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Abstract

Synthesis and Characterization of Coordination Complexes of Actinide Chalcogenides

by

Danil E. Smiles

Treatment of the U(III) trisamide, [U(NR2)3] (R = SiMe3) with 1 equiv of KSCPhs in the
presence of 1 equiv of 18-crown-6 affords the U(IV) terminal sulfide complex, [K(18-crown-
6)][U(S)(NR2)3] in moderate yield. The reaction of [U(NR2)3] with 1 equiv of KOCPhs
generates a complex mixture of products from which, the U(IV) terminal oxo complex, [K(18-
crown-6)][U(O)(NR»2)3], the U(IV) alkoxide complex, [U(OCPh3)(NR2)3], and the
triphenylmethyl anion salt, [K(18-crown-6)(THF),][CPhs] can be isolated. Addition of 2
equiv of KCg and 18-crown-6 to [U(OCPhs3)(NR2)s] affords both [K(18-crown-
6)][U(O)(NR2)3] and [K(18-crown-6)(THF),][CPhs] via reductive deprotection of the
triphenylmethyl group.

Treatment of [Th(I)(NRz);] with 1 equiv of KOCPh; or KSCPh; affords
[Th(OCPh3)(NR2)3] and [Th(SCPh3)(NR2)3] in moderate yields. Reductive deprotection of
these with 2 equiv KCg and 18-crown-6 generates the Th(IV) terminal chalcogenide
complexes, [K(18-crown-6)][Th(O)(NR2)3] and [K(18-crown-6)][Th(S)(NR2)3], respectively.

Both feature short Th=E distances indicative of multiple bond character.
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Treatment of [U(NR2)3] or [U(I)(NR2)3] with 0.5 or 1 equiv, respectively, of [K(L)][Tez]
(L =18-crown-6, 2,2,2-cryptand) affords the U(IV) terminal tellurides, [K(L)][U(Te)(NR2)s],
[K(L)][U(n?-Te2)(NR2);] in moderate yields. Addition of 0.5 equiv of [K(18-crown-6)][Se]
to [U(NR2)3] generates [K(18-crown-6)][U(n?-Se2)(NR2)3], which can be converted to [K(18-
crown-6)][U(Se)(NR2)3] via addition of 1 equiv of PhsP.

Treatment of [Th(I)(NR2)3;] with 1 equiv of [K(18-crown-6)][Ses4] or [K(18-crown-
6)][Tez] affords the dichalcogenide complexes, [K(18-crown-6)][Th(n?-Se2)(NR2)3] and
[K(18-crown-6)][Th(n>-Te2)(NR2)s], respectively.  These can be converted to the
monochalcogenides, [K(18-crown-6)][Th(Se)(NR2)3] and [K(18-crown-6)][Th(Te)(NR2)s],
via addition of Et3P or Et;P and Hg, respectively.

Addition of 0.125 equiv of Sg or 1 equiv of Se to [K(18-crown-6)][U(S)(NR2)3] generates
the dichalcogenide complexes, [K(18-crown-6)][U(m?-S2)(NR2);] and [K(18-crown-6)][U(n*-
SSe)(NR»)3], respectively. These reactions are reversible and addition of 1 equiv of R3P (R =
Et, or Ph) regenerates [K(18-crown-6)][U(S)(NR2)3] and the corresponding phosphine-
chalcogenide, R3P=E (E =S, Se). [K(18-crown-6)][Um?*S2)(NR2)s] is reversibly converted
to the U(IV) trisulfide, [K(18-crown-6)][U(n*-S3)(NR2)s] via addition or removal of S, with

0.125 equiv of Sg or R3P, respectively.
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1.1  Nuclear Power and the Challenges Associated with Nuclear Waste

The growing demand for energy in addition to the effects that carbon based fuels have on

the climate has turned focus towards alternative energy sources.'

Nuclear power remains a
popular alternative as across the world: there are currently 447 reactors in operation and
another 62 currently under construction.” The amount of power generated varies considerably
by country, for example, in the United States nuclear power accounts for approximately 20%
of all the electricity generated, whereas in France this is closer to 75%.% Despite the benefits
of nuclear power, there remains considerable resistance to its use due, in part, to safety
concerns about operating the power plants, as well as dealing with the waste that is generated.

One of the biggest challenges in the nuclear energy community is the processing and
storage of nuclear waste.> Much of this waste is in the form of spent nuclear fuel, and the
majority of the material in this fuel can be recovered and reused.* This is useful not only
because it makes the overall process more efficient, but also because it reduces the hazards
associated with these wastes. Towards these goals, considerable work has been done to
recover both uranium and plutonium.>> However, removal of the minor actinides, like Np,
Am, and Cm, which account for less than 1% of the waste has proven more complicated.®’
Despite the small percentage of the waste these elements represent, they account for the
majority of the long term radiotoxicity of the waste.® In addition, the presence of the

1.4 As a result, removal of these elements

lanthanides in these wastes poses a problem as wel
is essential for reducing the hazards associated with spent fuel, in addition to recovery and
reuse of other components within the fuel.

A great amount of work has been done designing complexation agents that can preferably

bind the actinides over the lanthanides as a way to afford these separations.®*!? Interestingly,



it has been found that the presence of softer donor atoms in a complexation agent can lead to
a dramatic increase in the preference for the actinide over the corresponding lanthanide.%!?-16
For example, Zhu and co-workers reported that the separation factor for Am*" versus Eu®* for
bis(2,2,4-trimethylpentyl)dithiophosphinic acid was four orders of magnitude greater than the
identical oxygen derivative, bis(2,2,4-trimethylpentyl)phosphinic acid.!® The presence of the
softer donor atoms in the former, sulfur versus oxygen, is believed to be responsible for this
remarkable difference. A variety of other dithiophosphinic acids have been studied, including
bis(o-trifluoromethylphenyl)dithiophosphinic acid, which was found to have a separation
factor for Am** versus Eu®" of ~100,000, the highest reported (Figure 1.1).!%!7' While the
reasons for this are still under debate, it has been posited that the ability of the actinides to

form more covalent bonds with ligands, versus their lanthanide counterparts, may be

responsible.

CF3
& | |
W P \ \l“'P

W W

— —
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CF3

SF.= 3,200 20 100,000

Figure 1.1. Dithiophosphinic acid extractants and separation factors for Am**/Eu**. A, Ref.

12; B & C, Ref. 17.
1.2 Roles of the f-orbitals and Covalency in Actinide Ligand Bonding

The actinides are typically considered hard metal ions whose chemistry is dictated by their
charge and ionic radii.??! Due in part to the similarities between the ionic radii of the actinides
and lanthanides and the preference for the +3 oxidation state, the chemistry of these elements

can be extremely similar.?> Recent studies have demonstrated that in certain situations these

4



elements can behave differently, and this has been attributed to covalency in the actinides and
the ability of the 5f orbitals of the actinides to participate in bonding, more so than the 4f
orbitals of their lanthanide counterparts.?>*® Typically the 4f orbitals are considered core-like
orbitals, whereas the 5f orbitals have been shown to extend farther radially, and are now
thought to play a role in bonding alongside the other valence orbital sets.?%°

As interest has grown in this field more and more evidence for the participation of the 5f
orbitals in bonding has emerged.?** Over the years various methods have been developed to
probe these aspects of actinide ligand bonding.>>3° X-ray absorption spectroscopy (XAS) has

40-43 and

been demonstrated to very useful for measuring the covalency of metal-ligand bonds,
has since been applied to various actinide systems.??2***4 For example, Kozimor and co-
workers investigated the bonding of various of metal chloride complexes, including [UCl¢]*,
using Cl K-edge XAS and found that there is both the 6d and 5f orbitals both play a role in
bonding.**-* These results demonstrated that covalency is important, however, as might be
expected for metal-halide bonds, the degree of covalency was rather small. Similar work by
Shuh and co-workers demonstrated that both the 5f and 6d orbitals play roles in the bonding
of [(CsHsg)2An] (An = Th, U), using C K-edge XAS, further illustrating the utility of this
technique.’

Many of these experiments also employ computational methods, such as Density
Functional Theory (DFT), to complement the experimental analyses. These have also been
used extensively as a standalone method to probe actinide-ligand bonding as well.**** For
example, Hayton and co-workers reported the synthesis and characterization of a series of
chalcogenido substituted uranyl analogues, [Cp 2Co][U(O)E)(NR2);] (E = O, S, Se; R =

SiMes).* The electronic structures of these complexes were investigated using DFT and it



was found that the U-E bonding not only exhibited a considerable amount of covalency, but
also that the 5f orbitals contributed significantly to this bonding. Similarly, Liddle and co-
workers reported the synthesis and characterization of the U(VI) nitride complex,
[UN)(Tren"™9)] (Tren™ = N(CH,CH,NSi'Pr3)3), and analyzed the U-N bond using DFT.>°
This analysis determined that there was a substantial amount of uranium character to both the
o (41%) and & (30%) bonds, indicative of a significant amount of covalency. Furthermore,
the vast majority of the uranium contributions were found to be from the 5f orbitals (o, 89%;
n, 81%). These results illustrate the benefits of using theoretical techniques to study actinide-
ligand bonding, as it relates to covalency and the role of the f orbitals, as well as the value of

studying complexes with actinide-ligand multiple bonds.

1.3  Metal-Ligand Multiple Bonds

Metal-ligand multiple bonded ligands, including oxos, imidos, nitridos, and carbenes, play
extremely important roles throughout inorganic chemistry.’! Transition metal oxos are
extremely important for both enzymatic and synthetic processes.’>>° In particular, an Fe(IV)
oxo species has been shown to be an intermediate in the catalytic activity of cytochrome
P450.5 These enzymes have been shown to be responsible a number of catalytic reactions
including the decomposition of hydrogen peroxide and oxidation of a variety of organic
substrates.’”*® This latter ability has been exploited using synthetic metal oxo complexes, as
well. 361
The importance of metal nitrogen multiple bonded ligands, in the form of imidos and
nitridos, is derived from the role they place in the process of nitrogen fixation. Industrially

this is done via the Haber-Bosch process, which accounts for 1-2% of all energy consumption

in the world and whose importance cannot be understated.®> In nature nitrogen fixation is

6



63,64

carried out by nitrogenase, an iron and molybdenum containing enzyme, whose

mechanism is believed to involve the formation of both imido and nitrido moieties.®>%°

Synthetic complexes that can catalytically reduce dinitrogen have also studied extensively to
gain insight into this mechanism.’®¢7*° For example, Schrock and co-workers studied the
reaction of [(HIPTN3N)Mo] (HIPT = 3,5-(2,4,6-'Pr;CsH2)2-CsH3) with N> to generate NH3,

and were able to isolate and characterize many of the intermediates formed, including imido

and nitrido complexes, along the way.’*"3

The first examples of metal carbene complexes were reported by Fischer and co-workers

in the 1960s and featured a heteroatom stabilized carbene moiety.”*’¢ Since then there have

77-79

been numerous examples reported, including N-heterocyclic carbenes, again possessing

heteroatom stabilization, and alkylidenes, which do not.®%? These complexes have been used

in a wide variety of transformations.®3-*¢ Most notably is their use in olefin metathesis,’"°

for which a Nobel Prize was awarded.”'?
While complexes containing actinide-ligand multiple bonds have not been studied as
nearly as extensively as their transition metal counterparts, there has been a surge of interest

in these complexes over the past several decades.’*® This has led to significant advances

including the synthesis of 0x0,””'%' imido,!®!"! and nitrido complexes,’®!'>!!> among

others. 16127

This includes the synthesis of the first uranium mono oxo complex,
[Cp"2U(O)(E-2,6-Pr,-C¢H3)] (E = O, N), reported by Burns and co-workers in 1993,'?® and
the first thorium mono oxo complex, [(1,2,4-('Bu);CsH2)Th(O)], reported by Zi and co-
workers in 2011.!%" The first carbene complex, [CpsU(CHP(CH3)Ph)], was reported by Gilje

and co-workers in 1981.'"® Additionally, Liddle and co-workers reported the synthesis of the

first uranium terminal nitride complex, [Na(12-crown-4);][UN)(Tren™5)], in 2012.''% Also



of note are the synthesis of several uranium bis-imido complexes reported by Boncella and

109-111

co-workers, in addition to the synthesis of the first transuranic bis-imido complex,

[Np(NDipp)2(‘Buzbipy)2(Cl)] (DIPP = 2,6-Pr,CsH3), reported by Gaunt and co-workers.'?’

However, despite the progress in this field, chalcogenide complexes remain relatively

125,126,129-134

rare.
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Figure 1.2. Examples of complexes with actinide-ligand multiple bonds. A, Ref. 50; B, Ref.
125; C, Ref. 118; D, Ref. 101; E, Ref. 107; F, Ref. 123.

14 General Remarks

The goal of this research is to improve the understanding of actinide ligand bonding
through the synthesis of complexes containing actinide ligand multiple bonds, with a

particular focus upon actinide chalcogenides.



Chapter 2 describes two methods of synthesizing complexes with uranium ligand multiple
bonds using a triphenylmethyl protecting group, including reductive deprotection of this
moiety via addition of an external reducing agent. These complexes are characterized both
by NMR spectroscopy and X-ray crystallography. The differing reactivity observed, and how
this relates to the BDEs of the bonds being cleaved, is also discussed.

Chapter 3 details the synthesis of complexes with thorium ligand multiple bonds utilizing
the reductive deprotection protocol developed in chapter 2. X-ray crystallography and NMR
spectroscopy are used to characterize these complexes. Additionally, DFT analysis is
performed to study the electronic structure of these complexes and their uranium analogues
from chapter 2.

Chapter 4 describes a new method for the synthesis of polychalcogenide salts, and the use
of this method to synthesize new ditelluride and tetraselenide salts. These polychalcogenides
are used to synthesize new uranium terminal selenides and tellurides. X-ray crystallography
and NMR spectroscopy are used to study these complexes.

Chapter 5 describes the synthesis of the first terminal selenides and tellurides of thorium
using the polychalcogenides salts described in chapter 4. NMR spectroscopies, X-ray
crystallography, and DFT are all used to probe the electronic structure of these complexes,
and a discussion of how NMR spectroscopy coupled with DFT can be used to probe actinide
ligand bonding is also included.

Chapter 6 describes the reactivity of a uranium terminal monosulfide complex,
synthesized in chapter 2, with elemental chalcogens, as well as characterization of the di- and
trichalcogenide complexes that are formed as a result. The reversible nature of these reactions

is discussed in the context of chalcogen atom transfer catalysis, and preliminary results are



discussed. Additionally, the synthesis of a tetrasulfide salt, similar to the polychalcogenides
of chapter 4, and its use in an alternate route to the synthesis of uranium terminal sulfides is
detailed.

Chapter 7 details chalcogen atom transfer to and from a uranium metallacycle complex.
These experiments are discussed in relation to the formation of a previously reported uranium
disulfide complex. In addition, the reactivity of several new chalcogen atom transfer reagents
with uranium are explored and the results are detailed.

Chapter 8 describes the synthesis of a thorium trisulfide complex analogous to the uranium
species of chapter 6. The electrochemistry of these complexes are studied in concert using
cyclic voltammetry in addition to chemical oxidation experiments. The results of these
experiments and how they relate to the chemistry of the [S3] radical anion are described.

Chapter 9 details the synthesis and characterization of a new thorium carbene complex.
X-ray crystallography and NMR spectroscopies were used to characterize this complex.
Additionally, variable temperature NMR spectroscopy was used to probe the thermodynamics
of this species. The results are discussed and compared to those for the identical uranium

complex.
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2.1 Introduction

The growing interest in uranium-ligand multiple bonds is driven by both the unique
reactivity and the insight these species can provide into fundamental concepts of actinide-
ligand bonding. Great strides have been made towards the synthesis and characterization of

3

complexes with these moieties,! and while some areas have seen considerable progress,

examples containing group 16 elements, specifically the heavier chalcogens (S, Se, Te) remain

relatively rare.*>

The first reported example of a terminal actinide chalcogenide was the
uranium(IV) sulfide, [Na(18-crown-6)][U(Cp")2(SBu)(S)], reported by Ephritikhine and co-
workers in 1999.* This complex was synthesized via the reaction of the bisthiolate,
[U(Cp")2(S'Bu)2], with Na(Hg) amalgam. The identification of isobutane and isobutylene in
the reaction mixture suggest the formation of the fert-butyl radical, formed via homolytic C-
S bond cleavage of the S'Bu ligand. Changing the alkyl group of the thiolates from zert-butyl
to isopropyl results in reduction to U(III), rather than C-S bond cleavage. This change is likely
a due to the difference in stabilities between the tert-butyl and isopropyl radicals,® and
demonstrates the difficulty associated with developing a rational route to these complexes. In
2012, Hayton and co-workers reported the synthesis of a series of uranium chalcogenides,
[PhsPCH3][U(E)(NR2)s] (E =S, Se, Te; R = SiMe3),” isolated from the reaction of the U(III)
ylide adduct, [U(H>CPPh3)(NR2);],” with the corresponding elemental chalcogen.
Mechanistic studies suggest that an additional equivalent of the starting U(III) species is
consumed to form the final product, thus limiting the maximum yield to only 50%. In 2016,

Meyer and co-workers and Mazzanti and co-workers reported the syntheses of new U(IV)

terminal sulfides via either deprotonation of a U(IV) thiol, or reaction of a U(III) species with
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Ph;P=S, respectively.®’ These works are important examples of the synthesis of uranium-
chalcogen multiple bonds, and demonstrate that advances are still ongoing.

One of'the biggest challenges to overcome in the synthesis of uranium-chalcogen multiple
bonds is the tendency of these reactions to yield bimetallic bridging species. For example,
reaction of the U(III) tris-amide, [U(NR2)3], with elemental chalcogen (S, Se, Te) affords the
bimetallic bridged monochalcogenides, [U(NR2);]2(p-E).!° Similar outcomes have been
observed a wide variety of different supporting ligand frameworks.”!!"* Because of these
complications new methods for installing these moieties must be developed. Organic
chemists have seen wide success in a variety of synthetic fields due to their ability to install
reactive functional groups in a controlled and selective manner, specifically through the use
of a protecting group. There is a wide range of protecting groups that have been utilized for
the installation of an even wider array of functional groups.!> One of particular interest is the
triphenylmethyl (CPhs) or trityl protecting group, that has been used in organic synthesis for
the protection of alcohols,' thiols,!” and amines.'® Furthermore, the removal of this
protecting group can be accomplished under a variety of different conditions. '

While the use of a trityl protecting group in inorganic synthesis considerably less common,

there are a few examples. Kitajima and co-workers reported in 1994 that the Cu(I) thiolate,
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Scheme 2.1 Synthesis of metal sulfides using a trityl protecting group.
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[Tp'Cu(SCPhs)], undergoes homolytic C-S bond cleavage via thermolysis to form the dimeric
Cu(Il) disulfide, [Tp'Cul2(u-n*m*S2) (Tp' = HB(3,5-Prpz) (Scheme 2.1)."  The

20.21 s also observed in this

triphenylmethyl radical, which couples to form Gomberg’s dimer,
reaction. A similar reaction was reported by Riordan and co-workers in 2008 describing the
formation of a Ni(Il) disulfide complex, [(PhTtB%)Ni]2(u-n*n>-S2) (PhTtB =
phenyl(tris((zert-butylmethyl)thio)methyl)borate) (Scheme 2.1). In addition, in 1997,
Tatsumi and co-workers reported the synthesis of the tantalum(V) terminal sulfide,
[(Cp")Ta(S)(SCPh;)(Cl)], via reaction of [(Cp")TaCl] with 2 equivalents of Ph;CSH;
evidence of the formation of the trityl radical, supporting homolytic C-S bond cleavage, was
also observed.?> Furthermore, Arnold and co-workers demonstrated that reaction of
[U(NR2)3] with CICPh; affords the U(IV) chloride complex, [U(CI)(NR2)3] in addition to

Gomberg’s dimer.?® The examples described all employ homolytic cleavage of the C-E bond
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for removal of the protecting group. However, there are reports of carrying out this cleavage
heterolytically, including the use of Li/naphthalene,**?* or Na in liquid NHj3.26-?

These examples demonstrate that a trityl protecting group can be used to install functional
groups not only in organic systems, but in inorganic systems as well, including those
containing uranium. This chapter describes the use of a triphenylmethyl protecting group to
install terminal chalcogenide moieties and access complexes with uranium ligand multiple
bonds. Removal of this protecting group is accomplished via both homolytic and heterolytic
C-E bond cleavage, the latter of which utilizes an external reducing agent. The development
of this reductive deprotection protocol is detailed, and the scope of the methodology is
explored. The differences observed during the installation of various moieties, and how this
relates to C-E bond strengths, is discussed. The purpose of this work is to demonstrate the
utility of a trityl protecting group for these syntheses, as well as the applicability of these

methods for other complicated actinide and transition metal systems.

2.2 Results and Discussion

2.2.1 Synthesis and Characterization of [K(18-crown-6)][U(S)(NR?);] (2.1) and
[K(2,2,2-cryptand)][U(S)(NR2)3] (2.2)

The addition of 1 equiv of KSCPhs to a solution of [U(NR2)3] in THF-ds results in a color
change from purple to orange. The 'H NMR spectrum of this mixture features a new broad
resonance at -2.48 ppm assignable to a new U(IV) sulfide species, as well as resonances
indicative of the formation of Gomberg’s dimer (Figure A2.1). This reaction proceeds via
spontaneous homolytic bond C-S bond cleavage, as evidenced by the formation of Gomberg’s
dimer. Addition of 1 equiv of KSCPhs, to a solution of [U(NR2)s3] in THF, followed by

Scheme 2.2 Synthesis of [K(L)][U(S)(NR2)3] (2.1, L = 18-crown-6; 2.2, L = 2,2,2-cryptand).
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1 equiv of 18-crown-6 affords [K(18-crown-6)][U(S)(NR2)3] (2.1), which can be isolated as
yellow-orange blocks in 48% yield upon crystallization from diethyl ether (Scheme 2.2).
Similarly, addition of 1 equiv of KSCPhs, to a solution of [U(NR?)3] in THF, followed by 1
equiv of 2,2,2-cryptand affords [K(2,2,2-cryptand)][U(S)(NR2)3] (2.2), as yellow-orange
needles in 45% yield after crystallization from diethyl ether (Scheme 2.1). The 'H NMR
spectrum of 2.1 in benzene-ds exhibits two broad resonances at -2.02 and -1.11 ppm, in a
54:24 ratio, which correspond to the methyl groups of the silylamide ligands and the
methylene groups of the 18-crown-6 moiety, respectively. The '"H NMR spectrum of 2.2, in
benzene-ds, features four resonances at -2.26, 0.32, 1.16 and 1.22 ppm, in a 54:12:12:12 ratio.
These resonances are assignable to the methyl groups of the silylamide ligands as well as the
three distinct proton environments of the 2,2,2-cryptand moiety, respectively. UV-Vis / NIR
spectra of 2.1, and 2.2 are consistent with the presence of a U(IV) metal center (Figure

A2.4)310%8

2.2.2 Solid-State and Solution-State Molecular Structures of 2.1 and 2.2

Complex 2.1 crystallizes in the triclinic spacegroup P1, and it features two independent
molecules in its asymmetric unit. Complex 2.2 crystallizes in the monoclinic spacegroup
P2y/c, as a THF solvate, 2.2-0.5THF. Their solid-state molecular structures are shown in
Figure 2.1, and selected bond distances and angles can be found in Table 2.1. Both complexes
2.1 and 2.2 feature a pseudotetrahedral geometry about uranium, similar to what has been seen

previously for the [U(S)(NR2)3]™ anion in [PhsPCH3][U(S)(NR2);].> The U-S bond distances
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in 2.1 (U1-S1 = 2.4463(6), U2-S2 = 2.4513(6) A) and 2.2 (Ul-S1 = 2.442(2) A) are
significantly shorter than the average U-S single bond length ~2.7 A,* and shorter than those
of other previously reported U(IV) terminal sulfides, [PhsPCH3][U(S)(NR2);] (U-S =
2.4805(5) A),’ [Na(18-crown-6)][U(Cp*)2(SBu)(S)] (U-S = 2.462(2) and 2.477(2) A),*
[K(dibenzo-18-crown-6)][((**M°ArO)stacn)U(S)] (U-S = 2507(1) A),® and
[K2(U(S)(OSi(O'Bu)3)4)]2(u-(18-crown-6)) (U-S = 2.534(2) A).® The S-K bond distances in
2.1 (S1-K1=3.0684(8) and S2-K2 =3.1551(8) A) are similar to the S-Na distances of [Na(18-
crown-6)][U(Cp)2(SBu)(S)] (S-Na = 3.135(4) A),* as well as the S-K bond distance of
[K(dibenzo-18-crown-6)][((**M°ArO)stacn)U(S)] (S-K = 3.136(1) A),? indicative of a weak

dative interaction.

Table 2.1. Selected Bond Distances (A) and Angles (deg) of Uranium Sulfides

Complex 2.1 2.2 [PhsPCH;3][U(S)(NR2)3]*
U-S (av.) 2.4488 2.442(2) 2.4805(5)
S-cation” (av.) 3.112 3.727 3.641(2)
U-N (av.) 2.304 2.311 2.302
N-U-N (av.) 116.8 116.5 115.2

“ Taken from Ref 5

Whereas, 2.1 exists as a contact ion pair in the solid state, 2.2 exists as a separated
cation/anion pair. The long distance between the S** ligand of complex 2.2 and the nearest C
atom of the [K(2,2,2-cryptand)]" moiety (S1-C21B = 3.727 A) is comparable to the interaction
between the S> and the C of the methyl group of the [PhsPCHs;]* moiety in

[PhsPCH3][U(S)(NR2)s] (S1-C1 =3.641(2) A).5
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Figure 2.1. ORTEP diagram of [K(18-crown-6)][U(S)(NR2)s] (2.1) and [K(2,2,2-
cryptand)][U(S)(NR2)s] (2.2:0.5THF) with 50% probability ellipsoids. One molecule of 2.1,
the THF solvate and hydrogen atoms are omitted for clarity. Selected bond lengths (A): 2.1,
Ul-S1 = 2.4463(6), U2-S2 = 2.4513(6), S1-K1 =3.0684(8), S2-K2 = 3.1551(8); 2.2, U1-S1
=2.442(2).

While complexes 2.1 and 2.2 exhibit different structures in the solid state, in solution they
display similar behavior depending upon the nature of the solvent. In a non-polar and non-
coordinating solvent both 2.1 and 2.2 exist as contact ion pairs, with the [K(L)]" moiety
directly interacting with the uranium metal center. This is evidenced by the large
paramagnetic shifts of the resonances attributable to either the 18-crown-6 (-1.11 pm) or 2,2,2-
cryptand (0.32, 1.16 and 1.22 ppm) observed in benzene-ds. When dissolved in a more polar,
more coordinating solvent, such as pyridine-ds, this interaction is broken and complexes 2.1
and 2.2 exist as solvent separated cation/anion pairs (Figure 2.2). This is verified by the

downfield shift of the resonances assignable to the 18-crown-6 (3.30 ppm) and 2,2,2-cryptand
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(2.25, 3.25, and 3.29), closer to that of free 18-crown-6 (3.57 ppm) and 2,2,2-cryptand (2.67,

3.64, and 3.73 ppm).

1 10 9 8 7 6 5 2 1
f1 (ppm)

Figure 2.2. 'H NMR spectra of [K(18-crown-6)][U(S)(NRz);]. Above in pyridine-ds and
below in benzene-ds. (*) indicates the resonance assignable to (N(Si(CH3)3)2)2 and (m)

indicates the resonance assignable to the 18-crown-6 moiety.
2.2.3 Reaction of [U(NR2);] with KOCPh3 and 18-crown-6

The elimination of a triphenylmethyl group was also investigated as a route to synthesize
an analogous oxo species. Addition of 1 equiv of KOCPh; to a frozen, purple solution of
[U(NR?)3], in benzene-ds, in the presence of 1 equiv of 18-crown-6, and warming to room
temperature, results in the immediate color change to deep red, as well as the deposition of a

red solid. After 24 h the "H NMR spectrum obtained reveals the formation of several new
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Figure 2.3. In-situ 'H NMR spectrum of the reaction of [U(NR2)3] with KOCPhs and 18-
crown-6, in benzene-ds. (*) indicates the presence of 2.3, (m) indicates the presence of 2.4, (1)
indicates the presence of HN(SiMes)>, and (#) indicates the presence of hexamethylbenzene.

Note that the N(SiMes) signals for 2.3 and 2.4 overlap.

products, however, evidence for the formation of Gomberg’s dimer is not seen (Figure 2.3).
However, the formation of a new U(IV) oxo complex, [K(18-crown-6)][U(O)(NR2)3] (2.3), is
evidenced by the broad resonance at -4.87 ppm, assignable to the methyl groups of the
silylamide ligands. In addition to complex 2.3, the formation of a U(IV) alkoxide complex,
[U(OCPh;3)(NR2)s], (2.4) is also observed, evidenced by three new broad resonances at 7.44,
8.57 and 17.28 ppm, assignable to the three different aryl proton environments. The red solid
was identified as [K(18-crown-6)(THF)2][CPhs] (2.5) by both spectroscopic and X-ray

crystallographic analyses (Scheme 2.3).
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Scheme 2.3 Reaction of [U(NR2)3] with KOCPh; and 18-crown-6

Phal: —Ph
o I
RN Ul 18-crown-6 || o
2 ~—NR, *+ KOCPh; — > [K(18-crown-6)] RZN“......U'V\NR +
R2N RN 2 R2NI|||||--U|V\NR
2 7 2
RoN
+ [K(18-crown-6)(THF),] o)

SRS
2.2.4 Synthesis and Characterization of [K(18-crown-6)][U(O)(NR2);3] (2.3)

Complex 2.3 can be independently prepared by reduction of the previously reported U(V)
oxo complex, [U(O)(NR2)3].2® Thus, addition of 1.5 equiv of KCs to a deep red solution of
[U(O)(NR2)3] and 18-crown-6, in THF results in a lightening of the color after 10 minutes.
[K(18-crown-6)][U(O)(NR2)3] (2.3) can be isolated in a 50% yield, as pale purple blocks, after

crystallization from diethyl ether (Scheme 2.4).

Scheme 2.4 Synthesis of [K(18-crown-6)][U(O)(NRz)3] (2.3)
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Complex 2.3 crystallizes in the triclinic spacegroup P1, and its solid-state molecular
structure is shown in Figure 2.4. Complex 2.3 is structurally identical to its sulfido analogue,
complex 2.1, featuring a pseudotetrahedral arrangement about uranium and a dative
interaction between the terminal chalcogenide and the [K(18-crown-6)]" moiety. The U-O

bond distance in 2.3 (U1-O1 = 1.890(5) A) is equivalent to that of the previously reported,
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U(IV) oxo complex, [Cp2Co][U(O)(NR2);] (U1-O1 = 1.878(5) A),> which features an
identical [U(O)(NR2)s]” anion. Additionally, the O-K distance in 2.3 (O1-K1 = 2.640(5) A)
is shorter than the S-K in 2.1, consistent with the shorter ionic radius of O> vs. S>". The 'H
NMR spectrum of 2.3, in benzene-ds, consists of two broad resonances at -4.91 and 16.15
ppm, which are in a 54:24 ratio and assignable to the methyl groups of the silylamide ligands
and methylene groups of the 18-crown-6 moiety, respectively. Lastly, the UV-Vis / NIR
spectrum of complex 2.3 is consistent with the presence of a U(IV) metal center (Figure

A2.4)51028

Figure 2.4. ORTEP diagram of [K(18-crown-6)][U(O)(NR2)3] (2.3) with 50% probability
ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths (A): U1-O1 =
1.890(5), O1-K1 = 2.640(5).
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2.2.5 Synthesis and Characterization of [U(OCPh3)(NR?);] (2.4)

Complex 2.4 can also be independently prepared via a simple salt metathesis between the
previously reported U(IV) iodide species, [U(I)(NRz)3], and KOCPh; (Scheme 2.5).
Accordingly, addition of 1 equiv of KOCPh3 to a THF suspension of [U(I)(NR2)3] results in
the formation of a light brown solution concomitant with the deposition of a white precipitate.
Filtration and crystallization from diethyl ether affords [U(OCPh3)(NR2)3] (2.4) as pale purple

plates in 38% yield.

Scheme 2.5 Synthesis of [U(OCPh3)(NR2)s] (2.4)
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Complex 2.4 crystallizes in the triclinic spacegroup P1, as a diethyl ether solvate,
2.4-Et,0, and its solid-state molecular structure is shown in Figure 2.5. Complex 2.4 features
a tetrahedral geometry about uranium, (av. N-U-N = 108.0°, av. N-U-O = 110.9°).
Furthermore, the U-O and U-N bond distances in 2.4 (UI1-O1 = 2.098(3) and av. U-N =2.28
A) are consistent with U-O and U-N single bonds, respectively. The 'H NMR spectrum of
2.4, in benzene-ds, exhibits four resonances at -4.85, 7.74, 8.56, and 17.22, in a 54:3:6:6 ratio,
respectively, attributable to the methyl groups of the silylamide ligands and the p-, m-, and o-
aryl protons of the triphenylmethyl-alkoxide ligand. These resonances correspond well with
those seen in the reaction between [U(NR2)3] and KOCPh; (Figure 2.3), and confirm that

complex 2.4 is forming in this reaction.
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Figure 2.5. ORTEP diagram of [U(OCPh3)(NR2)3] (2.4-Et2O) with 50% probability
ellipsoids. Hydrogen atoms and a diethyl ether solvate are omitted for clarity. Selected bond

lengths (A) and angles (deg): U1-O1 = 2.098(3), O1-C19 = 1.445(6), U1-01-C19 = 177.8(3).
2.2.6 Synthesis and Characterization of [K(18-crown-6)(THF):][CPhs] (2.5)

The last product identified from the reaction of [U(NR2)3] with KOCPhs, [K(18-crown-
6)(THF)2][CPhs] (2.5), can be independently synthesized to further confirm the assignment
and its formation in this reaction. Addition of 1 equiv of KCs to a colorless solution of
triphenylmethane and 18-crown-6 in THF results in the immediate formation of a deep red

solution concomitant with the deposition of a vibrant red solid. After filtration to remove the

Scheme 2.6 Synthesis of [K(18-crown-6)(THF),][CPhs] (2.5)

18-crown-6
PhsCH + KCg — > [K(18-crown-6)(THF),][CPh3]
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Cs formed, the solid was dissolved in additional THF and combined with the deep red filtrate.
Storage of this solution at -25 °C for 24 h affords [K(18-crown-6)(THF)2][CPhs] (2.5) as red
needles in 44% yield (Scheme 2.6). Complex 2.5 crystallizes in the triclinic spacegroup P1,
and its solid-state molecular structure is shown in Figure 2.6. 2.5 exists as cation / anion pair
in the solid state, and the angles around the central carbon (C6-C15-C22 =121.7(3)°, C6-C15-
C19 = 117.8(2)°. C19-C15-C22 = 120.5(2)°) are indicative of an sp? hybridized carbon,
consistent with the presence of a negative charge residing on this carbon. Furthermore, the
metrical parameters of the triphenylmethyl anion are comparable to those of other structurally
characterized molecules containing the triphenylmethyl anion, as well as the perchloro
derivative [K(18-crown-6)][C(CsCls)3].2°*° Complex 2.5 is soluble in THF and pyridine, and
insoluble in diethyl ether and non-polar solvents. The 'H and '3C{'H} spectral data of the
triphenylmethyl anion in 2.5 match with those previously recorded for this material.>! The 'H
NMR spectrum of 2.5, in pyridine-ds, consists of four resonances, a singlet at 3.44 ppm, and
two triplets and a doublet at 6.49, 7.08 and 8.17 ppm, assignable to the 18-crown-6 moiety
and the p-, m-, and o-aryl protons of the triphenylmethyl anion, respectively. The 3C{'H}
NMR spectrum exhibits five resonances, the central carbon appears at 91.14 ppm, while the
expected sixth resonance, attributable to the ipso carbon of the aryl rings, is not seen due to

overlap with a pyridine-ds resonance.

33



Figure 2.6. ORTEP diagram of [K(18-crown-6)(THF)>][CPhs] (2.5) with 50% probability
ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles
(deg): Co6-C15 = 1.466(4), C15-C22 = 1.437(4), C15-C19 = 1.458(4), C6-C15-C22 =
121.7(3), C6-C15-C19 = 117.8(2). C19-C15-C22 = 120.5(2).

2.2.7 Investigation of the Reaction of [U(NR?)3] with KOCPh3; and 18-crown-6

In order to better understand the formation of complexes 2.3, 2.4, and 2.5, the reaction of
[U(NR2)3] with KOCPh; and 18-crown-6 was monitored by 'H NMR spectroscopy. Addition
of 1 equiv of KOCPh; to a cold (-25 °C) solution of [U(NR2)3] and 1 equiv of 18-crown-6

results in the formation of a deep purple/red solution.
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Figure 2.7. In-situ "H NMR spectrum of the reaction of [U(NR2);] with KOCPhs and 18-
crown-6, in THF-ds, after standing at -25 °C. (*) indicates the presence [K(18-crown-
6)][U(OCPh3)(NR2)s3], (m) indicates the presence of 2.3, (#) indicates the presence of 2.4, ()
indicates the presence of HN(SiMe3)», (I) indicates the presence of hexamethylbenzene, and
(o) indicates the presence of as-yet-unidentified products. Note that the N(SiMes), signals
for 2.3 and 2.4 overlap.

A 'H NMR spectrum was obtained after standing for 30 min at -25 °C. This spectrum
reveals the formation of a new species, that is tentatively assigned to a U(III) alkoxide
complex, [K(18-crown-6)][U(OCPh3)(NR2)3]. This assignment is based upon the presence of
four new resonances at -8.37, 7.57, 8.33, and 17.02 ppm, in a 54:6:3:6 ratio. These resonances
are attributable to the methyl groups of the silylamide ligands, and the m-, p-, and o- aryl
protons of the triphenylmethyl alkoxide ligand, respectively (Figure 2.7). In addition,

resonances attributable to complexes 2.3 and 2.4 are also observed. After warming to 25 °C
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the resonances associated with [K(18-crown-6)][U(OCPhs3)(NR2)3] disappear, and those

associated with complexes 2.3 and 2.4 grow in intensity. These observations can be explained

Scheme 2.7 Proposed Mechanism for the Formation of Complexes 2.3, 2.4 and 2.5
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via two different mechanisms. In the first the U(II) alkoxide, [K(18-crown-

6)][U(OCPh3)(NR2)3], undergoes a disproportionation, in which one molecule of this U(III)
species, reduces the triphenylmethyl fragment of a second molecule. The first molecule is
thereby oxidized to form complex 2.4, and reduction of the second molecule initiates
heterolytic cleavage of the C-O bond, and gives rise to the formation of complexes 2.3 and
2.5 (Scheme 2.7). The second mechanism invokes the formation of a U(V) intermediate. In
this case, the U(IIl) alkoxide, undergoes heterolytic cleavage to form the U(V) oxo,
[U(O)(NR2)3] and complex 2.5. This is followed by the reaction of another molecule of the
U(III) alkoxide with this U(V) oxo that results in formation of both complexes 2.3 and 2.4

(Scheme 2.8).
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Scheme 2.8 Alternative Mechanism for the Formation of Complexes 2.3, 2.4 and 2.5
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2.2.8 Reaction of [U(OCPh3)(NR3)3] (2.4) with KCs and 18-crown-6

The first mechanism (Scheme 2.7) suggests that removal of the triphenylmethyl group, in
this system, can be achieved via reduction with an external reducing agent, similar to what

has been seen in organic systems.?*?” To test this hypothesis the reaction of complex 2.4 with
an external

Scheme 2.9 Reductive Deprotection of [U(OCPh3)(NR2)3] (2.4)
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reducing agent was investigated. Addition of 1 equiv of KCs to a THF solution of 2.4 in the
presence of 18-crown-6, results in the formation of complexes 2.3 and 2.5, which can be

isolated in 36% and 52% yields, respectively (Scheme 2.9). This reaction supports the first
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mechanism, and is the first example of reductive deprotection of a triphenylmethyl group to
form a terminal oxo ligand, which supports the idea that traditional organic synthetic protocols

can be applied to inorganic systems.

2.2.9 Reaction of [U(O)(NR2);] with [K(18-crown-6)][CPhs] (2.5)

In the second mechanism (Scheme 2.8), the first step affords both complex 2.5 and
[UO)(NR2)3] via heterolytic cleavage of the U(IIl) alkoxide, [K(18-crown-
6)][U(OCPh3)(NR2)3]. In order to probe the viability of this mechanism, the reaction of
[U(O)(NR2)3] with [K(18-crown-6)][CPhs3] (2.5), the microscopic reverse of the first step, was

explored (Scheme 2.10).

Scheme 2.10 Reaction of [U(O)(NR2)3] with [K(18-crown-6)][CPhs] (2.5)
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Monitoring the reaction of 1 equiv of 2.5 with [U(O)(NR2)3], in THF-ds, over the course of
90 min reveals the formation of complex 2.3 and Gomberg’s dimer (Figure 2.8). Since no
evidence for the formation of either [U(O)(NR2)3] or Gomberg’s dimer is observed in the
reaction of [U(NR2)3] with KOCPhz and 18-crown-6 (Figure 2.3), it again suggests that the

first mechanism, involving disproportionation, is the operative one (Scheme 2.7).
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Figure 2.8. In situ '"H NMR spectrum of the reaction of [U(O)(NR2)3] with 2.5 after 90 min
in tetrahydrofuran-ds. (*) indicates the presence of 2.3 and (w) indicates the presence of

Gomberg’s dimer.
2.2.10 Synthesis and Characterization of [Li(NHCPh3)(THF)] (2.6)

With the desire to extend the deprotection protocol to the synthesis of an imido complex,
the triphenylmethyl-amide salt was synthesized. This procedure is a modification of a
literature procedure that did not isolate nor characterize the product.?> Thus, addition of 1
equiv of n-BuLi to a 1:1 THF / diethyl ether solution of Ph3CNH2: results in the formation of
a salmon colored solution. A salmon colored precipitate forms after 5 min, after which the
solvent was removed in vacuo. Crystallization of this material from THF layered with hexanes
affords [Li(NHCPhs3)(THF)] (2.6) as a salmon colored crystalline solid in 80% yield. The 'H
NMR spectrum of complex 2.6, in THF-ds, consists of six resonances. There are two

multiplets at 1.77 and 3.62 ppm are assignable to the coordinated molecule of THF. The four
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remaining resonances, a singlet, two triplets, and a doublet, at -0.26, 6.99, 7.08, and 7.27 ppm,
are in a 1:3:6:6 ratio, and correspond to the N-H and p-, m-, and o-aryl proton environments,
respectively. The '*C{'H} NMR spectrum of 2.6 exhibits five resonances at 73.11, 124.79,
127.11, 129.37, 157.87 ppm, attributable to the quaternary, p-, m-, and o- aryl, and ipso carbon
environments, respectively. Lastly, the 'Li{'H} NMR spectrum exhibits a single broad

resonance at 1.84 ppm as expected.

2.2.11 Synthesis and Characterization of [Li(12-crown-4);][U(NHCPh3)(NR2)3]
2.7

With complex 2.6 in hand its reactivity with [U(NR2)3] was explored. Addition of 1 equiv
of [LiNHCPh3)(THF)] (2.6) to a THF-ds solution of [U(NR2)3] was followed by the addition
of 2 equiv of 12-crown-4 after 30 min. No evidence is observed for either the formation of
Gomberg’s dimer or the triphenylmethyl anion. However, a set of new broad resonances,

assignable to a new U(IIl) amide complex, are observed. This experiment was then repeated

Scheme 2.11 Synthesis of [Li(12-crown-4),][U(NHCPh3)(NR2)3] (2.7)
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on a preparative scale; addition of 1 equiv of [LiNHCPh3)(THF)] (2.6) to a THF solution of
[U(NR?)3] followed shortly by the subsequent addition of 2 equiv of 12-crown-4 results in the
formation of a dark red-brown solution after 90 min. Crystallization from diethyl ether affords
[Li(12-crown-4);][U(NHCPh3)(NR2)3] (2.7), as a dark red-brown microcrystalline solid in

42% yield (Scheme 2.11). The 'H NMR spectrum of 2.7 features five broad resonances at -
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7.41, 3.64, 6.22, 7.36, and 12.23 ppm, in a 54:24:3:6:6 ratio. These five resonances are
assignable to the methyl groups of the silylamide ligands, the methylene groups of the 12-
crown-4 moieties, and the p-, m-, and o-aryl protons of the triphenylmethyl group,
respectively. The expected sixth resonance, attributable to the N-H proton of the [NHCPhs]~
is not observed. Despite its absence, the UV-Vis/NIR spectrum of complex 2.7 is consistent
with a U(IIT) metal center (Figure A2.4).

Complex 2.7 crystallizes in the orthorhombic spacegroup Pra2i, and its solid-state
molecular structure is shown in Figure 2.9. Complex 2.7 features a tetrahedral geometry about
uranium (av. N-U-N = 109.2°). The U-Nyiyi bond distance (U1-N4 = 2.342(4) A) and the U-
N-C angle (U1-N4-C19 = 151.2(3)°) are similar to those observed in the previously reported
U(III) amide, [K(THF)2]o[UNNH-2,6-Pr.CsHs)s] (av. U-N = 2.34 A; av. U-N-C = 149°),3
further supporting the presence of a U(III) center. Additionally, the U-Nyit1 bond distance is
markedly longer than the U(IV)-Nimido bond lengths of the structurally similar,

[K]J[UNCPhs)(NR2)3] (U-N = 1.993(1) A) or [K][U(NSiMe3)(NR2)s] (U-N = 2.010(3) A).3*
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Figure 2.9. ORTEP diagram of [Li(12-crown-4):][UNHCPh3;)(NR2)3] (2.7) with 50%
probability ellipsoids. Hydrogen atoms, except the N-H proton, are omitted for clarity.
Selected bond lengths (A) and angles (deg): U1-N4 = 2.342(4), U1-Nnr. (av.) = 2.402; Ul-
N4-C19 = 151.2(3), N-U-N (av.) = 109.2.

2.2.12 Synthesis and Characterization of [UNHCPh3)(NR2)3] (2.8)

Scheme 2.12 Synthesis of [UNNHCPhs)(NRy):] (2.8)
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Attempts to remove the triphenylmethyl group of complex 2.7 were unsuccessful via
reduction, however, during these experiments it was determined that 2.7 can be readily
oxidized. Consequently, addition of 1 equiv of AgOTf to a THF solution of 2.7 results in a
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color change from yellow-orange to yellow concomitant with the deposition of a black
precipitate.  Crystallization from diethyl ether affords the new U(IV) amide complex,
[U(NHCPh;3)(NR2)3] (2.8), which can be isolated in 56% yield (Scheme 2.12). The 'H NMR
spectrum of 2.7 in THF-ds exhibits 3 broad resonances at -2.92, 1.62 and 4.51 ppm, in a 54:6:9
ratio, assignable to the methyl groups of the silylamide ligands, the m-, and overlapping p-
and o-aryl protons of the triphenylmethyl ligand, respectively. In benzene-ds, these peaks no
longer overlap, and two distinct resonances can be observed in a 3:6 ratio (Figure A2.3).
Similar to complex 2.7, the resonance assignable to the N-H proton was not able to be
definitively assigned. It should be noted that all attempts to cleave the C-N bond of complex

2.8 via reduction simply regenerated the U(IIl) amide (2.7).

Figure 2.10. ORTEP diagram of [U(NHCPh3)(NR2)3] (2.8) with 50% probability ellipsoids.
Hydrogen atoms, except the N-H proton, are omitted for clarity. Selected bond lengths (A)
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and angles (deg): U1-N4 =2.237(2), Ul-Nnr. (av.) =2.275; U1-N4-C19 = 151.0(2), N-U-N
(av.) =109.4.

Complex 2.8 crystallizes in the triclinic spacegroup P1, and its solid-state molecular
structure is shown in Figure 2.10. Complex 2.8 is structurally identical to the
[UNHCPh;3)(NR2)3]™ anion of complex 2.7, featuring a tetrahedral geometry about uranium
(av. N-U-N = 109.4°) as well as a bent U-N-C angle of 151.0(2)°. One notable difference is
the U-Nyiy1 bond distance in 2.8 (U1-N4 = 2.237(2) A), which is slightly shorter than the
corresponding bond distance in complex 2.7, consistent with the decrease in ionic radius going
U(III) to U(IV).* Furthermore, the UV-Vis / NIR spectrum of complex 2.8 is consistent with
a U(IV) metal center,>!%?8 and similar to other structurally similar U(IV) complexes (Figure

A2.4).

2.2.13 Bond Dissociation Energy and Cleavage of the Triphenylmethyl Group.

The differing reactivity observed between [U(NR2)s3] and the varying [ECPhs]™ ligands is
due to several competing properties. The triphenylmethyl cleavage and formation of
complexes 2.1, 2.2, and 2.3 can be explained in part as being driven by the favorable U(III/IV)
redox potential. However, this alone cannot explain the differences between KSCPhs; and
KOCPh; that are observed. In addition to any favorable redox component, there is also an
enthalpic component dependent upon both the bond dissociation energy (BDE) of the C-E
bond being broken as well as the BDE of the new U-E bond being formed. Data for
triphenylmethyl-heteroatom BDEs is not known, however, the C-E BDEs of a series of benzyl
derivatives, PhCH2EH, (E =S, 60.4 kcal/mol; O, 81 kcal/mol; NH, 74.0 kcal/mol) is known.
636 Taking into account this data, the spontaneous C-S bond cleavage and release of the

triphenylmethyl radical in the reaction with KSCPhs can be explained by the relatively weak
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C-S bond. This does not occur with the oxygen or nitrogen derivatives because of the stronger
C-E bond in both these cases. However, disproportionation is an operative pathway in the
case of the oxygen analogue, due to the oxophilic nature of uranium, which favors the
formation of U-O multiple bonds,*” and is likely not seen in the case of the nitrogen analogue
because the energy required to break the C-N bond of [HNCPhs] is not outweighed by that of

the new U-N multiple bond.

2.3 Summary

In summary, this chapter details the synthesis of new uranium-ligand multiple bonds
utilizing a triphenylmethyl protecting group as the means of installation. Reaction of
[U(NR2)3] with KSCPhs, in the presence of 18-crown-6, affords the U(IV) sulfide, [K(18-
crown-6)][U(S)(NR2)3] (2.1) via homolytic C-S bond cleavage. This contrasts with the
reaction of [U(NR2)3] with KOCPh;, in the presence of 18-crown-6, which yields the
analogous oxo species, [K(18-crown-6)][U(O)(NR2)3] (2.3), as well as the U(IV) alkoxide,
[U(OCPh3)(NR2)3] (2.4), and the carbanion, [K(18-crown-6)(THF),][CPhs] (2.5).
Importantly, [K(18-crown-6)][U(O)(NR2)3] (2.3) can be synthesized rationally; addition of
KCs to alkoxide complex 2.4 generates both complexes 2.3 and 2.5 via reductive cleavage of
the triphenylmethyl fragment. In addition, reaction of [U(NR2)3] with [Li(NHCPhs)(THF)],
in the presence of 12-crown-4, generates the U(Ill) amide, [Li(12-crown-
4):][U(NHCPh3)(NR2)3] (2.7). The divergent reactivities observed are believed to be a result
of the differing bond dissociation energies of the C-E bond of the triphenylmethyl moiety as
well as the new U-E bonds being formed. These results demonstrate the utility of protecting

groups in inorganic syntheses. Furthermore, careful consideration of the installation as well
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as the removal of the protecting group is necessary to successfully install these moieties in a

controlled manner.

2.4  Experimental
2.4.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions under an atmosphere of nitrogen. Hexanes, diethyl ether (Et20), and
toluene were dried using a Vacuum Atmospheres DRI-SOLV Solvent Purification system and
stored over 3A sieves for 24 h prior to use. Tetrahydrofuran (THF) was distilled twice, first
from calcium hydride and then from sodium benzophenone ketyl, and stored over 3A
molecular sieves for 24 h prior to use. Dimethoxyethane (DME) was distilled from sodium
benzophenone ketyl and stored over 3A molecular sieves for 24 h prior to use. Pyridine,
benzene-ds, pyridine-ds, and tetrahydrofuran-ds were dried over 3A molecular sieves for 24 h
prior to use. [UNR2)3],*® [U(O)(NR2)3],2* [U(I)(NR2)3],®® KSCPhs,* KOCPhs,*
LiNHCPhs,*? and Gomberg’s dimer,*' were synthesized according to the previously reported
procedures. All other reagents were purchased from commercial suppliers and used as
received.

NMR spectra were recorded on a Varian UNITY INOVA 400, a Varian UNITY INOVA
500 spectrometer, or a Varian UNITY INOVA 600 MHz spectrometer. 'H and 3C{'H} NMR
spectra were referenced to external SiMes using the residual protio solvent peaks as internal
standards. ’Li{'H} NMR spectra were referenced to external LiCl in D>O. IR spectra were
recorded on a Nicolet 6700 FT-IR spectrometer with a NXR FT Raman Module. UV-Vis /
NIR experiments were performed on a UV-3600 Shimadzu spectrophotometer. Elemental

analyses were performed by the Micro-Mass Facility at the University of California, Berkeley.
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2.4.2 Synthesis of [K(18-crown-6)][U(S)(NR2)s3] (2.1)

To a deep purple, cold (-25 °C), stirring solution of [U(N(SiMes3)2)3] (98.8 mg, 0.14 mmol)
in THF (3 mL) was added dropwise a cold (-25 °C), yellow solution of KSCPhs (46.9 mg,
0.15 mmol) in THF (2 mL). The solution became dark red-orange immediately upon addition,
but lightened to vibrant orange after stirring for 20 min. The solvent was removed in vacuo
and the orange solid was dissolved in hexanes (5 mL). This mixture was filtered through a
Celite column supported on glass wool (0.5 cm x 2 cm) to provide a bright orange filtrate. To
this filtrate was added 18-crown-6 (36.3 mg, 0.14 mmol), which resulted in the deposition of
a yellow-orange solid. The solvent was removed in vacuo, and the resulting yellow-orange
solid was extracted with diethyl ether (6 mL) and filtered through a Celite column supported
on glass wool (0.5 cm x 2 cm). The yellow-orange filtrate was concentrated to 2 mL in vacuo.
This solution was then transferred to a 4 mL scintillation vial which was placed inside a 20
mL scintillation vial filled with toluene (5 mL). Further concentration of the solution occurred
as the diethyl ether slowly transferred, via the vapor phase, into the toluene—containing vial.
Storage of the two-vial system at -25 °C for 24 h resulted in the deposition of yellow-orange
blocks, which were isolated by decanting oft the supernatant (70.1 mg, 48%). Anal. Caled
for C30H7sKN306SSisU: C, 34.16; H, 7.45; N, 3.98. Found: C, 34.20; H, 7.36; N, 3.83. 'H
NMR (400 MHz, 25 °C, benzene-ds): 6 -2.02 (br s, 54H, NSiCHs), -1.11 (br s, 24H, 18-crown-
6). 'HNMR (400 MHz, 25 °C, tetrahydrofuran-ds): & -2.67 (br s, 54H, NSiCHs), 1.46 (br s,
24H, 18-crown-6). IR (KBr Mull, cm™): 608 (w), 665 (w), 687 (w), 756 (w), 773 (w), 841
(s), 937 (m), 964 (m), 1109 (s), 1182 (w), 1252 (m), 1354 (m), 1475 (w), 2895 (m), 2955 (m).
UV-Vis/NIR (C4Hs0, 3.90 mM, 25 °C, L-mol!-cm™): 612 (¢ =10.9), 704 (¢ = 33.0), 720 (&

=28.9), 946 (¢ = 6.1), 1120 (¢ = 21.1), 1216 (¢ = 29.3).

47



2.4.3 Synthesis of [K(2,2,2,-cryptand)][U(S)(NR2)s] (2.2)

To a deep purple, cold (-25 °C), stirring solution of [U(N(SiMe3)2)3] (214.2 mg, 0.30
mmol) in THF (3 mL) was added dropwise a cold (-25 °C), yellow solution of KSCPh3 (96.8
mg, 0.31 mmol) in THF (2 mL). This resulted in an immediate color change to dark orange.
After stirring for 3 min, a cold (-25 °C), colorless solution of 2,2,2-cryptand (113.8 mg, 0.30
mmol) in THF (3 mL) was added dropwise to the orange solution. This solution was allowed
to stir for 1 h, whereupon the orange amber mixture was filtered through a Celite column
supported on glass wool (0.5 cm x 3 cm). The volume of the amber filtrate was reduced to 5
mL in vacuo, and subsequently layered with a mixture of hexanes (6 mL) and DME (0.2 mL).
Storage of this solution at -25 °C for 24 h resulted in the deposition of yellow-orange needles,
which were isolated by decanting off the supernatant (236.1 mg). Recrystallization of this
material from a solution of THF (3 mL) layered with a hexanes (4 mL) and DME (0.1 mL)
yielded analytically pure yellow-orange needles (162.4 mg, 45%). Anal. Calcd for
C36HooKN506SSisU-0.5C4HgO: C, 37.94; H, 7.88; N, 5.82. Found: C, 37.82; H, 7.68; N, 5.79.
'"H NMR (400 MHz, 25 °C, benzene-ds): § -2.26 (br s, 54H, NSiCH3), 0.32 (br s, 12H, NCH,),
1.16 (br s, 12H, OCH>CH:N), 1.22 (br s, 12H, OCH,CH,0). 'H NMR (400 MHz, 25 °C,
pyridine-ds): 6 -2.23 (br s, 54H, NSiCH3), 2.25 (t, 12H, Jun = 4.6 Hz, NCH>), 3.25 (t, 12H,
Jun = 4.6 Hz, OCH>CH,N), 3.29 (s, 12H, OCH>CH>0). IR (KBr Mull, cm™): 608 (w), 663
(W), 688 (W), 754 (w), 771 (w), 841 (s), 883 (m), 933 (s), 951 (s), 1107 (s), 1134 (m), 1182
(W), 1252 (m), 1298 (w), 1356 (m), 1446 (w), 1479 (w), 2816 (w), 2889 (m), 2956 (m). UV-
Vis/NIR (C4Hs0, 5.24 mM, 25 °C, L-mol™-cm™): 704 (¢ = 38.8), 720 (¢ = 33.2), 942 (¢ =

10.7), 1122 (e = 22.7), 1222 (¢ = 30.4), 1512 (£ = 9.2).
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2.4.4 Synthesis of [K(18-crown-6)][U(O)(NR2);] (2.3)

To a deep red, cold (-25 °C), stirring solution of [U(O)(N(SiMe3)2)3] (107.6 mg, 0.15
mmol) in THF (3 mL) was added KCs (34.4 mg, 0.25 mmol). After stirring for 2 min, a cold
(-25 °C) solution of 18-crown-6 (38.5 mg, 0.15 mmol) in THF (2 mL) was added to this
solution. This mixture was allowed to stir for 10 min, whereupon the color became pale red.
Filtration of this mixture through a Celite column supported on glass wool (0.5 cm x 2 cm)
gave a pale purple-red solution. The solvent was removed in vacuo and the solid was extracted
with diethyl ether (6 mL) to provide a pale purple-red mixture. This mixture was filtered
through a Celite column supported on glass wool (0.5 cm % 2 cm), whereupon the volume of
the solution was reduced in vacuo to 2 mL. Storage of this solution at -25 °C for 24 h resulted
in the deposition of pale purple blocks, which were isolated by decanting off the supernatant
(75.7 mg, 50%). Anal. Calcd for C30H7sKN307SisU: C, 34.69; H, 7.57; N, 4.05. Found: C,
34.89; H, 7.66; N, 4.00. "HNMR (400 MHz, 25 °C, benzene-ds): & -4.91 (br s, 54H, NSiCH5),
16.15 (br s, 24H, 18-crown-6). IR (KBr Mull, cm™): 602 (w), 663 (w), 687 (W), 754 (w), 841
(s), 876 (sh), 937 (m), 964 (m), 1107 (s), 1182 (w), 1252 (m), 1286 (w), 1354 (m), 1456 (w),
1475 (w), 2895 (m), 2955 (m). UV-Vis/NIR (C4Hs0, 5.60 mM, 25 °C, L-mol"-cm™): 610

(e = 7.6), 704, (e =23.1), 720 (¢ = 20.3), 948 (e = 4.3), 1120 (¢ =14.8), 1216 (20.5).

2.4.5 Synthesis of [U(OCPh3)(NR3)3] (2.4)

To a light brown, cold (-25 °C), stirring suspension of [U(I)(N(SiMe3)2)3] (160.1 mg, 0.19
mmol) in THF (4 ml) was added dropwise a cold (-25 °C) solution of KOCPh3 (86.8 mg, 0.29
mmol) in THF (2 mL). This resulted in the formation of a light brown solution. After stirring
for 2 h, a fine white precipitate formed (KI). Filtration of this mixture through a Celite column

supported on glass wool (0.5 cm x 2 cm) produced a faint purple filtrate. The solvent was
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removed in vacuo, and the faint purple solid was extracted into diethyl ether (4 mL) and
filtered through a Celite column supported on glass wool (0.5 cm x 2 cm). This yielded a
faint purple filtrate. The volume of this solution was reduced in vacuo to 1 mL. Storage of
this solution at -25 °C for 24 h resulted in the deposition of faint purple plates, which were
isolated by decanting off the supernatant (70.1 mg, 38%). Anal. Caled for C37HeoN30SisU:
C, 45.42; H, 7.11; N, 4.29. Found: C, 45.46; H, 7.26; N, 4.20. '"H NMR (400 MHz, 25 °C,
benzene-ds): 6 -4.85 (br s, 54H, NSiCH3), 7.74 (br s, 3H, p-CH), 8.56 (br s, 6H, m-CH), 17.22
(br s, 6H, 0-CH). IR (KBr Mull, cm™): 474 (w), 611 (m), 638 (w), 660 (m), 700 (m), 760
(m), 775 (m), 849 (s), 891 (s), 997 (m), 1036 (m), 1184 (w), 1252 (s), 1404 (w), 1446 (m),
1491 (w), 2899 (w), 2954 (m), 3024 (w), 3061 (w). UV-Vis/NIR (C4sHsO, 6.00 mM, 25 °C,
L-mol'-cm™): 462 (¢ =10.6), 520 (¢ = 15.9), 578 (¢ = 11.2), 684 (¢ = 55.0), 840 (¢ = 6.4), 908

(e =4.8), 1084 (e = 12.7), 1182 (¢ = 18.3), 1398 (e = 7.2), 1572 (¢ = 11.1).

2.4.6 Synthesis of [K(18-crown-6)(THF)2][CPhs] (2.5)

To a colorless, cold (-25 °C), stirring solution of triphenylmethane (270.9 mg, 1.11 mmol)
and 18-crown-6 (293.2 mg, 1.11 mmol) in THF (5 mL) was added KCsg (150.9 mg, 1.12
mmol). This mixture turned deep red immediately upon addition, and was allowed to stir for
15 min, whereupon a vibrant red solid was deposited. This mixture was then filtered through
a Celite column supported on glass wool (0.5 cm x 3 cm). The red solid was dissolved in
THF (20 mL) and filtered through this same column. The volume of this filtrate was reduced
to 15 mL in vacuo. Storage of this solution at -25 °C for 24 h resulted in the deposition of
vibrant red needles, which were isolated by decanting off the supernatant (339 mg, 44% yield).
Anal. Calcd for C31H30KOg: C, 68.10; H, 7.19. Found: C, 67.99; H, 7.42. 'H NMR (600
MHz, 25 °C, pyridine-ds): 6 3.44 (s, 24H, 18-crown-6), 6.49 (t, 3H, Jun = 6.6 Hz, p-CH), 7.08
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(t, 6H, Jun = 7.5 Hz, m-CH), 8.17 (d, 6H, Jun = 7.8 Hz, 0-CH). *C{'H} NMR (150 MHz, 25
°C, pyridine-ds): 8 70.86 (18-crown-6), 91.44 (C(C¢Hs)3), 114.17 (p-C), 125.09 (0-C), 129.14
(m-C). Resonance assignable to the ipso carbon was not observed due to overlap with a
pyridine-ds resonance. The 'H and *C spectral parameters of the trityl anion in 2.5 match

with those previously recorded for this material.®!

2.4.7 Synthesis of [Li(NHCPh3)(THF)] (2.6)

To a colorless, cold (-25 °C), stirring solution of PhsCNH2 (651.3 mg, 2.51 mmol),
dissolved in a 1:1 mixture of THF/diethyl ether (3 mL), was added a cold (-25 °C) solution of
n-butyllithium (0.36 mL, 0.90 mmol, 2.5M, and 1.00 mL, 1.60 mmol, 1.6M), dissolved in a
mixture of THF (1.5 mL) and hexanes (1.5 mL). The resulting salmon colored mixture was
stirred for 5 min, whereupon a salmon colored precipitate formed. The solvent was removed
in vacuo and the solids were dissolved in THF (5 mL). The volume of this solution was
reduced to 3 mL, and the solution was layered with hexanes (7 mL). Storage of this solution
at -25 °C for 24 h resulted in the deposition of salmon colored crystalline solid, which was
isolated by decanting off the supernatant (673.6 mg, 80% yield). 'H NMR (400 MHz, 25 °C,
tetrahydrofuran-ds): 6 -0.26 (s, 1H, NH), 1.77 (m, 2H, OCH.CH>), 3.62 (m, 2H, OCH:H>),
6.99 (t, 3H, Jun = 7 Hz, p-CH), 7.08 (t, 6H, Jun = 7.4 Hz, m-CH), 7.27 (d, 6H, Jun = 7.2 Hz,
0-CH). "Li{'H} NMR (59 MHz, 25 °C, tetrahydrofuran-ds): § 1.84 (br, s). *C{'H} NMR
(100 MHz, 25 °C, tetrahydrofuran-ds): 6 73.11 (C,), 124.79 (C,), 127.11 (Cy), 129.37 (C,),
157.87 (Cipso). The number of coordinated THF ligands was assumed to be one per Li;
however the amount of THF, as determined by relative integrations in the '"H NMR spectrum,
was always found to be less than one, presumably due to partial removal of THF upon

application of vacuum.
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2.4.8 Synthesis of [Li(12-crown-4);][U(NHCPh;3)(NR2);] (2.7)

To a deep purple, cold (-25 °C), stirring solution of [U(NR2)3] (253.9 mg, 0.35 mmol) was
added a cold (-25 °C) solution of 2.6 (118.3 mg, 0.35 mmol) dissolved in THF (2 mL). After
stirring for 2 min, a cold (-25 °C) solution of 12-crown-4 (130.8 mg, 0.74 mmol) in THF (2
mL) was added to the mixture. This mixture was allowed to stir for 90 min during which time
the color of the solution became a dark red-brown. The solvent was removed in vacuo and
triturated with diethyl ether (3 mL) and hexanes (3 mL). Extraction of the solids with diethyl
ether (15 mL) and subsequent filtration through a Celite column supported on glass wool (0.5
cm X 3 cm) provided a dark red-brown solution. The volume of this solution was reduced in
vacuo to 7 mL. Storage of this solution at -25 °C for 24 h resulted in the deposition of a dark
red-brown microcrystalline solid, which was isolated by decanting off the supernatant (200.4
mg, 42%). Anal. Calcd for Cs3sH102LiN4OgSisU: C, 47.62; H, 7.69; N, 4.19. Found: C, 47.71;
H, 7.87; N, 4.15. 'H NMR (400 MHz, 25 °C, tetrahydrofuran-ds): & -7.41 (br s, 54H,
N(SiCHsz)2), 3.64 (br s, 32H, 12-crown-4), 6.22 (br s, 3H, p-CH), 7.36 (br s, 6H, m-CH), 12.23
(br s, 6H, 0-CH). "Li{'"H} NMR (59 MHz, 25 °C, tetrahydrofuran-ds): & -0.41 (br, s). IR
(KBr Mull, cm™): 702 (m), 766 (w), 847 (m), 887 (w), 914 (m), 930 (m), 1026 (w), 1070 (m),
1095 (s), 1134 (s), 1182 (w), 1252 (m), 1290 (w), 1304 (w), 1363 (w), 1446 (w), 1489 (w),
1597 (w), 1630 (w), 2866 (m), 2918 (m), 2955 (m). UV-Vis/NIR (C4HsO, 4.18 mM 25 °C,

L-mol-cm™): 932 (¢ =82.7), 1024 (¢ = 56.0), 1216 (£ = 20.8), 1482 (¢ = 6.4), 2144 (¢ = 16.8).

2.4.9 Synthesis of [UINNHCPh3)(NR2);] (2.8)

To a deep red-brown, cold (-25 °C), stirring solution of [Li(12-crown-
4):][UNHCPh3)(NR2)3] (2.7) (215.3 mg, 0.16 mmol) in THF (4 mL) was added AgOTf (42.3

mg, 0.16 mmol). This mixture was allowed to stir for 10 min during which a black precipitate
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forms. This mixture was then filtered through a Celite column supported on glass wool (0.5
cm x 3 cm) to give yellow-orange filtrate. The solvent was then removed in vacuo to give a
yellow-orange solid. This was then extracted with diethyl ether (4 mL) and filtered through a
Celite column supported on glass wool (0.5 cm x 3 cm) to give a cloudy yellow-orange
solution. This solution was then filtered again through a Celite column supported on glass
wool (0.5 cm x 3 cm) to give a yellow-orange filtrate. The volume of this filtrate was reduced
in vacuo to 3 mL. Storage of this solution at -25 °C for 24 h resulted in the deposition of
yellow-orange crystals, which were isolated by decanting off the supernatant (56.0 mg, 36%).
The supernatant was then concentrated in vacuo to 1.5 mL and storage of this solution at -25
°C for 24 h resulted in the deposition of additional yellow-orange crystals. Total yield: 88.6
mg, 56%. Anal. Calcd for C37H70N4SisU: C, 45.46; H, 7.22; N, 5.73. Found: C, 45.34; H,
7.41; N, 5.81. '"HNMR (400 MHz, 25 °C, tetrahydrofuran-ds): § -2.92 (br s, 54H, N(SiCH5)>),
1.62 (br s, 6H, m-CH), 4.51 (br s, 9H, overlapping p-CH and 0o-CH). 'H NMR (400 MHz, 25
°C, benzene-ds): 6 -2.82 (br s, 54H, N(SiCHs)»), 1.97 (br s, 6H, m-CH), 4.40-4.48 (m, 3H, p-

CH), 4.53 (br s, 6H, 0-CH). IR (KBr Mull, cm™):

2.4.10 Reaction of [U(NR)3] with KSCPh;

To a purple solution of [U(N(SiMes)2)3] (19.9 mg, 0.028 mmol) in tetrahydrofuran-ds
(0.75 mL), in an NMR tube fitted with a J-Young valve, was added a faint yellow solution of
KSCPhs (9.7 mg, 0.031 mmol) in tetrahydrofuran-ds (0.5 mL) A color change to orange was
observed immediately upon addition. After 5 min a '"H NMR spectrum was obtained that
revealed the formation of 2.1 and Gomberg’s dimer. 'H NMR (400 MHz, 25 °C,
tetrahydrofuran-ds): 6 -2.48 (br s, 54H, NSiCHs, 2.1), 5.21 (m, 1H, allylic), 5.98 (m, 2H,
vinylic), 6.23 (m, 2H vinylic), 6.90-7.56 (m, 25H, aryl CH).
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2.4.11 Reaction of [U(NR?)3] with KOCPh; and 18-crown-6

Room Temperature

To a purple, frozen (-25 °C) solution of [U(N(SiMes)2)3] (27.6 mg, 0.038 mmol), 18-
crown-6 (10.0 mg, 0.038 mmol), and hexamethylbenzene (HMB) (4.4 mg, 0.027 mmol) in
benzene-ds (1.5 mL), in an NMR tube fitted with a J-Young valve, was added a colorless
solution of KOCPh; (10.7 mg, 0.036 mmol) in benzene-ds (0.5 mL). A color change to red
was observed upon warming, concomitant with the deposition of a red solid. This reaction
was monitored by 'H NMR spectroscopy over the course of 24 h. '"H NMR (400 MHz, 25 °C,
benzene-ds): & -4.87 (br s, 54H, overlapping NSiCHj3 resonances from 2.3 and 2.4), 5.93 (br
s, 24H, 18-crown-6), 7.74 (br s, 3H, 2.4 p-CH), 8.57 (br s, 6H, 2.4 m-CH), 17.28 (br s, 6H,
2.4 0-CH). The resonances associated with complex 2.5 were not observed, due to overlap
from the solvent and also its insolubility in this solvent. Comparison of the area of the CH3
resonance of the HMB internal standard to the meta-CH resonance of 2.4 revealed a 61% yield
of this product. Likewise, a comparison of the CH3 resonance of HMB with the Si(CH3)3
resonance of 2.3, after taking into account the amount of complex 2.4 that contributed to this
signal, revealed a ratio of 1.1:1 for 2.3: 2.4, consistent with the proposed reaction
stoichiometry.

Low Temperature

To a purple, cold (-25 °C) solution of [U(N(SiMes)2)3] (19.3 mg, 0.027 mmol), 18-crown-
6 (7.4 mg, 0.028 mmol), and HMB (3.3 mg, 0.020 mmol) in tetrahydrofuran-ds (0.75 mL), in
an NMR tube fitted with a J-Young valve, was added a colorless solution of KOCPh; (8.3 mg,
0.028 mmol) in tetrahydrofuran-ds (0.25 mL). This dark red-purple solution was stored at -

25 °C for 30 min, whereupon a '"H NMR spectrum was obtained. '"H NMR (400 MHz, 25 °C,
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tetrahydrofuran-ds): 6 -8.37 (br s, 54H, [K(18-crown-6)][U(OCPh3)(NR2);] NSiCHz), -2.73
(br s, 54H, overlapping NSiCH; resonances from 2.3 and 2.4), 6.25 (br s, 24H, overlapping
18-crown-6 resonances from 2.3, 2.4, and 2.5), 7.11-7.24 (m, 15H, 2.8 aryl CH), 7.57 (br s,
3H, 6 p-CH), 8.33 (br s, 6H, [K(18-crown-6)][U(OCPh3)(NR2)3] m-CH), 9.33 (br s, 6H, 2.4
m-CH), 12.67 (br s, 3H, 2.4 p-CH), 14.33 (br s, 6H, 2.4 0-CH), 17.02 (br s, 6H, [K(18-crown-
6)][U(OCPh3)(NR2)3] 0-CH). The solution was then allowed to stand at 25 °C for 10 min,
whereupon the solution became vibrant red in color and another '"H NMR spectrum was
recorded. "H NMR (400 MHz, 25 °C, tetrahydrofuran-ds): § -2.69 (br s, 54H, overlapping
NSiCHs3 resonances from 2.3 and 2.4), 7.12-7.25 (m, 15H, 2.5 aryl CH), 7.66 (br s, 24H,
overlapping 18-crown-6 resonances from 2.3, and 2.4), 9.31 (br s, 6H, 2.4 m-CH), 12.66 (br
s, 3H, 2.4 p-CH), 14.31 (br s, 6H, 2.4 0-CH). Comparison of the area of the CH3 resonance
of HMB to the ortho-CH of 2.4 revealed a 99% yield of 2.4. The yield for 2.3 was not able
to be determined due to the broadness of the resonance attributed to N(SiCH3),. The yield of
2.5 was not able to be determined due to overlap of the resonances attributed to the 18-crown-
6 moiety of 2.3.

Isolation of 2.5 from the Reaction Mixture

To apurple, cold (-25 °C). stirring solution of [U(NR2)3] (45.1 mg, 0.063 mmol) in toluene
(2 mL) was added a cold solution of KOCPh3 (20.3 mg, 0.068 mmol) in toluene (2 mL). The
color of the solution became deep red upon addition. After 5 min 18-crown-6 was added (16.0
mg, 0.061 mmol). The solution was then allowed to stir for another 15 min. After stirring the
solution was dried in vacuo, extracted with diethyl ether (6 mL), and filtered through a Celite
column supported on glass wool (0.5 cm x 2 cm). This gave a red-purple filtrate, while a plug

of bright red solid was trapped on the Celite column. This red solid was dissolved in
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tetrahydrofuran (4 mL), which gave a vibrant red solution. The volume of this solution was
reduced in vacuo to 1 mL. Storage of'this solution at -25 °C for 24 h resulted in the deposition
of vibrant red needles, which were isolated by decanting off the supernatant (2.6 mg, 12%).
The identity of the red needles was determined to be [K(18-crown-6)(THF),][PhsC] (2.5) by

X-ray crystallography.

2.4.12 Reaction of [U(NR3)3] with [(LINHCPh3)(THF)] and 12-crown-4

To a deep purple solution of [U(NR2)3] (28.9 mg, 0.040 mmol) in tetrahydrofuran-ds (0.75
mL), was added a solution of 2.5 (13.7 mg, 0.041 mmol) in tetrahydrofuran-ds (0.25 mL).
After standing for 30 min, 12-crown-4 was added (7 pL, 0.043 mmol). This reaction was

monitored by '"H NMR spectroscopy over the course of 15 min.

2.4.13 Reaction of [U(OCPh3)(NR2)s] (2.4) with KCs and 18-crown-6

To a purple, cold (-25 °C), stirring solution of 2.4 (94.9 mg, 0.097 mmol) in THF (2 mL)
was added KCs (26.9 mg, 0.20 mmol), which immediately yielded a dark red mixture. After
2 min, a cold (-25 °C), colorless solution of 18-crown-6 (51.7 mg, 0.20 mmol) in THF (3 mL)
was added to this solution. This mixture was allowed to stir for 2 min, and then stored without
stirring at -25 °C for 24 h. The solvent was then removed in vacuo, the solids were extracted
with diethyl ether (6 mL), and subsequent filtration through a Celite column supported on
glass wool (0.5 cm x 3 cm) provided an orange filtrate, while a plug of bright red solid was
trapped on the Celite column. The volume of the filtrate was reduced in vacuo to 1 mL and
storage of this solution at -25 °C for 24 h resulted in the deposition of faint purple crystalline
solid. This solid was isolated by decanting off the supernatant (36.1 mg, 36%). Dissolution

of the red solid in THF (10 mL) and filtration through the same Celite column gave a bright
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red solution. Drying this solution in vacuo yielded a bright red powder (27.6 mg, 52%). The
purple solid was identified as 2.3 by comparison of its 'H NMR spectrum to that of an
independently synthesized sample. The red solid was identified as 2.5 by comparison of its
"H NMR spectrum to that of an independently synthesized sample. 2.3: 'H NMR (400 MHz,
25 °C, benzene-ds): & -4.90 (br s, 54H, N(SiCHs)2)), 17.00 (br s, 24H, 18-crown-6). 2.5: 'H
NMR (500 MHz, 25 °C, pyridine-ds): 6 3.46 (m, 24H, 18-crown-6), 6.50 (m, 3H, p-CH), 7.08

(m, 6H, m-CH), 8.19 (m, 6H, 0-CH).

2.4.14 Reaction of [U(O)(NR2)s] with [K(18-crown-6)(THF)][PhsC] (2.5)

To a red solution of [U(O)(NR2)3] (12.1 mg, 0.016 mmol) in tetrahydrofuran-ds (1 mL),
in an NMR tube fitted with a J-Young valve, was added a vibrant red solution of 2.5 (12.8
mg, 0.019 mmol) in tetrahydrofuran-ds (0.75 mL). The reaction was monitored by "H NMR
spectroscopy over the course of 90 min, revealing the formation of 2.3 and Gomberg’s dimer.
"H NMR (400 MHz, 25 °C, tetrahydrofuran-ds): § -2.65 (br s, 54H, N(SiCH5)2)), 5.17 (m, 1H,
allylic), 5.94 (m, 2H, vinylic), 6.21 (m, 2H, vinylic), 6.98-7.28 (m, 25H, aryl CH), 9.20 (br s,

24H, 18-crown-6).

2.4.15 Reaction of [K(18-crown-6)][U(O)(NR?);] (2.3) with Gomberg’s dimer

To a faint purple solution of 2.3 (12.7 mg, 0.012 mmol) in benzene-ds (1 mL), in an NMR
tube fitted with a J-Young valve, was added a yellow solution of Gomberg’s dimer (3.3 mg,
0.068 mmol) in benzene-ds (0.5 mL). The reaction was monitored by '"H NMR spectroscopy

over the course of 24 h. No reaction was observed during this time frame.
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2.4.16 Reaction of [U(O)(NR?);] with Gomberg’s dimer

To a bright red solution of [U(O)(NR2)3] (19.7 mg, 0.027 mmol), in benzene-ds (1 mL),
in an NMR tube fitted with a J-Young valve, was added a yellow solution of Gomberg’s dimer
(6.3 mg, 0.013 mmol), in benzene-ds (0.5 mL). This reaction was monitored by '"H NMR
spectroscopy over the course of 24 h. No formation of complexes 2.3 or 2.4 was observed;
however, the formation of the U(IV) metallacycle, [U(CH2SiMe:NSiMes3)(NR2)2], was
observed in the spectrum. This is a known product of the thermal decomposition of

[U(O)(NR2)s].*

2.4.17 Reaction of [K(18-crown-6)][U(O)(NR2);] (2.3) with [K(18-crown-
6)(THF):][CPh3] (2.5)

To a faint purple solution of 2.3 (13.6 mg, 0.013 mmol) in tetrahydrofuran-ds (0.75 mL),
in an NMR tube fitted with a J-Young valve, was added a red solution of 2.5 (12.8 mg, 0.019
mmol) in tetrahydrofuran-ds (0.75 mL). This reaction was monitored by 'H NMR

spectroscopy over the course of 72 h. No reaction was observed during this time frame.

2.4.18 Reaction of [K(18-crown-6)][U(O)(NR2)s] (2.3) with KCs

To a faint purple solution of 2.3 (10.2 mg, 0.01 mmol), in benzene-ds (0.75 mL) in an
NMR tube fitted with a J-Young valve, was added KCs powder (4.0 mg, 0.03 mmol). The
reaction was monitored by 'H NMR spectroscopy over the course of 24 h. No reaction was

observed during this time frame.

2.4.19 X-ray Crystallography

Data for 2.1, 2.2, 2.3, 2.4, 2.5, 2.7, and 2.8 were collected on a Bruker KAPPA APEX II

diffractometer equipped with an APEX II CCD detector using a TRIUMPH monochromator
58


file:///C:/Users/Administrator/Dropbox/Dissertation/Dissertation%20Full%2012-29-15.docx%23complex_2_3

with a Mo Ka X-ray source (o= 0.71073 A). The crystals were mounted on a cryoloop under
Paratone-N oil, and all data were collected at 100(2) K using an Oxford nitrogen gas
cryostream. Data were collected using ® scans with 0.5° frame widths. Frame exposures of
10 s were used for 2.3, 2.7, and, 2.5. Frame exposures of 2 s (low angle), 5 s (medium angle),
and 10 s (high angle) were used for 2.1. Frame exposures of 10 s (low angle) and 15 s (high
angle) were used for 2.2. Frame exposures of 5 s (low angle) and 10 s (high angle) were use
for 2.4 Data collection and cell parameter determination were conducted using the SMART
program.*? Integration of the data frames and final cell parameter refinement were performed
using SAINT software.*> Absorption correction of the data was carried out using the multi-
scan method SADABS.** Subsequent calculations were carried out using SHELXTL.*
Structure determination was done using direct or Patterson methods and difference Fourier
techniques. All hydrogen atom positions were idealized, and rode on the atom of attachment.
Structure solution, refinement, graphics, and creation of publication materials were performed
using SHELXTL.*

The 2,2,2-cryptand of 2.2 exhibited positional disorder and was modeled over two
positions in a 66:34 ratio. In addition, the C-N, C-O, and C-C bond distances were constrained
to 1.45, 1.45, 1.53 A, respectively, using the DFIX command. Furthermore, a disordered THF
solvate in this structure was refined with 50% occupancy. For 2.3, the 18-crown-6 moiety
also exhibited positional disorder. It was modeled over two positions in a 56:44 ratio, while
the C-O and C-C bond distances of the 18-crown-6 molecule were constrained to 1.45 and
1.50 A, respectively, using the DFIX command. Finally, the two THF molecules in 2.5
exhibited positional disorder. A single carbon of one was modeled over two positions in a

62:38 ratio, while the other THF molecule was modeled over two positions in a 66:34 ratio.
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Additionally, the C-O and C-C bond distances of this THF molecule were constrained to 1.45
and 1.50 A, respectively, using the DFIX command. Hydrogen atoms were not assigned to

disordered carbon atoms.

Table 2.2. X-ray Crystallographic Data for Complexes 2.1, 2.2, and 2.3

2.1 2.2-:0.5C4Hs0O 2.3

empirical formula C30H78KN306SSi16U C38HosKNs5O65SSisU  C30H78KN307S1sU
crystal habit, color  block, yellow-orange  needle, yellow-orange plate, purple

crystal size (mm) 0.3x0.3x0.2 0.2 x0.1 x0.1 0.2 x0.2 x0.1
space group P1 P2i/c P1
volume (A?) 5007.7(2) 5946.0(3) 2480.7(3)
a(A) 12.7175(3) 11.2243(3) 11.0235(7)
b (A) 18.8400(5) 16.4779(4) 12.7783(8)
c(A) 21.7489(6) 32.1639(8) 18.3992(12)
a (deg) 91.460(2) 90.00 91.254(4)
f (deg) 105.661(2) 91.774(2) 93.268(4)
y (deg) 92.752(2) 90.00 106.365(4)
Z 4 4 2
formula weight

1054.68 1203.92 1038.62
(g/mol)
density (calculated)
(Mg/m’) 1.399 1.345 1.390
absorption
coefficient (mm) 3.546 2.997 3.538
Fooo 2152 2484 1060
total no. reflections 58315 34949 26297
unique reflections 30057 12361 12156
Rint 0.0508 0.0368 0.0273
final R indices (I R =0.0250 R; =0.0512 R; =0.0535
>20(1)] wR> =0.0539 wR> =0.1473 wR> =0.1277

largest diff. peak
and hole (¢ A?) 2.076 and -2.180 3.502 and -1.191 2.749 and -3.170

GOF 0.901 1.148 1.100

Table 2.3. X-ray Crystallographic Data for Complexes 2.4, 2.5, 2.7, and 2.8

2.4-C4H100 2.5 2.7 2.8
empirical C41H79N30,Si6U C3z9HssKOs  CssHi02LiN4OgSisU  C37H70N4SicU
formula
zgﬁtral habit plate, purple block, red block, red-brown  plate, yellow
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crystal size
(mm)

space group
volume (A%)
a(h)

b (A)

c(A)

a (deg)

p (deg)

y (deg)
VA

formula
weight
(g/mol)
density
(calculated)
(Mg/m®)
absorption
coefficient
(mm™)
Fooo

total no.
reflections
unique
reflections
Rint

final R
indices (I
>20(D)]
largest diff.
peak and
hole (e” A)
GOF

0.2 x 0.2 x0.05
P1
2584.26(16)
11.7031(4)
12.7108(4)
17.4991(7)
90.802(2)
92.647(2)
96.274(2)

2

1052.64

1.353

3.313

1076
24786

12489
0.0230

R; =0.0345
wR> = 0.1257

2.788 and -1.403

1.057

0.4 x 0.4 x
0.2
P1
1854.94(10)
12.4741(4)
12.5528(4)
12.8731(4)
87.589(2)
67.196(2)
86.878(2)
2

1381.86

1.237

0.193

744
30836

10533
0.0428
Ri1 =0.0794
wR, =0.1664
1.497 and -
0.605

3.496
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0.2x0.2x0.2

Pna2,
6494.0(12)
15.8489(17)

34.478(4)
11.8844(13)

90.00

90.00

90.00

4

1336.90

1.367

2.659

2764
47274

13733
0.0524

R; =0.0406
wR> = 0.0644

0.981 and -1.136

1.027

0.1 x0.1x0.1
P1
2281.16(11)
10.6213(3)
11.4947(3)
18.9241(6)
84.613(2)
89.674(2)
82.630(2)

2

977.54

1.423

3.744

992
26343

14077
0.0386
R;=0.0307
wR, = 0.0597
1.138 and -
1.304

0.963



2.5  Appendix
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Figure A2.1. In-situ 'H NMR spectrum of the reaction of [U(NR2)3] with 1 equiv of KSCPhs
in THF-ds.
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Figure A2.2.'"H NMR spectrum of [UNNHCPh;3)(NR2)3] (2.8) in THF-ds. (*) indicates the
presence diethyl ether and (m) indicates the presence of HN(SiMe3)s.
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2.5.1 Synthesis and Characterization of [K(18-crown-6)][U(NTs)(NR2)s3] (2.9)

Schelter and co-workers recently reported the synthesis of the U(IV)
triphenylmethylimido complex, [K][U(NCPh3)(NR2)s3], via the reduction of the analogous
U(V) imido complex with excess KCs.>* Cleavage of the trityl group and formation of a
nitride was not reported, and is likely due in part to the strength of the C-N bond of the imido
ligand, similar to what was seen for the related U(IV) triphenylmethylamide complex, 2.8.
Based upon these results it was hypothesized that use of a different protecting group could
afford access to the desired nitrido complex via the reductive deprotection protocol. A p-
toluenesulfonyl (Ts, MeCsH4SO3) or tosyl protecting group was chosen, as a S-N bond should
be weaker than the corresponding C-N bond.® Also of note, Arnold and co-workers recently
reported the synthesis of several thorium imido complexes via protonation of the Th(IV)
metallacycle, [Th(CH2SiMeaNSiMes)(NR2)2].*¢ Thus, reaction of 1 equiv of KNHTs (Ts =
MeCsH4S02)*” with the U(IV) metallacycle, [U(CH2SiMe2NSiMes)(NR2).], in the presence
of 18-crown-6, in THF affords the U(IV) imido complex, [K(18-crown-6)][U(NTs)(NR2)3]

(2.9), as a tan powder in 78% yield (Scheme 2.13).
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Scheme 2.13 Synthesis of [K(18-crown-6)][U(NTs)(NR2)3] (2.9)

H,C——SiMe, |
N
| | + /O 18-crown-6
wUV—N 7 THF ||
RoN™™ AN / “NHK S
N/ SiMes o RzN"'/U ~—NR,
R,N RN

Crystals suitable for X-ray diffraction were grown from a concentrated pentane solution
stored at -25 °C for 24 h. Complex 2.9 crystallizes in the triclinic spacegroup P1, and its solid
state molecular structure is shown in Figure A2.5. 2.9 features a pseudotetrahedral geometry
about uranium (av. N-U-N = 109.1°). The U-Nimidso bond distance (U1-N4 = 2.084(3) A) of
complex 2.9 is similar to those of other U(IV) imido complexes, including that of

[K][U(NSiMe3)(NR2)3] (U-Nimigo = 2.010(3) A).34
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Figure A2.5. ORTEP diagram of [K(18-crown-6)][U(NTs)(NR2);] (2.9) with 50%
probability ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
angles (deg): UI-N4 = 2.084(3), UI-Nng. (av.) = 2.299, N4-S1 = 1.551(3), N-U-N (av.) =
109.1, U1-N4-S1 =169.7(2).

The '"H NMR spectrum of complex 2.9, in benzene-ds, features two resonances at -2.79
and 2.98 ppm, assignable to the methyl groups of the silylamide ligands and the methylene
groups of the 18-crown-6 moiety. Three additional resonances are observed at 0.69, 4.04 and

4.89 ppm, in a 3:2:2 ratio, attributable to the methyl group and two distinct aryl environments

of the tosyl moiety (Figure A2.6).
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Figure A2.6. "H NMR spectrum of [K(18-crown-6)][U(NTs)(NR2)3] (2.9) in benzene-ds.
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3.1 Introduction

The importance of actinide-ligand multiple bonds to the study of covalency and f-orbital
participation in bonding has spurred intense growth in the development of these species.!'™
The last decade has seen reports of a wide variety of compounds with actinide-ligand multiple
bonds, including oxos,”'? imidos,'*"!> and nitridos,'%!” to highlight a few. Notably, almost all
of these reported complexes are of uranium, and despite the success had with uranium,

examples with other actinides, such as thorium, remain relatively rare.?
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\ .WTHF Me;Si \ 2
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Figure 3.1. Previously reported complexes containing thorium-ligand multiple bonds. A,

Ref. 21; B, Ref. 22; C, Ref. 23; D, Ref. 24; E, Ref. 25.

There are a few examples that have been reported, some of which are shown in Figure 3.1.
The first thorium imido species, [Cp>Th(NAr)(THF)] (Ar = 2,6-dimethylphenyl), was
reported by Eisen and co-workers in 1996, and was synthesized via the reaction of

[Cp"2Th(Me),] with 2,6-dimethylaniline.?! In 2012, Zi and co-workers reported the synthesis
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of a series of terminal imido complexes, [(1n°-1,2,4-'Bu3CsH2),Th(NR)] (R = p-tolyl, PhsC,
Me;Si).2? More recently in 2015, Arnold and co-workers reported the synthesis of mono-,
[K][Th(NDipp)(NR2)3], and bis-imido, [K2][Th(NDipp)2(NR2)2] (R = SiMes, Dipp = 2,6-
Pr,C¢H3) complexes of thorium via protonation of the thorium metallacycles
[Th(CH,SiMexNSiMes)(NR2)2]*¢ and [K][Th(CH.SiMe:NSiMes)2(NR):], respectively, with
KNHDipp.?* The only thorium terminal oxo known, [(n°-1,2,4-'Bu3CsH»)Th(O)(dmap)]
(dmap = dimethylaminopyridine) was reported by Zi and co-workers in 2011.2* This complex
was isolated from the reaction of [(n°-1,2,4-'BusCsH2).Th(NR)] (R = p-tolyl) with Ph,CO.
Several thorium carbene complexes have also been reported.?>?”?® This includes the first
examples reported by Cavell and co-workers in 2011 that all utilized a bis(iminophosphorano)
methanediide ligand [C(Ph,P=NSiMes),]*.>> Also in 2011, Zi and co-workers reported the
synthesis of bis and tris carbene complexes of thorium, utilizing the structurally similar
bis(thiophosphorano) methanediide ligand [C(Ph2P=S)>)]*.?” Lastly, Liddle and co-workers
reported the synthesis of several thorium carbenes again utilizing chelating pincer ligands with
an NCN binding motif.?®

The scarcity of complexes of thorium-ligand multiple bonds can be ascribed to both the
difficulty installing these types of moieties in thorium based systems and the energetics of the
thorium valence orbitals, especially compared to uranium. Specifically, it is believed that the
higher energy of the 5f orbitals of thorium, weaken any metal-ligand n-bonding that may arise,
making it harder to form a multiple bond.?’ Another challenge is the absence of nearly any
metal based redox chemistry associated with thorium.>** Numerous pathways developed for
the synthesis of uranium-ligand multiple bond utilize oxidative atom transfer that cannot occur

in an analogous thorium system due to this lack of redox chemistry. For example, Burns and
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co-workers synthesized the uranium terminal oxo complex, [Cp2U(OAr)(O)] via reaction of
[Cp"2U(OAr)(THF)] with pyridine-N-oxide.* Similarly, Liddle and co-workers reported that
reaction of [U(Tren™"")] with NaN3 and 12-crown-4 affords the first uranium terminal nitride,
[Na(12-crown-4),][U(N)(Tren*%)].16 Both reactions proceeds via a 2e~ oxidation of U(III) to
U(V). These reactions demonstrate the diversity of products that are inaccessible due to the
inability of thorium to undergo redox chemistry. Notably, Zi and co-workers reacted [(n’-
1,2,4-'Bu3CsH2)2Th(bipy)], which contains a dianionic bipy ligand, with azides RN3 (R = p-
tolyl, Ph;C, MesSi) to afford the corresponding thorium imido complexes, [(n’-1,2,4-
‘BuzCsH,)>Th(NR)].3¢

While limited progress has been made, new methods are still needed for installing
thorium-ligand multiple bonds. In this regard the reductive deprotection protocol, which
requires no oxidation state change, and discussed in Chapter 2, should be ideal for thorium
based multiply bonded systems. This chapter describes the use of this reductive deprotection
methodology for the synthesis of new thorium-ligand multiple bonds. These complexes are
investigated both spectroscopically and structurally. In addition, in collaboration with Dr.
Nikolas Kaltsoyannis, at the University of Manchester, DFT, in the form of Natural Bond
Order (NBO) and Quantum Theory of Atoms-in-Molecules (QTAIM) analyses, is used to
probe the electronic structure of the thorium terminal chalcogenides as well as their uranium

analogues.
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3.2 Results and Discussion

3.2.1 Synthesis and Characterization of [Th(CI)(NR?);] (3.1) and
[Na(THF)45][Th(CD2(NR2)s] (3.2)

In order to test the efficacy of the reductive deprotection protocol in the analogous thorium
system, equivalent starting materials needed to be synthesized, and while the synthesis of
complex 3.1 has been previously reported by Bradley®” and Andersen,*® full characterization,
including its solid state molecular structure, was not reported. Reaction of ThCl4(DME); with
3 equiv of NaNR: affords [Th(CI)(NR2)s] (3.1), as colorless crystals in 56% yield, after
crystallization from diethyl ether / hexanes. Interestingly, crystallization instead from THF /
hexanes affords the ‘ate’ complex, [Na(THF)4.5][Th(Cl)2(NR2)3] (3.2), as determined by X-

ray crystallographic analysis, in 63% yield.

Figure 3.2. ORTEP diagram of [Th(CI)(NR2)3] (3.1) and [Th(I)(NR2);] (3.3) with 50%
probability ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
angles (deg): 3.1, Th1-Cll = 2.647(1), Th1-N = 2.293(2), N-Th1-N = 116.74(3); 3.3, Th1-I1
=3.052(1), Th1-N =2.299(4), N-Th1-N = 116.83(6).

The solid state molecular structures of complexes 3.1 and 3.2 are shown in Figure 3.2 and

Figure 3.3, respectively. Complex 3.1 crystallizes in the hexagonal setting of the
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rhombohedral spacegroup R3c and features a pseudotetrahedral geometry about thorium (N-
Th1-N = 116.74(3)° and N-Th1-CIl = 100.53(4)°). Complex 3.2 crystallizes in the
rhombohedral spacegroup R3 and exhibits a trigonal bipyramidal geometry (N-Th1-N =
119.93(1)° and C11-Th1-CI2 = 180.0°). Additionally, both complexes feature similar Th-Cl
(3.1, Th1-Cll =2.647(1) A; 3.2, Th1-Cl1 =2.725(3) A, Th1-CI2 = 2.743(3) A) and Th-N (3.1,
Th1-N =2.293(2) A; 3.2, Th1-N = 2.332(4) A) bond distances, consistent with Th-CI and Th-

N single bonds.

~ Cl1

Cl2

Figure 3.3. ORTEP diagram of [Na(THF)45][Th(Cl)2(NR2)s3] (3.2) with 50% probability
ellipsoids. Na' cation, coordinated molecules of THF and hydrogen atoms are omitted for
clarity. Selected bond lengths (A) and angles (deg): Th1-Cll = 2.725(3), Th1-CI2 = 2.743(3),
Th1-N =2.332(4), N-Th1-N = 119.93(1), C11-Th1-CI2 = 180.0.

Complexes 3.1 and 3.2 exhibit nearly identical '"H and '*C {'"H} NMR spectra each with a
single resonance at 0.41 and 4.26 ppm, corresponding to the proton and carbon environments

of the silylamide ligands, respectively, the only difference being two additional resonances in
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the spectra of complex 3.2, corresponding to the molecules of coordinated THF. The melting
point of complex 3.1 is 208-210 °C, consistent with that previously reported for this material,*®
while that of complex 3.2 is 196-199 °C. It should be noted that complex 3.2 can be readily

converted into 3.1 upon extraction with and recrystallization from diethyl ether.

3.2.2 Synthesis and Characterization of [Th(I)(NR2)s3] (3.3)

Conversion of complex 3.1 into the iodide analogue can be achieved via reaction with
excess trimethylsilyliodide (TMSI), a procedure previously demonstrated to synthesize the
related cerium iodide complex, [Ce(I)(NR2)3].*° Accordingly, addition of excess TMSI to 3.1
in diethyl ether affords [Th(I)(NR2)3] (3.3) as a white powder in 95% yield (Scheme 3.1). The
"H and "*C{'H} spectra of 3.3 are very similar to that of complex 3.1. Each spectrum displays
a single resonance, at 0.45 ppm and 5.13 ppm, respectively, assignable to the methyl groups

of the silylamide ligands.

Scheme 3.1 Synthesis of [Th(I)(NR2)3] (3.3)

Cl [

| excess TMSI |
RNt Th— R, RoNu s Th— o

R,N

hexanes
-TMSCI R2oN

Crystals suitable for X-ray diffraction were grown from a concentrated diethyl ether
solution stored at -25 °C for 24 h. Complex 3.3 crystallizes in the hexagonal setting of the
rhombohedral space group R3c, and its solid state molecular structure is shown in Figure 3.2.
Complex 3.3 is isostructural to its chloride analogue 3.1 again featuring a pseudotetrahedral
geometry about thorium (N-Th1-N = 116.83(6)°). The Th-N bond distance in 3.3 (2.299(4)

A) is identical to that of 3.1, and the Th-I bond length (3.052(1) A) is longer than the Th-Cl

80



bond length of 3.1 consistent with the larger single bond covalent radius of I (1.33 A) vs. CI

(0.99 A).40

3.2.3 Synthesis and Characterization of [Th(OCPh3)(NR:);3] (3.4) and
[Th(OCPh3)2(NR2)2] (3.5)

Based upon the successful synthesis of the U(IV) alkoxide complex, [U(OCPh3)(NR2)3]
(2.4), via reaction of [U(I)(NR2);] with KOCPh;, and with complex 3.3 in hand, we
endeavored to synthesize the analogous thorium alkoxide complex. Thus, the addition of 1
equiv of KOCPh; to a suspension of 3.3 in toluene affords a colorless solution, concomitant
with the deposition of a white powder. Careful workup of this mixture affords a colorless oil,
see experimental details, from which [Th(OCPh3)(NR»)3] (3.4) can be isolated as a colorless

crystalline solid in 33% yield (Scheme 3.2). The formation of a bis-alkoxide complex,

Scheme 3.2 Synthesis of [Th(OCPh3)(NR2)3] (3.4) and [Th(OCPh3)2(NR2)2] (3.5)

Ph,
Ph;C ph\gC/Ph
AN X
) NR; (|)
\ThIV 4_2 KOCPh3 RZN““““ThIV\NR KOCPh3
/ “, benzene RN 2 toluene RN ThY
7 - 2 _ 2 " —
/O /NRZ -K}T\ICRI’Z R = SiMe, Kl . NR,
Ph3C 3.5 X=1,Cl 2 3.4

[Th(OCPh3)2(NR2)3] (3.5) is also observed in this reaction. Complex 3.5 can be synthesized
via the addition of 2 equiv of KOCPhs to a benzene solution of complex 3.1, and can be
isolated as colorless crystals in 34% yield, after crystallization from hexanes (Scheme 3.2). It
should be noted that formation of both complexes 3.4 and 3.5 is observed for all reactions,
and that reaction conditions as well as the starting halide complex appear to play a role as to

which product is preferentially formed. Furthermore, while one can envision complex 3.5
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forming from the reaction of 3.4 and KOCPhs, all attempts to transform complex 3.4 into 3.5,

via addition of excess KOCPhs were unsuccessful.

Figure 3.4. ORTEP diagram of [Th(OCPh3)2(NR2)2] (3.5:0.5CsH14) with 50% probability
ellipsoids. Hydrogen atoms and a hexanes solvate are omitted for clarity. Selected bond
lengths (A) and angles (deg): Th1-O1 = 2.123(2), Th1-02 = 2.131(2), Th1-N1 = 2.358(3),
Th1-N2 = 2.367(3); O2-Th1-O1 = 105.05(9), O2-Th1-N1 = 113.70(9), O1-Thl-N1 =
98.95(9), O2-Th1-N2 =100.35(9), O1-Th1-N2 = 112.7(1), N1-Th1-N2 = 125.1(1).

Crystals of complex 3.4 suitable for X-ray diffraction analysis were not able to be
obtained. This was not the case for complex 3.5, which crystallizes in the triclinic spacegroup
P1, as a hexanes solvate, 3.5-0.5C¢H 4, and its solid state molecular structure is shown in
Figure 3.4. Complex 3.5 features a tetrahedral geometry about thorium with an average L-
Th-L angle of 109.3° and a 14 value of 0.96.*! The Th-O bond lengths in 3.5 (2.131(2) and

2.123(2) A) are comparable to those reported for other complexes with Th-O single bonds (av.
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2.20 A),***7 and slightly longer than the U-O bond length of the uranium alkoxide,
[U(OCPh3)(NR2)3] (2.4) (2.098(3) A), consistent with the longer ionic radius of Th** vs. U** 48

The '"H NMR spectrum of 3.4 exhibits four resonances in benzene-de, in a 54:3:6:6 ratio.
These resonances consists of a singlet at 0.39 ppm, assignable to the methyl groups of the
silylamide ligands, as well as, two triplets and a doublet at 7.09, 7.18 and 7.39 ppm, assignable
to the p-, m-, and o-aryl protons of the triphenylmethyl-alkoxide ligand. The *C{'H} NMR
spectrum of 3.4 exhibits six resonances at 5.53, 96.13, 127.56, 127.88, 129.90, and 148.16
ppm, assignable to the methyl groups of the silylamide ligands, and the five difference carbon
environments of the triphenylmethyl-alkoxide ligand, respectively. The 'H NMR spectrum
of complex 3.5, in benzene-ds, exhibits a singlet at 0.26 ppm, and two multiplets at 7.06 and
7.38 ppm in a 54:18:12 ratio, respectively, assignable to the methyl groups of the silylamide
ligands, the overlapping, o- and p-aryl protons and the m-aryl protons of the triphenylmethyl-
alkoxide ligand. The '3C{'H} spectrum of 3.5 exhibits five resonances, at 4.18, 94.87, 127.25,
129.26 and 149.12, assignable to the methyl groups of the silylamide ligands, and four of the
carbon environments of the triphenylmethyl-alkoxide ligands. The expected sixth resonance,

assignable to the o-C, was not observed due to overlap with the benzene-ds resonance.

3.2.4 Synthesis and Characterization of [K(18-crown-6)][Th(O)(NR2);3] (3.6)

Spurred by our success at cleaving the C-O bond in complex 2.4, [U(OCPh3)(NR2)s], to
afford the uranium oxo, [K(18-crown-6)][U(O)(NR2)3], 2.3, we explored the reductive

cleavage of the C-O bond in complex 3.4. Gratifyingly, reduction of 3.4 with 2 equiv of
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Scheme 3.3 Synthesis of [K(18-crown-6)][Th(O)(NR2)3] (3.6)

h/
Ph\”'—C/F’h 2KCq o
| 2 18-crown-6 ||
—_— - - - -
o) THE [K(18-crown-6)] R2N“'"Th'v\NR + [K(18-crown-6)(THF),] o

| 7 2 ¢
-C RoN
RNt Th'. 8 2
Vg TTNR: R=SiMe;
RoN

KCs, in the presence of 18-crown-6, in THF results in the formation of a vibrant red mixture.

This color is indicative of the presence of the [CPhs3]™ anion. Extraction of this mixture with
diethyl ether allows for removal of the [K(18-crown-6)(THF)2][CPhs] (2.5) a byproduct of the
reaction. Crystallization from diethyl ether affords the thorium oxo complex, [K(18-crown-
6)][Th(O)(NR2)3] (3.6), as colorless blocks in 23% yield (Scheme 3.3). The 'H NMR
spectrum of 3.6, in benzene-ds, exhibits two resonances at 0.64 and 3.09 ppm in a 54:24 ratio,
assignable to the methyl groups of the silylamide ligands and the methylene groups of the 18-
crown-6 moiety, respectively. The 3C{'H} also exhibits two resonances, at 5.47 and 70.30
ppm, assignable to the methyl groups of the silylamide ligands and the 18-crown-6 moiety,

respectively.
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Figure 3.5. ORTEP diagram of [K(18-crown-6)][Th(O)(NR2)s3] (3.6:0.5Et>O0) with 50%
probability ellipsoids. Hydrogen atoms and a diethyl ether solvate are omitted for clarity.
Selected bond lengths (A) and angles (deg): Th1-O1 = 1.983(7), O1-K1 = 2.645(7), Th-N
(av.) =2.42, N-U-N (av.) = 115.6.

Complex 3.6 crystallizes in the orthorhombic spacegroup Pbca, as a diethyl ether solvate,
3.6-0.5Et>0, and its solid state molecular structure is shown in Figure 3.5. Complex 3.6 is
structurally identical to its uranium analogue, [K(18-crown-6)][U(O)(NR2)3] (2.3), featuring
a pseudotetrahedral geometry about thorium, and a dative interaction between the oxo ligand
and the [K(18-crown-6)]" moiety. The Th-O bond length (1.983(7) A) is slightly longer than
that of [(n°-1,2,4-('Bu);CsH2).Th(0)], (Th-O = 1.929(4) A),** but significantly shorter than
typical Th-O single bonds (ca. 2.20 A)*-#4464749 ' gygoestive of some multiple bond character
in this interaction. Furthermore, the Th-O bond distance in 3.6 is 0.09 A longer than the

analogous distance in [K(18-crown-6)][U(O)(NR2)3] (2.3), which is greater than the
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difference in the ionic radii of Th*" vs. U*" (0.05 A).**Synthesis and Characterization

[Th(SCPh3)(NRy)3] (3.7)

Similar to the synthesis of alkoxide complex 3.4, a new thorium thiolate can also be

synthesized from the thorium iodide, 3.3. Thus, addition of 1 equiv of KSCPhj; to a solution

Scheme 3.4 Synthesis of [Th(SCPh3)(NR2)s] (3.7)

CPh
/ 3

KSCPhj |
—_—
R2N""‘Th|V\NR2 toluene Rlel"'Th'V\NRz

RN Kl R N
R = SiMe3

of 3.3, in toluene, affords [ Th(SCPh3)(NR2)3] (3.7), which can be isolated as colorless crystals,
in 57% vyield, after crystallization from hexanes (Scheme 3.4). The 'H NMR spectrum of
complex 3.7, in benzene-ds, is extremely similar to that of 3.4. The spectrum again features
a total of four resonances, consisting of a sharp singlet at 0.42 ppm, assignable to the methyl
groups of the silylamide ligands, in addition to two triplets and a doublet at 7.02, 7.16, and
7.66 ppm, assignable to the p-, m-, and o-aryl proton environments of the triphenylmethyl-
thiolate ligand, in a 54:3:6:6 ratio, respectively. The '*C{'H} NMR spectrum of 3.7 features
five resonances, at 5.21, 80.70, 126.78, 130.97 and 149.57, assignable to the methyl groups
of the silylamide ligands, and four of the carbon environments of the triphenylmethyl-thiolate
ligand. The expected fifth resonance of the triphenylmethyl-thiolate ligand, assignable to the

0-C, was again not observed due to overlap with the benzene-ds resonance.
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Figure 3.6. ORTEP diagram of [Th(SCPh3)(NR2)3] (3.7) with 50% probability ellipsoids.
Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (deg): Th1-S1
=2.704(1), S1-C19 = 1.866(4), Th-N (av.) =2.31, N-Th-N (av.) = 112.2, Th1-S1-C19 =
13.72(1).

Complex 3.7 crystallizes in the triclinic spacegroup P1, and its solid state molecular
structure is shown in Figure 3.6. Complex 3.7 features a pseudotetrahedral geometry about
thorium (av. N-Th-N = 112.2°, av. N-Th-S = 106.6°). The Th1-S1 bond distance in 3.7
(2.704(1) A) is similar to those of other structurally characterized thorium thiolate
complexes.’*! The Th-S-C bond angle in 3.7 (136.72(1)°) is similar to those of other thorium

50,51

thiolate complexes, and its acuteness likely indicates that there is very little 3p n-donation

from S to Th.
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3.2.6 Synthesis and Characterization of [K(18-crown-6)][Th(S)(NR2)3] (3.8)

In an identical manner to the synthesis of complex 3.6, reduction of 3.7 with 2 equiv of

KCs in the presence of 18-crown-6 in THF affords a bright red mixture. Extraction with

Scheme 3.5 Synthesis of [K(18-crown-6)][Th(S)(NR2)3] (3.8)

/CPh3 2 KCq
| 2 18-crown-6 ||
—————> [K(18-crown-6 K (18- -6)(THF
RN ThV THF KL M RNt ThV o |+ [K(18-crown-6)(THF),] o
2 / NR2 / 2 C
R,N -Cs RN
2 R = SiMe3

diethyl ether, to remove the anion byproduct, [K(18-crown-6)(THF)>][CPhs] (2.5), followed
by crystallization from diethyl ether provides the thorium sulfido, [K(18-crown-
6)][Th(S)(NR2)3] (3.8), as colorless crystals in 62% yield (Scheme 3.5). The 'H NMR
spectrum of 3.8, in benzene-ds, is very similar to that of complex 3.6, exhibiting two
resonances at 0.74 and 3.17 ppm in a 54:24 ratio, assignable to the methyl groups of the
silylamide ligands and the methylene groups of the 18-crown-6 moiety, respectively. This is
also the case for the *C{'H} NMR spectrum of 3.8 that also exhibits two resonances, at 5.49
and 70.12 ppm, assignable to the methyl groups of the silylamide ligands and the 18-crown-6

moiety, respectively.
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Figure 3.7. ORTEP diagram of [K(18-crown-6)][Th(S)(NR2)3] (3.8) with 50% probability
ellipsoids. One molecule of 3.8 and hydrogen atoms are omitted for clarity. Selected bond
lengths (A) and angles (deg): Th1-S1 =2.519(1), Th2-S2 = 2.513(1), S1-K1 = 3.122(2), S2-
K2 =3.039(2), Th-N (av.) = 2.363, N-Th-N (av.) = 116.6.

Complex 3.8 crystallizes in the triclinic spacegroup P1, with two independent molecules
in the asymmetric unit, and its solid state molecular structure is shown in Figure 3.7. Complex
3.8 is structurally identical to its uranium congener, [K(18-crown-6)][U(S)(NR2)3] (2.1), as
well as its oxo analogue, complex 3.6. 3.8 features a pseudotetrahedral geometry about
thorium (av. N-Th-N = 116.6° and av. N-Th-S = 100.8°). The Th-S bond lengths in 3.8
(2.519(1) and 2.513(1) A) are significantly shorter than what has been previously reported for
Th-S single bonds, (ca. 2.74 A)**3%3! suggestive of the multiple bond character in these

interactions. Additionally, the Th-S bond distances of complex 3.8 are 0.07 A longer than the

analogous bonds of uranium complex 2.1, which is consistent with the expected differences
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in the ionic radii.* Lastly, the long S-K bond distances in 3.8 (3.122(1) and 3.039(2) A) are

similar to those of 2.1, and are consistent with these being dative interactions.

3.2.7 DFT Analysis of [K(18-crown-6)][M(E)(NRz);] (M =U, Th; E =0, S)

To gain greater insight into the electronic structures and bonding of these actinide terminal
chalcogenides, the thorium complexes, 3.6 and 3.8, along with their uranium analogues, 2.3
and 2.1, were subjected to DFT analysis. This analysis was performed by Prof. Nikolas
Kaltsoyannis at the University of Manchester. The geometries were optimized utilizing the
PBE functional, and there was excellent agreement observed between the experimentally and
computationally determined structures. The electronic structures of these complexes were
investigated using Natural Bond Orbital (NBO) and the Quantum Theory of Atoms-in-
Molecules (QTAIM) analyses, previously used to study actinide-covalency®* and bond

strengths.”>>? NBO analysis determined that the M-E and M-N bonds for all four complexes

Table 3.1. NBO Composition (%) of the M-E m NLMOs and QTAIM Delocalization
indices (DI) of [K(18-crown-6)][M(E)(NR2)3] (M =U, Th; E = O, S)*

M (%) E (%) DI
M=U,E=0 (2.3) 15.18 (51.73 ) 83.72 1.575
M=U,E=S8 (2.1) 18.89 (48.78 f) 79.44 1.372
M = Th, E =0 (3.6) 11.75 (34.48 ) 86.86 1.387
M=Th, E=S (3.8) 16.67 (38.41 1) 81.69 1.184

“All calculations performed by Prof. Nikolas Kaltsoyannis.

are formally triple and double bonds, respectively. The M-E bond consists of one ¢ and two
n components. The composition of the 1 NLMOs, and the f-orbital contributions to these

molecular orbitals, as determined from NBO analysis, for all four complexes are listed in
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Table 3.1. In addition, the natural localized molecular orbitals (NLMOs), representing these
components, for the Th-O interaction of complex 3.6 are shown in Figure 3.8. NBO analysis
demonstrates that there is a small percent increase in the metal based character for the uranium
complexes versus their thorium analogues. In addition, there is greater amount of metal
character seen in the sulfides than the oxos, for both metal systems. Most notable, is the
calculated increase in the f-orbital contribution to the metal based character for the uranium

complexes (2.1 and 2.3) versus their thorium counterparts (3.6 and 3.8).
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Figure 3.8. o and n Natural Localized Molecular Orbitals (NLMO) for the Th-O bond of
[K(18-crown-6)][Th(O)(NR2)3] (3.6). Hydrogen atoms are omitted for clarity. Isosurface =
0.04.

QTAIM analysis also indicates triple bond, and double bond character for the M-E and
M-N interactions, respectively, consistent with the NBO analysis. Furthermore, the calculated
delocalization indices (DI), the QTAIM measure of bond order, for the uranium complexes,
2.1 and 2.3, are greater than those of their thorium analogues, 3.6 and 3.8 (Table 3.1), which
argues for a greater degree of covalency in the uranium systems. Taken together with the
results of the NBO analysis these data indicate that there is greater covalency in the uranium

complexes than the thorium analogues, and in the sulfides than their oxo counterparts.

3.3 Summary

In summary, reaction of the thorium iodide [Th(I)(NR2)3] (3.3) with either KOCPh3 or
KSCPh; yields the thorium chalcogenates [Th(ECPh3)(NR2)3] (3.4, E = O; 3.7, E = S).
Application of the reductive deprotection protocol discussed in Chapter 2 to these complexes,
via reaction with KCg in the presence of 18-crown-6 affords the new thorium terminal
chalcogenides [K(18-crown-6)][Th(E)(NR2)3] (3.6, E = O; 3.8, E = S), via cleavage of the
triphenylmethyl protecting group. Structural characterization, via X-ray crystallography
reveals short Th-E bond distances, suggestive of multiple bond character. This is also
supported by DFT calculations performed on complexes 3.6 and 3.8. The electronic structures
of complexes 3.6 and 3.8, and their uranium analogues, 2.1 and 2.3 were studied using NBO
and QTAIM analyses. Taken together theory and experiment both suggest greater covalency
in the uranium complexes versus thorium, and in the sulfides versus oxos, consistent with the

predicted trends.
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These results are another example of the reductive deprotection protocol discussed in
Chapter 2 that utilizes homolytic bond cleavage, a 1e process, coupled with a metal centered
oxidation, to remove the triphenylmethyl protecting group. In contrast, this work details the
use of heterolytic bond cleavage, 2e¢™ processes, for which no metal based redox chemistry is
required. This is extremely useful for systems, like thorium, for which metal based redox
chemistry is inaccessible. The ability to install metal-ligand multiple bonds via both these
pathways, exemplifies the broad scope of this methodology, and suggest that it will be

extremely useful for systems that only undergo 1e™ redox chemistry, or those with none at all.

3.4  Experimental
3.4.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions under an atmosphere of nitrogen. Hexanes, Et,O, THF, and toluene
were dried using a Vacuum Atmospheres DRI-SOLV Solvent Purification system and stored
over 3A sieves for 24 h prior to use. Benzene-ds was dried over 3A molecular sieves for 24
h prior to use. ThCl4(DME), was synthesized according to the previously reported
procedure.’* All other reagents were purchased from commercial suppliers and used as
received.

NMR spectra were recorded on a Varian UNITY INOVA 400, a Varian UNITY INOVA
500 spectrometer, a Varian UNITY INOVA 600 MHz spectrometer, or an Agilent
Technologies 400-MR DD2 400 MHz Spectrometer. 'H and *C{'H} NMR spectra were
referenced to external SiMe4 using the residual protio solvent peaks as internal standards. IR
spectra were recorded on a Nicolet 6700 FT-IR spectrometer. Elemental analyses were

performed by the Micro-Analytical Facility at the University of California, Berkeley.
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Raman spectra were recorded on a LabRam Aramis microRaman system (Horiba Jobin
Yvon) equipped with 1200 grooves/mm holographic gratings, and Peltier-cooled CCD
camera. The 633 nm output of a Melles Griot He-Ne laser was used to excite the spectra,
which were collected in a back scattering geometry using a confocal Raman Microscope (high
stability BX40) equipped with Olympus objectives (MPlan 50x). Sample preparation was
performed inside the glovebox: Pure crystalline solid samples were placed between a glass
microscope slide and coverslip, sealed with a bead of silicone grease, and removed from the

glovebox for spectral acquisition.

3.4.2 Synthesis of [Th(CI)(NR2)3] (3.1)

To a colorless, cold (-25 °C), solution of ThCl4(DME), (385.7 mg, 0.70 mmol), in THF
(4 mL) was added a cold (-25 °C) solution of NaN(SiMe3)> (381.6 mg, 2.08 mmol) in THF (4
mL). This mixture was allowed to stir for 18 h, whereupon the solvent was removed in vacuo
to afford a colorless solid. This solid was triturated with hexanes (3 x 4 mL) to yield a
colorless powder. The resulting powder was extracted with diethyl ether (10 mL) and filtered
through a Celite column supported on glass wool (0.5 cm x 3 cm). The cloudy filtrate was
again filtered through a Celite column supported on glass wool (0.5 cm %X 3 ¢cm) to give a clear
colorless filtrate. The volume of this filtrate was reduced in vacuo to 4 mL and layered with
hexanes (5 mL). Storage of this mixture at -25 °C for 24 h resulted in the deposition of
colorless crystals, which were isolated by decanting off the supernatant (167 mg, 32%). The
supernatant was then dried in vacuo to afford a colorless solid. This solid was then extracted
with diethyl ether (5 mL) and filtered through a Celite column supported on glass wool (0.5
cm x 3 c¢m) to afford a colorless filtrate. The volume of this filtrate was reduced to 2 mL in

vacuo and layered with hexanes (4 mL). Storage of this mixture at -25 °C for 24 h resulted in
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the deposition of an additional batch of colorless crystals, which were isolated by decanting
off the supernatant. Total yield: 294.2 mg, 56%. Crystals suitable for X-ray crystallographic
analysis were grown from a concentrated Et>O solution stored at -25 °C for 24 h. Melting
point: 208-210 °C (lit. value = 210-212 °C).*® 'H NMR (400 MHz, 25 °C, benzene-ds): § 0.41
(s, 54H, NSiCH3). BC{'H} NMR (100 MHz, 25 °C, benzene-ds): & 4.26 (NSiCH3). IR (KBr
pellet, cm™): 611 (s), 657 (m), 678 (m), 771 (s), 830 (s), 850 (s), 923 (s), 1073 (m), 1182 (w),

1248 (s), 1406 (m).

3.4.3 Synthesis of [Na(THF)4.5][Th(Cl)2(NR2)s3] (3.2)

This procedure was adapted from the previously reported synthesis.*® To a cold (-25 °C),
stirring solution of ThCl4(DME),>* (465.5 mg, 0.84 mmol) in THF (6 mL) was added a cold
(-25 °C) solution of NaNR> (462.0 mg, 2.52 mmol) in THF (6 mL). This mixture was allowed
to stir for 72 h, during which time the deposition of a fine white solid was observed. The
solvent was then removed in vacuo, and the resulting white solid triturated with diethyl ether
(4 mL) and pentane (4 mL). The white powder was then extracted with THF (6 mL) and
filtered through a Celite column supported on a glass frit (2 cm % 3 cm). The volume of this
filtrate was reduced in vacuo to 5 mL and layered with pentane (8 mL). Storage of this mixture
at -25 °C for 24 h resulted in the deposition of colorless needles (595.2 mg, 63%). Melting
point = 196-199 °C. 'H NMR (400 MHz, 25 °C, benzene-ds): & 0.41 (s, NSiCH5), 1.41 (m,
OCH:CH.), 3.59 (m, OCH>CHy). BC{'H} NMR (100 MHz, 25 °C, benzene-ds): & 4.26
(NSiCH3), 25.81 (OCH2CH>), 68.00 (OCH>CHb>). IR (KBr pellet, cm™): 612 (s), 657 (m), 678

(m), 772 (s), 832 (s), 850 (s), 922 (s), 1073 (m), 1183 (w), 1248 (s), 1407 (m).
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3.4.4 Synthesis of [Th(I)(NR2)3] (3.3)

To a stirring suspension of 3.1 (852.3 mg, 1.14 mmol) in hexanes (8 mL) was added TMSI
(2 mL, 14.05 mmol). This mixture was allowed to stir for 96 h, whereupon the solvent was
removed in vacuo to afford a white solid. The solid was triturated with pentane (2 x 3 mL) to
yield a white powder (908.2 mg, 95%). Crystals suitable for X-ray crystallographic analysis
were grown from a concentrated CH>Cl solution stored at -25 °C for 24 h. Anal. Calcd for
CisHs4IN3SisTh: C, 25.73; H, 6.48; N, 5.00. Found: C, 25.34; H, 6.32; N, 5.24. 'H NMR
(400 MHz, 25 °C, benzene-ds): & 0.45 (s, 54H, NSiCH5). *C{'H} NMR (100 MHz, 25 °C,
benzene-ds): & 5.13 (NSiCH3). IR (KBr pellet, cm™): 612 (m), 657 (m), 676 (m), 772 (m),

830 (s), 850 (s), 909 (s), 1073 (m), 1249 (s), 1408 (w).

3.4.5 Synthesis of [Th(OCPh3)(NR2)s] (3.4)

To a colorless, stirring suspension of 3.3 (231.4 mg, 0.28 mmol) in toluene (4 mL) was
added a cold (-25 °C) solution of KOCPh; (84.7 mg, 0.28 mmol) in toluene (4 mL), in two
portions over the course of 1 h. This mixture was allowed to stir for another hour, resulting
in the deposition of a fine white powder. An aliquot (0.25 mL) of the reaction mixture was
taken, the solvent was removed in vacuo, and a '"H NMR spectrum in benzene-ds was
recorded. This spectrum indicated the presence of starting material, complex 3.4, and a small
amount of complex 3.5. The amount of remaining starting material was estimated from
relative area of its silylamide resonance, whereupon an additional portion of KOCPhs (13.4
mg, 0.045 mmol) was added to the reaction mixture. After 1 h of stirring, this mixture was
filtered through a Celite column supported on glass wool (0.5 cm x 3 cm) to afford a colorless
filtrate. The solvent was then removed in vacuo to yield a colorless oil. Storage of this oil at

-25 °C for 24 hresulted in the formation of crystals within the matrix of the oil. The crystalline
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material was isolated by decanting off the remaining oil and then washed with cold (-25 °C)
pentane (2 mL). This material consisted mostly of complex 3.5 and was discarded. The oil
and the pentane washings were combined and the solvent was removed in vacuo to yield a
colorless oil. Storage of this oil at -25 °C for 24 h resulted in the deposition of colorless
crystals, which were isolated by decanting off the remaining oil. 88.0 mg, 33%. Anal. Calcd
for C37HeoN30SisTh: C, 45.70; H, 7.15; N, 4.32. Found: C, 45.55; H, 7.24; N, 4.09. 'H NMR
(400 MHz, 25 °C, benzene-ds): 6 0.39 (s, 54H, NSiCHs3), 7.09 (t, 3H, Jun = 7.2 Hz, p-CH),
7.18 (t, 6H, Jun = 7.6 Hz, m-CH), 7.39 (d, 6H, Jun = 7.6 Hz, 0-CH). "*C{'H} NMR (100
MHz, 25 °C, benzene-ds): 6 5.53 (NSiCH3), 96.13 (C(C¢Hs)3), 127.56 (p-C), 127.88 (0-C),
129.90 (m-C), 148.16 (Cipso). IR (KBr pellet, cm™): 475 (w), 610 (m), 639 (w), 662 (m), 700
(m), 759 (m), 773 (m), 849 (s), 882 (w), 901 (s), 1012 (m), 1035 (m), 1051 (m), 1090 (w),

1151 (w), 1159 (w), 1184 (w), 1201 (w), 1252 (s), 1445 (w), 1491 (w).

3.4.6 Synthesis of [Th(OCPh3)2(NR2)2] (3.5)

To a colorless, stirring solution of 3.1 (118.5 mg, 0.16 mmol) in benzene (3 mL) was
added a colorless solution of KOCPh;3 (134.0 mg, 0.45 mmol) in benzene (3 mL). This was
allowed to stir for 12 h, whereupon the solvent was removed in vacuo to afford a white solid.
The solid was triturated with pentane (2 x 3 mL). The resulting white powder was extracted
with hexanes (9 mL) and filtered through a Celite column supported on glass wool (0.5 cm x
3 cm) to afford a colorless filtrate. The volume of this filtrate was reduced to 3 mL in vacuo.
Storage of this solution at -25 °C for 24 hresulted in the deposition of colorless crystals, which
were isolated by decanting off the supernatant (56.9 mg, 34%). Anal. Calcd for
C49HesN202SisTh: C, 55.55; H, 6.28; N, 2.64. Found: C, 55.64; H, 6.58; N, 2.68. 'H NMR
(400 MHz, 25 °C, benzene-ds): 6 0.26 (s, 36H, NSiCH3), 7.05-7.07 (m, 18H, m-CH and p-
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CH), 7.36-7.40 (m, 12H, o-CH). “C{'H} NMR (100 MHz, 25 °C, benzene-ds): & 4.18
(NSiCH3), 94.87 (C(CsHs)3), 127.25 (p-C), 129.26 (m-C), 149.12 (Cipso). The resonance
assignable to the o-C was not observed due to overlap with the benzene-ds resonance. IR
(KBr Pellet, cm™): 475 (m), 503 (w), 604 (m), 639 (m), 654 (m), 675 (m), 699 (s), 764 (s),
786 (s), 830 (s), 844 (s), 870 (s), 902 (m), 941 (s), 1012 (s), 1034 (m), 1051 (s), 1088 (m),

1158 (m), 1183 (w), 1208 (w), 1250 (s), 1316 (w), 1398 (w), 1445 (), 1490 (m), 1598 (m).

3.4.7 Synthesis of [K(18-crown-6)][Th(O)(NR2)s] (3.6)

To a colorless, cold (-25 °C), stirring solution of 3.4 (189.9 mg, 0.20 mmol) in THF (3
mL) was added KCs (56.1 mg, 0.42 mmol), which immediately yielded a dark red mixture.
After 2 min, a cold (-25 °C), colorless solution of 18-crown-6 (104.3 mg, 0.39 mmol) in THF
(3 mL) was added to this mixture. The solution was allowed to stir for 30 min, whereupon it
was filtered through a Celite column supported on glass wool (0.5 cm % 3 cm) to provide a
vibrant red filtrate. The filtrate was dried in vacuo to provide a red solid that was triturated
with diethyl ether (3 x 3 mL). The resulting red powder was extracted with diethyl ether (5
mL) and filtered through a Celite column supported on glass wool (0.5 cm x 3 c¢cm) to afford
a large plug of bright red solid and a pale orange-red filtrate. The volume of the filtrate was
reduced to 1 mL in vacuo. Storage of this solution at -25 °C for 24 h resulted in the deposition
of colorless crystals, which were isolated by decanting off the supernatant (47.0 mg, 23%).
Anal. Calcd for C30H73KN307SisTh-0.5C4H00: C, 35.93; H, 7.82; N, 3.93. Found: C, 36.53;
H, 7.82; N, 3.89. 'H NMR (400 MHz, 25 °C, benzene-ds): & 0.64 (s, 54H, NSiCH), 3.09 (s,
24H, 18-crown-6). *C{'H} NMR (100 MHz, 25 °C, benzene-ds): 5.47 (NSiCH3), 70.30 (18-

crown-6). IR (KBr pellet, cm™): 599 (m), 665 (m), 677 (m), 724 (w), 755 (m), 770 (m), 832
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(), 867 (5), 966 (s), 986 (5), 1116 (s), 1182 (w), 1243 (s), 1285 (w), 1353 (m), 1455 (w), 1474

(w). Raman (neat solid, cm™): 389 (w), 615 (s), 678 (m).

3.4.8 Synthesis of [Th(SCPh3)(NR2)3] (3.7)

To a stirring suspension of KSCPh3 (51.4 mg, 0.16 mmol) in toluene (5 mL) was added
3.3 (137.4 mg, 0.16 mmol). This solution was allowed to stir for 1 h, whereupon the solvent
was removed in vacuo. The resulting white solid was extracted with hexanes (10 mL) and
filtered through a Celite column supported on glass wool (0.5 cm X 3 cm), to provide a
colorless filtrate. The volume of the filtrate was reduced to 3 mL in vacuo. Storage of this
solution for 48 h resulted in the deposition of colorless crystals, which were isolated by
decanting off the supernatant (92.3 mg, 57%). Anal. Calcd for C37HsoN3SSisTh: C, 44.95; H,
7.04; N, 4.25. Found: C, 44.83; H, 6.90; N, 4.15. "H NMR (400 MHz, 25 °C, benzene-dc): &
0.42 (s, 54H, NSiCHs), 7.02 (t, 3H, Juu = 7.4 Hz, p-CH), 7.16 (t, 6H, Jun = 7.6 Hz, m-CH),
7.66 (d, 6H, Jun = 7.6 Hz, 0-CH). “C{'H} NMR (100 MHz, 25 °C, benzene-ds): & 5.21
(NSiCH3), 80.70 (C(CeHs)3), 126.78 (p-C), 130.97 (m-C), 149.57 (Cipso). The resonance
assignable to the o-C was not observed due to overlap with the benzene-ds resonance. IR
(KBr pellet, cm™): 614 (m), 662 (m), 700 (m), 742 (m), 759 (m), 773 (m), 834 (s), 844 (s),

852 (s), 898 (s), 1034 (w), 1184 (w), 1254 (s), 1443 (w), 1484 (w).

3.4.9 Synthesis of [K(18-crown-6)][Th(S)(NR2)s3] (3.8)

To a colorless, cold (-25 °C), stirring solution of 3.7 (144.7 mg, 0.15 mmol) in THF (3
mL) was added KCs (41.2 mg, 0.30 mmol), which immediately yielded a dark red mixture.
After 2 min, a cold (-25 °C), colorless solution of 18-crown-6 (76.5 mg, 0.29 mmol) in THF

(3 mL) was added to this mixture. This solution was allowed to stir for 15 min, whereupon it
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was filtered through a Celite column supported on glass wool (0.5 cm x 3 c¢cm) to provide a
vibrant red filtrate. The filtrate was dried in vacuo to provide a red solid that was triturated
with diethyl ether (8 mL). The resulting red powder was extracted with diethyl ether (8 mL)
and filtered through a Celite column supported on glass wool (0.5 cm x 3 cm) to afford a large
plug of bright red solid and a pale orange-red filtrate. The volume of the filtrate was reduced
to 2 mL in vacuo. Storage of this solution at -25 °C for 24 h resulted in the deposition of
colorless crystals, which were isolated by decanting off the supernatant (48.7 mg, 32%).
Subsequent concentration of the mother liquor and storage at -25 °C for 24 h resulted in the
deposition of additional crystals. Total yield: 95.6 mg, 62%. Anal. Calcd for
C30H78KN306SSisTh: C, 34.36; H, 7.50; N, 4.01. Found: C, 34.85; H, 7.94; N, 3.64. '"HNMR
(400 MHz, 25 °C, benzene-ds): 8 0.74 (s, 54H, NSiCHs), 3.17 (s, 24H, 18-crown-6). '*C{'H}
NMR (100 MHz, 25 °C, benzene-ds): 5.49 (NSiCH3), 70.12 (18-crown-6). IR (KBr pellet,
cm): 605 (m), 664 (m), 685 (W), 699 (w), 785 (sh), 771 (m), 842 (s), 882 (sh), 936 (s), 963
(s), 1108 (s), 1182 (m), 1252 (s), 1285 (w), 1352 (m), 1455 (w), 1474 (w). Raman (neat solid,

cm): 385 (w), 578 (s), 630 (s), 682 (s), 843 (m), 883 (m), 1014 (s).

3.4.10 X-ray Crystallography

Data for 3.1, 3.2, 3.3, 3.5, 3.6, 3.7, and 3.8 were collected on a Bruker KAPPA APEX II
diffractometer equipped with an APEX II CCD detector using a TRIUMPH monochromator
with a Mo Ka X-ray source (a.=0.71073 A). The crystals were mounted on a cryoloop under
Paratone-N oil, and all data were collected at 100(2) K using an Oxford nitrogen gas
cryostream. Data were collected using o scans with 0.5° frame widths. Frame exposures of
2 s were used for 3.1 and 3.2. Frame exposures of 5 s were used for 3.3. Frame exposures of

10 s were used for 3.7 and 3.8. Frame exposures of 5 s (low angle) and 10 s (high angle) were
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used for 3.5 and 3.6. Data collection and cell parameter determination were conducted using
the SMART program.>® Integration of the data frames and final cell parameter refinement
were performed using SAINT software.’® Absorption correction of the data was carried out
using the multi-scan method SADABS.%” Subsequent calculations were carried out using
SHELXTL.*® Structure determination was done using direct or Patterson methods and
difference Fourier techniques. All hydrogen atom positions were idealized, and rode on the
atom of attachment. Structure solution, refinement, graphics, and creation of publication
materials were performed using SHELXTL.®

For 3.2, one sodium atom and its coordinated THF molecules exhibited positional disorder
and were modelled over two positions in a 50:50 ratio. The C-C and C-O bond were
constrained to 1.5 and 1.4 A, respectively, using the DFIX command. In addition, the diethyl
ether solvate of 3.6 exhibited positional disorder; one of the carbon atoms of this molecule
was modelled over two positions in a 50:50 ratio. The anisotropic parameters of the
disordered carbon atoms were constrained using the EADP command. Hydrogen atoms were

not added to disordered carbon atoms.
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Table 3.2. X-ray Crystallographic Data for Complexes 3.1, 3.2, and 3.3

3.1

3.2

3.3

empirical formula
crystal habit, color
crystal size (mm)
space group
volume (A?)

a(A)

b (A)

c(A)

a (deg)

f (deg)

y (deg)
Z

formula weight (g/mol)
density (calculated)
(Mg/m’)

absorption coefficient
(mm™)

Fooo

total no. reflections

unique reflections
Rint

final R indices (I >2o(I)]

largest diff. peak and
hole (e” A)
GOF

CisHs4CIN3SisTh  C36HsoClhhN3NaOa45SisTh  CigHs4IN3SisTh

block, colorless
0.1 x0.1 x0.1
R3c
4953.5(6)
18.430(1)
18.430(1)
16.840(1)
90
90
120
6
748.67

1.506

4.825

2244
20265
3383
0.0485
R;=0.0176
wR> = 0.0417

0.531 and -0.634
1.047
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needle, colorless
0.2 x 0.05 x 0.02
R3
8690(3)
18.404(4)
18.404(4)
29.626(7)
90
90
120
6
1131.59

1.288

2.831

3444
8328
5914
0.0316
R; =0.0503
wR> =0.1166

1.321 and -1.575
1.000

block, colorless
0.2 x0.1 x0.1
R3c
5049(3)
18.328(5)
18.328(5)
17.356(5)
90
90
120
6
840.10

1.658

5.572

2460
9620
3344
0.0324
R1 =0.0295
wR2 = 0.0681
5.273 and -
0.996
0.891



Table 3.3. X-ray Crystallographic Data for Complexes 3.5 and 3.6

3.5:0.5CeH14 3.6:0.50CsH10
empirical formula Cs3H73N202S14Th C32Hg3KN3075SisTh
crystal habit, color plate, colorless block, colorless
crystal size (mm) 0.1 x0.1 x0.05 0.1 x0.1 x0.1
space group P1 Pbca
volume (A%) 2725.4(7) 10534(2)
a(A) 12.955(2) 20.457(3)
b (A) 13.025(2) 20.307(3)
c(A) 16.867(2) 25.358(3)
a (deg) 85.654(3) 90
f (deg) 77.178(3) 90
y (deg) 79.336(3) 90
Z 2 8
formula weight (g/mol) 1114.53 1069.69
density (calculated) (Mg/m?) 1.358 1.349
absorption coefficient (mm™) 2.862 3.086
Fooo 1134 4392
total no. reflections 56153 51408
unique reflections 11192 13650
Rint 0.0655 0.1158
e R . w1
largest diff. peak and hole (6" A®)  1.598 and -0.757 6.017 and -3.222
GOF 1.013 1.207
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Table 3.4. X-ray Crystallographic Data for Complexes 3.7 and 3.8

3.7

3.8

empirical formula
crystal habit, color
crystal size (mm)
space group
volume (A?)

a(A)

b (A)

c (A)

a (deg)

f (deg)

y (deg)
z

formula weight (g/mol)
density (calculated) (Mg/m?®)
absorption coefficient (mm™)
Fooo

total no. reflections

unique reflections

Rint

final R indices (I >2o(I)]

largest diff. peak and hole (e” A™)
GOF

C37He9N3SSi6Th
needle, colorless
0.1 x 0.05 x0.01
P1
2372.5(4)
10.594(1)
11.587(1)
19.595(2)
96.883(2)
91.006(2)
96.270(2)
2
988.59
1.388
3.365
1010
19192
10322
0.0440
R1=0.0350
wR2 =0.0702
1.992 and -1.407
0.957
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C30H78KN306SSi6Th

needle, colorless
0.1 x 0.02 x 0.02
P1

5044.9(11)
12.748 (2)
18.891(2)
21.817(3)
91.554(2)
105.863(2)
92.564(2)

4
1048.68
1.381
3.258
2144
63038
24802
0.0408
R1=0.0387
wR, =0.1126
4.482 and -1.860
0.870



3.4.11 Computational Details

59,60 as

Density functional theory calculations were carried out using the PBE functional,
implemented in the Gaussian 09 Rev. D.01 quantum chemistry code.®! Dispersion corrections
(D3) due to Grimme et al.* were included, as discussed. (14s 13p 10d 8)/[10s 9p 5d 4f]
segmented valence basis sets with Stuttgart-Bonn variety relativistic pseudopotentials were
used for Th and U.®* For the geometry optimizations, the 6-31G** basis sets were used for all
other atoms. The ultrafine integration grid was employed in all calculations, as were the SCF
convergence criteria. The default RMS force geometry convergence criterion was relaxed to
0.000667 a.u. using IOP 1/7; the maximum force at each converged geometry is given in the
ESI. The electronic structures at the PBE+D3 geometries were recalculated using improved
basis sets for the ligands; 6-311G** for O, S, N, K; 6-31G** for C and H. Natural Bond
Orbital calculations were performed using the NBO6 code, interfaced with Gaussian.®

QTAIM analyses were performed using the AIMAIl program package,® with .wfx files

generated in Gaussian used as input.
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3.5 Appendix
3.5.1 Synthesis and Characterization of [Th(NHCPh3)(NR2);] (3.9)

Similar to the synthesis of the U(IV) amide, [U(NHCPh3)(NR2)3] (2.8), an analogous
thorium complex can be made. Thus, reaction of 1 equiv of [Li(NHCPh3)(THF)] (2.6) with
complex 3.1, in benzene-ds, affords the Th(IV) amide, [Th(NHCPh3)(NR2)3] (3.9) as colorless
plates after crystallization from diethyl ether (Scheme 3.6). Complete characterization of this

species was not done and as such is only included here for completeness.

Scheme 3.6 Synthesis of [Th(NHCPh3)(NR2)3]

Ph
Cl Ph//l,,C/
ph?” “NH
I WY LINHCPh,
2 —NR, -
-LiCl R NIIInn-ThIV
R,N 2 —NR,

R,N

[Th(NHCPh3)(NR2)3] (3.9) crystallizes in the triclinic spacegroup P1, and its solid state
molecular structure is shown in Figure A3.1. It is isostructural to its uranium analogue, and
features a pseudotetrahedral geometry about thorium. In addition, the Th-Nyig1 (2.277(3) A)
and Th-Nxg. (av. 2.324 A) bond distances are longer than the analogous U-N bonds of

complex 2.8, consistent with the increased ionic radius of Th*" vs, U**.*8
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Figure A3.1. ORTEP diagram of [Th(NHCPh3)(NR2)3] (3.9) with 50% probability ellipsoids.
Hydrogen atoms, except the N-H proton, are omitted for clarity. Selected bond lengths (A)
and angles (deg): Thl1-N4 = 2.277(3), Th1-Nnr. (av.) = 2.324; Th1-N4-C19 = 150.7(3), N-
Th-N (av.) = 110.3.

3.5.2 Synthesis and Characterization of [Li(12-crown-4);][Th(NCPh3)(NR2)3]
3.10)

Recently Arnold and co-workers reported the synthesis of thorium imido complexes
[K(18-crown-6)][Th(NR )(NRz)3] (R” = 2,6-Pr.C¢H3, 2,4,6-MesCeHs, 2,6-Ph,C6H3) via the
protonation of the Th(IV) metallacycle [Th(CH2SiMe:NSiMes)(NR2)2] with the
corresponding amide salt KNHR.?* This route was then explored as a means to access a
triphenylmethyl-imido complex, which could then be subjected to the reductive deprotection

protocol to synthesize a thorium nitrido complex. Thus, addition of 1 equiv of complex 2.6
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to a solution of [Th(CH2SiMe2NSiMes)(NR2)2] in THF along with 2 equiv of 12-crown-4
affords the Th(IV) imido complex, [Li(12-crown-4),][Th(NCPh3)(NR2)3] (3.10), as colorless

crystals in 31% yield, after crystallization from diethyl ether (Scheme 3.7).

Scheme 3.7 Synthesis of [Li(12-crown-4)2][Th(NCPh3)(NR2)s] (3.10)

CPh,
H,C——SiMe, LINHCPh;
| 2 12-crown-4 . N
——— 3 [Li(12-crown-4),] ”
aweThY=N F
RN/ \SiMeg RoNw ThY'— o
RoN [ RN i

Complex 3.10 crystallizes in the triclinic spacegroup P1 with two molecules in the
asymmetric unit, and its solid state molecular structure is shown in Figure A3.2. The Th-
Nimido bond distances in complex 3.10 (av. 2.036 A) are comparable to those of other Th(IV)

imido complexes,?!?

and shorter than the Th-Nyiy1 bond distance of complex 3.9, suggestive
of the multiple bond character of this interaction. Furthermore the Th-Nimido and Th-Nnr. (av.
=2.45 A) bond lengths are longer than corresponding bond lengths of [K][U(NCPh3)(NR2)s]
(U-Nimido = 1.993(1), U-Nnr. (av.) = 2.387 A)® consistent with the increased ionic radius of

Th*" versus U*" 48
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Figure A3.2. ORTEP diagram of [Li(12-crown-4);][Th(NCPh3)(NR2)3] (3.10) with 50%
probability ellipsoids. One molecule of 3.10 and hydrogen atoms are omitted for clarity.
Selected bond lengths (A) and angles (deg): Th1-N4 =2.030(8), Th2-N8 =2.041(8), Th-Nnr.
(av.) = 2.45, Nimido-C (av.) = 1.45, N-Th-N (av.) = 109.5, Th-N-C (av.) = 178.3.

The '"H NMR spectrum of complex 3.10, in benzene-ds, features two sharp singlets at 0.65
and 3.11 ppm, attributable to the methyl groups of the silylamide ligands and the methylene
groups of the 12-crown-4 moieties, respectively (Figure A3.3). Three additional resonances
at 7.08, 7.30, and 7.99 ppm, consisting of two triplets and a doublet, are observed and are
assignable to the p-, m-, and o-aryl proton environments of the triphenylmethyl ligand,

respectively. In addition, the "Li{'H} spectrum of 3.10, in benzene-ds, exhibits one resonance

at -1.40 ppm (Figure A3.4).
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Figure A3.3. 'H NMR spectrum of [Li(12-crown-4),][Th(NCPh3)(NR2)] (3.10) in benzene-
de
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Figure A3.4. "Li{'H} NMR spectrum of [Li(12-crown-4);][Th(NCPh3)(NRz);] (3.10) in
benzene-ds.

3.5.3 Synthesis and Characterization of [K(18-crown-6)][Th(NTs)(NR2)3] (3.11)

The inability to cleave the C-N bond of complex 3.10 led to the investigation of other
protecting groups. The synthesis of [K(18-crown-6)][U(NTs)(NR2)3] (2.9) from the U(IV)
metallacycle [U(CH2SiMe>NSiMes)(NR2)2], suggested that an analogous thorium complex
could be accessed via the identical route. Thus, addition of 1 equiv of KNHTs®’ to a THF
solution of [Th(CH2SiMe>NSiMe3)(NR2)2] and 18-crown-6 affords the Th(IV) imido [K(18-
crown-6)][Th(NTs)(NR2)3] (3.11) as a pale orange powder in 80% yield upon workup

(Scheme 3.8).
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Scheme 3.8 Synthesis of [K(18-crown-6)][Th(NTs)(NR2)s] (3.11)

O=

H,C——SiMe, |

N

| | + O 18-crown-6
wTh'V—N //\ THE ”
RN N // >NHK WThV.
2 / SiMe3 O R2N“ Th \NR2
R,N R,N

Complex 3.11 crystallizes in the triclinic spacegroup P1, and its solid state molecular
structure is shown in Figure A3.5. 3.11 is isostructural to its uranium analogue, complex 2.9,
and features a pseudotetrahedral geometry about thorium (av. N-Th-N = 109.1°). The Th-
Nimido (2.149(7) A) bond distance of 3.11 is slightly longer than those of other structurally
characterized Th(IV) imido complexes,?!* but still considerably shorter than the Th-Nnr. (av.
=2.36 A) bond distances. In addition, the Th-Nimido and Th-Nnr. bond distances of 3.11 are
longer than the corresponding bond lengths of the analogous uranium complex (2.9),

consistent with the increased ionic radius of Th*" versus U*".43

112



Figure A3.5. ORTEP diagram of [K(18-crown-6)][Th(NTs)(NR2);] (3.11) with 50%
probability ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
angles (deg): Th1-N4 = 2.149(7), Th-Nnr. (av.) = 2.36, N4-S1 = 1.543(8), N-U-N (av.) =
109.1, Th1-N4-S1 = 168.2(4).

The 'H NMR spectrum of complex 3.11 exhibits five resonances in benzene-ds, in a
54:3:24:2:2 ratio (Figure A3.6). These resonances consist of two singlets at 0.64 ppm and
3.12 ppm, assignable to the methyl groups of the silylamide ligands and the methylene groups

of'the 18-crown-6 moiety, as well as, one singlet and two doublets at 2.13, 7.06 and 8.16 ppm,

assignable to the methyl group and two distinct aryl proton environments of the tosyl moiety.
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Figure A3.6. '"H NMR spectrum of [K(18-crown-6)][Th(NTs)(NR2);] (3.11) in benzene-ds.
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Chapter 4 Synthesis of Uranium Selenides and Tellurides
Utilizing Polychalcogenides as Chalcogen Atom Transfer

Reagents
Portions of this work were published in:

Danil E. Smiles, Guang Wu, Trevor W. Hayton
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4.1 Introduction

There have been considerable advances made in the synthesis of complexes containing
actinide-ligand multiple bonds.! However, while numerous examples of oxos,*” imidos,3°

114 and carbenes'>?! have been reported, examples of complexes of the heavier

and nitridos,
chalcogenides (S, Se, Te) are much more uncommon.**>?* This is due in part to the absence
of kinetic control over chalcogen atom transfer, which gives rise to mixtures of products and
unpredictable reaction outcomes. These problems occur with a variety of different chalcogen
atom transfer reagents and are observed in both transition metal and actinide systems. For
example, Kubas and co-workers reported that the reaction of [CpFe(CO)2]»> with Et>S3 yields
a mixture of [Cp2Fe2(S2)(SEt)2], [CpsFes(S2)(SEt)], [CpaFesSa], [CpaFesSs], and [CpaFesSe].2*

The lack of control is also observed when using more traditional chalcogen atom transfer

reagents like elemental sulfur, as seen by Heck and co-workers, who reported that heating the

Scheme 4.1 Reaction of [Me2Si(n’-CsHa)2Fe2(CO)4] with Sg

s s—s
s
/KN
Fe—s s—Fe™” TSR s\
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s F:/\S *
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/S_Fe_s\\\
Zay
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PN LS S8 SiMe,

toluene y
MezSi\%

reaction of [Me>Si(n’-CsHa)2Fex(CO)4] with Sg in toluene gives a mixture of [Me2Si(n°-
CsHs)2]2FesS12 and [Me:Si(n’-CsHa)z2]2FesSe, while photolysis of this same reaction yields

[Me>Si(n’-CsHa)2]2FesSe(CO) (Scheme 4.1).2%% In actinide systems, installation of a terminal
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chalcogenide ligand can be very difficult, as most of reactions tend to result in the formation
of bimetallic chalcogen-bridged complexes.?’*! For example, Meyer and co-workers reported
that reaction of [((*’ArO);N)U(DME)] with elemental Se gave either
[(**ArO);N)U(DME)a(p-Se), [(**ArO)sN)Ua(p-n*’-Se2)(u-DME), or
[(*“ArO);N)U(DME)2(p-n*:n’-Ses), depending upon the stoichiometry.?’2®  Alternatively,
Mazzanti and co-workers reported that reaction of [U((SiMe2NPh)s-tacn)] with elemental Se
exclusively generates the bimetallic bridged complex, [U((SiMe2NPh)s-tacn)]o(p-Se),
regardless of the stoichiometry.?” Lastly, Hayton and co-workers reported that reaction of
[U(NR2)3] with either Se or Te gave the corresponding bimetallic bridged monochalcogenides,
[U(NR2)3](n-E) (E = Se, Te), irrespective of the stoichiometry.>!

The examples above illustrate the need for new synthetic strategies to access these
complexes. Inthis regard, Hayton and co-workers recently reported that reaction of elemental
chalcogen with the U(III) ylide adduct, [U(H2CPPh;)(NR2)3],!° allows for isolation of a series
uranium terminal chalcogenides, [PhsPCH;][U(E)(NR2);] (E = S, Se, Te).2* Importantly,
during this reaction the ylide ligand is believed to slow the rate of comproportionation, thus
preventing the formation of a bimetallic bridged complex. The use of KSCPh3 as a chalcogen
atom transfer reagent, a strategy discussed in chapter 2, has also been shown to be an effective
way to install these ligands (Scheme 2.2). The effectiveness of KSCPhs; is due in part to its
ability to function as a le” oxidant, whereas other chalcogen sources, like the elemental
chalcogens and R3P=E (E = S, Se, Te), function as 2e oxidants. This is an extremely
important observation because the actinides prefer 1e” redox chemistry.

Extending this strategy, of using of a triphenylmethyl protecting group, to include the

heavier chalcogens was not possible due to the absence of Se and Te analogues of KSCPhs.
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This led to a search for other chalcogen sources that would perform the le™ redox chemistry
favored by the actinides. In this regard, the polychalcogenides, [En]>” (E = Se, Te),
specifically the dichalcogenides, [E2]>", for which both chalcogen atoms are in a formally -1
oxidation state, are perfect for these reactions.?® While these species have been known for
over a hundred years, they are usually synthesized by reducing elemental chalcogen with an
alkali metal either in liquid ammonia, or under solventothermal conditions.’>*”>% These
methods can be complicated and hazardous, and routinely use solvents that are not amenable
to the highly air and moisture sensitive starting materials that are typically utilized in inorganic
actinide chemistry.

As a result, alternative synthetic methods were sought. This chapter details these efforts,
including the creation of a synthetic procedure that allows access to these polychalcogenide
moieties, including a ditelluride and tetraselenide dianion. These polychalcogenides are
generated under ambient temperatures and pressures and utilizing common organic solvents.
Furthermore, these polychalcogenides are shown to be excellent chalcogen atom transfer
reagents to both U(IIT) and U(IV), and are used to synthesis a series of new uranium terminal
selenides and tellurides. These complexes are characterized both structurally and

spectroscopically, and compared with their oxo and sulfido analogues.

4.2 Results and Discussion

4.2.1 Synthesis and Characterization of [K(18-crown-6)]:[Te:] (4.1) and [K(2,2,2-
cryptand)|:[Te:] (4.2)

Reaction of elemental tellurium with 1 equiv of KH, in the presence of 1 equiv of 18-
crown-6 or 2,2,2-cryptand, in THF, results in the formation of a violet-blue suspension, along
with gas evolution, over the course of 18 h. The violet-blue powders, [K(18-crown-6)]2[Tez]
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(4.1) and [K(2,2,2-crpytand)]2[ Tez] (4.2), can be isolated in 72% and 56% yield, respectively,
after collection on a glass frit (Scheme 4.2). It should be noted that both complexes 4.1 and
4.2 were also prepared by Dehnen and co-workers, by mixing KPbTe with either 18-crown-6

or 2,2,2-cryptand in ethylenediamine, however, isolated yields of these reactions were low

(ca. 10-15%).°!

Scheme 4.2 Synthesis of [K(L)]2[Tez2] (4.1, L = 18-crown-6; 4.2, L = 2,2,2-cryptand).

Te + KH + L %» [K(L)]lee—Te]
-2

4.1, L = 18-crown-6
4.2, L = 2,2,2-cryptand

Crystals of 4.1 suitable for X-ray diffraction were grown from a dilute MeCN solution
layered with diethyl ether. Complex 4.1 crystallizes in the monoclinic spacegroup C2/c, and
its solid state molecular structure is shown in Figure 4.1. Complex 4.1 sits on a
crystallographically imposed C, axis that results in one half of the molecule being generated
by symmetry. In the solid state, 4.1 features a [pu-n?>m>-Te2]*>~ anion coordinated by two [K(18-
crown-6)]" moieties. Its Te-Te distance (2.7877(6) A) is similar to the Te-Te distances (av.
2.78 A) in other structurally characterized complexes containing the [Te2]*” anion.’”32 In
addition, the Te-K distances are 3.483(1) and 3.6327(9) A, and are similar to those observed

in the Zintl phase, KoTe> (av. K-Te = 3.57 A).>” It should also be noted that this structure is

identical to that determined by Dehnen and co-workers.>!
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Figure 4.1. ORTEP diagram of [K(18-crown-6)]2[Tez] (4.1) with 50% probability ellipsoids.
Hydrogen atoms are omitted for clarity. Selected bond lengths (A): Tel-Tel” = 2.7877(6),
K1-Tel = 3.483(1), K1-Tel” = 3.6327(9).

Complex 4.1 is insoluble in non-polar or ethereal solvents, but is soluble in acetonitrile
and pyridine. The violet-blue color in the solid-state is indicative of the presence of the [Te2]*~
anion.**>%36-3% Upon dissolution of 4.1 in MeCN, a red-violet solution is generated, which is
consistent with the presence of both the [Te:]*” and [Te;]* anions. All attempts to
recrystallize 4.1 result in the co-precipitation of both violet-blue crystals, indicative of the
presence of 4.1, and violet-red crystals, which we suggest are [K(18-crown-6)]o[Te;].#6-2:56-58
This hypothesis is further supported by the UV-Vis spectrum of 4.1 in MeCN, which exhibits
a broad peak centered at 550 nm and a peak at 298 nm (Figure A4.5), consistent with the
presence of both [Te2]*” and [Te;]*> anions.*®>’ The formation of [Tes]*” can be rationalized
by invoking the disproportionation of [Te2]*, a process that is known to occur for the [Te2]*

anion in a variety of solvents.*3%-% This is also expected to be occur for solutions of

complex 4.2. While not ideal from a synthetic standpoint, as the [Tes]*” anion contains an
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extra Te atom in the 0 oxidation state, this does not appear to adversely affect the use of these

species as Te transfer reagents, as seen by their reactivity described below.

4.2.2 Synthesis and Characterization of [K(18-crown-6)|[U(Te)(NR2)3] (4.3) and
[K(2,2,2-cryptand)][U(Te)(NR2)s] (4.4)

To test the atom transfer abilities of complexes 4.1 and 4.2, these ditelluride salts were
reacted with [U(NR2)3]. Accordingly, addition of 0.5 equiv of 4.1 to a solution of [U(NR2)3]
in THF results in the formation of a black solution, that affords [K(18-crown-
6)][U(Te)(NR2)3] (4.3), as black plates, in 51% yield, after crystallization from diethyl ether
(Scheme 4.3). Likewise, addition of 0.5 equiv of 4.2 to a solution of [U(NR>)3] in pyridine
results again in the formation of a black solution, that affords [K(2,2,2-
cryptand)][U(Te)(NR2)3] (4.4), as black crystals, in 32% yield, upon crystallization from

diethyl ether (Scheme 4.3). The '"H NMR spectrum of complex 4.3, in pyridine-ds, exhibits

Scheme 4.3 Synthesis of [K(L)][U(Te)(NR2)3] (4.3, L = 18-crown-6; 4.4 L = 2,2,2-

cryptand).
i
ne i THF / pyridine
RN ZUT—NR, + 0.5 [K(L)]o[Te—Te| ————> KL g UV
R,N 2 / NRy
4.3, L = 18-crown-6 RoN
R = SiMe; 4.4, L = 2,2,2-cryptand

two broad resonances at -1.48 and 3.23 ppm, in a 54:24 ratio, assignable to the methyl groups
of the silylamide ligands and the methylene groups of the 18-crown-6. The 'H NMR spectrum
of complex 4.4 exhibits four resonances, including a broad resonance at -1.48 ppm assignable
to the methyl groups of the silylamide, in addition to two triplets and a singlet, at 2.06, 3.05
and 3.09 ppm, respectively, attributable to the three distinct proton environments of the 2,2,2-

cryptand moiety.
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Figure 4.2. ORTEP diagram of [K(18-crown-6)][U(Te)(NR2)3] (4.3-0.5Et,0) and [K(2,2,2-
cryptand)][U(Te)(NR2)3] (4.4-Et20) with 50% probability ellipsoids. Three molecules of 4.3,
diethyl ether solvates, and hydrogen atoms omitted for clarity. Selected bond lengths (A) and
angles (deg): 4.3, Ula-Tela =2.917(3), Ulb-Telb = 2.88(2), U2-Te2 = 2.879(2), U3-Te3 =
2.881(2), Uda-Teda=2.885(2), U4b-Tedb=2.94(2), Tela-K1=3.507(9), Telb-K1 =3.48(2),
Te2-K2 = 3.467(2), Te3-K3 = 3.598(5), Teda-K4 = 3.508(5); 4.4, Ul-Tel = 2.854(1), Tel-
K1 =3.88(2), U-N (av.) =2.30, N-U-N (av.) = 115.6.

Complex 4.3 crystallizes in the triclinic spacegroup P1, as a diethyl ether solvate,
4.3:0.5Et20, with four molecules in its asymmetric unit. Complex 4.4 crystallizes in the
monoclinic spacegroup P2i/c, also as a diethyl ether solvate, 4.4:-Et2O. Their solid state
molecular structures are shown in Figure 4.2 and selected metrical parameters can be found
in Table 4.1. Both 4.3 and 4.4 feature pseudotetrahedral geometries about uranium,

comparable to what has been previously observed for the [U(Te)(NR2)3]” moiety.”> The U-
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Te bond distances of 4.3 (av. = 2.90 A) and 4.4 (2.854(1) A) are similar to that of the one
other U(IV) terminal telluride, [PhsPCH;3][U(Te)(NR2)3] (2.866(2) A).? In addition, these
bond are significantly shorter than typical U(IV)-Te single bonds (av. = 3.12 A),31:5%60
suggestive of the multiple bond character of these linkages. The long Te-K bond lengths of
4.3 (av. 3.51 A) are consistent with a dative interaction between the telluride ligand and the
K" ion of the [K(18-crown-6)]" moiety. Furthermore, the E-K bond lengths of 4.3 are longer
than those of the structurally related oxo (2.3) (O-K = 2.640(5) A) and sulfido (2.1) (av. S-K
=3.112 A) complexes, consistent with the increase in ionic radii of Te* (2.21 A) vs. 0%~ (1.35
A) and S* (1.84 A).®" The long distance between the Te*” ligand of complex 4.4 and the
nearest C atom of the [K(2,2,2-cryptand)]” moiety (Tel-C34 = 3.892 A) is comparable to the
interaction between the Te?  and the C of the methyl group of the [PhsPCH3]" moiety in

[PhsPCH;5][U(Te)(NRy)s] (Tel-C1 = 3.853(2) A).2

Table 4.1. Selected Bond Distances (A) and Angles (deg) of Uranium Tellurides

Complex 4.3 4.4 [PhsPCH;3][U(Te)(NR2)s]“
U-Te (av.) 2.90 2.854(1) 2.866(2)
Te-cation” (av.) 3.51 3.892 3.853(2)
U-N (av.) 2.33 2.30 2.28
N-U-N (av.) 112.2 115.6 115.7

 Taken from Ref %?

4.2.3 Synthesis and Characterization of [K(18-crown-6)][U(n?-Tez)(NR2);] (4.5)
and [K(2,2,2-cryptand)][U(n2-Tez)(NR:)s] (4.6)

The syntheses of complexes 4.3 and 4.4 demonstrated the efficacy of the ditelluride salts

4.1 and 4.2 to act as single tellurium atom transfer reagents. The reactivity of these salts were
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then probed with [U(I)(NR2);] to determine if they could also function as a source of [Tez]* .
Accordingly, addition of 1 equiv of complex 4.1 or 4.2 to a solution [U(I)(NR2)3] in pyridine
or 1:1 THF/pyridine, respectively, affords a black solution. Subsequent workup and
crystallization from diethyl ether affords [K(18-crown-6)][U(n*Te2)(NR2);] (4.5) and
[K(2,2,2-cryptand)][U(n>-Te2)(NR2)s] (4.6), as black crystalline solids, in 38% and 52%
yields, respectively (Scheme 4.4). The 'H NMR spectrum of complex 4.5 in benzene-ds
exhibits one extremely broad resonance at -4.98 ppm, assignable to the methyl groups of the
silylamide ligands, in addition to one broad resonance at 2.35 ppm, assignable to the 18-
crown-6 moiety. These resonances shift to -6.40 and 3.45 ppm, respectively, in pyridine-ds.
In solution, similar to its solid state structure, complex 4.5 exists as a contact ion pair, with
the [K(18-crown-6)]" cation directly interacting with the [U(n?-Te2)(NR2)3]” anion,
specifically in non-polar solvents such as benzene-ds. When dissolved in a more polar
coordinating solvent, such as pyridine-ds, resonance attributed to the 18-crown-6 moiety shifts
upfield towards free 18-crown-6 (3.39 ppm in benzene-ds). The observed shift is indicative
of the formation of a solvent separated cation/anion pair, similar to the behavior observed for
complexes 2.1 and 2.2. The 'H NMR spectrum of complex 4.6, in pyridine-ds, is very similar
to that of 4.5, exhibiting an extremely broad resonance at -6.26 ppm, assignable to the methyl
groups of the silylamide ligands, as well as three resonances at 2.35, 3.33, and 3.37 ppm,
assignable to the three distinct proton environments of the 2,2,2-cryptand moiety (Figure

A4.2).
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Scheme 4.4 Synthesis of [K(L)][U(n*Te2)(NR2)s] (4.5, L = 18-crown-6; 4.6, L = 2,2.2-
cryptand)

| Te—Te

THF / pyridine
+ KU [Te—Te] — 25

K(L
R2NII||||..U|V\NR2 _KI [K(L)] RZN““““U'V\NRz
R,N ' 4.5, L = 18-crown-6 R,N
R=SiMe; 4.6, L = 2,2,2-cryptand

Complex 4.5 and 4.6 both crystallize in the triclinic spacegroup P1. Complex 4.5
crystallizes as a diethyl ether solvate 4.5:-0.5Et;O. Their solid state molecular structures are
shown in Figure 4.3. Both complexes feature distorted pseudotetrahedral geometries about
uranium, with N-U-N angles (e.g., 4.5: 99.60(8)°, 107.78(8)°, and 127.19(8)°) that deviate
substantially from what is to be expected for an idealized tetrahedron. This distortion is due
to the presence of the larger [n>-Tez]?* ligand alongside the three sterically bulky [N(SiMes)2]
ligands. This distortion is also manifested in the asymmetry exhibited by the U-Te bond
distances of both complexes 4.5 (U1-Tel =3.1650(3) A, U1-Te2 =3.0506(3) A) and 4.6 (U1-
Tel = 3.050(2) A, U1-Te2 = 3.144(2) A). The U-Te bond lengths are comparable to those

previously reported for U-Te single bonds,?7-3!:3-60.62.63

and appreciably longer than those of
their monotelluride analogues, 4.3 and 4.4. The Te-Te bond distances in 4.5 (Tel-Te2 =
2.7456(4) A) and 4.6 (Tel-Te2 = 2.741(2) A) are slightly longer than the range of Te-Te bond
distances (2.665(2)-2.703(2) A) in previously structurally characterized complexes with a
terminal [n?-Te,]* ligand,%*" but are similar to those of their ditelluride precursors, 4.1
(2.7877(6) A) and 4.2 (2.764(1) A).5! In the solid state the [Tez2]*~ ligand of 4.5 possesses
dative interactions with the K" cation of the of the [K(18-crown-6)]" moiety that results in an
overall [p-n?m?] binding mode, a feature also seen in complex 4.1. The asymmetric Te-K
bond lengths of 4.5 (Tel-K1 = 3.7635(7) and Te2-K1 = 3.6344(7) A) are longer than those of

4.1, but similar to those of Ko Te,.%’
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Figure 4.3. ORTEP diagram of [K(18-crown-6)][U(n?-Te2)(NR2)3] (4.5-0.5Et,0) and
[K(2,2,2-cryptand)][U(n?-Te2)(NR2)3] (4.6) with 50% probability ellipsoids. Hydrogen atoms
and a diethyl ether solvate are omitted for clarity. Selected bond lengths (A) and angles (deg):
4.5, Ul-Tel = 3.1650(3), Ul-Te2 = 3.0506(3), Tel-K1 = 3.7635(7), Te2-K1 = 3.6344(7),
Tel-Te2 =2.7456(4), N1-U1-N2 =99.60(8), N1-U1-N3 = 107.78(8), N2-U1-N3 = 127.19(8);
4.6, Ul-Tel =3.050(2), Ul-Te2 =3.144(2), Tel-Te2 = 2.741(2), N1-U1-N2 = 107.2(4), N1-
UI-N3 =122.6(4), N2-U1-N3 = 99.7(4).

Complexes 4.5 and 4.6 are the first, and only, examples of uranium complexes with a
terminal [n?-Tez]*" ligand, and their syntheses are achieved via simple salt metatheses. This
method stands in stark contrast to the various routes used to synthesize the numerous transition

metal examples, which usually utilize elemental tellurium, as the source of tellurium, and

whose outcome can be extremely difficult to predict.64687%73
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4.2.4 Synthesis and Characterization of [K(18-crown-6)]2[Ses] (4.7)

The success had with ditellurides, 4.1 and 4.2, spurred the investigation towards
development of a selenium analogue. Thus, reaction of 1 equiv of elemental selenium with
0.5 equiv of KH, in the presence of 0.5 equiv of 18-crown-6 in THF, results in the formation
of'a brown suspension, along with gas evolution, over the course of 18 h. The brown powder,
[K(18-crown-6)]2[Ses] (4.7), can be isolated in 72% yield after collection on a glass frit

(Scheme 4.5).
Scheme 4.5 Synthesis of [K(18-crown-6)]2[Se4] (4.7)

4Se + 2 KH 2BV 18 6)] Se_ _-Se
—_— -Ccrown-!
THF 2lse”” s

-H,

Complex 4.7 exhibits identical solubility to complexes 4.1 and 4.2; it is insoluble in
nonpolar solvents, but soluble in acetonitrile and pyridine. Upon dissolution of 4.7 in MeCN,
a dark green solution is generated that is indicative of the presence of the [Ses]*” anion.**-%7#
Similar to what has been observed for the polytelluride anions, [Ses]>” readily
disproportionates in solution, forming a complex mixture of polyselenides, including
[Se;]* . 45527478 This is further evidenced by the UV-Vis spectrum of 4.7 in MeCN, which
displays two bands at 434 and 598 nm, as well as a shoulder at 390 nm (Figure A4.5). These
features are consistent with the presence of both the [Ses]*” and [Ses]*” anions.”*" It should
be noted that all attempts to synthesize a species with a [Se2]*” anion, similar to complexes
4.1 and 4.2 were unsuccessful. Reaction of elemental Se with KH and 18-crown-6, ina 1:1:1
molar ratio, in THF, generates a brown powder, consistent with the formation of an [Se4]*”

anion, not a red material, which would be indicative of the formation of an [Se,]*>" anion.”

These results suggest that either KH is not capable of reducing elemental selenium to [Se2]*~
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under these conditions, or that any [Se>]* formed is not stable under these conditions and

readily forms other polyselenide anions,*7-3%8:80-82

Crystals of 4.7 suitable for X-ray diffraction were grown from an MeCN solution layered
with diethyl ether. Complex 4.7 crystallizes in the orthorhombic spacegroup Pbcn as an
acetonitrile solvate 4.7-2MeCN and its solid state molecular structure is shown in Figure 4.4.
4.7 also sits on a crystallographically imposed C» axis that results in one half of the molecule
being generated by symmetry. In the solid state, 4.7 features an [Ses]*” anion that bridges two
[K(18-crown-6)]" moieties via independent n? interactions. The long K-Se bond distances
(K1-Sel =3.208(2), K1-Se2 = 3.486(2) A) feature a notable asymmetry and are indicative of
weak dative interactions. Additionally, the Se-Se bond distances (Sel-Se2 = 2.333(1), Se2-

Se2" =12.332(2) A) are similar to those of other structurally characterized complexes with an

83-87

[Ses]*” moiety.

_. ==

Figure 4.4. ORTEP diagram of [K(18-crown-6)]2[Ses] (4.7-2MeCN) with 50% probability
ellipsoids. Hydrogen atoms and acetonitrile solvates are omitted for clarity. Selected bond
distances (A): Sel-Se2 = 2.333(1), Se2-Se2" = 2.332(2), Sel-K1 = 3.208(2), Se2-K1 =
3.486(2).
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4.2.5 Synthesis and Characterization of [K(18-crown-6)][(U(n2-Sez)(NR2);] (4.8)

With complex 4.7 in hand, its atom transfer abilities were then investigated in a similar
fashion to those of 4.1 and 4.2. Accordingly, addition of 0.5 equiv of 4.7 to a solution of
[U(NR2)3] in 2:1 THF/pyridine results in the formation of an orange-red solution. Removal
of the solvent and subsequent crystallization from diethyl ether affords [K(18-crown-
6)][(U(m*-Se2)(NR2)3] (4.8) as orange-red plates in 74% yield (Scheme 4.6). The [Ses]* anion
is formally acting as a 2e” oxidant during which two U(III) centers reduce the [Se4]*~ anion
and break the central Se-Se bond, which results in the formation of the two U(IV) n*-
diselenide moieties. The '"H NMR spectrum of complex 4.8, in pyridine-ds, features two broad
resonances at -7.65 and 3.47 ppm, assignable to the methyl groups of the silylamide ligands
and the methylene groups of the 18-crown-6 moiety, respectively. In addition, the NIR
spectrum of the 4.8 is consistent with the presence of a U(IV) metal center (Figure
A4.4) 4233188

Scheme 4.6 Synthesis of [K(18-crown-6)][U(n*Se2)(NR2)s] (4.8)

Se—Se

THF/pyridine_ 1 (18-crown-6)] | R N1 UV
2 NRj

e Se Se
R2N|IH/U T—NR, + 0.5 K(18-crown-6)], N
€ € RoN
S S 2

RoN .
R = SiMej;

Complex 4.8 crystallizes in the monoclinic spacegroup P2, with two molecules in the
asymmetric unit, and its solid state molecular structure is shown in Figure 4.5. Complex 4.8
is nearly structurally identical to complex 4.5, differing only in the coordination of the K*
cation, ! in 4.8 versus 1’ in 4.5, to the dichalcogenide ligand. The Se-K bond distances (Sel-
K1 =3.261(2), Se3-K2 = 3.257(2) A) are similar to those of complex 4.7, and are shorter than
the Te-K bond distances of complex 4.5, consistent with the smaller ionic radius of Se* vs.

Te*.%! Complex 4.8 again features a distorted pseudotetrahedral geometry about uranium
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(N1-U1-N2 = 100.7(2), N1-U1-N3 = 106.6(2), N2-U1-N3 = 129.4(2) A) that is attributable
to the presence of the more sterically demanding [n?-Se2]* ligand in addition to the three
bulky [N(SiMes)2]  ligands. The U-Se bond distances of 4.8 exhibit a distinct asymmetry
(Ul-Sel =2.7897(7), U1-Se2 = 2.8597(8), U2-Se3 = 2.7833(7), U2-Se4 = 2.8614(8) A) due
to this steric crowding, identical to what is seen for complex 4.5, its telluride analogue. The
U-Se bond distances are comparable to those of other structurally characterized uranium
species with a terminal diselenide ligand, such as [Tp2U(n?-Se2)] (Tp® = hydrotris(3,5-
dimethylpyrazolyl)borate) (U-Se = 2.8147(5) and 2.7745(5) A) reported by Bart and co-
workers in 2013,% and [K]4[U(Se2)s] (U-Se = 2.840(3), 2.903(3), 2.923(3), and 2.920(3) A)
reported by Kanatzidis and co-workers in 1991.°° Finally, the Se-Se bond lengths in 4.8 (Sel-
Se2 =2.368(1), Se3-Se4 = 2.366(1) A) are comparable to those of complex 4.7, as well as to

those of other structurally characterized complexes containing a terminal [n2-Se>]* ligand (av.

2.375 A).68,80,91—109
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Figure 4.5. ORTEP diagram of [K(18-crown-6)][U(n?-Se2)(NR2)s] (4.8) with 50%
probability ellipsoids. One molecule of 4.8 and hydrogen atoms are omitted for clarity.
Selected bond distances (A) and angles (deg): U1-Sel =2.7897(7), U1-Se2 = 2.8597(8), U2-
Se3 = 2.7833(7), U2-Se4 = 2.8614(8), Sel-K1 = 3.261(2), Se3-K2 = 3.257(2), Sel-Se2 =
2.368(1), Se3-Se4 = 2.366(1), N1-U1-N2 = 100.7(2), N1-U1-N3 = 106.6(2), N2-U1-N3 =
129.4(2), N4-U2-N5 = 131.3(2), N4-U2-N6 = 100.3(2), N5-U2-N6 = 106.1(2).

4.2.6 Synthesis and Characterization of [K(18-crown-6)][U(Se)(NR2)3] (4.9)

While complex 4.8 was not the monoselenide complex originally sought, it was believed
that it could be a viable precursor to a terminal monoselenide complex, via the removal of one
Se atom. Thus, the reaction of 1 equiv of 4.8 with PhsP, in pyridine-ds, was monitored by 'H
and *'P {'H} NMR spectroscopies. The in situ 'H NMR spectrum of this reaction, after 5 min,
revealed the complete consumption of 4.8 in addition to the appearance of a new broad

resonance at -1.76 ppm, which was tentatively assigned to the new monoselenide complex,
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[K(18-crown-6)][U(Se)(NR2)3] (4.9). Additionally, the *'P{'H} NMR spectrum obtained
after 5 min features a new resonance at 34.31 ppm, assignable to the formation Ph;P=Se.!!%!!!

On a preparative scale, addition of 1 equiv of PPhs to a solution of 4.8, in diethyl ether,
affords [K(18-crown-6)][U(Se)(NR2)s] (4.9) as an orange-red crystalline solid, in 70% yield,
upon crystallization (Scheme 4.7). The "H NMR spectrum of 4.9, in pyridine-ds, features two
broad resonances at -1.76 and 3.07 ppm, assignable to the methyl groups of the silylamide
ligands and the methylene groups of the 18-crown-6 moiety, respectively. Importantly, the

4,23,31,88

NIR spectrum of complex 4.9 is consistent with a U(IV) metal center, and demonstrates

that no change in the uranium oxidation state takes place during this reaction (Figure A4.4).

Scheme 4.7 Synthesis of [K(18-crown-6)][U(Se)(NR2)3] (4.9)

Se—Se Se

PhsP ”
[K(1 8—CI’OWH—6)] RZN“"'"'UN

K(18-crown-6 e YV,
[K( 1| RN =,

~—NR, Et,0
R,N -PhsP=Se R,N

Complex 4.9 crystallizes in the triclinic space group P1, features two molecules in the
asymmetric unit, and its solid state molecular structure is shown in Figure 4.6. Complex 4.9
is structurally identical to its oxo (2.3), sulfido (2.1), and tellurido (4.3) congeners, featuring
a pseudotetrahedral geometry about the uranium center (av. N-U-N = 116.8°, av. Se-U-N =
100.5°). The U-Se bond lengths in 4.9 (U1-Sel =2.585(1), U2-Se2 = 2.595(1) A) are shorter
than those observed in complex 4.8, and are suggestive of multiple bond character in the U-
Se interaction. These bond lengths are also slightly shorter than the U-Se bond length in the
only other reported U(IV) terminal selenide, [PhsPCH3][U(Se)(NR2)s] (2.6463(7) A).2
Finally, The E-K distances in 4.9 (Sel-K1 = 3.150(6), Se2-K2 = 3.234(3), A) are shorter than

those observed for telluride complex 4.3 (see above) and longer than those of the analogous
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oxide (2.3, O1-K1 = 2.640(5) A) and sulfide (2.1, av. S-K = 3.112 A) complexes, consistent

with the trend of increasing ionic radii as one moves down the group.®!

Figure 4.6. ORTEP diagram of [K(18-crown-6)][U(Se)(NR2)s] (4.9) with 50% probability
ellipsoids. One molecule of 4.9 and hydrogen atoms are omitted for clarity. Selected bond
distances (A) and angles (deg): Ul-Sel = 2.585(1), U2-Se2 = 2.595(1), Sel-K1 = 3.150(6),
Se2-K2 =3.234(3), U-N (av.) =2.29, N-U-N (av.) = 116.8°, Se-U-N (av.) = 100.5°.

4.2.7 Reaction of [U(NR2)3] with 0.25 equiv of [K(18-crown-6)]:[Se4] (4.7)

Addition of 0.25 equiv of 4.7 to a solution [U(NR>)s3], in diethyl ether, results in the
formation of an orange-red mixture. The 'H NMR spectrum of this crude mixture, in benzene-
ds, reveals the formation of complexes 4.8, 4.9, and the previously reported bridged
monoselenide, [UNR2)3]2(u-Se),?! in an approximately 1:1:1 ratio (Figure A4.3). Under
these conditions, [U(NR2)3] is present in excess and Se atom transfer from 4.8 likely gives
rise to the formation of [U(NR2)3]2(u-Se). The mixture of products obtained from this
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experiment further demonstrates the need for controlled chalcogen atom transfer reagents that
are better suited to match the 1e~ U(II)/U(IV) redox couple, and illustrates the utility of the

polychalcogenides for installation of these ligands.

4.3 Summary
In summary, the ditelluride salts, [K(L)]2[Te2] (4.1, L = 18-crown-6; 4.2, L = 2,2,2-

cryptand), can be prepared from elemental Te, KH, and 18-crown-6. This provides a rational
route to the inorganic polychalcogenide salts that does not require elevated temperatures or
pressures, nor does it require any specialized glassware. Reaction of [U(NR2)3] with 0.5 equiv
of 4.1 or 4.2 affords the U(IV) terminal monotelluride complexes, [K(L)][U(Te)(NR2)3] (4.3,
L = 18-crown-6; 4.4, L = 2,2,2-cryptand) in moderate yields. These feature short U-Te bond
distances, indicative of the multiple bond character of these interactions. In addition, reaction
of the U(IV) iodide, [U(I)(NR2)s3], with 1 equiv of 4.1 and 4.2 affords the U(IV) terminal
ditellurides, [K(L)][U(m?-Te2)(NR2)3] (4.5, L = 18-crown-6; 4.6, L = 2,2,2-cryptand). These
complexes feature severely distorted pseudotetrahedral geometries evinced by asymmetric U-
Te bond lengths and N-U-N angles, attributed to the presence of the larger [n>-Te2]*" ligand.
A similar synthetic procedure provides the tetraselenide salt, [K(18-crown-6)]2[Ses] (4.7),
in good yield. This complex has proven to be competent for Se atom transfer as well. Reaction
of 0.5 equiv of 4.7 with [U(NR2);3] affords the U(IV) terminal diselenide, [K(18-crown-
6)][U(n*-Se2)(NR2)3] (4.8) that is structurally identical to its Te analogue. Complex 4.8
readily reacts with phosphines to give the U(IV) terminal monoselenide, [K(18-crown-
6)][U(Se)(NR2)3] (4.9). Complex 4.9 is structurally identical to its O, S, and Te analogues,

and features short U-Se bond distances indicative of multiple bond character.
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The synthesis of these uranium chalcogenides demonstrate the utility of these
polychalcogenide salts for installation of [E]*” and [E2]* ligands. Additionally, the differing
redox pathways used suggest that these complexes could also be useful in systems that are
resistant to the typical 2e” chemistry of the chalcogens, or those resistant to any redox
chemistry at all. Furthermore, analogous polysulfides should be both accessible and provide
a similar route for the installation of sulfide ligands, an area of investigation that is discussed

in Chapter 6.

4.4  Experimental
4.4.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions under an atmosphere of nitrogen. Hexanes, diethyl ether (Et>O), and
toluene were dried using a Vacuum Atmospheres DRI-SOLV Solvent Purification system and
stored over 3A sieves for 24 h prior to use. Tetrahydrofuran (THF) was distilled twice, first
from calcium hydride and then from sodium benzophenone ketyl and stored over 3A
molecular sieves for 24 h prior to use. Dimethoxyethane (DME) was distilled from sodium
benzophenone ketyl and stored over 3A molecular sieves for 24 h prior to use. Pyridine,
benzene-ds, pyridine-ds, and tetrahydrofuran-ds were dried over 3A molecular sieves for 24 h
prior to use. [U(NR2)s],''? [UI)(NR2)3],* were synthesized according to the previously
reported procedures. All other reagents were purchased from commercial suppliers and used
as received.

NMR spectra were recorded on a Varian UNITY INOVA 400, a Varian UNITY INOVA
500 spectrometer, or a Varian UNITY INOVA 600 MHz spectrometer. 'H NMR spectra were

referenced to external SiMe4 using the residual protio solvent resonances as internal standards.
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3'P{TH} NMR spectra were referenced to external 85% H3POs4 in D,O. IR spectra were
recorded on a Nicolet 6700 FT-IR spectrometer with a NXR FT Raman Module. UV-Vis /
NIR experiments were performed on a UV-3600 Shimadzu spectrophotometer. Elemental

analyses were performed by the Micro-Mass Facility at the University of California, Berkeley.

4.4.2 Synthesis of [K(18-crown-6)]:[Te:] (4.1)

To a mixture of Te powder (200.8 mg, 1.57 mmol) and 18-crown-6 (422.0 mg, 1.60 mmol)
in tetrahydrofuran (4 mL) was added KH (63.8 mg, 1.59 mmol). This mixture was allowed
to stir for 18 h, during which time gas evolution was observed, concomitant with the
deposition of a violet-blue powder. This material was collected by filtration through a glass
frit, and subsequently rinsed with Et2O (5 mL) to provide a violet-blue powder (488.5 mg,
72% yield). This material was used in subsequent reactions without further purification. Anal.
Calcd for Co4HasK2012Tea: C, 33.44; H, 5.61. Found: C, 26.27; H, 4.39. The low carbon %
is attributed to the incomplete solvation of the K* cations by 18-crown-6. '"H NMR (600 MHz,
25 °C, CD3CN): § 3.58 (s, 18-crown-6). IR (KBr Pellet, cm™): 529 (w). 614 (w), 730 (w),
839 (m), 965 (s), 1106 (s), 1251 (m), 1283 (m), 1351 (s), 1433 (w), 1452 (m), 1473 (m), 2744
(w), 2822 (m), 2882 (s). UV-Vis/NIR (CH3;CN, 0.174 mM, 25 °C, L-mol!-cm™): 298 (¢ =
10661), 550 (¢ = 3140). Crystals of 4.1 suitable for X-ray crystallography were grown from

a dilute acetonitrile solution layered with diethyl ether.

4.4.3 Synthesis of [K(2,2,2-cryptand)]:[Tez| (4.2)

To a mixture of Te powder (32.4 mg, 0.25 mmol) and 2,2,2-cryptand (97.9 mg, 0.26 mmol)
in tetrahydrofuran (4 mL) was added KH (10.4 mg, 0.26 mmol). This mixture was allowed

to stir for 48 h, during which time gas evolution was observed, concomitant with the
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deposition of a violet-blue powder. This material was collected by filtration through a glass
frit, and subsequently rinsed with Et>O (5 mL) to provide a violet-blue powder (76.8 mg, 56%

yield). This material was used in subsequent reactions without further purification.

4.4.4 Synthesis of [K(18-crown-6)|[U(Te)(NR2)s] (4.3)

To a deep purple, cold (-25 °C), stirring solution of [U(N(SiMes3)2)3] (120.2 mg, 0.17
mmol) in THF (2 mL) was added dropwise a cold (-25 °C), red-violet solution of 4.1 (72.1
mg, 0.083 mmol) in pyridine (2 mL). This solution was allowed to stir for 30 min, whereupon
the solvent was removed in vacuo and the resulting black solid was triturated with hexanes (5
mL). The resulting black powder was extracted with diethyl ether (6 mL) and filtered through
a Celite column supported on glass wool (0.5 cm % 3 cm). The volume of the filtrate was
reduced to 1 mL in vacuo. Storage of this solution at -25 °C for 24 h resulted in the deposition
of black crystals, which were isolated by decanting off the supernatant (98.0 mg, 51%). It
should be noted that complex 4.1 likely undergoes disproportionation to the higher
polychalcogenides upon dissolution in pyridine, as indicated by the violet-red solution that it
forms in this solvent. Anal. Calcd for C30H7sKN3O6SisTeU-0.5C4H00: C, 32.37; H, 7.05; N,
3.54. Found: C,32.37; H, 6.58; N, 3.48. '"H NMR (400 MHz, 25 °C, pyridine-ds): 5 -1.48 (br
s, 54H, NSiCHs), 3.23 (br s, 24H, 18-crown-6). IR (KBr Pellet, cm™): 609 (m), 662 (m), 688
(m), 723 (m), 841 (s), 883 (m), 934 (m), 964 (m), 1109 (s), 1183 (w), 1251 (m), 1284 (w),
1352 (m), 1454 (w), 1473 (w), 2894 (m), 2953 (m). UV-Vis/NIR (C4HsO, 5.17 mM, 25 °C,
L-mol'-cm™): 1016 (¢ = 16.3), 1098 (¢ = 31.9), 1198 (& = 26.5), 1500 (¢ = 12.8), 1650 (¢ =

14.7), 1794 (¢ = 13.5), 2060 (& = 23.8), 2166 (£ = 29.2).
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4.4.5 Synthesis of [K(2,2,2-cryptand)][U(Te)(NR?)3] (4.4)

To a cold (-25 °C), stirring solution of [U(N(SiMes3)2)s3] (54.8 mg, 0.076 mmol) in pyridine
(2 mL) was added dropwise a cold (-25 °C) solution of 4.2 (42.3 mg, 0.039 mmol) in pyridine
(3 mL). This solution was allowed to stir for 15 min, whereupon the solvent was removed in
vacuo. The resulting black solid was extracted with diethyl ether (4 mL) and filtered through
a Celite column supported on glass wool (0.5 cm % 3 cm). The volume of the filtrate was
reduced to 2 mL in vacuo. Storage of this solution at -25 °C for 24 h resulted in the deposition
of black crystals, which were isolated by decanting off the supernatant (20.4 mg, 21%). The
supernatant was further concentrated to 1 mL in vacuo and storage of this solution at -25 °C
for 24 h resulted in the deposition of additional black crystals (total yield: 25%). This solution
was then transferred to a 4 mL scintillation vial that was place inside a 20 mL scintillation
vial. Toluene (6 mL) was then added to the outer vial. Storage of this two vial system for 48
h resulted in the deposition of additional black crystals (total yield: 32%). Anal. Calcd for
C36Ho0KNsO6SisTeU: C, 34.25; H, 7.19; N, 5.55. Found: C, 33.84; H, 7.05; N, 5.28. "THNMR
(400 MHz, 25 °C, pyridine-ds): & -1.48 (br s, 54H, NSiCHs3), 2.06 (t, 12H, Jun = 4.6 Hz,
NCH»), 3.05 (t, 12H, Jun = 4.6 Hz, OCH>CH2N), 3.09 (s, 12H, OCH>CH>0). IR (KBr Pellet,
cm): 669 (w), 752 (w), 845 (m), 887 (m), 933 (m), 1103 (s), 1130 (m), 1180 (m), 1257 (m),

1296 (w), 1356 (m), 1446 (w), 1475 (w), 2812 (m), 2875 (s), 2954 (s).

4.4.6 Synthesis of [K(18-crown-6)][U(n2-Te2)(NR2)3] (4.5)

To a cold (-25 °C), stirring mixture of [U(I)(N(SiMe3)2)3] (61.5 mg, 0.073 mmol) in
pyridine (3 mL) was added dropwise a cold (-25 °C) solution of 4.1 (64.0 mg, 0.074 mmol)
in pyridine (3 mL). This mixture was allowed to stir for 20 min, whereupon the solvent was

removed in vacuo and the resulting black solid was triturated with hexanes (3 x 5 mL). The
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black powder was then extracted with diethyl ether (8 mL) and filtered through a Celite
column supported on glass wool (0.5 cm x 3 cm). The volume of the filtrate was reduced to
I mL in vacuo. Storage of this solution at -25 °C for 24 h resulted in the deposition of black
crystals, which were isolated by decanting off the supernatant (34.9 mg, 38%). Anal. Calcd
for C30H7sKN306SisTe,U: C, 28.20; H, 6.15; N, 3.29. Found: C, 28.49; H, 6.29; N, 3.04. 'H
NMR (400 MHz, 25 °C, benzene-ds): 6 -4.98 (br s, 54H, NSiCH3), 2.35 (br s, 24H, 18-crown-
6). "H NMR (400 MHz, 25 °C, pyridine-ds): & -6.40 (br s, 54H, NSiCHs), 3.45 (br s, 24H,
18-crown-6). IR (KBr Mull, cm™): 610 (w), 662 (w), 688 (w), 773 (W), 842 (s), 885 (m), 934
(m), 936 (m), 1108 (s), 1182 (w), 1251 (m), 1284 (w), 1352 (w), 1454 (w), 1473 (w), 2894
(m), 2954 (m). UV-Vis/NIR (C4Hs0, 4.41 mM, 25 °C, L-mol!-cm™): 1020 (g = 33.3), 1078
(e=40.5), 1136 (¢ = 34.0), 1318 (¢ = 17.9), 1440 (¢ = 10.4), 1500 (¢ = 13.8), 1658 (¢ = 11.3),

1804 (& = 18.6), 2054 (¢ = 63.4), 2180 (g = 76.8).

4.4.7 Synthesis of [K(2,2,2,-cryptand)][U(m>-Tez2)(NR2)3] (4.6)

To a cold (-25 °C), stirring solution of [U(I)(N(SiMe3)2)3] (31.3 mg, 0.037 mmol) in THF
(3 mL) was added a cold (-25 °C) mixture of 4.2 (41.2 mg, 0.038 mmol) in 1:1 THF / pyridine
(3 mL). This mixture was allowed to stir for 30 min, whereupon the solvent was removed in
vacuo and the resulting black solid was triturated with hexanes (1 x 5 mL). The black powder
was then extracted with diethyl ether (4 mL) and filtered through a Celite column supported
on glass wool (0.5 cm % 3 cm). The volume of the filtrate was reduced to 1 mL in vacuo.
Storage of this solution at -25 °C for 24 h resulted in the deposition of black crystals, which
were isolated by decanting off the supernatant (26.7 mg, 52%). Anal. Calcd for
C36HooKNs506SisTeoU: C, 31.11; H, 6.53; N, 5.04. Found: C, 31.37; H, 6.65; N, 4.98. 'H
NMR (400 MHz, 25 °C, pyridine-ds): 8 -6.26 (br s, 54H, NSiCHs), 2.35 (t, 12H, Jun =4.6 Hz,
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NCH>), 3.33-3.37 (m, 12H, OCH>CH,N), 3.38 (s, 12H, OCH,CH>0). IR (KBr Pellet, cm™):
611 (m), 663 (m), 673 (m), 754 (m), 773 (m), 845 (s), 891 (s), 901 (s), 912 (s), 933 (s), 957
(s), 1080 (m), 1105 (s), 1134 (m), 1182 (m), 1250 (s), 1298 (m), 1354 (m), 1356 (m), 1444

(w), 1458 (w), 1477 (w), 2812 (m), 2889 (s), 2956 (s).

4.4.8 Synthesis of [K(18-crown-6)]2[Se4] (4.7)

To a mixture of Se powder (34.2 mg, 0.43 mmol) and 18-crown-6 (57.2 mg, 0.22 mmol)
in tetrahydrofuran (4 mL) was added KH (8.7 mg, 0.22 mmol). This mixture was allowed to
stir for 18 h, during which time gas evolution was observed, concomitant with the deposition
of a brown powder. This material was collected by filtration through a glass frit, and
subsequently rinsed with Et2O (5 mL) to provide a brown powder (78.6 mg, 72% yield). This
material was used in subsequent reactions without further purification. Anal. Calcd for
C24H4sK2012Ses: C, 31.24; H, 5.24; N, 0.0. Found: C, 29.76; H, 4.73; N, 0.29. The low carbon
% is attributed to the incomplete solvation of the K* cations by 18-crown-6. 'H NMR (500
MHz, 25 °C, CD3CN): § 3.58 (s, 18-crown-6). IR (KBr Mull, cm™): 530 (w), 838 (m), 964
(s), 1106 (s), 1250 (m), 1285 (m), 1351 (m), 1454 (m), 1473 (m), 2824 (m), 2894 (s). UV-
Vis/NIR (CH3CN, 0.323 mM, 25 °C, L-mol-ecm™): 390 (sh) (g = 5280), 434 (¢ = 6721), 598
(e = 1401). Crystals of 4.7 suitable for X-ray crystallography were grown from a dilute

acetonitrile solution layered with diethyl ether.

4.4.9 Synthesis of [K(18-crown-6)][U(m2-Sez)(NR2)3] (4.8)

To a deep green, cold (-25 °C), stirring mixture of 4.7 (89.9 mg, 0.097 mmol) dissolved
in a 2:1 mixture of tetrahydrofuran and pyridine (4 mL) was added a deep purple, cold (-25

°C) solution of [UN(SiMe3)2)3] (132.9 mg, 0.18 mmol) in tetrahydrofuran (2 mL). This
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solution was allowed to stir for 20 min, whereupon the solvent was removed in vacuo and the
resulting orange-red solid was triturated with Et;O (5 mL) and hexanes (2 x 5 mL). The
orange-red powder was then extracted with diethyl ether (10 mL) and filtered through a Celite
column supported on glass wool (0.5 cm x 2 cm). The volume of the orange-red filtrate was
reduced in vacuo to 1 mL. This solution was then transferred to a 4 mL scintillation vial that
was placed inside a 20 mL scintillation vial. Toluene (6 mL) was then added to the outer vial.
Storage of this two vial system for 72 h resulted in the deposition of orange-red crystalline
solid, which was isolated by decanting the supernatant (161.0 mg, 74%). Anal. Calcd for
C30H78KN306Se2SisU: C, 30.52; H, 6.66; N, 3.56. Found: C, 30.60; H, 6.86; N, 3.62. 'H
NMR (600 MHz, 25 °C, pyridine-ds): 6 -7.65 (br s, 54H, NSiCH3), 3.47 (br s, 24H, 18-crown-
6). IR (KBr Mull, cm™): 610 (m), 663 (m), 772 (m), 845 (s), 897 (m), 921 (s), 964 (m), 1111
(s), 1182 (w), 1249 (s), 1284 (w), 1352 (m), 1454 (w), 1473 (w), 2826 (W), 2894 (s), 2951 (s).
UV-Vis/NIR (CsHs0, 3.92 mM, 25 °C, L-mol!-cm™): 1020 (¢ = 45.6), 1080 (¢ = 51.0), 1134
(e=43.1), 1322 (¢ = 25.7), 1450 (¢ = 16.8), 1508 (¢ =18.9), 1626 (¢ =15.8), 1806 (¢ = 17.6),

2062 (£ = 60.7), 2160 (€ = 68.8).

4.4.10 Synthesis of [K(18-crown-6)][U(Se)(NR2)s] (4.9)

To a deep orange-red, cold (-25 °C), stirring solution of 4.8 (102.5 mg, 0.087 mmol), in
diethyl ether (3 mL) was added a cold (-25 °C) solution of Ph3P (22.2 mg, 0.085 mmol) in
diethyl ether (2 mL). The solution was allowed to stir for 15 min, during which time a white
precipitate was deposited in the reaction vial. The reaction mixture was filtered through a
Celite column supported on glass wool (0.5 cm x 2 cm). The volume of the orange-red filtrate
was reduced in vacuo to 3 mL. Storage of this solution at -25 °C for 24 h resulted in the
further deposition of colorless crystals, subsequently identified as PhsP=Se by *'P{'H} NMR
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spectroscopy. These were isolated by decanting the supernatant. The volume of the
supernatant was reduced in vacuo to 2 mL. This solution was then transferred to a 4 mL
scintillation vial that was place inside a 20 mL scintillation vial. Toluene (6 mL) was then
added to the outer vial. Storage of this two vial system for 48 h resulted in the deposition of
an orange-red crystalline solid, which was isolated by decanting the supernatant (67.0 mg,
70%). Anal. Calcd for C30H7sKN306SeSisU: C, 32.71; H, 7.14; N, 3.81. Found: C, 32.93; H,
6.87; N, 3.75. "H NMR (600 MHz, 25 °C, pyridine-ds): § -1.77 (br s, 54H, NSiCH3), 3.12 (br
s, 24H, 18-crown-6). IR (KBr pellet, cm™): 689 (w), 756 (w), 844 (s), 886 (m), 935 (s), 1046
(w), 1105 (s), 1182 (m), 1252 (s), 1285 (w), 1352 (m), 2896 (s), 2955 (s). UV-Vis/NIR
(C4Hs0, 4.77 mM, 25 °C, L-mol™-cm™): 700 (e = 33.9), 720 (& = 32.0), 928 (¢ = 6.9), 1112

(e = 26.0), 1208 (¢ = 32.5).

4.4.11 Reaction of [UNR3)3] with (4.1)

To a deep blue solution of [U(NR2)3] (15.9 mg, 0.022 mmol), in pyridine-ds (0.75 mL)
was added a violet suspension of 4.1 (9.6 mg, 0.011 mmol) in pyridine-ds (0.75 mL). A color
change to black was observed immediately upon addition. After 5 min, a 'H NMR spectrum
was obtained, revealing the clean formation of 4.3. "H NMR (400 MHz, 25 °C, pyridine-ds):

5 -1.48 (br s, 54H, NSiCHz), 3.12 (br s, 24H, 18-crown-6).

4.4.12 Reaction of [U(NR?)3] with 0.25 equiv of (4.7)

To a stirring, deep purple solution of [U(NR2)3] (38.4 mg, 0.053 mmol) in Et2O (2 mL)
was added 4.7 (13.4 mg, 0.015 mmol) as a solid. A color change to orange-brown was
observed immediately upon addition. After 10 min, the volatiles were removed in vacuo. The

resulting brown solid was dissolved in CsDs (0.75 mL), and a 'H NMR spectrum was
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recorded. 'H NMR (400 MHz, 25 °C, C¢Ds): & —7.07 (br s, 54H, 4.8), -6.55 (br s, 108H,
[U(NR2)3]2(p-Se)), -1.63 (br s, 54H, 4.9), 0.38 (br s, 24H, 18-crown-6). The resonance at -
6.55 ppm was assigned to [U(NR2)3]2(u-Se) by comparison with the "H NMR spectrum of

authentic material.>!

4.4.13 Reaction of [K(18-crown-6)][U(n>-Sez)(NR2)3] (4.8) with PPh;

To an orange-red solution of 4.8 (30.0 mg, 0.025 mmol) in pyridine-ds (0.75 mL) was
added a solution of PPh; (6.8 mg, 0.026 mmol) in pyridine-ds (0.5 mL). The color lightened
upon addition. After 5 min, "H NMR and *'P NMR spectra were obtained, revealing the clean
formation of 4.9 and PhsP=Se. 'H NMR (600 MHz, 25 °C, pyridine-ds): & -1.76 (br s, 54H,
4.9 NSiCHs), 3.04 (br s, 24H, 4.9 18-crown-6), 7.35-7.39 (m, 9H, PhsP overlapping
resonances from m-CH and p-CH), 7.40-7.44 (m, 6H, PhsP=Se m-CH), 7.45-7.51 (m, 9H,
overlapping resonances from o0-CH of PhsP and p-CH of PhisP=Se), 7.92-8.00 (m, 6H,
Ph;P=Se, 0-CH). *'P{'H} NMR (161.92 MHz, 25 °C, pyridine-ds): & -6.73 (s, PhsP), 34.31

(s, Ph3P=Se).

4.4.14 X-ray Crystallography

Data for 4.1, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9 were collected on a Bruker KAPPA APEX II
diffractometer equipped with an APEX II CCD detector using a TRIUMPH monochromator
with a Mo Ka X-ray source (o= 0.71073 A). The crystals were mounted on a cryoloop under
Paratone-N oil, and all data were collected at 100(2) K using an Oxford nitrogen gas
cryostream. Data were collected using o scans with 0.5° frame widths. Frame exposures of
10 s (low angle), and 15 s (high angle) were used for 4.1. Frame exposures of 10 s were used

for 4.3 and 4.9. Frame exposures of 2 s were used for 4.5. Frame exposures of 60 s were used
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for 4.7. Frame exposures of 5 s (low angle) and 10 s (high angle) were used for 4.8. Data
collection and cell parameter determination were conducted using the SMART program.'"?
Integration of the data frames and final cell parameter refinement were performed using
SAINT software.!'* For complexes 4.1, 4.3-4.7 and 4.9, the absorption correction was
performed using SADABS,'!® while for complex 4.8, which crystallized as a racemic twin in
a ratio of 46:54, the absorption correction was performed with TWINABS.!!¢ Subsequent
calculations were carried out using SHELXTL.''” Structure determination was done using
direct or Patterson methods and difference Fourier techniques. All hydrogen atom positions
were idealized, and rode on the atom of attachment. Structure solution, refinement, graphics,
and creation of publication materials were performed using SHELXTL.'!”

Complex 4.3 crystallizes in the triclinic space group P1 with four independent molecules
in the asymmetric unit. The four molecules of 4.3 differ significantly in their U-Te-K angles
(e.g., Ula-Tela-K1 =155.4(1)°, Ulb-Telb-K1 = 133.8(8), U2-Te2-K2 = 162.1(1)°, U3-Te3-
K3 = 132.96(9)°, U4da-Ted4a-K4 = 149.2(1)°), which disrupts any possible symmetry
operations that could interrelate the four molecules, and results in the observed low symmetry
space group. For this structure, U1, Tel, U4, and Te4 exhibited positional disorder, wherein
each atom was modeled over two sites in a 90:10 ratio. In addition, the anisotropic
displacement parameters of the K, Si, N, O and C atoms among four molecules in the
asymmetric unit were constrained with the EADP command, while for the U and Te atoms,
only the thermal parameters of the disordered pairs were constrained. Finally, one of the
diethyl ether solvate molecules in 4.3 exhibited positional disorder; one carbon of this
molecule was modeled over two positions in a 50:50 ratio. The C-C and C-O bond distances

of all the diethyl ether solvate molecules were constrained to 1.54 and 1.45 A, respectively,
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using the DFIX command. Hydrogen atoms were not assigned to disordered carbon atoms.
The diethyl ether solvate molecule in 4.5 exhibited positional disorder. One carbon atom was
modeled over two positions in a 50:50 ratio. The C-C and C-O bond distances of the diethyl
ether solvate were constrained to 1.54 and 1.45 A, respectively, using the DFIX command.
The C-C and C-N bond distances of the acetonitrile solvate molecule of 4.7 were constrained

to 1.45 and 1.1 A, respectively, using the DFIX command.
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Table 4.2. X-ray Crystallographic Data for Complexes 4.1, 4.3, and 4.4

4.1 4.3-0.5C4H100 4.4-C;sH,00
empirical formula C24H4sK2012Ter C32Hg3KN306.5SisTeU  CaoH100KNs5O7SisTeU
crystal habit, color block, blue plate, black plate, black
crystal size (mm) 0.2x0.1 x0.1 0.2 x0.2 x0.01 0.4x 0.2 x 0.05
space group C2/c P1 P2i/c
volume (A?) 3510.4(6) 10907(11) 6271.7(14)
a(A) 22.801(3) 11.589(7) 21.127(2)

b (A) 8.5162(8) 22.75(1) 13.435(2)
c(A) 19.626(2) 43.62(3) 22.543(3)
a (deg) 90 102.440(8) 90

p (deg) 112.904(4) 93.421(6) 101.418(6)
y (deg) 90 102.200(7) 90

Z 4 8 4
formula weight 862.02 1187.28 1336.52
(g/mol)

density (calculated)

(Mg/m?) 1.631 1.446 1.415
absorption

coefficient (mm) 1.950 3.745 3.267
Fooo 1720 4760 2712
total no. reflections 7576 140939 27721
unique reflections 3603 46966 11648
Rint 0.0399 0.0922 0.1307
final R indices (I R =0.0351 Ri =0.1425 Ri =0.0758
>26(D)] wR2 =0.0707 wR> =0.2828 wR2 =0.1782
largest diff. peak and ) 076 11,0910 6.663 and -8.717 3.032 and -3.787
hole (e” A™)

GOF 0.960 1.645 0.997
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Table 4.3. X-ray Crystallographic Data for Complexes 4.5, 4.6, and 4.7

4.5-0.5C4H,00

4.6

4.7-2CH;CN

empirical formula
crystal habit, color
crystal size (mm)
space group
volume (A?)

a(A)

b (A)

c(A)

a (deg)

f (deg)

y (deg)
Z

formula
(g/mol)
density (calculated)
(Mg/m?)

absorption
coefficient (mm™)
Fooo

total no. reflections
unique reflections
Rint

final R indices (I
>20(D)]

largest diff. peak and
hole (e” A)

GOF

weight

C32Hs3KN306.5SisTeoU  C36HgsKNsOsSisTeoU

plate, black
0.2 x0.1 x0.05
P1
2736.1(5)
11.1133(12)
14.6606(17)
17.909(2)
88.872
88.828
69.715
2

1314.88
1.596

4.256

1294
38729
16824
0.0285
Ry =0.0272
wR> = 0.0562

1.380 and -0.988
1.008

plate, black
0.2 x0.1 x0.05
P1
2960.9(16)
11.613(4)
15.142(5)
17.673(6)
90.094(8)
95.903(8)
106.581(7)
2
1387.98

1.557

3.937

1372
23445
10161
0.0941
R; =0.0872
wR> =0.2159

7.256 and -3.801
0.874
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C2sHs54K2N2012Seq
plate, orange
0.4 x0.2 x0.01
Pben
4285(1)
8.338(1)
23.532(4)
21.837(3)
90
90
90
4

1004.77
1.558

3.671

2024
14999
4496
0.0869
R; =0.0748
wR> = 0.1995

2.350 and -1.185
1.053
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Table 4.4. X-ray Crystallographic Data for Complexes 4.8 and 4.9

4.8 4.9
empirical formula C30H78KN306Se:SisU C30H78KN306SeSicU
crystal habit, color plate, red-orange plate, red
crystal size (mm) 0.3 x0.2 x0.1 0.2 x0.1 x0.1
space group P2, P1
volume (A?) 5119.9(4) 5036(1)
a(A) 13.2894(6) 12.817(2)

b (A) 17.7878(8) 18.780(3)
c(A) 22.4872(8) 21.833(3)

a (deg) 90 91.640(2)
f (deg) 105.602(2) 106.308(2)
y (deg) 90 92.187(2)
Z 4 4
formula weight (g/mol) 1180.54 1101.58
density (calculated) (Mg/m?) 1.532 1.453
absorption coefficient (mm) 4.850 4.207
Fooo 2360 2224
total no. reflections 25138 54763
unique reflections 20231 22070
Rint 0.0319 0.0375
notows et
largest diff. peak and hole (e” A™) 2.654 and -1.635 5.223 and -2.877
GOF 0.998 1.561
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4.5  Appendix
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Figure A4.1. '"H NMR spectrum of [K(2,2,2-cryptand)][U(Te)(NR2)s] (4.4) in pyridine-ds.
(*) indicates the presence of HN(SiMe3)s.
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Figure A4.2. 'H NMR spectrum of [K(2,2,2-crytpand)][U(n>-Te2)(NR2)3] (4.6) in pyridine-
ds. (*) indicates the presence of diethyl ether, (m) indicates the presence of HN(SiMes)..
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Figure A4.3. 'H NMR spectrum of the reaction of [U(NR2);] with 0.25 equiv of [K(18-
crown-6)]»[Se4] (4.7). (*) indicates the presence of complex 4.8, (m) indicates the presence of
complex 4.9, (#) indicates the presence of [U(NR2)3]2(u-Se), (f) indicates the presence of

Et,0, (1) indicates the presence of HN(SiMe;),, and (¢) indicates the presence of [U(NR2)4],!'®

an impurity in the starting material.
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Figure A4.4. NIR spectra of complexes 4.3, 4.5, 4.8, and 4.9. Concentration (mM) in C4HgO:
4.3,5.17;4.5,4.41; 4.8,3.92; 4.9, 4.77.
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Figure A4.5. UV-Vis Spectra of complexes 4.1 and 4.7. Concentration (mM) in CH3CN: 4.1,
0.174; 4.7, 0.323.
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Chapter 5 Synthesis of Thorium Selenides and Tellurides
Utilizing Polychalcogenides as Chalcogen Atom Transfer
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5.1 Introduction

Despite the considerable progress made in the study of actinide ligand bonding, several
important areas remain underdeveloped.!” The study of actinide ligand multiple bonds is one

such area, and even though there has been a surge in the synthesis of these complexes in recent

1

years, the vast majority are uranium complexes.®!! Examples of actinide ligand multiple

bonds involving other actinides, like thorium are significantly more uncommon.'*!?

14-16 17-19

While there have been a handful of examples of thorium imidos and carbenes
reported in the last two decades, with respect to the chalcogenides, the number of complexes
with thorium ligand multiple bonds drops dramatically. Zi and co-workers reported the
synthesis of the first thorium oxo complex, [(n°-1,2,4-'BusCsH2)>.Th(O)(dmap)] (dmap =
dimethylaminopyridine), in 2011.2° The only other examples are the thorium oxo and sulfido,
[K(18-crown-6)][Th(E)(NR2)3] (3.6, E = O; 3.8, E = S), described in Chapter 3, isolated via
reductive deprotection of the corresponding chalcogenate complexes.?! There have been no
reported examples of thorium selenides or tellurides. Furthermore, structurally characterized
coordination complexes with Th-Se bonds are extremely uncommon (Figure 5.1),!>222* and

coordination complexes with Th-Te bonds are completely non-existent. '
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Figure 5.1. Previously reported complexes with Th-Se bonds. [(°-1,3-
‘BusCsH3)>Th(SePh);] (left),*? [(n°-1,2,4-BusCsH,)Th(SePh)s(bipy)] (center),'?
Th[Se>P(C¢Hs)(OMe)]s (right).??

The polychalcogenides detailed in Chapter 4 have been demonstrated to be useful in the
synthesis of uranium chalcogenides, including the synthesis of the U(IV) ditelluride, [K(18-
crown-6)][Um>Te2)(NR2)3] (4.5), which was generated via the reaction of [U(I)(NR2)3] with
[K(18-crown-6)]2[Tez] (4.1). Importantly, no metal based redox chemistry is required in this
reaction, and suggests that these polychalcogenides should also be amenable to use in the
analogous thorium based systems. The synthesis of thorium selenides and tellurides also
provides the opportunity to probe the f-orbital participation and bonding of these complexes
using 7’Se and '>>Te NMR spectroscopies. A similar approach was previously employed by
Hayton and co-workers, and Hrobarik and co-workers, in the study of actinide hydride and
alkyl complexes using 'H and '*C NMR spectroscopies.>>*

This chapter describes the synthesis of the first thorium terminal selenides and tellurides.
These complexes are all accessed utilizing the polychalcogenide salts described in Chapter 4.

This series of complexes is characterized structurally and spectroscopically, including 7’Se

and '2>Te NMR spectroscopies. DFT calculations were performed, in collaboration with Dr.

167



Peter Hrobarik at the Technical University of Berlin, to analyze the electronic structures of
these complexes, along with their oxo and sulfido analogues. In addition, the previously
reported uranium oxy selenide, [Cp2Co][U(O)(Se)(NR2)3],%” was characterized by 7’Se NMR
spectroscopy as well, and the chemical shifts of all these complexes are calculated using DFT.
Experimental and computational data are used in concert to discuss differences in bonding

among the actinides.

5.2 Results and Discussion
5.2.1 Synthesis and Characterization of [K(18-crown-6)][Th(n?-Se2)(NR2)3] (5.1).

The success had with [K(18-crown-6)]2[Se4] (4.7) and other polychalcogenides discussed
in Chapter 4 suggested that these species could be used in other actinide systems, for which
analogous starting materials are available. Thus, addition of 1 equiv of [K(18-crown-6)]>[Ses]
(4.7) to a suspension of [Th(I)(NR2)3] (3.3) in THF, generates an orange solution and a black
precipitate. Crystallization from diethyl ether affords [K(18-crown-6)][Th(n?-Se2)(NR2)3]
(5.1), as orange crystals in 63% yield (Scheme 5.1). The black precipitate is postulated to be
Se’ that is ejected due to steric crowding between the bulky [N(SiMes)2]” ligands and the

larger polychalcogenide moiety, and gives rise to the observed diselenide.

Scheme 5.1 Synthesis of [K(18-crown-6)][Th(n?-Se2)(NR2)3] (5.1)

Se Se Se—Se
K(18- -6
I [K(18-crown )]zlSe/ NP W,
2 T™NR, » [K(18-crown-6)] RN ThY.
R2N THF o 2 \NR2
R = SiMe; -Kl, -18-crown-6, -2 Se R,N
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The '"H NMR spectrum of complex 5.1 exhibits two sharp resonances at 0.74 and 3.17
ppm, in benzene-ds, and 0.74 and 3.47 ppm, in pyridine-ds, assignable to the methyl groups
of the silylamide ligands and the methylene groups of the 18-crown-6 moiety, respectively.
Similarly, the *C{'H} NMR spectrum features two resonances at 6.05 and 70.18 ppm, in
benzene-ds, and 6.56 and 70.87 ppm, in pyridine-ds, again attributable to the methyl groups
of the silylamide ligands and the methylene groups of the 18-crown-6 moiety, respectively.
Complex 5.1 was also characterized by 7’Se{'H} NMR spectroscopy. Its 7’Se{'H} NMR
spectrum, in benzene-ds, features one resonance at 246 ppm, assignable to the [n?-Se2]*”
ligand. Importantly, this resonance shifts downfield to 302 ppm in pyridine-ds, consistent
with the formation of a solvent separated cation/anion pair. Both chemical shifts are within
the range for previously reported complexes with an [n%-Se2]*” ligand (-408-1252).283
Furthermore, the only other reported ’’Se chemical shift of a complex with Th-Se bonds is for
Th[Se2P(C6Hs)(OMe)]4, which features a single resonance at 222 ppm in its ’’Se NMR
spectrum.?

Complex 5.1 crystallizes in the triclinic spacegroup P1, as a diethyl ether solvate
5.1-0.5Et;0, and its solid state molecular structure is shown in Figure 5.2. Complex 5.1 is
structurally identical to its uranium analogue, [K(18-crown-6)][U(n>-Se2)(NR2)s] (4.8). It
features a distorted pseudotetrahedral geometry about thorium (N1-Th1-N2 = 99.8(2)°, N2-
Th1-N3 =110.1(2)°, N1-Th1-N3 = 125.4(2)°), again attributable to the presence of the larger
[n2-Se2]*" ligand in addition to the sterically demanding [N(SiMes);]” ligands. The Th-Se
bond lengths (Thl-Sel = 2.8750(7), Thl-Se2 = 2.9555(7) A) are comparable to those of
previously reported complexes with Th-Se single bonds,!>*>? including

[Th(Se2P(C¢Hs)(OMe))4] (av. Th-Se = 3.027 A),* and [(n’-1,3-(Me;C)>CsHs)Th(SePh)]
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(av. Th-Se =2.88 A).?? Furthermore, the Th-Se bond distances of 5.1 are also similar to those
of the solid state selenide, ThSe,, which features an average Th-Se bond distance of 3.06 A

(range 2.85-3.27 A).3® The asymmetry observed in the Th-Se bond distances is similar to

Figure 5.2. ORTEP diagram of [K(18-crown-6)][Th(n*-Se2)(NR2)3] (5.1-0.5Et,0) with 50%
probability ellipsoids. Diethyl ether solvate and hydrogen atoms are omitted for clarity.
Selected bond distances (A) and angles (deg): Th1-Sel = 2.8750(7), Th1-Se2 = 2.9555(7),
Sel-K1 =3.425(2), Se2-K1 =3.441(2), Sel-Se2 =2.397(1), Th-N (av.) = 2.354, N1-Th1-N2
=99.8(2), N2-Th1-N3 = 110.1(2), N1-Th1-N3 = 125.4(2).

what is seen for its uranium analogue, [K(18-crown-6)][U(n?-Se2)(NR2)3] (4.8), and likely a
result of the aforementioned steric crowding around the metal center. The Se-K bond
distances (Sel-K1 = 3.425(2), Se2-K1 = 3.441(2) A) are comparable to those of the

polyselenide salt (4.7) and the uranium congener (4.8). Finally, the Se-Se bond distance of

5.1 (Sel-Se2 = 2.397(1) A) is comparable to that of complex 4.8, as well as those of other
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structurally characterized complexes with an [n?-Se2]*” ligand (av. Se-Se = 2.327 A).%*

31,33,35,37-51

5.2.2 Synthesis and Characterization of [K(18-crown-6)][Th(n*-Tez)(NR2)3] (5.2)

The utility of [K(18-crown-6)]2[Tez] (4.1) as a tellurium atom transfer reagent was then
applied towards the synthesis of a new thorium ditelluride. Accordingly, addition of 1 equiv
of [K(18-crown-6)]>[Tez] (4.1) to a diethyl ether suspension of [Th(I)(NR2)s3] (3.3) affords a
green mixture. Subsequent crystallization from diethyl ether affords [K(18-crown-6)][Th(n*
Te2)(NR2)3] (5.2), as a green crystalline solid in 36% yield (Scheme 5.2). Like the synthesis
of its uranium analogue (4.5), complex 5.2 is formed via a simple salt metathesis that further
demonstrates the versatility of 4.1 and reinforces the synthetic utility of these

polychalcogenide salts.

Scheme 5.2 Synthesis of [K(18-crown-6)][Th(n?-Te2)(NR2)3] (5.2)

| I I Te—Te
TRV [K(18-crown-6)],| Te—Te
RNt Th ~—NR, » [K(18-crown-6)] \ \Y
R,N Et,0 RN Th'—NR,
2 . -Kl, -18-crown-6
R = SiMes ’ RzN

The "H NMR spectra of 5.2, in benzene-ds and pyridine-ds, are nearly identical to those
of its selenide analogue, complex 5.1. The spectra feature two sharp resonances at 0.79 and
3.14 ppm, in benzene-ds, and at 0.76 and 3.58 ppm, in pyridine-ds, in both cases assignable to
the methyl groups of the silylamide ligands and the methylene groups of the 18-crown-6
moiety, respectively. The *C{'H} NMR spectra are also extremely similar, exhibiting two
resonances at either 6.28 and 70.13 ppm (benzene-ds) or 6.74 and 71.18 ppm (pyridine-ds),

again assignable to the methyl groups of the silylamide ligands and the methylene groups of
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the 18-crown-6 moiety, respectively. Complex 5.2 was also characterized by '>Te{!H} NMR
spectroscopy. The '»Te{'H} NMR spectrum of complex 5.2 features a singlet at -351 ppm,
in benzene-ds, or -272 ppm, in pyridine-ds, attributable to the [n>-Te:z]* ligand. Both
resonances are within the known chemical shift range for complexes with a [n?-Tex]*
ligand.?®3%52-%5  The downfield shift observed in pyridine-ds is again consistent with the
formation of'a solvent separated cation/anion pair, identical to what has been seen for complex
5.1.

Complex 5.2 crystallizes in the triclinic spacegroup P1, as a diethyl ether solvate
5.2:0.5Et20, and its solid state molecular structure is shown in Figure 5.3. Complex 5.2 is
isostructural to its uranium analogue, 4.5, as well as its selenide congener, 5.1. It exhibits a
distorted pseudotetrahedral geometry about thorium, with N-U-N angles (N1-Th1-N2 =
126.8(1)°, N2-Th1-N3 = 108.9(1)°, N1-Th1-N3 = 100.8(1)°) that deviate considerably from
what would be expected for idealized tetrahedral, a consequence of accommodating the larger
[n?-Te2]*> ligand. The asymmetric Th-Te bond distances of 5.2 (Th1-Tel = 3.1076(4), Thl-
Te2 = 3.2375(4) A), a feature again attributed to the steric crowding around Th, are longer
than the U-Te bonds distances of complex 4.5 and the Th-Se bonds distances of complex 5.1,
consistent with the increased ionic radii of Th*" vs. U*" and Te? vs. Se? 3% Complex 5.2 is
the first structurally characterized coordination complex with Th-Te bonds,'* however solid
state thorium tellurides are known.’8%* For example, KThoTes,®* ThTealo,®' and Th;Te2®
have all been structurally characterized, and the range of Th-Te bond distances (3.137(2)—
3.483(1) A) exhibited by these materials are comparable to the those in complex 5.2. In

addition, the Te-Te bond distance in 5.2 (Tel-Te2 = 2.7525(5) A) is slightly longer than those
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of other structurally characterized complexes with an [n?-Te:]*” ligand (av. 2.69

A),?8:29:52:53.35.6569 [yt similar to that of its uranium analogue, 4.5.

Figure 5.3. ORTEP diagram of [K(18-crown-6)][Th(n*-Te2)(NR2)3] (5.2-0.5Et,0) with 50%
probability ellipsoids. Diethyl ether solvate and hydrogen atoms are omitted for clarity.
Selected bond distances (A) and angles (deg): Thl-Tel = 3.1076(4), Th1-Te2 = 3.2375(4),
Tel-K1=3.6534(9), Te2-K1 =3.6682(9), Th-N (av.) =2.345, Tel-Te2 = 2.7525(5), N1-Th1-
N2 =126.8(1), N2-Th1-N3 = 108.9(1), N1-Th1-N3 = 100.8(1).

5.2.3 Synthesis and Characterization of [K(18-crown-6)|[Th(Se)(NR2)3] (5.3)

Diselenide 5.1 was then used as a precursor to a terminal monoselenide complex, via
reaction with a phosphine. Thus, addition of 1 equiv of Et3P to an orange solution of 5.1 in
diethyl ether results in a bleaching of the color. Upon work-up and crystallization from diethyl

ether, [K(18-crown-6)][Th(Se)(NR2)3] (5.3) was isolated as a colorless crystalline solid, in

53% yield (Scheme 5.3). The other expected byproduct of this reaction, Et;P=Se, can be
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identified by *'P{'H} and 7’Se{'H} NMR spectroscopies and isolated as an off-white solid in
97% vyield. A similar strategy has been employed previously for the synthesis of
monochalcogenide complexes, including the synthesis of the uranium monoselenide, [K(18-

crown-6)][Th(Se)(NR2)s] (4.9).% 4"

Scheme 5.3 Synthesis of [K(18-crown-6)][Th(Se)(NR2)3] (5.3)

Se—Se Slr
Et;P
[K(18-crown-6)] \ v — % [K(18-crown-6)] WY,
R2N“'"Th \NR2 Et20 RZN“'“Th \NR2
RZN/ _Et;P=Se RN

R:SiMe3

Complex 5.3 crystallizes in the triclinic spacegroup P1, with two molecules in the
asymmetric unit, and its solid state molecular structure is shown in Figure 5.4. Complex 5.3
is structurally identical to its uranium analogue, 4.9, as well as its oxo (3.6) and sulfido (3.8)
congeners. It exhibits an identical pseudotetrahedral geometry about thorium. This is
evidenced by N-Th-N (av. 116.4°) and N-Th-Se (av. 101.0°) angles close to the established
values for an idealized tetrahedral molecule. The Th-Se bond distances of 5.3 (Th1-Sel =
2.6497(7), Th2-Se2 = 2.6566(7) A) are notably shorter than those of complex 5.1, suggestive
of the multiple bond character in these interactions. And while the Se-K bond distances of
5.3 (Sel-K1 = 3.125(2), Se2-K2 = 3.201(2) A) are shorter than those of 5.1, they are similar

to those of the corresponding uranium complex (4.9).
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Figure 5.4. ORTEP diagram of [K(18-crown-6)][Th(Se)(NR2)3] (5.3) with 50% probability
ellipsoids. One molecule of 5.3 and hydrogen atoms are omitted for clarity. Selected bond
distances (A) and angles (deg): Thl-Sel = 2.6497(7), Th2-Se2 = 2.6566(7), Sel-K1 =
3.125(2), Se2-K2 =3.201(2), Th-N (av.) =2.35, N-Th-N (av.) = 116.4, N-Th-Se (av.) = 101.0.

The '"H NMR and *C{'H} NMR spectra of 5.3, in benzene-ds, are extremely similar to
those of complex 5.1, each featuring two resonances, 0.76 and 3.17 ppm and 5.75 and 70.11
ppm, which correspond to the methyl groups of the silylamide ligands and the methylene
groups of the 18-crown-6 moiety, respectively. The spectra in pyridine-ds are almost
identical, the most notable difference being the downfield shift of the resonance attributable
to the 18-crown-6 moiety in the "H NMR spectrum to 3.53 ppm. This downfield shift is also
observed in the ”’Se{'H} NMR spectrum of complex 5.3, which features a single resonance
at 885 ppm, when dissolved in benzene-ds, that shifts to 992 ppm, when dissolved in pyridine-

ds. This shift results from breaking up the contact between the [K(18-crown-6)]" cation and
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the [Th(Se)(NR2)3]" anion upon dissolution in the more polar coordinating solvent.
Additionally, both chemical shifts are within the range (700—2400 ppm) for complexes with a

terminal [Se]*” ligand that have been previously reported.32:53-3472-75

5.2.4 Synthesis and Characterization of [K(18-crown-6)][Th(Te)(NR2);] (5.4)

The synthetic procedure used to generate complex 5.3 was then applied to the tellurium
system. However, addition of 1 equiv of Et3P to a benzene-ds solution of 5.2 results in no
reaction after 24 h, as determined by both 'H and *'P{'H} NMR spectroscopies. Parkin and
co-workers reported, in 1994, that conversion of a ditelluride complex, [Cp 2Ta(n*-Te2)(H)],
into the corresponding monotelluride complex, [Cp>Ta(Te)(H)], could be achieved via
reaction with EtsP and Hg.’> This alternative route was then investigated as a means to
synthesize a thorium monotelluride complex. Thus, addition of EtsP and Hg, both in excess,
to a green solution of 5.2, in diethyl ether, produces a colorless solution, along with a black
precipitate, after 24 h. Upon work-up, [K(18-crown-6)][Th(Te)(NR2)3] (5.4) can be isolated
as a colorless powder in 78% yield (Scheme 5.4). Whereas formation of a P-Te bond was
insufficient to drive abstraction of the Te atom, addition of Hg and formation of the Hg-Te

bond likely provides the necessary thermodynamic sink.”®

Scheme 5.4 Synthesis of [K(18-crown-6)][Th(Te)(NR2)s3] (5.4)

Te—Te Te
[K(18-crown-6)] \ EtP, A [K(18-crown-6)] ”
. - v - - ThiV.
RoNt Th—nR, Et,0 RoNt Th'— R,
R,N -HgTe R,N
R=SiM93

Crystals of complex 5.4 suitable for X-ray crystallography can be grown from a

concentrated diethyl ether solution. 5.4 crystallizes in the triclinic spacegroup P1 as a diethyl
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ether solvate, 5.4-0.5Et>O, with four molecules in the asymmetric unit, and its solid state
molecular structure is shown in Figure 5.5. Complex 5.4 is isostructural to its uranium
analogue, [K(18-crown-6)][U(Te)(NR2)3] (4.3), and features a pseudotetrahedral geometry
about thorium (av. N-Th-N = 112.9°, av. N-Th-Te = 107.0°), comparable to what is observed
for complex 5.3. The Th-Te bond distances of 5.4 (av. 2.933 A) are significantly shorter than

those of ditelluride 5.2, and are actually the shortest Th-Te bonds reported,’®64+77-7

suggestive
of the multiple bond character of these interactions. In addition, the Te-K bond lengths of 5.4
(av. 3.437 A) are longer than the corresponding O-K (2.645(7) A), S-K (av. 3.081 A), and Se-
K (av. 3.163 A) bond distances of the structurally identical oxo (3.6), sulfido (3.8), and

selenido (5.3) complexes, consistent with the increased ionic radius of Te?~ vs. 0*", S*, and

Se2* 56

Figure 5.5. ORTEP diagram of [K(18-crown-6)][Th(Te)(NR2)3] (5.4:0.5Et,0) with 50%
probability ellipsoids. Three molecules of 5.4, diethyl ether solvates, and hydrogen atoms are
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omitted for clarity. Selected bond distances (A) and angles (deg): Thla-Tela = 2.953(2),
Thlb-Telb = 2.95(2), Th2a-Te2a = 2.933(1), Th2b-Te2b = 2.94(2), Th3a-Te3a = 2.930(2),
Th3b-Te3b = 2.86(2), Th4a-Teda = 2.933(1), Thdb-Tedb = 2.96(1), Tela-K1 = 3.448(4),
Telb-K1 = 3.44(2), Te2a-K2 = 3.437(4), Te2b-K2 = 3.28(1), Te3a-K3 = 3.518(4), Te3b-K3
= 3.49(2), Ted4a-K4 = 3.453(4), Th-N (av.) = 2.37, N-Th-N (av.) = 112.9, N-Th-Te (av.) =
107.0.

The "H NMR spectrum of 5.4 in benzene-ds and pyridine-ds both exhibit a sharp resonance
at 0.81 ppm, assignable to the methyl groups of the silylamide ligands. The only difference
between the two is, again, the downfield shift of the resonance attributed to the 18-crown-6
moiety in the more polar solvent, 3.15 ppm (benzene-ds) vs. 3.47 ppm (pyridine-ds). This
shift is also observed in the '»Te{'H} NMR spectrum, which features a single resonance at

481 ppm, in benzene-ds, and at 628 ppm, in pyridine-ds. Both values are well within the range

reported for complexes with a terminal [Te]?™ ligand.?8-30-52-54.72.80

5.2.5 DFT Analysis of the Electronic Structures of [K(18-crown-6)][Th(n?*-
E2)(NR?)3] and K(18-crown-6)][Th(E)(NR2)3] (E = Se, Te)

The electronic structures of complexes 5.1, 5.2, 5.3, and 5.4 were investigated using DFT,
including Natural Bond Order (NBO) and Quantum Theory of Atoms-in-Molecules
(QTAIM). This analysis was conducted by Dr. Peter Hrobarik at the Technical University of
Berlin. Also investigated were the oxo, [K(18-crown-6)][Th(O)(NR2)3] (3.6) and sulfido,
[K(18-crown-6)][Th(S)(NR2)3] (3.8) analogues, in addition to the previously reported
uranium(VI) complex, [Cp2Co][U(O)(Se)(NR2);].2” There is excellent agreement between
the computationally and X-ray determined structural parameters for all the complexes studied.
The Th-E interactions are calculated to be formal triple bonds, with a single ¢ and two ©

components, as determined by both NBO and QTAIM analyses. The ¢ and 2n NLMOs for
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the Th-Se interaction of complex 5.3 are shown in Figure 5.6. These analyses also indicate
that the Th-N bonds possess double bond character. Similar results are seen for the uranium

complex, [U(O)(Se)(NR»)s] ", as well. The percent composition of the natural localized

n(Th-Se) n(Th-Se)

o(Th-Se)

Figure 5.6. o and © Natural Localized Molecular Orbitals (NLMO) for the Th-Se bond of
[Th(Se)(NR2)3]™ (5.3). Hydrogen atoms are omitted for clarity. Isosurface = 0.03.

molecular orbitals (NLMOs), and the f-orbital contribution to these bonds, for both the
thorium and uranium complexes are collected in Table 5.1. Notably, there is a slight increase
in the metal character to the Th-E bonds as the chalcogen becomes heavier. Furthermore,
there is a considerably greater amount of metal contribution seen in the U-E interaction in
addition to a marked increase in the f orbital character to the uranium contribution. These
results are consistent with previous computational analyses of related actinide chalcogenides,
including those discussed in Chapter 3,27 and suggest greater covalency in the uranium(VI)

complexes versus structurally similar thorium(IV) complexes.®!
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Table 5.1. Composition (%) and f-orbital contribution of the M-E NLMOs of
[Th(E)(NR2)3] and [U(O)(Se)(NR2):]” (E=0, S, Se, Te)

M (%) E (%)

[Th(E)(NR2)3]
E =0 (3.6) © 6.9 (22) 93.0
T 11.3 (30) 88.0
E=S(3.8) ° 18.8 (11) 80.5
T 18.5 (33) 80.2
E = Se (5.3) o 21100 78.1
T 19.8 (35) 78.8
E=Te (5.4) © 24.8(9) 74.1
T 20.3(38) 78.0
UO)XSe(NRa)] °  8(0Y 62.4
n 26.0 (57) 72.3

5.2.6 DFT Analysis of the 7’Se and >Te NMR Chemical Shifts of [K(18-crown-
6)][Th(n2-E2)(NR3)3] and K(18-crown-6)][Th(E)(NR2)3] (E = Se, Te)

Electronic structure analysis is limited by the experimental data to which it is correlated,
and typically the only experimental data used is that from X-ray crystallography. The ability
to include other spectroscopic data would allow for greater insight into the bonding of these
complexes and provide a way to corroborate the results of the electronic structure analyses in
the previous section. Thus, the ’Se and '>*Te chemical shifts of complexes 5.1-5.4 are an
excellent set of experimental data to which theory can be applied. In collaboration with Dr.
Peter Hrobdrik at the Technical University of Berlin the "’Se and !2Te NMR chemical shifts
(0) of complexes 5.1-5.4 were calculated using DFT. These calculations were performed at
the two-component ZORA-SO relativistic level including spin-orbit coupling, in conjunction
with a PBEO hybrid functional and TZ2P basis set. The theoretically determined chemical

shifts agree very closely with the experimental values. Importantly, the calculations also
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support the formation of different solution state structures, solvent separated cation / anion
pairs and contact ion pairs, in polar and non-polar solvents, respectively, a phenomenon first
evidenced by "H NMR spectroscopy.

In order to expand the scope of these studies the previously reported U(VI) complex,
[Cp"2Co][U(O)(Se)(NR2)3],%” was also characterized by ’Se{'H} NMR spectroscopy. This
exhibits a single resonance at 4905 ppm in its "’Se{'H} NMR spectrum (Figure 5.7). This
77Se NMR chemical shift is the largest downfield shift reported for a diamagnetic complex,
and more than double that of the previous downfield limit, 2434 ppm, reported for the
triselenido-substituted aromatic dication®>. Most importantly, the calculated chemical shift

for this complex agrees very well with the experimental data.

—4905

5010 4990 4970 4950 4930 4910 4890 4870 4850 4830 4810 4790
f1 (ppm)

Figure 5.7. ""Se{'H} NMR spectrum of [Cp"2Co][U(O)(Se)(NR,)3] in pyridine-ds.
The delocalization indices (DI), the QTAIM measure of bond order, were also calculated

for the complexes under investigation, and a linear relationship was found between these
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values and the corresponding "’Se or '»Te chemical shifts (5) of complexes 5.1-5.4. It is
important to note that the increase in bond strength of the Th-E interactions that could be
expected upon forming a solvent separated cation / anion pair is not only consistent with what
is predicted by the DFT calculations, as evinced by an increase in the DI values, but also is
echoed by the downfield shift observed for the 6 values as well. The data obtained for
[Cp"2Co][U(O)(Se)(NR>)3], however, does not fit well with that of the thorium complexes,
due in part to its dramatically large 6 value. This discrepancy can be ascribed to the major
differences in the bonding between U(VI), which is expected be exhibit greater covalency,
and Th(IV). As reflected in NBO analysis and composition of the NLMOs (Table 5.1), the
uranium-chalcogen bond is more covalent then its thorium counterparts, and there is
significantly more 5f-orbital participation, which results in the striking increase in 6 value that

1s observed.

53 Summary

In summary, conversion of [Th(CI)(NR2)s3] (3.1) into the corresponding iodide,
[Th(I)(NR2)3] (3.3), via reaction with excess TMSI. Reaction of complex 3.3 with 1 equiv of
the polychalcogenides, [K(18-crown-6)]>[Ses] (4.7) and [K(18-crown-6)]»[Te:] (4.1), affords
the Th(IV) terminal dichalcogenides, [K(18-crown-6)][Th(n?-E2)(NR2)3] (5.1, E = Se; 5.2, E
= Te), in moderate yields. Similar to their uranium analogues, complexes 5.1 and 5.2 feature
asymmetric Th-E bond lengths and N-Th-N angles. Reaction of 5.1 and 5.2 with Et3P or Et;P
and Hg, respectively, yields the Th(IV) terminal monochalcogenides, [K(18-crown-
6)][Th(E)(NR2)3] (5.3, E = Se; 5.4, E = Te). These feature the shortest Th-E bond distances

reported to date suggestive of the multiple bond character of these interactions. These
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syntheses are another example of the usefulness of the polychalcogenides as a means to install
terminal chalcogenide ligands.

Complexes 5.1-5.4 were characterized by ’’Se and '*Te NMR spectroscopies.
Additionally, characterization of [Cp“2Co][U(O)(Se)(NR2);] by "’Se NMR spectroscopy
reveals an unprecedentedly downfield resonance. The electronic structures and "’Se or '>°Te
NMR chemical shifts of complexes 5.1-5.4 and [Cp2Co][U(O)(Se)(NR2);] were also
calculated by DFT using NBO and QTAIM analyses. These analyses agree well with
experiment, predicting both multiple bond character for the Th-E bonds of 5.3 and 5.4 and the
extreme "’Se § value of [Cp"2Co][U(O)(Se)(NR2);]. Furthermore, the considerable difference
in 0 between the thorium and uranium complexes is attributed directly to the increased
covalency and f-orbital participation in the latter. These results illustrate the benefits of
combining experimental and theoretical analyses to gain insight into actinide-ligand bonding,
and demonstrate that NMR spectroscopy can be used to probe the bonding of actinide systems.
The simplicity and ubiquity of NMR spectroscopy should allow for the application of this

methodology to other actinide or transition metal systems.

5.4 Experimental
5.4.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions under an atmosphere of nitrogen. Hexanes, Et2O, tetrahydrofuran
(THF), and toluene were dried using a Vacuum Atmospheres DRI-SOLV Solvent Purification
system and stored over 3A sieves for 24 h prior to use. Benzene-ds and pyridine-ds were dried
over 3A molecular sieves for 24 h prior to use. 3.3,% 413 473 and

[Cp"2Co][U(O)(Se)(NR2)3],” were synthesized according to the previously reported
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procedures. Thorium(IV) nitrate hydrate was purchased from Strem Chemicals, while
elemental Se, elemental Te, and NaNR» were purchased from Acros Organics. Unless noted,
all reagents were used as received.

NMR spectra were recorded on a Varian UNITY INOVA 400 MHz spectrometer, a Varian
UNITY INOVA 500 MHz spectrometer, a Varian UNITY INOVA 600 MHz spectrometer,
or an Agilent Technologies 400-MR DD2 400 MHz Spectrometer. 'H NMR spectra were
referenced to external SiMes using the residual protio solvent peaks as internal standards.
BC{'H},'P{'H}, "Se{'H}, and '>*Te{'H} NMR spectra were referenced indirectly with the
'H resonance of SiMes at 0 ppm, according to IUPAC standard,**¢ using the residual solvent
peaks as internal standards. ’’Se and '*Te NMR spectra were recorded at an operating
frequency of 76.28 MHz and 126.20 MHz, respectively. IR spectra were recorded on a Nicolet
6700 FT-IR spectrometer. Raman spectra were recorded on a LabRam Aramis microRaman
system (Horiba Jobin Yvon) equipped with 1200 grooves/mm holographic gratings, and
Peltier-cooled CCD camera. The 633 nm output of a Melles Griot He-Ne laser was used to
excite the samples, which were collected in a back scattering geometry using a confocal
Raman Microscope (high stability BX40) equipped with Olympus objectives (MPlan 50x).
Sample preparation was performed inside the glovebox: Pure crystalline solid samples were
placed between a glass microscope slide and coverslip, sealed with a bead of silicone grease,
and removed from the glovebox for spectral acquisition. Elemental analyses were performed

by the Micro-Analytical Facility at the University of California, Berkeley.

5.4.2 Synthesis of [K(18-crown-6)][Th(n>-Sez)(NR2)s] (5.1)

To a colorless, cold (-25 °C), stirring mixture of [Th(I)(NR2)s3] (3.3) (40.7 mg, 0.048
mmol) in THF (3 mL) was added [K(18-crown-6)]2[Se4] (4.7) (47.9 mg, 0.052 mmol). The
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color of the solution became pale orange upon addition. This mixture was allowed to stir for
20 min, whereupon the deposition of a black precipitate was observed. This mixture was
filtered through a Celite column supported on glass wool (0.5 cm x 3 cm) to afford an orange
solution. The solvent was then removed in vacuo to afford an orange solid. The solid was
triturated with pentane (2 mL) to afford an orange powder. This powder was extracted with
diethyl ether (5 mL) and filtered through a Celite column supported on glass wool (0.5 cm X
3 cm) to afford an orange solution. The volume of the filtrate was reduced to 2 mL in vacuo,
and then the solution was transferred to a 4 mL scintillation vial that was placed inside a 20
mL scintillation vial. Toluene (6 mL) was then added to the outer vial. Storage of this two
vial system at -25 °C for 48 h resulted in the deposition of an orange crystalline solid, which
was isolated by decanting the supernatant (37.0 mg, 63%). Anal. Calcd for
C30H78KN306Se2SisTh-0.5C4H100: C, 31.72; H, 6.91; N, 3.47. Found: C, 31.38; H, 6.64; N,
3.27. 'H NMR (400 MHz, 25 °C, benzene-ds): § 0.74 (s, 54H, NSiCH3), 3.17 (s, 24H, 18-
crown-6). "*C{'H} NMR (100 MHz, 25 °C, benzene-ds): & 6.05 (NSiCH3), 70.18 (18-crown-
6). ”’Se{'H} (76.28 MHz, 25 °C, benzene-ds): & 246 (s, vi2 = 8 Hz). '"H NMR (400 MHz, 25
°C, pyridine-ds): & 0.74 (s, 54H, NSiCHs), 3.47 (s, 24H, 18-crown-6). '3C{'H} NMR (100
MHz, 25 °C, pyridine-ds): § 6.56 (NSiCH3), 70.87 (18-crown-6). ’Se{'H} (76.28 MHz, 25
°C, pyridine-ds): 8 302 (s, vi2. = 9 Hz). IR (KBr pellet, cm™): 608 (m), 665 (m), 774 (m), 847
(s), 930 (s), 964 (m), 1020 (w), 1057 (w), 1112 (s), 1182 (w), 1250 (s), 1284 (w), 1351 (m),

1400 (w), 1453 (w), 1472 (w).

5.4.3 Synthesis of [K(18-crown-6)][Th(Se)(NRz)3] (5.2)

To an orange, cold (-25 °C), stirring solution of 5.1 (136.7 mg, 0.12 mmol) in diethyl ether
(4 mL) was added Et3P (18 pL, 0.12 mmol). The color of this solution became light yellow
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upon addition. This solution was allowed to stir for 90 min, whereupon the deposition of a
white precipitate was observed. This mixture was then filtered through a Celite column
supported on glass wool (0.5 cm x 3 cm) to afford a light yellow solution. The volume of this
filtrate was reduced to 2 mL in vacuo. Storage of this solution at -25 °C for 24 h resulted in
the deposition of an off-white solid, subsequently identified as EtsP=Se by *'P{'H} and
77Se{'H} NMR spectroscopies (19.7 mg, 97%).%7 The solid was isolated by decanting the
supernatant. The volume of the supernatant was reduced in vacuo to 1 mL. This solution was
then transferred to a 4 mL scintillation vial that was placed inside a 20 mL scintillation vial.
Toluene (6 mL) was then added to the outer vial. Storage of this two vial system at -25 °C
for 48 h resulted in the deposition of colorless crystals, which were isolated by decanting off
the supernatant (28.8 mg, 22%). The supernatant was then transferred to a 4 mL scintillation
vial that was placed inside a 20 mL scintillation vial. Toluene (6 mL) was then added to the
outer vial. Storage of this two vial system at -25 °C for 48 h resulted in the deposition of
additional colorless crystals. Total yield: 67.8 mg, 53%. Anal. Caled for
C30H7sKN306SeSisTh: C, 32.89; H, 7.18; N, 3.84. Found: C, 33.20; H, 7.28; N, 4.00. 'H
NMR (400 MHz, 25 °C, benzene-ds): 6 0.76 (s, 54H, NSiCHs), 3.17 (s, 24H, 18-crown-6).
BC{'H} NMR (100 MHz, 25 °C, benzene-ds): & 5.75 (NSiCH3), 70.11 (18-crown-6).
71Se{'H} (76.28 MHz, 25 °C, benzene-ds): & 885 (s, vi2 = 10 Hz). 'H NMR (400 MHz, 25
°C, pyridine-ds): & 0.75 (s, 54H, NSiCHs), 3.53 (s, 24H, 18-crown-6). '3C{'H} NMR (100
MHz, 25 °C, pyridine-ds): § 6.31 (NSiCH3), 70.01 (18-crown-6). ""Se{'H} (76.28 MHz, 25
°C, pyridine-ds): 8 992 (s, vi2 = 16 Hz). IR (KBr pellet, cm™): 500 (w), 606 (m), 667 (m),

758 (m), 771 (m), 836 (s), 843 (s), 862 (s), 1111 (s), 1182 (w), 1250 (s), 1285 (w), 1352 (m),
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1402 (w), 1454 (w), 1474 (w). Raman (neat solid, cm™): 179 (m), 253 (m), 570 (m), 622 (m),

674 (m), 750 (w), 833 (m), 874 (w), 1145 (w), 1250 (w), 1277 (w), 1413 (w), 1478 (m).

5.4.4 Synthesis of [K(18-crown-6)][Th(n*-Te2)(NR2)s] (5.3)

To a colorless, cold (-25 °C), stirring mixture of [Th(I)(NR2)3] (3.3) (102.4 mg, 0.12
mmol) in diethyl ether (4 mL) was added [K(18-crown-6)]>[Tez] (4.1) (106.9 mg, 0.12 mmol).
The color of the solution became green upon addition. This mixture was allowed to stir for
30 min, whereupon the deposition of a black precipitate was observed. This mixture was then
filtered through a Celite column supported on glass wool (0.5 cm x 3 c¢m) to afford a green
solution. The volume of the filtrate was reduced to 1 mL in vacuo. Storage of this solution
at -25 °C for 24 hresulted in the deposition of green crystals, which were isolated by decanting
off the supernatant (58.2 mg, 36%). Anal. Calcd for C30H738KN306SisTe2Th-0.5C4H100: C,
29.37; H, 6.39; N, 3.21. Found: C, 29.78; H, 6.34; N, 3.06. 'H NMR (400 MHz, 25 °C,
benzene-de): & 0.79 (s, 54H, NSiCHs), 3.14 (s, 24H, 18-crown-6). *C{'H} NMR (100 MHz,
25 °C, benzene-de): § 6.28 (NSiCH3), 70.13 (18-crown-6). '»Te{'H} NMR (126.20 MHz, 25
°C, benzene-ds): & -351 (s, viz = 16 Hz). '"H NMR (400 MHz, 25 °C, pyridine-ds): § 0.76 (s,
54H, NSiCH3), 3.58 (s, 24H, 18-crown-6). 3C{'H} NMR (100 MHz, 25 °C, pyridine-ds): &
6.74 (NSiCH3), 71.18 (18-crown-6). '»>Te{'H} NMR (126.20 MHz, 25 °C, pyridine-ds): § -
272 (s, vi2 =28 Hz). IR (KBr pellet, cm™): 610 (m), 664 (m), 687 (m), 760 (m), 773 (m), 844
(s), 900 (s), 919 (s), 964 (m), 1059 (w), 1110 (s), 1183 (w), 1249 (s), 1283 (w), 1351 (m),

1454 (w), 1472 (w).
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5.4.5 Synthesis of [K(18-crown-6)][Th(Te)(NR2)3] (5.4)

To a green, cold (-25 °C), stirring solution of 5.3 (43.3 mg, 0.034 mmol) in diethyl ether
(3 mL) was added Et3P (30 pL, 0.20 mmol) and Hg (737.5 mg, 3.67 mmol). This mixture
was allowed to stir for 24 h, whereupon the color of the solution bleached to colorless,
concomitant with the deposition of a black precipitate. This mixture was filtered through a
Celite column supported on glass wool (0.5 cm % 3 cm) to afford a colorless solution. The
volatiles were then removed in vacuo to give a colorless solid (31.4 mg, 78%). Crystals
suitable for X-ray crystallographic analysis were grown from a concentrated Et2O solution
stored at -25 °C for 24 h. Anal. Calcd for C3oH73KN3O6SisTeTh: C, 31.49; H, 6.87; N, 3.67.
Found: C, 31.66, H, 7.03, N, 3.52. 'H NMR (400 MHz, 25 °C, benzene-ds): 5 0.81 (s, 54H,
NSiCHs), 3.15 (s, 24H, 18-crown-6). *C{'H} NMR (100 MHz, 25 °C, benzene-ds): & 6.45
(NSiCH3), 70.16 (18-crown-6). '2Te{'H} NMR (126.20 MHz, 25 °C, benzene-ds): & 481 (s,
viz = 60 Hz). "H NMR (400 MHz, 25 °C, pyridine-ds): & 0.81 (s, 54H, NSiCH3), 3.47 (s,
24H, 18-crown-6). *C{'H} NMR (100 MHz, 25 °C, pyridine-ds): & 6.95 (NSiCHs3), 70.89
(18-crown-6). '»Te{'H} NMR (126.20 MHz, 25 °C, pyridine-ds): § 628 (s, vi2 = 70 Hz). IR
(KBr pellet, cm™): 609 (m), 664 (m), 687 (m), 759 (m), 773 (m), 837 (s), 930 (s), 963 (s),
1110 (s), 1181 (w), 1251 (s), 1285 (w), 1352 (m), 1454 (w), 1474 (w). Raman (neat solid,
cm™): 176 (s), 260 (w), 280 (w), 388 (m), 627 (s), 676 (m), 747 (w), 791 (w), 835 (m), 876

(m), 1007 (w), 1143 (w), 1252 (m), 1277 (m), 1412 (m), 1476 (m).

5.4.6 X-ray Crystallography

Data for 5.1, 5.2, 5.3, and 5.4 were collected on a Bruker KAPPA APEX II diffractometer
equipped with an APEX II CCD detector using a TRIUMPH monochromator with a Mo Ka

X-ray source (o = 0.71073 A). The crystals were mounted on a cryoloop under Paratone-N
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oil, and all data were collected at 100(2) K using an Oxford nitrogen gas cryostream. Data
were collected using o scans with 0.5° frame widths. Frame exposures of 20 s were used for
5.1. Frame exposures of 5 s were used for 5.2 and 5.3. Frame exposures of 10 s were used
for 5.4. Data collection and cell parameter determination were conducted using the SMART
program.®® Integration of the data frames and final cell parameter refinement were performed
using SAINT software.®® Absorption correction of the data was carried out using the multi-
