diffraction data for (L)U(CI)(N3)2(Py)2 (4.12)

Empirical formula

Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

ZZ

Density (calculated)
Wavelength

Temperature

F(000)

Absorption coefficient
Absaorption correction

Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections

Data / restraints / parameters
WR(F2 all data)

R(F obsd data)
Goodness-of-fit on F2
Observed data [1 = 2o(])]
Largest and mean shift / s.u.
Largest diff. peak and hole

WR2 = { [W(Fe? - F2P] I [w(Fo 2] 172

R1=Z[IF| - IF T Z IRl

Note: The azide and chloride groups were disordered as well as the separate pyridine. The
occupancies of N5, N6, and N7 refined to 0.508(13), and the occupancy of CI1 refined to
0.492(13). The occupancy of N8, N9, and N10 refined to 0.743(12), and the occupancy of CI2
refined to 0.257(12). The occupancies of N1M — C5M refined to 0.579(19) and 0.421(19) for the
unprimed and primed atoms, respectively. Restraints on the positional and displacement

(Cas Hag Clo7s Nr7s Os U} - (Cs Hs N)
Caz H4z Clo7s Nass O4 U

962.95

monoclinic

F2ylc

a=16.922(2) A o= 90°
b=15.136(2) A F=94.0682(19)°
c=150499(18) A y=90°
3845.0(8) A3

4.1

1.663 Mg/m?

071073 A

100(2) K

1900

4326 mm-1

semi-empirical from equivalents
0.494 and 0.270

1.206 to 26.022°

74558

7575 [R{int) = 0.0383]

7575 /306 /573

WR2 =0.1030

R1=0.0387

1.104

6499

0.002 and 0.000

2.181 and -1.449 e/A3

parameters of all disordered atoms were required.
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