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ABSTRACT OF THE DISSERTATION
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CHALCOGEN BONDS

By Matthew A. Stuber
Dissertation Director:

John G. Brennan

The synthesis of novel actinide coordination complexes and polymetallic
actinide clusters with chalcogen based anions is the focus of this thesis. Thorium and
uranium compounds with bidentate ligands have been prepared via in situ oxidation
of Th or U with various ligands that include 12, PhEEPh, CsFsEECeFs (E = S, Se),
and pySSpy. Four compounds, (bipy)2Th(SeCsFs)s, (py)Th(Spy)a, (py)U(Spy)s, and
(py)2Ul2(Spy)2 were isolated in good yield and characterized by X-ray diffraction.
Two bimetallic compounds, pysThzl2(Spy)2(Se2)2 and py7Th2Fs(SCeFs)s were
synthesized from the reaction of heteroleptic intermediates “Th(EPh)x(SR)4x" (E = S,
Se; R = CeFs, py) with elemental selenium and silver(l) fluoride respectively. The
first two pyridinethiolate compounds of thorium have been synthesized and
discussed in this chapter. Actinide chalcogenolate clusters supported by fluorinated
ligands is also discussed.

Tetrametallic thorium clusters with a distorted ThsE4 (E = S, Se) cube-like
core are prepared by ligand based redox reduction of elemental E with heteroleptic
thorium intermediates “Th(EPh)x(E’CsFs)4-x” and oxidation of EPh™ to PhEEPh. Four
compounds, (py)sTha(us-S)a(p2-SPh)a(SCeFs)a, (py)sTha(us-Se)a(uz-SePh)s(SeCeFs)a,

(py)sTha(pus-S)a(p2-SPh)4a(SeCeFs)a, and (py)sTha(us-Se)a(pe-SePh)s(SCeFs)s were



isolated and characterized by NMR spectroscopy and X-ray diffraction.
Heterochalcogen clusters could only be isolated when psz-E = po-E(Ph) in the core.
These compounds show the impact of ring fluorination, with less nucleophilic ECeFs
ligands only occupying terminal binding sites, and this reads as the terminal binding
sites effect uniform crystal packing and intermolecular #...t and H-bonding
interactions throughout each compound. "’Se NMR spectroscopy reveals the solid-
state structure of the tetrametallic clusters are maintained in solution.

Tetrametallic uranium clusters with distorted UsE4 (E = S, Se) cube-like core
are prepared similarly to the thorium tetrametallic clusters. Four compounds,
(PY)sUa(p3-S)a(n2-SPh)a(SCeFs)a, (PY)sUa(ps-Se)a(p2-SePh)a(SeCeFs)s, (py)sUa(ps-
S)4(p2-SPh)4(SeCsFs)s, and (py)sUa(uz-Se)a(p2-SePh)s(SCeFs)s were isolated and
characterized by X-ray diffraction and magnetic susceptibility measurements. These
compounds show similar reactivity where isolatable compounds form only when ps-
E = puo-E(Ph) in the core. The tetrameric uranium core with four ps-E bridging
ligands offers a unique look at magnetic susceptibility studies, as reports on U(IV)-E-
U(IV) environments are limited to mono- and bimetallic compounds. Magnetic

susceptibility studies suggest antiferromagnetic coupling at low temperatures.
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Chapter 1: Introduction

1.1 Introduction

A prominent aspect of inorganic coordination chemistry is concerned with the
study and increased understanding of bonding characteristics of ligand s and p
orbitals with main group and transition metal s, p, and d orbitals. Advances in
inorganic coordination chemistry also led to new possibilities for research on rare
earth 4f, and actinide 5f metals. The study of the actinides gained traction with the
Manhattan Project, where chemists sought to study volatile compounds of the
actinides to separate fissile isotopes for nuclear fuels and weapons.* Thorium and
uranium are the two most studied actinides, owing to their natural abundance in the
Earth’s crust. Much of thorium and uranium chemistry is concerned with the study of
aqueous species for the extraction and separation of specific isotopes. Such examples
of aqueous coordination compounds include those with tributyl phosphate used in the

thorium extraction, or Thorex, process.*

Coordination complexes provide insight into the nature of bonding in actinide
compounds. Ligands can be altered at the coordinating atom, where the non-metal is
typically a carbon,>” pnictide,32 chalcogenide, %6 or halide.}”"° A series of related
ligands can show differences in chemical and physical properties of coordination
compounds.t 22 For example, sterically encumbered uranium complexes with
similar ligands [(("B“ArO)stacn)U] (BUArOH)stacn=1,4,7-tris(3,5-di-tert-butyl-2-
hydroxybenzyl)-1,4,7-triazacyclononane), and the adamantyl| derivative
[((A9ArO)stacn)U] were studied to probe a series of ligands for nitrogen- and group-
transfer reactivity.?> 2425 Ligands also have the ability to coordinate to the metal

center by more than one atom. Such ligands with increased hapticity have been



instrumental in broadening our knowledge of actinide coordination, including the
synthesis of one of the first organouranium complexes, [U(1°>-CsHs)sCl],2% 27 and the
synthesis of uranocene, [U(n3-CsHs],?® which helped increase our understanding of
the bonding between the metal-5f and ligand orbitals. Ligands with increased
denticity aid in sterically saturating the coordination sphere and stabilizing an An-R
bond for reactivity studies, such as the reactivity series of

An(I)[N(CH2CH2NSiPr'3)3].%°

The study of actinide coordination complexes is driven by the desire to
explore the unique chemical properties not found anywhere else on the periodic
table. These properties arise from the complicated nature of the bonding orbitals. For
heavy elements such as uranium and thorium, relativistic effects on the s, p, d, and f
orbitals play an important role in orbital energy and bonding characteristics.
Electrons in s and p orbitals increase in mass as their velocity approaches the speed
of light due to relativistic quantum effects. As electron velocity increases with
increasing atomic mass, orbital radii shrinks closer to the nucleus.®® This relative
contraction of the s and p orbitals greatly shields d and f orbitals of the heavier
elements from the nucleus causing the latter two to undergo orbital expansion.3! A
result of relativistic orbital expansion is the comparable energies of 5f and 6d
orbitals. The unfilled 5f orbital in thorium ([Rn]6d?7s?) is slightly higher in energy
than the 6d orbital; but as atomic number increases across the actinides and the 5f
orbitals fill with unpaired electrons, the 5f orbitals fall in energy, leading to the 6d

orbitals becoming higher in energy after uranium.3% 33

The most common oxidation state of thorium ([Rn]6d?7s?) is Th**, where the
7s and 6d electrons are removed, yielding a radon noble-gas configuration. Uranium

([Rn]5f%6d*7s2) has several common oxidation states, including U%* ([Rn]5f%), U**



([Rn]5f%), U* ([Rn]5fY), and U®* ([Rn]5f%). The low energy requirements for 5f and
6d electron conversions allow many oxidation states to occur, owing to the similar
energy levels and low ionization energies of the valence electrons in the early
actinides. This contrasts with the lanthanides, where the common oxidation state
throughout the series is 3+. After the removal of the 6s electrons and a 4f electron,
the 4f orbitals are markedly core-like in character and the energy required to remove
another electron is large. There are exceptions to this, including a few instances of
Ln(I1) and Ln(1V). In the actinides, americium has a stable 2+ oxidation state due to

the removal of 7s? electrons leaving a half filled 5f” configuration.

The large radial expansion of the 5f orbitals into the valence region, coupled
with the overlap of available 5f and 6d orbitals can yield covalent character in
actinide compounds where the valence orbitals are energetically similar to ligand
frontier orbitals. This is a sharp contrast to the more ionic lanthanide series. In the
lanthanides, 4f orbitals are more contracted than their 5f actinide counterparts,
leading to a decreased role of the 4f orbitals in bonding with ligand-based orbitals.
Covalent contributions to actinide-ligand bonding have been shown in a variety of
compounds, especially in uranium complexes.®*38 For example, photoelectron
spectroscopy studies of uranocene offered insight into the overlap between uranium
5f orbitals and cyclooctatetraene frontier e, orbitals.® More recently, multinuclear
NMR studies have been performed to aid in covalent bond character assignments;
including the use of 7’Se and *?>Te coupled with quantum-chemical analyses to probe

An-E bond covalencies and 5f and 6d orbital participation.®

Research on the nature of bonds to actinide metal centers in coordination
complexes was initially performed in aqueous solutions with oxygen containing

compounds. Many examples of aqueous actinide coordination complexes exist,3%-46



as the study of the actinide-oxygen bond is relevant to extraction and processing of
radioactive isotopes of various actinide metals. Actinide complexes with chalcogen
(E; E = sulfur, selenium, tellurium) containing ligands are less explored than their
oxygen containing counterparts. Chalcogenide ligand research has been primarily
performed under non-aqueous conditions, where competing reactions with aqueous
species can be mitigated. When exploring systems in non-aqueous conditions, a
common approach to stabilize the actinide metal center is with the use of bulky
ancillary ligands that sterically restrict access to reactivity of other potential
coordinating ligands.*”-"® This aids in stabilizing the metal cation and can limit

reactivity to as little as one coordination site.

By understanding the metal ligand bond in simple monomeric systems —
including any steric restrictions in the coordination environment and covalent/ionic
characteristics — cluster properties can be interpreted. In general, compounds without
sterically demanding ligands may be precursors for cluster reactivity studies.’® The
synthesis of metal clusters is an extension of coordination chemistry where ligands
may bridge two or more metal centers. Research on nanoscale clusters provides
insight into how physical properties vary with cluster size, in order to determine how
the properties of molecules, small clusters, and solid-state materials are erlated.”” In
contrast to main group and transition metal clusters, the field of actinide clusters is

less developed.

An efficient synthesis for a monomeric starting material has precedence in the
related study of lanthanide chalcogenolate compounds,’®®# Ln(ER)«Ly (E =S, Se; R
= CeHs, CeFs; L = solvent). Exploring non-aqueous cluster chemistry and the growth
of clusters with ever increasing number of metal centers can be performed with the

aid of less sterically demanding ligands, including aryl chalcogenolate deriatives.



The two types of ligands coordinated to the metal center are the anionic
chalcogenolate ligands and solvent neutral donor ligands, typical pyridine or
tetrahydrofuran (THF). Pyridine in particular is common in actinide-chalcogenido
chemistry as it is a strong base. Cluster synthesis studies were performed using
monomeric lanthanide-chalcogenolate compounds in the first instance of preparing
the lanthanide chalcogenido-chalcogenolate cluster LngSes(SPh)12(THF)s (Ln = Pr,
Nd, Gd).® Lanthanide-chalcogenolate monomer Ln(SPh)s (Ln = Pr, Nd, Gd) was
prepared via facile synthesis of Pr, Nd, or Gd with PhSSPh in THF, with subsequent
addition of elemental S to yield LngSs(SPh)12(THF)s.8 The eight seven-coordinate
Ln(I11) cations form the vertices of a cube with six S* anions cap each face of the
cube. 12 SPh-ligands bridge two Ln(l11) cations along each edge of the cube. One
neutral donating THF ligand is coordinated to each Ln metal cation. General features
of metal chalcogenido-chalcogenolate clusters formed in this fashion are the triply or
quadruply bridging chalcogenido (E%) ligands between metal centers, as well as
terminal and bridging chalcogenolate (ER") ligands, and the coordination of neutral
donor ligands that saturate the metal coordination sphere. Similar syntheses also
result in clusters where EE? (E = S,Se, Te) also bridge between two or three metal

anions.86-98

In early work on actinide chalcogenolate compounds, Jones et al. reported the
synthesis of U(SBu")4 from first reacting UCls with lithium diethylamide and
subsequent addition of n-butyl mercaptide.®® Further research from Leverd et al.
explored the thermal decomposition of three similar (py)sU(SBu')s monomers upon
refluxing in benzene to give the cluster UsS(SBu')10 and the accompanying side

products of pyridine, 2-methylpropane-2-thiol, and 2-methylpropene (Scheme 2).5°



Scheme 2.
. 4 HSBuU!
UCI, + 4 LINEt, U(NEt), ————— (py)sU(SBuY),
Py
- LiCl
3 (py)3U(SBu'), T U3S(SBu')4q + 9 py + Bu'SH +
676 M92C=CH2

This system shows the first example of a molecular actinide cluster containing a
triply bridging chalcogenido ligand, whose complicated synthesis involved the use of
ligands with reactive R groups and various side products. There have subsequently
been just a few examples of actinide clusters with triply bridging calcogenido ligands
in the literature, including a tetrametallic U(I1V) cluster (Cp*)3Us(us-S)(uz-1)( po-
13l3,2%° An4E4 cubane clusters pysAna(us-E)a(p2-EPh)a(EPh)s (An = U, E = Se;%t An
=Th, E =S, Sel%), a double cubane cluster [U[(ps-S)aUs(SPSM®)3(BH4)s]2]
([SPSMe]™ = 1-methyl-2,6-bis(diphenylphosphine sulfide)-3,5-diphenylphosphinine

anion),1% and AngEs cluster [[U(COT)Ja[U(THF)s]2(us-S)s].2%*

Facile synthesis of actinide chalcogenido-chalcogenolate clusters, similar to
the synthesis of the lanthanide chalcogenido-chalcogenolate clusters, are rarer. Key
monomeric compounds such as pyridine complexes of U(EPh)s (E = S, Se),'% and
pyridine complexes of Th(ER)a4 (E =S, Se; R = Ph, CgFs), % are laying the
groundwork for future facile actinide cluster synthesis. The synthesis of these
actinide chalcogenolates, An(ER)xLy (An = Th, U), takes a similar approach to the
lanthanides by reducing REER and oxidizing elemental An with a small amount of

Hg catalyst in a neutral donating solvent at room temperature (Scheme 1).



Scheme 1.
An +x/2 REER +y L — An(ER)xLy

This synthesis produces An(IV), where x = 4, leading to the required addition of two

moles of dichalcogenide for each actinide metal.

A facile synthesis of actinide chalcogenolate monomers that could be used to
parallel lanthanide cluster synthesis would be a useful entry point for the synthesis of
actinide chalcogenido-chalcogenolate clusters.0% 196198 Ap early example of this
method was explored by Gaunt et al. where U(SePh)a(py)s, prepared via uranium
metal oxidation of PhSeSePh, was subsequently reacted with elemental Se (Scheme

3).101
Scheme 3.
4 U(SePh)s+ 4 Se — Ua(z-Se)a(p2-SePh)s(SePh)a(py)s + 4 (SePh).

In this product, four U(IV) cations and four ps-Se? ligands make up the vertices of a
cube, four p2-SePh™ ligands bridge two U(1V) cations along four side faces of the
cube, four SePh" ligands, and eight neutral donor pyridine ligands are bound to each

U(IV) cation.

Various clusters can be prepared with a variety of starting materials. This
approach to cluster synthesis has been used to prepare a series of five bimetallic
thorium chalcogenido-chalcogenide compounds with halides, including
(py)s Thala(u2-E2)2 (E = S, Se), (py)sTh2Br2(SCeFs)2(M2-S2)2, and
(PY)s ThaX2(SCeFs)2(l2-Sez)2 (X = Br, 1).1% This series contains the first example of
H2-E2? ligands bridging two thorium cations. The general approach to synthesis
involves reducing I> and PhEEPh with elemental Th followed by the addition of

elemental sulfur or selenium (Scheme 4).



Scheme 4.
2 Th + 2 12 +2 PhEEPh — 2 [Thln(EPh)4-n] — (py)e Thala(po-E2)2 (E = S, Se)

Various ligands can be used, such as replacing PhSeBr for 1> and CsFsSSCeFs for
PhEEPh; however, the only stipulation amongst these variations is that there must
always be a 2:1 ratio of oxidizing ligand starting material oxidant:metal thorium to
fully oxidize all metallic thorium to Th(IV). The monomeric intermediate was not
isolated, and each reaction was performed as a one-pot synthesis. Insights into facile
one-pot actinide chalcogenido-chalcogenolate cluster synthesis can reveal interesting

coordination preferences and bonding characteristics by varying ligand types.

This thesis describes the research into the synthesis of monomeric thorium
and uranium chalcogenolates as a useful approach to the subsequent formation of
chalcogenido-chalcogenolate clusters without the use of sterically bulky multidentate

ancillary ligands.

Chapter 2 describes the synthesis of several novel thorium and uranium
monomeric compounds and the addition of elemental selenium or silver(l) fluoride in
preparing two novel thorium dimers. The influence of replacing the neutral donor
pyridine ligands with bipyridine in a thorium selenolate monomer is explored, as
well as using 2,2’-dipyridyl disulfide as a reactant to replace thiophenolate ligands
with pyridinethiolates. The use of these monomeric actinide coordination complexes

for subsequent cluster synthesis is explored.

Chapter 3 describes the synthesis and characterization of four novel thorium
tetrametallic clusters with a cube-like core: pysThsE4(EPh)4(E’CeFs)s (E, E’ =S, Se).
The facile one pot reaction affords customization of the chalcogen core and

peripheral ligands. Thorium clusters with ligands containing sulfur and selenium are



synthesized with the chalcogen identity of the terminal ECeFs ligands independent of
the identity of the bridging E* and EPh" ligands. Data from "’Se NMR measurements

suggest the tetrametallic cubane-like arrangement is maintained in pyridine solution.

Chapter 4 describes the synthesis and characterization of four novel uranium
tetrametallic clusters: pysUsE4(EPh)4(E’CeFs)s (E, E’ = S, Se). The synthesis is
similar to the one-pot method for the thorium tetramers and these are the first known
heterochalcogen clusters of uranium where each uranium in the cluster is bound to
sulfur and selenium simultaneously. Magnetic susceptibility measurements on the
series of four uranium tetramers suggest antiferromagnetic coupling between

uranium atoms in the cubane-like core.
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Chapter 2: Actinide Complexes with
Bidentate Ligands and
Exploration of Cluster Synthesis
with Selenium and Fluoride

2.1 Introduction

Understanding the complicated bonding characteristics in actinide (An)
compounds remains as a great fundamental interest in inorganic chemistry due to the
unique nature of the valence f-orbitals, partial shielding of the valence orbitals by
filled s and p orbitals, and the overlap between the energetically similar 5f and 6d
orbitals. Through the synthesis of novel actinide complexes and clusters, we can
explore the unique chemical properties of the actinides and define the relationships
amongst the physical properties?® of molecular, cluster, and solid-state actinide

materials?” 28

Monomeric coordination compounds of the actinides such as the pyridine
complexes of Th(ER)a (E =S, Se; R = Ph, CsFs)? are an entryway into the study of
actinide coordination chemistry, where various ligands can be altered to probe An-L
bonding. Actinide clusters are the next step in exploring the reactivity of monomeric
coordination compounds; however, they are commonly synthesized with sterically
bulky ancillary ligands in order to stabilize the coordination environment around the
actinide center.3%-52 Actinide cluster chemistry is more limited with chalcogen (E =S,

Se) containing ligands, including An-ER,?% 5384 An-pi3E2 60.67. 78,8587 and An-(E-

E).81, 88-94

Neutral donor ligands can also be used to probe bonding in actinide

compounds, and they also impart additional complex stability because of the chelate
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effect. Metal complexes are more stable with bidentate ligands compared to similar
monodentate ligands. A bidentate ligand that binds to a metal cation from one
coordinating atom will allow the second subsequent association to continue as a
faster, more kinetically favored step due to the close proximity of the second atom of
the bound ligand to the metal cation. One of the most widely used chelating ligands
in coordination chemistry, 2,2’-bipyridine (bipy),®* % has been used to stabilize

actinide ions in a range of compound classes.%%-"% 97-108

Another bidentate ligand related to pyridine is pyridine-2-thiolate (Spy) (Figure
2.1), which contains a sulfur based negative charge and exhibits interesting range of
binding properties including monodentate binding,% 11 bidentate chelating, and

bridging two metal centers (i.e. one metal through S and the other through N).1!

X X

>
N S N S

Figure 2.1 Resonance structures of pyridine-2-thiolate (Spy), showing binding
modes through the S and N atoms.

The use of Spy is well documented in transition metal chemistry;*2132 with
applications ranging from catalysis,?* 124129 and in vitro cancer inhibitory studies,?®
to modeling the active sites of several enzymes.!!’ 118128 Research on lanthanide
compounds of Spy is limited,**31* and the actinide series is represented by only a
small number of uranium pyridinethiolate compounds,>® 8% 140-142 with no reports of

related thorium compounds.
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2.2 Results and discussion

2.2.1 Bipyridine Complex of Thorium Selenolate

Thorium metal reduces CsFsSeSeCsFs to cleave the Se-Se bond and form a
Th(IV) selenolate compound that subsequently reacts with bipy to form a bis-bipy
Th(IV) selenolate chelate compound (bipy)2Th(SeCsFs)4 (Figure 2.1). The synthetic
approach starts with the series of Th(IV) chalcogenolates, (py)xTh(ER)4 (E = S, Se; R
= Ph, C¢Fs),?® with the subsequent displacement of py by bipy. This allows for the

study of Th(IV) chalcogenolate structure as the neutral donor ligand changes

CeFs CeFs
Se d
=/
2 bipy/THF —N_1l/ N——
[Py4Th(SeCgF5)4] S Th
- py —N" /| N=",
—— / <
Se Se\
CeFs CeFs

Figure 2.2 Synthesis of (bipy)2Th(SCsFs)4 (1).



Table 2.1 Summary of Crystallographic Details for 1.
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(bipy)2Th(SeCeF5)s * 2THF

Empirical Formula Cs2H32F20N402SesTh
Fw 1672.69
Crystal system monoclinic
Space group C2/c

a(A) 26.340(1)

b (A) 12.750(1)
c(A) 17.396(1)

B (deg) 114.296(1)
V (A% 5324.7(4)

Z 4

Deaic (Mg/cm?) 2.087

T (K) 100(2)

abs coeff (mm™) 5.652
R(int)/Nunique 0.0357/8110
R(F)? [I> 20()] 0.0271
Rw(F?)° [1>20(D)] 0.0605

Definitions: 2 R(F) = Z||Fy| - [Fe|l/Z|Fo|; © Ry(F2) = [S[W(F2 - F2)2)/Z[w(Fy2)2]]1/2

Figure 2.2 shows the POVRAY diagram of (bipy).Th(SCsFs)4 (1). The
crystallized product was characterized by low-temperature single-crystal X-ray
diffraction, details given in (Table 2.1). Purity of the sample was confirmed by

elemental analysis and phase purity was confirmed by powder X-ray diffraction

(PXRD).
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Figure 2.3 Thermal ellipsoid diagram of (bipy).Th(SCsFs)a4 (1), with orange Se, light
green F, light blue Th, purple N, grey C, H atoms removed for clarity, and ellipsoids
at the 50% probability level.

In 1, two bidentate bipy ligands and four SeCsFs” form an eight coordinate
Th(1V) selenolate complex. Bond geometries are consistent with prior literature,
including the pyridine derivatives (py)xTh(ER)s (E = S, Se; R = Ph, CsFs),?® and the
series of (bipy)2Th(ER)4(E =S, Se; R = Ph, CeFs):"* (bipy)2Th(SPh)s and
(bipy)2Th(SePh)s were synthesized by Marissa Ringgold, and (bipy).Th(SCsFs)s was
synthesized by Wen Wu.” Th-Se distances for 1 (2.970-3.016 A) are consistent with
the range of previously reported Th-Se(CsFs) bond lengths (2.9519(7)-3.0183(7) A)
in the pyridine derivative pysTh(SeCsFs)2.2° The range of Th-Se bond lengths is
comparable to the bipy derivative (bipy)2Th(SePh)s (2.954-3.015 A),” and slightly
longer than those found in the pyridine derivative pyzTh(SePh)s (2.9039(6)-2.9465
A)?® due to increased stabilization of the negative charge throughout the fluorinated
ring, withdrawing charge density away from the Th-Se bond. The pyszTh(SePh)4
monomer is seven coordinate, while the bipy derivative and similar
(bipy)2Th(SeCeFs)4 (1) are eight-coordinate, as bipy preferentially binds to the
Th(IV) cation over py in solution. Seven coordinate mixed py-bipy complexes are

not seen.
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Bonds from thorium to a nitrogen atom are comparable between the pyridine
and bipy Th(IV) chalcogenolates as well. Th-N(bipy) distances in 1 (2.613-2.618 A)
are consistent with the range of Th-N(bipy) distances in the non-fluorinated
derivative, (bipy)2Th(SePh)s (2.620-2.653 A),”* and are slightly shorter than the Th-
N(py) distances in pysTh(SePh)s (2.626(4)-2.657(4) A)* and pysTh(SeCeFs)a
(2.635(4)-2.685(4) A),? due to stronger c-donor characteristics of bidentate

bipyridine compared to monodentate pyridine.

Figure 2.4 Thermal ellipsoid diagram of the asymmetric unit of (bipy).Th(SCsFs)4
(1), with orange Se, light green F, light blue Th, purple N, grey C, H atoms removed
for clarity, and ellipsoids at the 50% probability level. This shows the face-to-face
stacking interactions between bipy and fluorinated phenyl ligands, indicated with red
dashed lines.

Each SeCgFs™ ligand is positioned in such a way that two instances of
intramolecular double =...w stacking are observed in the complex. This
SCeFs...bipy...SCsFs arrangement occurs in a stepwise manner, with the fluorinated

phenyl ring on Sel stacking with the pyridine ring at N1 on bipy with a distance of
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3.573 A and the fluorinated phenyl ring on Se2 stacking with the pyridine ring at N2
on bipy with a distance of 3.528 A (Figure 2.3). This is similar to the face-to-face
stacking of 2,2’-bipyridine in the solid state at a distance of 3.518 A,% and longer

than ... stacking in graphite with a distance of 3.35 A.1#

2.2.2 Actinide Pyridinethiolates

Thorium and uranium metals are oxidized by pySSpy in a solution of pyridine
for compounds 2 and 3 to yield soluble monomeric An(IV) tetrachalogenolates —
pyANn(Spy)s [An = Th(2), U(3)]. Like the synthesis of previous Ln and An
chalcogenolate compounds with REER (E = S, Se; R = Ph, CeFs), elemental Hg is
used as a catalyst to reductively cleave pySSpy to quickly form Spy" to oxidize Th or

U metals in only a few days (Figure 2.4).

B
/
= N

N S o - N==7

X e Y 1 mm: An \SlAn//s
py, Hg ) g
P~ NS I'.
2 mmol N\

Figure 2.5 Synthesis of pyAn(Spy)s (An =Th (2), and U (3)).
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N4

Figure 2.6 Thermal ellipsoid diagram of pyTh(Spy)s (2), with yellow S, light blue
Th, purple N, grey C, H atoms removed for clarity, and ellipsoids at the 50%
probability level.

Figure 2.7 Thermal ellipsoid diagram of pyU(Spy)s (3), with yellow S, blue U,
purple N, grey C, H atoms removed for clarity, and ellipsoids at the 50% probability
level.



Table 2.2 Summary of Crystallographic Details for 2 — 5.
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compound | 2 3 4 5
empirical Co750H2350N550S4 | CosH21NsS4U Cso Ca2.50H20.5012N4.50S2U
formula Th Hag 3512.35N10S1.66

SesTh,
fw 791.30 757.74 1920.68 909.88
space P21 (4) P2:1212: (19) | P-1(2) Pca2: (29)
group
(No.)
a (A) 9.5982(9) 9.5683(14) 9.6725(9) 16.8836(15)
b (A) 16.4959(15) 15.339(2) 11.8540(11) 9.1867(8)
C (A) 18.3890(17) 18.093(3) 13.0886(12) 34.221(3)
a (deg) 90 90 82.3912(16) 90
S (deg) 101.2169(14) 90 78.5115(16) 90
y (deg) 90 90 76.4887(16) 90
\V/ (A3) 2855.9(5) 2655.6(7) 1424.1(2) 5307.8(8)
Z 4 4 1 8
D(calcd) 1.840 1.895 2.240 2.277
(Mg/m’)
temperatur | 120(2) 293(2) 120(2) 120(2)
e (°K)
A (A) 0.71073 0.71073 0.71073 0.71073
abs coeff 5.542 6.451 9.149 8.619
(mm)
R(F)a [1> 0.0371 0.0350 0.0401 0.0888
2 o(1)]
RW(FZ)b [1 0.0869 0.0668 0.0970 0.0933
>2o(1)]

Definitions: 2 R(F) = Z||Fy| - [Fe|l/Z|Fo|; © Ry(F2) = [S[W(F,2 - F2)2)/Z[w(Fy2)2]]1/2

The POVRAY diagrams in Figures 2.5-2.6 show the molecular structures of

pyTh(Spy)a (2) and pyU(Spy)a (3). Purity of the samples were confirmed by

elemental analysis and phase purity was confirmed by powder X-ray diffraction

(PXRD). The crystallized products were characterized by low-temperature single-

crystal X-ray diffraction, details given in Table 2.2. Compounds 2 and 3 crystallize

in the P21 and P21212; unit cells, respectively; each with four molecules per unit cell.
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The use of elemental chalcogen in the synthesis of multimetallic clusters is
used to form chalcogenido bridging ligands. Elemental Se is added in-situ to a
solution of “Th(SePh)2(Spy)I”, where thorium metal was oxidized by a mixture of
pySSpy, PhSeSePh, and I in pyridine. The Se is reduced to (Sez)? and oxidation of
SePh" to give PhSeSePh leads to the formation of (py)aTh2(Se2)212(Spy)2 (4) (Figure

2.7).

1 mmol Th
Se Ph S py 0.5 mmol I,
e +
Ph/ ~sd py/ \S/ —>py, Ho [ThI(Spy)(SePh),]
1.0 mmol 0.5 mmol

— S oy Se
2 mmol Se g\\ghéée\i]/py —
- PhEEPh Vavde \Se//\@

Figure 2.8 Synthesis of pyaThzl2(Spy)2(Se2)2 (4).
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Figure 2.9 Thermal ellipsoid diagram of (py)4Th2l2(Spy)2(Sez)2 (4), with yellow S,
orange Se, dark pink I, light blue Th, purple N, grey C, H atoms removed for clarity,
and ellipsoids at the 50% probability level.

Figure 2.8 shows the POVRAY diagram of the molecular structure of
(py)aThal2(Spy)2(Se2)2 (4). Purity of the samples were confirmed by elemental
analysis, and phase purity of the sample was analyzed via powder X-ray diffraction
(PXRD) which showed a small impurity, possibly due to the slight disorder about
one of the iodide ligands. The recrystallized products were characterized by low-

temperature single-crystal X-ray diffraction, details given in Table 2.2.

In an attempt to form a bimetallic uranium compound similar to 4 (Figure 2.7),
uranium metal was oxidized by a mixture of pySSpy, PhSeSePh, and |2 in pyridine
and subsequent in-situ addition of elemental Se. However, py.Ul2(Spy)2 (5) is
produced from this synthetic method. A higher yield syntheses of 5 was performed

via Figure 2.9.



/
N s 1 mmol U
X 1 mmol |
X7 s N _tmmolls
py

1 mmol

Figure 2.10 Synthesis of py2Ul2(Spy): (5).

Figure 2.11 Thermal ellipsoid diagram of py2Ul2(Spy): (5), with yellow S, dark pink
I, blue U, purple N, grey C, H atoms removed for clarity, and ellipsoids at the 50%
probability level.

Figure 2.10 shows a POVRAY diagram of the molecular structure of
py2Ul2(Spy)2 (5). The recrystallized product was characterized by low-temperature
single-crystal X-ray diffraction, details given in Table 2.2. Purity of the sample was

confirmed by elemental analysis and phase purity was confirmed by PXRD.
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Four new compounds containing Spy ligands have been synthesized in one-pot
reactions with minimal reactive steps. Compounds 2 and 4 are the first examples of
thorium compounds with Spy” ligands. Compounds 2 and 3 are isostructural
monomers with a thorium and uranium metal-center, respectively, with each
monomer being nine-coordinate: bonds to N and S in the four bidentate Spy ligands,
and the N atom of the single pyridine neutral donor ligand. Compound 4 is a thorium
dimer containing a central Th-(u2-E2)2-Th core, with each nine coordinate thorium
metal center also containing one bidentate Spy ligand (bound via the S ad N atoms),
one iodide ligand, and two pyridine ligands. Compound 5 is an eight-coordinate
uranium monomer containing two bidentate Spy ligands, two iodide ligands, and two

pyridine ligands.

Related compounds in the literature are limited. While no thorium compounds
with Spy exist elsewhere, there are few examples of uranium compounds; including
the isomorphous THF adduct (THF)(USCsHa)s that crystalizes in the same P212121
space group as 3,%° and an oxo-bridged tetranuclear compound
(HNEt3)2[(U0O2)4(0)2(SCsNH4)s]*Me2CO, ! which is produced from the reaction of
UO2(NO3)2¢6H20 with an excess of pyridine-2-thiol and triethylamine in the

presence of atmospheric oxygen. 4!
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Bond/Angle 2 3 4 5
An-N(py) 2.704(7) 2.651(6) 2.72-2.76(2) | 2.612(10),
2.662(11)
An-S 2.874- 2.809- 2.856- 2.729(3),
2.897(2) 2.852(2) 2.865(9) 2.773(3)
An-N(Spy) 2.570- 2.503- 2.583(14), 2.552(1),
2.619(5) 2.550(5) 2.599(9) 2.521(10)
An-I 3.1478(14), | 3.0432-
3.1547(18) 3.0742(10)
An-Se 2.993-
3.029(3)
Se-Se 2.358(3),
2.351(3)
S-An-N(Spy) | 56.4-57.3(2) 57.5-58.6(1) 58.1(3), 58.4(2), 59.6(2)
58.1(5)
S-C-N(Spy) 114.9- 113.6- 118(1), 114(1), 113.4(9)
115.4(6) 115.3(5) 118(2)
An-S-C 83.4-84.2(3) 82.0-83.7(2) 82.6(5), 84.2(5), 85.5(4)
82.2(7)
S-An-| 141.0(1), 111.92(8),
140.7(2) 151.25(8),
138.84(8),
93.27(8)
I-An-I 88.13(3)
E-An-I (acute 78.21-
angle) 81.33(9)
E-An-I 123.4-
(obtuse angle) 126.7(1)

Bond geometries for each of the four compounds are consistent with prior
literature, with bond length and angle values reflecting the size of the atomic and
ionic components. Relevant bond lengths and angles shown in Table 2.3. All four
compounds contain at least one pyridine bound to An(IV), all consistent with
previously reported An-N(py) bond lengths.?® ™% 78.81.87 Th-N(py) distances for 2
(2.704(7) A) and 4 (2.72(2)-2.76(2) A) are consistent with the wide range of

previously reported Th-N(py) bond lengths (2.626(4)-2.718(5) A) in monomeric
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(py)xTh(ER)s (x = 3,4; E =S, Se; R = Ph, CsFs),?® and are longer than the reported
Th-N(bipy) bond lengths (2.613-2.618 A) in (bipy)2Th(SeCesFs)4 (1). U-N(py)
distances for 3 (2.651(6) A) and 5 (2.612(10), 2.662(11) A) are consistent with
previously reported U-N(py) bond lengths (2.563(5)-2.629(5) A) in monomeric
U(SPh)a(py)s.t° The An-N(Spy) bonds in 2 (2.570(7)-2.619(5) A), 3 (2.503(5)-
2.550(5) A), 4 (2.583(14), 2.599(9) A), and 5 (2.552(1), 2.521(10) A) are
consistently shorter than the bonds to pyridine and bipyridine. This arises due to a
resonance effect shortening bonds to S and N on Spy, coupled with the more

electronegative S relative to N in bipy.

Th-S(Spy) bond lengths in 2 (2.874(2)-2.897(2) A) and 4 (2.856(6)-2.865(9)
A) are slightly longer than in monodentate Th-S(Ph) bond lengths (2.8111(11)-
2.8481(6) A) in monomeric (py)xTh(SR)a (x = 3,4; R = Ph, CgFs),?® due to the nine-
coordinate environment of 2 and 4 having greater ligand-ligand repulsions, and the
ability for pyridine-2-thiolate to disperse electron density between nitrogen and
sulfur. This yields a shorter M-N bond than if the nitrogen was a neutral donor, and a
longer M-S bond as electron density moves away from the negatively charged sulfur
atom. All U-S(Spy) bond lengths in 3 (2.809(2)-2.852(2) A) are consistent with
previously reported U-S(Spy) bond lengths (2.8222(8)-2.8380(8) A) in
U(Spy)4(THF).%° The two U-S(Spy) bond lengths 5 (2.729(3), 2.773(3) A) are
comparable to U-S bonds in monodentate sulfur ligands — i.e. U-S(Ph) bond lengths

(2.7169(17)-2.7639(17) A) in U(SPh)4(py)s.5°

Bond lengths to Th-1 in 4 (3.1478(14), 3.1547(18) A) are consistent with Th-I
bond lengths (3.174(1)-3.216(1) A) in similar dimers (py)sTh2lsE4 (E= S, Se) and
(pY)6 Thal2(SCeFs)2Ses.8! U-1 bonds (3.0433(1)-3.0744(1) A) in 5 are consistent with

U-1 bonds (2.9558(4)-3.0438(4) A) in (py)sUls. 14
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Successful synthesis of the dimeric thorium (py)aThal2(Spy)2(Se2)2 (4) was
achieved by reducing elemental Se to the (Sez)? ligand. Th-Se bond lengths in 4
(2.993(3)-3.029(3) A) are comparable to those in the literature,?® 697 78,81,83,84,87
including Th-Se bond lengths (2.971(1)-3.024(1) A) from the series of (Se). bridged
dimeric thorium clusters by Wu, et al,8t and similar Th-Se bond lengths (2.871(1),

2.880(1) A) in [n°-1,2,4-(MesC)sCsH2],Th(SePh),.8®

2.2.3 Bimetallic Thorium Fluoride Compound

As with the incorporation of E to yield clusters with bridging E* or EE?, F~ can
be employed to synthesize multimetallic clusters from monomeric chalcogenolate
compounds. This has precedence in the study of lanthanides with reaction of
monomeric Ln(SePh)s and NH4F to yield a large fluoride bridged cluster
(Py)24L.n2sFes(SePh)16.1*° The study of actinide clusters with incorporated bridging
fluoride clusters is less explored, with compounds relying on sterically bulky Cp

related ligands.”® 146

The ligand based metathesis reaction of a Th(IV) chalcogenolate with silver(l)
fluoride in pyridine gives a bimetallic Th(IV) complex with both bridging and
terminal fluoride ligands. The use of AgF explores the facile synthesis of actinide
fluoride compounds with minimal reactive steps. The metathesis reaction occurs with

the exchange of SPh with Ag for F on thorium (Figure 2.11).
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Figure 2.12 Synthesis of py7ThaFs(SCesFs)3 (6).

Table 2.4 Summary of Crystallographic Details for 6.

py7ThaFs(SCeFs)3 * 2py
empirical formula Ce3HasF20NgS3Tha
fw 1868.34
space group (No.) P-1(2)
a (A) 1101776(10)
b (A) 12.1625(11)
c (A) 25.368(2)
a (deg) 81.4051(15)
p (deg) 86.7035(15)
y (deg) 74.0481(15)
Vv (A 3278.2(5)
Z 2
D(calcd) (Mg/m’°) 1.893
temperature (°K) 120(2)
L (A) 0.71073
abs coeff (mm™) 4,732
R(F)A[I> 2 o()] 0.0360
Rw(F)P [1> 2 o(1)] 0.0438

Definitions: @ R(F) = X||F,| - [F¢|[/Z|Fo; P Ry(F2) =

[Z[W(Fo2 - F2)2)/Z[w(Fo2)2]]1/2
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Figure 2.12 shows a POVRAY diagram of py7ThoFs(SCeFs)s3 (6). The

crystallized product was characterized by spectroscopic methods and low-

temperature single-crystal X-ray diffraction, details given in Table 2.4. Purity of the

bulk phase was analyzed by PXRD.

Figure 2.13 Thermal ellipsoid diagram of py7Th2Fs(SCsFs)3 (6), with yellow S, light
green F, light blue Th, purple N, grey C, H atoms removed for clarity, and ellipsoids
at the 50% probability level.

Table 2.5 Selected Distances (A), and Ang

les (°) for 6.

Bond/Angle

py7ThaFs(SCeFs)3 * 2py

Th-(n-F) 2.165(2), 2.155(2)
Th-(p2-F) 2.354-2.407(2)
Th-N 2.639-2.722(4)

Th-S 2.9206-2.9669(11)
Th-Th 3.7473(3)
Th-(12-F)-Th 103.77-104.12(9)
Th-Th-(n-F) 176.58(7), 176.98(7)
Th-S-C 110.50-111.88(14)
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Bimetallic 6 has two nine coordinate Th(IV) cations, bridged by three fluoride
ligands. The terminally bound ligands are asymmetrically distributed across the two
Th(1V) coordination centers [Th(1): 4 F, 1 S(CsFs), 4 N(py); Th(2): 4 F, 2 S(CeFs), 3
N(py)]. The Th-(u2-F)s-Th core shows the same fluoride bridging motif as the
organometallic dimer [n°-1,3-(Me3C)2CsHs].Th(F)(u-F)sTh[n®-1,3-
(MesC)2CsH3](F)(bipy);®° ligand redistributions were presumed to have been halted
by sterically bulky substituted cyclopentadienyl ligands that prevent formation of
ThF4.%° The terminally bound fluoride ligands in the organometallic thorium dimer
are angled at ~98° to the bimetallic Th-Th axis,®® while the terminally bound fluoride
ligands on 6 are angled at ~177° and are nearly in line with the bimetallic Th-Th axis
of the Th-(u2-F)3-Th core, allowing repulsions to be mitigated amongst bridging and

terminal fluorides in 6 in the presence of less sterically restricting SCsFs” ligands.

Bond geometries are consistent with prior literature, with bonds and angles
shown in Table 2.5. Seven Th-N(py) bonds (2.639(4)-2.722(4) A) present in complex
6 are consistent with previously reported Th-N(py) bond lengths (2.634(4)-2.718(5)
A) in monomeric pysTh(SCsFs).2° Compound 6 contains three Th-S(CsFs) bonds
(2.9206(11)-2.9669(11) A) which are slightly longer than Th-S(CsFs) bond lengths
(2.8111(11)-2.8253(10) A) in monomeric pysTh(SCsFs)4.2° Two nine-coordinate
Th(IV) cations in compound 6 leads to a slight increase in bond length relative to

seven-coordinate pysTh(SCesFs)a.

Bond lengths between thorium and fluoride ligands differ between bridging -
F and terminal F. The terminal Th-F bonds in 6 (2.155(2) and 2.165(2) A) are
consistent with terminal Th-F bonds (2.138(3) and 2.188(2) A) in the organometallic
dimer [n°-1,3-(MesC)2CsH3]2Th(F)(u-F)sTh[n°-1,3-(MesC).CsHs](F) (bipy).*° The

Th-(u2-F) bonds (2.354(2)-2.407(2) A) in the bimetallic core of 6 are longer than the
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terminal fluorides, and are comparable to the Th-(p2-F) bonds (2.318(2)-2.478(2)
A).% Bonds between thorium and the bridging fluorides are longer than their
terminal counterparts due to repulsions from the three proximal electronegative
fluorides, and as good = donors, their electron density spread between two metal

cation centers.

Each SCsFs™ ligand is positioned in such a way that there are two different n...n
stacking motifs within each molecule. The fluorinated phenyl ring on S1 is stacking
with the pyridine ring at N3 with a distance of 3.530 A, while the phenyl rings at S2
and S3 sandwich the pyridine ring at N7 with distances of 3.706 A and (3.441 A)

respectively.

2.3 Conclusion

Several actinide chalcogenolates were synthesized by the reduction of REER
(E =S, Se; R = Ph, CsFs, py) by metallic thorium or uranium, in exploring the
coordination of these compounds with bidentate neutral donor ligand, 2,2’-
bipyridine, and comparing these with bidentate pyridinethiolates. Coordination
complexes containing pyridinethiolates were then used as novel starting materials for
preparing actinide-chalcogen polymetallic products. The use of bidentate ligands
changed product identity, where bipy stabilizes eight-coordinate geometries, and the
pyridinethiolates can exhibit nine-coordinate geometries in monomeric and dimeric
compounds. Cluster synthesis was also explored using ligand based redox reactions
in which SPh anions initially bound to thorium reduce elemental Se to form
(py)4Th2(Se2)212(Spy)2. Metathesis reactions of an in situ prepared thorium thiolate
and AgF was also explored to give the novel bimetallic fluoride/chalcogenolate

compound py7Th2Fs(SCeFs)s.
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Chapter 3: Tetrametallic Thorium
Compounds with ThaEs (E =S,
Se) Cubane Cores

3.1 Introduction

Cluster chemistry allows for the study of size dependent properties of
compounds with varying numbers of metal cations, which allows us to link the
physical properties of molecules with those of solid-state compounds. 2 Clusters
with covalent main group®*4 and transition metal ions* 1>-?! have been used to probe
structure-property relationships,???’ and related lanthanide cluster chemistry?®4° has
been gaining traction over the past two decades. However, the study of analogous
actinide cluster chemistry is less developed compared to the synthesis of transition
metal and rare-earth metal clusters. This is expected to be particularly challenging,

given the complicated nature of the bonding in actinide compounds.

Throughout its history, actinide cluster chemistry**#° has been dominated by
the structural and reactivity studies of oxygen containing anions in uranium
clusters,>*-*8 including the study of compounds with uranyl functionalities,*®® and
many tetrameric and higher hydroxide- or oxide-bridging actinide (including uranyl
oxido) compounds.5? 648 Meanwhile, oxide clusters of thorium are less explored.>*
5,57 Actinide cluster chemistry with less electronegative anions®'®" is even more
limited. There exists a handful of uranium clusters with chalcogenido (E>; E =S, Se)
anions,®% including a uranium selenido cubane, (py)sUsSes(SePh)s,® and sulfido
double cubane, [U((Us-S)aU3(SPSMe)3(BH4)3)2].%2 Altogether, there are a number of
dimers, 8 9398 3 trimers, 2 8% 9 one tetramer,®* one hexamer,*%’ and a heptomer,'°* all

with U(1V) connected by EZ.
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The M4E4 cubane framework is a recurring structural motif in inorganic
chemistry that incorporates a wide range of metals from every part of the periodic
chart bridged by various anions.'%1% These cubane structures are involved in a wide
range of important processes,''! from the active site of photosynthesis'!? 1** and as
catalysts!4118 in water splitting,*'” to low temperature CVD synthesis of novel solid-
state phases.!'® 11° Analogous f-block metal cubanes are relatively scarce,3% 120-131
with a number of compounds built with hydroxide frameworks.!32-1% There are even
reports of lanthanide clusters with less electronegative ligand systems, 2% 125 137-139
and the two previously mentioned uranium structures with cubane motifs. %% %2
Outlined in this chapter is the description of the first exploration of thorium cubane

compounds with stabilizing terminal fluorinated ligands.*

Incorporation of fluorinated ligands'#*4® into multimetallic rare earth and
actinide clusters is intended to increase product solubility which can potentially lead
to the synthesis of larger clusters, or to facilitate spectroscopic studies in solution. In
the study of lanthanide clusters, heteroleptic EPh/ECeFs (E = S, Se) ligand
combinations have been used to synthesize hydrocarbon soluble polymetallic
products with E> and ECgFs ligands.*’ EPh ligands bound to electropositive metals
will reduce elemental E to form E? that bridge the metal cations, as the
accompanying oxidation of EPh yields PhEEPh as a side product to the
accompanying cluster. Due to inductive stabilization of the negative charge on the
fluorinated phenyl ring, similar activity is not observed with ECeFs ligands, as they
remain terminally bound to the metal cation. This difference in reactivity can be used
to generate polynuclear metal chalcogenide compounds with ancillary ECeFs.
Fluorinated ECsFs ligands are utilized to explore the stabilization of heterochalogen

clusters of the actinides where each actinide cation is bound to sulfur and selenium.
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Few heterochalcogen coordination complexes are known, #8150 with this work
employing fluorinated chalcogenolate ligands to synthesize the first known
heterochalcogen actinide clusters,'*° informing subsequent actinide heterochalcogen

cluster studies.'>! %2

This chapter outlines the synthesis and characterization of a series of thorium
cubanes that have both EPh and ECeFs ligands. The impact of ring fluorination on
chalcogen-metal binding affinity is evident, and solution NMR experiments indicate

that the well-defined solid-state structures are maintained in solution.

3.2 Results and discussion

Thorium metal is oxidized by a mixture of PhEEPh and Ce¢FsE’E’CsFs (E, E’=
S, Se) in pyridine to give soluble monomeric Th(IV) tetrachalcogenolates
“Th(EPh)x(E’C6F5)4”. With a 3:1 EPh:E’CsFs ratio, addition of elemental E to
these in-situ prepared solutions of “Th(EPh)x(E’CsFs)ax leads to ligand based redox

reactions in either pyridine or pyridine/toluene mixtures (Figure 3.1).
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Figure 3.1 Synthesis of the series of (py)sTha(us-E)s(p2-EPh)4(E’CsFs)4 (E, E* =S,
Se) with py removed for clarity.

Elemental E is reduced to E? as EPh" is oxidized to PhEEPh, with E’CeFs
remaining negatively charged, leading to the isolation of (py)sThsE4(EPh)s(E’CeFs)4
(Reaction 1). Trace elemental Hg acts as a catalyst reducing the time required for all
Th to be consumed. While these ligand based redox reactions were initially targeted
to give cubanes with all possible combinations of S, Se at the E, EPh, and E’CgFs
ligand sites, it is only when E = E(Ph) that ordered compounds were consistently
isolated. Reactions where elemental E # E(Ph) either revealed mixed ratios of S and
Se in each of the four (us-E?) sites, or no reaction upon addition of elemental E to
intermediate “Th(SPh)x(SCsFs)a-". In the case where elemental Se was added to
intermediate “Th(SPh)x(SCeFs)sx”, the elemental Se stayed as a darker precipitate
after stirring and without color change, as elemental Se is a poor oxidant compared to
S.1%3 In the case where elemental S is added to intermediate “Th(SePh)x(SeC6F5)a.x”,

ligand based redox reaction occurred where elemental S is reduced to SZ. Alkyl
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migration yields a source of Se?” from Se(Ph)’, and reveals a variable ratio of S:Se in

the four (us-E?) sites of the cubane core.

Figure 3.2 (Top) Thermal ellipsoid diagram of pysThaSa(u2-SPh)4(SCeFs)a4 (7), with
light green F, yellow S, light blue Th, purple N, gray C, H atoms removed for clarity,
and ellipsoids at the 50% probability level. The view is of the top region of the
cubane core. (Bottom) Diagram of the cubane core region of 7 in the same
orientation as the top figure.
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Figure 3.3 (Top) Thermal ellipsoid diagram of pysThaSes(u2-SePh)s(SeCsFs)s (8),
with light green F, orange Se, light blue Th, purple N, gray C, H atoms removed for
clarity, and ellipsoids at the 50% probability level. The view is of the side of the
cubane core. (Bottom) Diagram of the cubane core region of 8 in the same
orientation as the top figure.
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Figure 3.4 Thermal ellipsoid diagram of pysThaSa(2-SPh)4(SeCeFs)4 (9), with light
green F, yellow S, orange Se, light blue Th, purple N, gray C, H atoms removed for
clarity, and ellipsoids at the 50% probability level. Black lines indicate possible x...w
interactions between nearest neighboring pyridine and phenyl groups for 7 — 10.

Figure 3.5 Thermal ellipsoid diagram of pysThaSa(u2-SPh)4(SeCeFs)4 (10), with light
green F, yellow S, orange Se, light blue Th, purple N, gray C, H atoms removed for
clarity, and ellipsoids at the 50% probability level. The pyridine and fluorinated
phenyl groups most likely to engage in H-bonding interactions between adjacent
C(H) and F atoms (broken lines) for 7-10.



Table 3.1 Summary of Crystallographic Details for 7 — 10.
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compound 7 8 9 10
empirical Cos H7o Cos H7o Cos H7o F2o0N1o | Cog H7o F20N10
formula F20N10S12Ths F20N10Se12Ths Sg SesThy S4 SegThy
fw 3080.52 3643.32 3268.12 3455.72
space group 1-4 (82) 1-4 (82) 1-4 (82) 1-4 (82)
(No.)

a (A) 20.059(1) 20.376(8) 20.248(1) 20.366(2)
Vi (A3) 5040.2(6) 5209.6(10) 5128.3(6) 5211.6(13)
z 2 2 2 2

D(calcd) 2.030 2.323 2.116 2.202
(glcm)

temperature 120(2) 100(2) 120(2) 120(2)
CK)

A (A) 0.71073 0.71073 0.71073 0.71073
abs coeff 6.221 9.971 7.452 8.650
(mm)

R(F[I>2 0.0316 0.0357 0.0298 0.0353
o(1)]

RW(FZ)b [I >2 | 0.0673 0.0705 0.0680 0.0708
o(N)]

Definitions: @ R(F) = £|[Fo| - [Fel/ZIFol; b Rw(F2) = [E[w(Fo? - F2)2VE[w(Fo2)2]]!/2

Figures 3.2-3.5 show the POVRAY diagrams of the molecular structures of 7 -

10 from a variety of orientations, with relevant bond lengths and angles given in

Table 3.2. The individual cluster molecules in 7 — 10 have a site symmetry of is S4,

with a central ThsE12 core region [Tha(us-E)a(u2-E)a(E’)4] surrounded by 16 aromatic
rings from EPh, E’CsFs, and pyridine, yielding four different types of ligands in the
series of compounds. The shape of the “cubane” portion Tha(us-E)4 of the core is not
perfectly cubic, with elongated (e.g., “diamond” shaped, as in Figure 3.2 bottom) top
and bottom ThE> facets and four regular (e.g., more “square” shaped, Figure 3.3
bottom) side Th2E facets. An isomorphous uranium cubane, (py)sUsSes(SePh)s, has

been described and exhibits the same core motif as 7 - 10.%! The elongated top and



bottom facets of the cubane have diagonal Th...Th distances of ~4.6 A, as

summarized in Table 3.2 for 7 - 10. The square-shaped sides have closer Th...Th
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distances to each other of about 4.0 A. The three Th-psE bonds are also inequivalent,

with shorter legs to the sides (2.775(2) A in 7, 2.782(1) A in 9 for Th-S and 2.902(1)

A'in 8,2.909(1) A in 10 for Th-Se) compared to the top (2.832(2), 2.838(2) A in 7;

2.838(1), 2.850(1) A in 9 for Th-S and 2.950(1), 2.977(1) A in 8; 2.960(1), 2.971(1)

A in 10 for Th-Se), suggesting some relief of strain in the top/bottom Th,E; facets.

Table 3.2 Selected Distances (A), and Angles (°) for 7 — 10.

Bond/Angle 7 8 9 10
(E.E’=S, S) (E.E’=Se, Se) | (E,E’=S, Se) | (E,E’=Se, S)
Th-N 2.644(6), 2.641(8), 2.647(6), 2.670(9),
2.696(7) 2.694(8) 2.705(6) 2.708(9)
Th-psE (side) | 2.775(2) 2.902(1) 2.782(1) 2.909(1)
Th-psE (top) | 2.832(2), 2.950(1), 2.838(1), 2.960(1),
2.838(2) 2.977(1) 2.850(1) 2.971(1)
Th-E’(CeFs) 2.904(2) 3.020(1) 3.030(1)* 2.899(2)
Th-E(Ph) 2.973(2), 3.080(1), 2.977(2), 3.081(1),
2.982(2) 3.088(1) 2.985(2) 3.096(1)
Th...Th (side) | 4.024(<1) 4.154(<1) 4.017(<1) 4.173(<1)
Th...Th (top) | 4.543(<1) 4.748(<1) 4.573(<1) 4.758(<1)
E’-C(E’CeFs) | 1.738(8) 1.892(11) 1.886(11)* 1.767(12)
E-C(EPh) 1.780(8) 1.919(10) 1.776(7) 1.936(11)
Th- u3E-Th 91.57(5), 89.91(3), 91.00(4), 90.42(3),
(side) 91.71(5) 90.46(2) 91.25(4) 90.62(3)
Th- usE-Th 107.45(6) 106.47(3) 107.04(5) 106.71(3)
(top)
Th-E(Ph)-Th | 85.01(5) 84.68(3) 84.71(4) 84.99(3)
(side)
Th-E’- 110.4(3) 108.1(3) 108(2)* 110.3(3)
C(E’CsFs)
Th-E-C(EPh) | 116.5(3), 115.4(3), 116.4(2), 115.0(3),
119.2(3) 117.3(3) 119.6(2) 116.4(3)

* Average of two parts for minor SeCgFs site disorder in compound 3.
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All bond distances in Table 3.2 are consistent with values reflecting the sizes of
the atomic/ionic components, and with several examples of similar structures found
in the Cambridge Structural Database.'®* The range of Th-N bond lengths here
(2.641(8) — 2.708(9) A), is consistent with previously reported Th-N(pyridine) bond
lengths, i.e. 2.624(3) — 2.718(5) A for monomeric (py)xTh(ER)4,**® (x =3,4; E =S,

Se; R = Ph, CsFs) and 2.662(8), 2.696(8) A in cis-(py)2Th(OCsHzMe-2,6)4.%

Bonds between thorium and E(R) are also consistent with the literature. The
bridging Th-S(Ph) distances in compounds 7 (2.973(2), 2.982(2) A) and 9 (2.977(2),
2.985(2) A) are longer than the terminal Th-S distances in monomeric
(py)aTh(SPh)4,'% (2.8451(6) and 2.8481(6) A), due to electron density from S(Ph)-
spread between the two thorium cation metal centers. In compounds 8 and 10 the
Th-p2Se(Ph) bond lengths are 3.080(1), 3.088(1) A and 3.081(1), 3.096(1) A
respectively, and due to an increase in ligand repulsions in eight-coordinate sites in
the thorium tetramers, they are slightly longer than the Th-Se distances in the
monomeric selenolate derivative (py)sTh(SePh)4*® which range from 2.9039(6) to
2.9465(6) A, the 2.938(8) A terminal Th-Se bond in [n°-1,2,4-

(MesC)sCsH2] Th(SePh)s(bipy),*’ the 2.918(1) A bond in [[n°-1,2,4-
(MesC)3sCsH2] Th(SePh)]z[u-N(p-tolyl)]2t* or the 2.9317(5) A bond in

(MeC(N'Pr)2)3ThSeCH.SiMes.'>°

As for bonds to the terminally bound fluorinated ligands, in clusters 7 and 10
the Th-S(CsFs) bond lengths are 2.9040(2) A and 2.899(2) A respectively, which are
significantly longer than the 2.8111(11), 2.8252(10) and 2.8253(10) A distances in
seven coordinate (py)sTha(SCsFs)4.1* The terminal Th-Se(CeFs) bond lengths in 8
(3.020(1) A) and 9 (3.030(1) A) are also slightly longer than the 2.9519(7),

2.9961(7), 3.0137(7), and 3.0183(7) A distances in monomeric (py)sTh(SeCsFs)4. %
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Compounds with comparable bonds between Th(IV) and ps-E? have no
precedent — the solid-state literature contains only examples of doubly bridging E*
bound to Th(IV). Nevertheless, in compounds 7 and 9, the range of Th-p3sulfido
bond lengths comprising the side ThoE> facets (see Figure 3.3 bottom) at 2.775(2) —
2.782(1) A, is comparable to the 2.7759(3) A distance reported for Th-pi2-S in the
layered solid-state structure of Ba;Th(S2)2S2.1%° In clusters 8 and 10, the range of Th-
Ms3-Se bond distances in the elongated top ThzE> facets (Figure 3.2 bottom) is
2.950(1) — 2.971(1) A, is comparable to the 2.9522(1) A Th-pi.-Se value in solid-
state BasThSes(Se2)2.1%* The Th-usE distances in 7 (2.775(1)-2.838(2) A) and 9
(2.782(1)-2.850(1) A ) are shorter than those in 8 (2.902(1)-2.977(1) A) and 10
(2.9091(1)-2.971(1)) A), consistent with the larger ionic radii of Se? (1.98 A) versus

SZ- (1.84A).162’ 163

Table 3.3 Selected Distances (A) for 7 — 10.

...t Contact 7 8 9 10
py...EPh 3.09(2), 3.10(2), 3.10(2), 3.13(2),
3.28(1) 3.28(2) 3.30(2) 3.29(2)
py-EPh dihedral 8.8(6) 9.4(1) 9.6(5) 6.7(7)
EPh...py’ 3.12(2), 3.16(2), 3.15(2), 3.14(2),
3.63(1) 3.56(2) 3.65(1) 3.56(2)
EPh...py’ dihedral 16.8(4) 13.9(1) 18.2(4) 13.8(1)
H..F-C 7 8 9 10
F(1)...H(17) 2.52 2.54 2.55* 2.51
F(1)...H(15) 2.72 2.71 2.68* 2.78
F(1)...H(14) 2.78 2.69 2.78* 2.70
F(2)...H(26)/H(27) | 2.53/2.59 2.71/2.61 2.70/2.59* 3.09/2.83
F(3)...H(14) 2.62 2.64 2.60* 2.70
F(4)...H(16) 2.31 2.26 2.26* 2.35
F(4)...H(19) 2.72 2.82 2.93* 2.79
F(5)...H(18) 2.51 2.62 2.50* 2.64

* Average of two parts for minor SeCgFs site disorder in compound 3.
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In regards to the solid-state structures of similar isomorphous actinide cubanes,
the uranium cubane (py)sUsSes(SePh)s was found to crystallize in the monoclinic
space group C2/c,®! while the series of thorium cubanes were found to crystallize in
various monoclinic unit cells and higher symmetry orthorhombic and tetragonal unit
cells.’®! Fluorinated arenes appear to play a significant and consistent role in
determining the solid-state structure of 7 - 10 which all crystallize in the same

tetragonal 1-4 unit cell.

In compounds 7 — 10, « ... « interactions are present, but not involving
stacking motifs between molecules in each unit cell, nor involving fluorinated
ligands. Typically, ring fluorination often involves favoring lattices that exhibit
extensive «... 7 stacking interactions between molecules in the unit cell, however in
the present case, only intramolecular = ... & interactions occur, with CeFs in 7 - 10
perpendicular to the neighboring non-fluorinated rings. Within the tetramer, the
arrangement of ligands on the closest pair of Th atoms (e.g., Th...Th on the “side”,
as in Figure 3.3 bottom) is defined by a stack of three adjacent overlapping ligands
that appear to engage in close =« ... m interactions, namely py(N1)...u2-EPh and po-
EPh...py(N2), as shown in Figure 3.4. The closest inter-planar C...C distances for
this triplet of rings (e.g., py...Ph...py) are shown in Table 3.3. The terminal E’CsFs
ligand does not appear to engage in « ... & interactions but caps the area directly
above and perpendicular to the adjacent p.-EPh ligand sandwiched between py. All
five of the F atoms in CeFs are within 3 A of the H atoms of nearby py groups
sandwiching Ph. The closest of these presumably weak F...H hydrogen-bond
interactions are shown in Figure 3.5, including close contact to the disordered py of

solvation (Table 3.3). The sum of van der Waals radii of both hydrogen and fluorine
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is 2.67 A,*%% with H...F distances up to about 3.0 A of note due to weak H...F

interactions and concurrent crystal packing.

Compound 9 contains an instance of observed rotational disorder within the
region occupied by the SeCeFs ligand, where the compound has a significant
mismatch of size for E versus E’ atoms (E = S; E” = Se). In contrast, for compound
10, where E = Se and E’ = S, such disorder does not exist. This is apparently
consistent with an E’CeFs ligand closer to the core region due to the shorter Th-S
bond in 10 versus the longer Th-Se bond in 9 (Table 3.2). With X-ray diffraction data
for many samples with this cubane structure, we have never found less than complete
occupancy of E’CsFs at the terminal ligand site, and complete occupancy of EPh at
the 2 bridging site, when the fluorinated ligand was used. Thus, whether the cause is
a better match of larger site to larger ligand or a lack of flexibility of the bridging
ligand, the E’CsFs is nevertheless a unique terminal ligand site for this series of

compounds.

Table 3.4 "Se NMR Summary. NCsDs solvent used.

Compound Se* u-SePh SePh SeCeFs
ThaSea(uSePh)s(SeCsFs)s (8) | 915 480 369
ThaSea(uSePh)s(SCeFs)s (10) | 904 479

Th(SeCeFs)s™ 400
Th(SePh),™® 659

PhSeSePh'®® 456

CeFsSeSeCsFs 377

Diamagnetic Th provides an opportunity to probe the solution structure of

these cubanes. While solid-state structures are consistent throughout the series,

alternative structures in solution are always possible, given that larger clusters

prepared in weakly basic THF solutions have been shown to fragment in strong
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donor solvents such as pyridine.!®® To probe solution structure, ”’Se NMR
spectroscopy was used because this nucleus has a favorable chemical shift
dispersion, and the results were informative even though data from relevant thorium
selenolate complexes are limited: 7’Se NMR resonances have been measured for
(py)3Th(SePh). (659 ppm),**® (py)sTh(SeCsF5)4 (400 ppm),*>® and
(MeC(N'Pr),)sThSeCH:SiMes (221 ppm),t*° the latter having a thorium coordination
environment comprised of considerably more electronegative elements and a
remarkably acute Th-Se-C angle (81°) that makes comparison with the present work
difficult. Cubane 9 was too insoluble to give meaningful data, while 8 and 10 were
adequately soluble, and spectra consistent with the tetrametallic structure being
maintained in solution (Table 3.4). Cubane 8 has three '’Se resonances: 915 assigned
to the bridging ps-Se?, 480 assigned to the bridging p2-SePh, and 369 assigned to the
terminal (n-SeCsFs). Cubane 10 has two "’Se resonances: 904 assigned to the
bridging ps-Se?, and 479 assigned to the bridging pz-SePh. These peaks can be
assigned by comparison with other clusters and molecular chalcogenolates. The peak
for 8 at 915 ppm and the peak for 10 at 904 ppm can be attributed to the Se?’,
consistent with recently published 992 ppm for [K(18-crown-6)][Th(Se)(NR2)s].8
Similar peaks are absent in the spectra of 7 and 9 with bridging ps-S%, as well as
spectra of the two molecular chalcogenolates (py)sTh(SePh)s and (py)aTh(SeCsFs)a.
The terminal fluorinated selenolate can be assigned to the /’Se resonance at 369 ppm
in 8, given similar the resonance at 400 ppm in molecular Th(SeCsFs)4, and
noticeably similar to the resonance at 377 ppm for CeFsSeSeCsFs. Finally,
resonances for the SePh ligand at 480 ppm in 8 and 479 ppm in 10 are noticeably
similar to the resonance at 456 ppm for PhSeSePh, and shifted significantly from the

resonance at 659 ppm in Th(SePh)s, where the SePh are all terminally bound. Thus,
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bridging p2-SePh resonances in 8 and 10 are consistent with SePh ligands bridging
metal centers, and data is consistent with the solid-state structures prevailing in

solution.

3.3 Conclusion

A group of (py)sThaE4(u?-EPh)4(E’CeFs)s cubane clusters (E =S, Se; E’ =S,
Se) were prepared for various combinations of E, E’ =S, Se, using ligand based
redox reactions in which EPh anions reduce elemental E. All four compounds are
isostructural, with a number of H...F interactions noted in the solid-state structures.
There is a consistent and unique pattern of EPh versus E’CsFs ligand positions and
dihedrals on going from 7 - 10, resulting in nearly the same packing arrangement for
these (py)sThaEa(p2-EPh)4(E’CsFs)s compounds, regardless of whether E or E” are S
or Se. Fluorinated ligands always bind terminally, while the EPh ligands always
bridge metal centers. Solution state '’Se NMR measurements suggest that the

tetrametallic formulation is retained in pyridine solution.
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Chapter 4: Tetrametallic Uranium
Compounds with UsE4 (E = S, Se)
Cubane Cores

4.1 Introduction

Non-aqueous actinide chemistry has been built on research of purely aqueous
systems that were directly related to nuclear fuel processes. Using non-aqueous
solvents allows for the exploration of compounds with novel actinide-ligand bonds to
promote advancements in fields such as catalysis and cluster chemistry. Uranium
cluster chemistry® has focused primarily on systems with oxygen based anions,*2
including uranyl®" functionalities in aqueous solutions. Clusters containing
hydroxide- or oxo-bridged U(IV) cations usually contain organic ligands on their
surfaces which aid in the synthesis and growth of larger oxo-clusters.*®-3" For
materials with chalcogen-based ligands, terminal U=E bonds are uncommon,3-43
dimeric (u2-E)-bridged uranium molecular compounds are more common,*-% while

few (us-E)-bridged uranium clusters are found in the literature,%®: 59 61-63

Successful preparations of molecular compounds with uranium-chalcogen
bonds have in the past relied on the presence of large sterically demanding
multidentate ligands.*4-49:52-55,57-62, 6477 |t has become apparent, however, that
sterically saturating multidentate ligands are not a prerequisite to the formation of
stable cluster products. Several stable uranium chalcogenido compounds have been

synthesized with smaller and more labile chalcogen containing ancillary ligands.> %

78-82

The identity of larger clusters has been shown to be influenced by the use of

monodentate ligands. For example, different sized CuEL clusters (E = Se, Te; L =
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PEts, PPr's, PBu's, PEt,Ph, PPhs) clusters were prepared by using phosphine ligands of
various size.%*% The same principal could apply in actinide chalcogenide chemistry,
since in these materials there has always been at least one solvent molecule (pyridine,

THF, etc.) coordinating to every metal.

Fluorinated ECeFs ligands have been used to form monomeric compounds and
multimetallic clusters of the lanthanides and thorium,®-8 and can permit the direct
comparison between the synthesis of these previously explored compounds to the
synthesis of novel uranium clusters, as well as a related uranium chalcogenido cluster,
(pY)sUa(p3-Se)a(p2-SePh)a(SePh)s,® that does not incorporate fluorinated ancillary
ligands. The increase in solubility of ECsFs compared to ECsHs ligands has been
noted in several coordination compounds,®” 8%-% as well as the fluorinated ligands
effect on crystal packing and inter- and intramolecular interactions.®® % %7 Fluorinated
ligands that aid in the synthesis of multimetallic uranium clusters also gives the
opportunity to study magnetic exchange coupling, as these terminal ligands aid in

stabilizing clusters with a variety of chalcogenido bridging ligands.

The characterization of uranium complexes with magnetic moment data has
historically been used to aid in determining the oxidation state or uranium when
complex ligand environments are present.®® In magnetic susceptibility studies of
molecular uranium compounds, antiferromagnetic exchange coupling has been
observed.**1% Magnetic susceptibility studies of U(IV) chalcogenolates are rare, with
the literature comprising studies of bimetallic uranium compounds bridged by E (E =
S, Se, Te).47: 54, 57,107,108 By, characterizing and comparing small molecule compounds
with magnetic susceptibility data, links can be made amongst compounds ranging

from monomeric coordination complexes and nanoscale clusters, to solid state
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materials. The studies of such materials are of interests to fields such as quantum

109 110

computing™” and data storage.

This chapter outlines the synthesis and characterization of a series of uranium
tetrameric cubanes that have both EPh and ECeFs ligands. The first examples of
heterochalcogen clusters of uranium are compared the series of heterochalcogen
thorium tetrameric cubanes, as well as the selenium containing (py)sUa(u3-Se)a(pe-
SePh)a(SePh)4*® cubane. The series of uranium tetrameric cubanes were characterized
for their magnetic properties, which suggest antiferromagnetic coupling. Magnetic
moments are in agreement with other U(IVV) compounds with bridging chalcogenido

ligands.

4.2 Results and Discussion

In-situ prepared solutions of “U(EPh)x(E’CeFs)sx” (E, E’ =S, Se) undergo
ligand-based redox reactions with elemental E in pyridine or pyridine/toluene
mixtures. A trace amount of I is used as a catalyst to reduce the time required for U
to be consumed in the reaction. The elemental E is reduced to E2 and EPh" from
“U(EPh)3(E’CeFs)” is oxidized to PhEEPh, leading to the formation of (py)sUa(us-
E)4(p2-EPh)4(E’CsFs)4 (Figure 4.1). As discussed in Chapter 3, while there are various
combinations of S and Se at the E, EPh, and E’CsFs sites, many combinations form
clusters with disordered products containing irreproducible ratios of S* and Se?". It is
only when E = (E)Ph that ordered clusters are synthesized, while the (E’)CsFs site can
be modified (E’= S, Se) independently with no chalcogen exchange. Synthesis of the
uranium tetramers is informed by the combinations of chalcogen ligands used to

synthesize the ordered thorium tetrameric clusters.
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Figure 4.1 Synthesis of the series of (py)sUa(uz-E)a(u2-EPh)a(E’CeFs)a (E, E* =S, Se)
with py removed for clarity.
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Figure 4.2 (Top) Thermal ellipsoid diagram of pysUaSa(u2-SPh)a(SCeFs)a (11), with
light green F, yellow S, blue U, purple N, gray C, H atoms removed for clarity, and
ellipsoids at the 50% probability level. The view is of the top region of the cubane

core. (Bottom) Diagram of the cubane core region of 11 in the same orientation as the
top figure.
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Figure 4.3 (Top) Thermal ellipsoid diagram of pysUaSes(p2-SePh)s(SeCeFs)s (12),
with light green F, orange Se, blue U, purple N, gray C, H atoms removed for clarity,
and ellipsoids at the 50% probability level. The view is of the side of the cubane core.

(Bottom) Diagram of the cubane core region of 12 in the same orientation as the top
figure.
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Figure 4.4 Thermal ellipsoid diagram of pysUaS4(u2-SPh)4(SeCeFs)4 (13), with light
green F, yellow S, orange Se, blue U, purple N, gray C, H atoms removed for clarity,
and ellipsoids at the 50% probability level.

Figure 4.5 Thermal ellipsoid diagram of pysUsSa(j2-SPh)a(SeCeFs)a (14), with light
green F, yellow S, orange Se, light blue Th, purple N, gray C, H atoms removed for
clarity, and ellipsoids at the 50% probability level.



Table 4.1 Summary of Crystallographic Details for 11 — 14.

82

compound 11 12 13 14
empirical CrooH72F20N104S12Us | CogHroF20N10S€12Us | CagH70F20N10 Sg | CaossHrrsoF2oNirsSa
formula SeUs el

fw 3136.12 3667.28 3292.08 3598.33
space group | P-1(2) 1-4 (82) 1-4 (82) P-1(2)
;N?E\)) 15.254(3) 20.4101(14) 20.1179(19) | 14.803(3)
b (A) 15.404(3) 20.4101(14) 20.1179(19) | 15.802(3)
c (A 24.000(5) 12.4702(8) 12.4706(12) | 24.236(5)
a (deg) 106.411(4) 90 90 84.789(4)
B (deg) 100.180(4) 90 90 89.531(4)
y (deg) 100.286(4) 90 90 87.224(4)
Vi (A?’) 5166.3(18) 5194.7(8) 5047.2(11) 5639(2)
Z 2 2 2 2
D(calcd) 2.016 2.345 2.116 2.119
(Mg/m’)

temperature | 120(2) 100(2) 120(2) 120(2)

; |(<,5)\) 0.71073 0.71073 0.71073 0.71073
abs coeff 6.582 10.507 8.095 8.467
(mm™)

R(F@[1>2 |0.0650 0.0388 0.0381 0.0731
o(1)]

RW(FZ)b [I > | 0.1366 0.0793 0.0856 0.1522
2o(1)]

Definitions: 2 R(F) = £[[F,| - [Fel/’Z[Fol; b Ry (F2) = [Z[w(Fo? - Fe2)2)/Z[w(Fo2)2]]1/2

Compounds 11-14 were characterized by spectroscopic methods and by low-

temperature single-crystal X-ray diffraction, details given in Table 4.1. While the

previously described (py)sTha(us-E)a(uz2-EPh)a(E’CeFs)4 tetrameric compounds®®

discussed in Chapter 3 exclusively crystallized in the tetragonal I-4 cell, compounds

11-14 crystallize in more than one unit cell. All have the same basic structure with

varying numbers and orientations of the lattice pyridine molecules. Each cluster in the

unit cell exhibits a site symmetry of S4 with a UsE12 core. This core region consists of
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a central distorted Ua(us-E)4 cube-like motif, four (uo-E) ligands bridging the uranium

centers of the cube, and four (n-E’) ligands on each uranium in the cube. The cube-

like motif is composed of rhomboid U:E; facets and four UzE: side facets that are

more regular (e.g. more square) in shape, with the p2-EPh ligands bridging two U

atoms on each side facet.

Table 4.2 Selected Distances (A), and Angles (°) for 11 — 14,

Bond/Angle 11 12 13 14
(EE =S,8) |(EE =SeSe) | (EE =S,Se) | (EE =Se,S)
U-N 2.603- 2.614(10), 2.642(8), 2.605-
2.640(11), 2.654(10) 2.606(8) 2.630(10),
U-u3E (side) | 2.668-2.682(3) | 2.8092(10) 2.687(2) 2.7976-
2.8338(13)
U-usE (top) 2.760-2.807(3) | 2.9196(11), 2.800(2), 2.8899-
2.9203(11) 2.804(2) 2.9281(14)
U-E’(CsFs) 2.811-2.828(3) | 2.9624(11) 2.967(1) 2.788-2.828(3)
U-E(Ph) 2.872- 2.9975(12), 2.888(2), 2.9826-
2.892(4), 3.0403(11) 2.929(2) 3.0231(15),
U...U (side) 3.906- 4.0628(6) 3.9141(6) 4.048-4.087(1)
3.931(10)
U...U (top) 4.500-4.504(1) | 4.7101(6) 4.5269(7) 4.6630-
4.6634(9)
E’-C(E’CeFs)* | 1.712- 1.895(13) 1.889(10) 1.741-
1.820(16) 1.770(13)
E-C(EPh) 1.767- 1.914(11) 1.772(9) 1.904-
1.811(17) 1.936(15)
U- usE-U 90.97- 90.30(3), 90.90(6), 90.13-91.36(4)
(side) 92.05(10) 90.31(3) 91.00(5)
U- usE-U 107.52- 107.52(3) 107.76(7) 106.45-
(top) 107.98(12) 107.20(4)
U-E(Ph)-U 83.97- 84.58(3) 84.58(6) 83.53-84.59(4)
(side) 84.41(10)
U-E’- 112.1- 110.0(3) 109.7(3) 111.7-114.1(4)
C(E’CeFs)* 114.2(14)
U-E-C(EPh) 118.0-120.2(6) | 116.1(3), 117.4(3), 114.5-118.3(1)
117.4(4) 120.2(4)

* Average of two parts for minor SeCgFs site disorder in compound 1.
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All bond distances are consistent with literature values reflecting the sizes of

their individual atomic components,*!

as well as examples of similar structures found
in the Cambridge Structural Database.*? Relevant bond lengths and angles are given
in Table 4.2. The range of values for U-N(pyridine) bond lengths here (2.585(12)-
2.642(8) A) are consistent with previously reported U-N(pyridine) bond lengths,: 5%
64,82, 113, 114 jncluding 2.590(5)-2.640(5) A for the non-fluorinated tetrameric
[U(py)2(SePh)(us-Se) (H2-SePh)]s,%® and 2.563(5)-2.629(5) A for monomeric

U(SPh)a(py)s.*®

The range of values for U-(us-E?) bond lengths are also consistent amongst
scarce literature containing triply bridging chalcogenides to three uranium atom
centers.>® 5162 |n compounds 11 and 13 the bridging ps-S* distances in the elongated
top U.S; facets are 2.760(3)-2.807(3) A, and in the side U>S; facets are shorter at
2.668(3)-2.687(2) A, which suggests there is increased strain relative to the U-(ps-E?)
bonds in the side facets that are bridged by p.-EPh. These are comparable to the U-
(13-S%) bond distances (2.662(4)-2.810(3) A) in [[U(COT)]4[U(THF)3]2(Hs-S)s] .5
The uranium metal centers in this compound arrange in an octahedron, where each

face of the octahedron contains ps-S? that bridges each uranium.

In compounds 12 and 14 the bridging ps-Se?*” distances in the elongated top
U.Se; facets are 2.8899(14)-2.9396(8) A, and in the side U,Se: facets are slightly
shorter at 2.7976(13)-2.8335(7) A. The increased lengths of the U-(us-E?) bonds in
the top and bottom facets of the cube-like core region suggest that there is increased
strain relative to the U-(us-E?) bonds in the side facets that are bridged by po-EPh.
The U-(us-Se?) bonds in 12 and 14 are comparable to the U-(ps-Se?) bond distances
in the non-fluorinated tetrameric [U(py)2(SePh)(u3-Se)(12-SePh)]a cluster (2.7928(6)-

2.9482(6) A).%® Uranium chalcogenido solid-state materials with comparable U-E*
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distances are known, with UE3 [defined as U*(E?)(E2?)] including U-S? bonds

(2.7530(18)-2.825(2) A),**5 and U-Se? bonds (2.896(1)-2.969(1) A).%16

The range of values for U-(u2-EPh) bond lengths are comparable to other
bridging U-E-U bonds in the literature.*-° In compounds 11 and 13 the bridging p-
SPh distances are 2.872(4)-2.965(4) A. These are comparable to the U-p2-SPh
distances (2.8667(19)-2.9378(19) A and terminal U-SPh distance (2.813(2) A) in
[U(EPh)2(p2-EPh)2(CH3CN)2]2.% In compounds 12 and 14 the bridging p2-SePh
distances are 2.9826(15)-3.0976(8) A. These are comparable to the U-p2-SePh
distances (3.0184(7)-3.1225(7) A) and terminal U-SePh distances (2.9185(7)-
2.9349(7) A) in the non-fluorinated tetrameric [U(py)2(SePh)(Hs-Se)(H2-SePh)]s

cluster.5®

Each uranium atom center contains one bond to a terminally bound fluorinated
phenyl chalcogenolate ligand. While the only example of terminal U-ECsFs bonds are
in compound 11 - 14, there are comparable compounds with non-fluorinated phenyl
chalcogenolate ligands.®® %6 5% 6582 The fluorinated analogues are longer than their
non-fluorinated counterparts; for example: 2.9624(11)A for U-SeCsFs in compound
12, compared to 2.9175(7)-2.9349(7) A for U-SePh in the isomorphous non-
fluorinated [U(py)2(SePh)(us-Se)(Hz-SePh)]a.® This lengthening of the U-E(CgFs)
bond can be rationalized by noting the electron withdrawing nature of the fluorines

that effectively decreases the electrostatic interactions between U and E.

Other f-metal clusters containing ECsFs ligands have been synthesized,
including the series of lanthanide clusters (THF)sLn4E(E2)4(SCeFs)2 (Ln = Yb, E=S,
Se; Ln = Tm, E = Se).%” As with the actinide clusters discussed here and in Chapter 3,
the fluorinated ligands only bind terminally to a metal cation in the cluster. In contrast

to the actinide clusters, the lanthanide cluster series is synthesized in a multistep
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approach where Ln metal is oxidized by Hg(SCsFs)2 to form Ln(SCsFs)s, which is
subsequently filtered into a solution of Ln(EPh)s to form presumed intermediate
“Ln(EPh)x(ECeFs)3x".8" EPh ligands are subsequently displaced via reaction with
elemental S or Se. As in the actinide clusters, ECeFs is not oxidized upon addition of
E, while EPh can be replaced by bridging EZ. Yb-S(CsFs) bond lengths in
(THF)sL.n4S(S2)2(SCeFs)2 (2.675 A) and (THF)sLnsSe(Se2)s(SCsFs)2 (2.667 A) are
similar despite the identity of the bridging E% ligands.®” This holds true in the Th-
(E”)CsFs bonds of the Th clusters (py)sThsE4(EPh)4(E’CeFs)s, 7 (E, E’ =S, S)
(2.904(2) A) compared to 10 (E, E’ = Se, S) (2.899(2) A), and 8 (E, E’ = Se, Se)
(3.020(1) A) compared to 9 (E, E* = S, Se) (3.030(1) A). This trend is also present in
the U-(E”)CsFs bonds of the U clusters (py)sUsE4(EPh)4(E’CsFs)s, 11 (E, E’ =S, S)
(2.811-2.828(3) A) compared to 14 (E, E’ = Se, S) (2.788-2.828(3) A), and 12 (E, E’

= Se, Se) (2.9624(11) A) compared to 13 (E, E’ =S, Se) (2.967(1) A).

The temperature-dependent behavior of the four cubane-like tetrameric
compounds reveals magnetic moments of pest = 2.82(1) (11), 3.51(1) (12), 2.51(1)
(13), 3.15(2) (14) pe/U at 300 K, that decreases to perr = 2.07(4) (11), 0.78(1) (12),
0.22(1) (13), 0.16(2) (14). This is consistent with the range of reported data for room-
temperature and low-temperature magnetic moments for U** compounds.®® Table 4.3
shows select bimetallic U(1V) complexes with bridging chalcogenido ligands, with
magnetic moments at room-temperature and low-temperature compared to
tetrametallic uranium compounds 11 — 14. There are no other reports in the literature
of compounds with more than two U** ions bridged by chalcogenido ligands. There is
a general trend of higher room-temperature magnetic moments for bimetallic
compounds with a selenido bridging ligand compared to the sulfur derivatives. The

only exception is the lower magnetic moment for [[((“B*ArO)stacn)U]2(p-Se)]*’
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compared to the sulfur-containing dimer, though still larger than similar

[[((A“ArO)sN)U]2(u-S)].5” Room-temperature magnetic moments of UE3 (E = S, Se,

Te) (ZrSes-type structure) are also noted in Table 4.3 to compare to 11 — 14 as these

compounds show bridging E? between U** ions [UEs is defined as U**(E?)(E2?)].1

117 This shows an opposite trend where the magnetic moment for USes is lower

compared to USs, as well as UTes.

Table 4.3 Room-temperature (R.T.) and low-temperature (L.T.) magnetic moments
(us) of bimetallic U(1V) complexes with bridging chalcogenido ligands, and
comparisons to tetrametallic compounds 11 — 14, as well as solid-state UEs (E = S,

Se, Te)
Compound R.T. u(us) | L.T. p (us) (temp, K)
PysU4S4(SPh)4(SCeFs)4 (11) 2.82 2.07 (1.8)
pysUaSea(SePh)(SeCsFs)s (12) 3.51 0.78 (1.8)
PysUsS4(SPh)4(SeCsFs)4 (13) 2.51 0.22 (1.8)
pysUaSes(SePh)4(SCeFs)a (14) 3.15 0.16 (1.8)
[[("*ArO)sN)Ulz(1-S2)2] 1.65 0.26 (2)
[[((*YAr0)sN)UJa(u-n3: n®-Sea)]*"’ 2.30 0.39 (2)
[[(AAr0)sN)UJ2(u-Se2)(u-DME)]XY’ 2.69 0.30 (2)
[[((*YArO)sN)U(THF)]2(u-n% n?-Seq)]*"’ 2.82 0.33 (2)
(CpsU),St%® 2.64 0.58 (4.2)
[Na(DME)s]2[[((A°Ar0)sN)U]a(u-S)2]*’ 3.2 0.4 (2)
[Na(DME)s]2[[((“°ArO)sN)UTz(u-Se)2]*’ 3.4 0.4 (2)
[[(AAr0)sN)U]2(u-Se)]°’ 35 0.5 (2)
[Na(DME)s]2[[((“°ArO)sN)UTz(u-Te)2]’ 35 0.5 (2)
[[(**ArO)sN)Ulz(p-S)]*’ 3.6 0.6 (2)
[[((-BUArO)stacn)U]z(u-Se)]*’ 3.8 0.7 (2)
[[((*BArO)stacn)U]2(u-S)1*’ 4.0 1.1(2)
[[(("Ar0)sN)U]2(u-SH)21* 2.46 0.34
[[(*“ArO)sN)U]2(u-SeH).]** 2.65 0.33
[[((A°ArO)sN)U]a(u-TeH)2]** 2.44 0.31
USs'’ 3.08
USes'Y 2.98
UTes 3.09
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Figure 4.6 The temperature dependence of susceptibility measured in zero field
cooling method at 0.3 T for 11 and 13.

Antiferromagnetic exchange coupling dominating at low temperatures is
common in various uranium compounds, and is observed as a maximum at lower
temperatures in the plots of y/mol vs. T.%1%” The magnetic susceptibilities of 11 — 14
do not show such distinctive maximum at low temperatures (Figure 4.6-blue). Smooth
peaks are observed around 20 K in the temperature dependent magnetization data for
11 and 13 with continued increase in y/mol at temperatures below this point, which
can suggest possible paramagnetic impurities, but can possibly be seen as the start of
antiferromagnetic ordering in these UsE4 compounds.'%” While the magnetic
susceptibility plots for 12 and 14 are similar with continuous increase in y/mol with
decreasing temperature, smooth peaks were not observed. This suggests either
paramagnetic impurities are more pronounced than in 11 and 13, or that similar signs
of antiferromagnetic ordering in 12 and 14 are not present at lower temperatures
compared to 11 and 13.

The experimental data for 11 — 14 were measured at 0.3 T with zero-field
cooling and fitted using the Curie-Weiss law y = % between 75 and 250 K

(example seen in Figure 4.6-orange), where C is the Curie constant, 0 is the Weiss
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constant (also known as the Curie temperature, units in K), and T is temperature

(K).118 The fitting yields values of 6 = -31(1) K (11), -6(1) K (12), -39(1) K (13), -

41(4) K (14). The negative sign of paramagnetic Curie temperature () suggests

antiferromagnetic interactions in all four compounds with different theoretical

antiferromagnetic transition temperatures.
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Figure 4.7 Isothermal magnetic field dependence of magnetization for 11 — 14.

The isothermal magnetic field dependence of magnetization is shown in Figure

4.7. Magnetization increases linearly with increasing magnetic field above 20 K with

no sign of saturation up to the highest applied field (9 T). This is consistent with

antiferromagnetic local interactions present in 11 — 14,
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4.3 Conclusion

A series of pygUsE4(p2-EPh)4(E’CsFs)4 cubane clusters (E =S, Se; E” = S, Se)
were prepared with varying combinations of E, E* =S, Se via in situ ligand based
redox reactions with EPh ligands on intermediate uranium monomers being reduced
by elemental E. All four compounds are morphous with the series of thorium cubanes
discussed in Chapter 3. Like the thorium series, there is a consistent and unique
pattern of terminal E’CsFs versus bridging EPh ligand positions. Magnetic
susceptibility measurements suggest antiferromagnetic local interactions in the

tetramers at low temperatures.
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Chapter 5: Materials and Methods

5.1 General Methods

Depleted thorium (Th-232) and depleted uranium (U-238) are radioactive as
weak a-emitters with half-lives of 1.41 x 10'° years and 4.47 x 10° years, respectively.
Thorium and uranium should be handled by individuals trained for radiation safety in
controlled fume hoods and gloveboxes with inert atmospheres in a laboratory equipped to

handle such equipment.

All syntheses were performed under ultrapure nitrogen (Welco Praxair), using
conventional drybox or Schlenk techniques. Pyridine (Aldrich) and hexane (Aldrich)
were purified with a dual column Solv-Tek solvent purification system and collected
immediately prior to use. (SCeFs)2! and (SeCsFs).? were prepared according to
literature procedures. PhSeSePh (Aldrich) was purchased and recrystallized from
hexanes. PhSSPh (Acros), thorium chips and uranium turnings (International
Bioanalytical Industries Inc.), mercury (Strem Chemicals), 2,2’-bipyridine (Aldrich),
sulfur (Aldrich), selenium (Aldrich), silver(l) fluoride (Aldrich), 2,2°-dipyridyl
disulfide (Aldrich) were purchased and used as received. Melting points were
recorded in sealed capillaries and are uncorrected. IR spectra were recorded on a
Thermo Nicolet Avatar 360 FTIR spectrometer from 4000 to 450 cm™! as mineral oil
mulls on Csl plates. UV—vis absorption spectra were recorded on a Varian DMS 100S
spectrometer with the samples dissolved in pyridine, placed in either a 1.0 mm x 1.0
cm Spectrosil quartz cell or a 1.0 cm? special optical glass cuvette, and scanned from
200 to 1000 nm — all four thorium tetrameric compounds were found to be optically
transparent from 400-1000 nm. All NMR data were collected on a Varian VNMRS

500 spectrometer at 25 °C with the compounds dissolved in NCsDs, CsDs, or toluene-
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d8. *H and *°F NMR spectra were obtained at 499 and 476 MHz, respectively; ''Se
NMR spectra were acquired with a longer relaxation delay (7.0 s) together with an
extended number of scans (4096) in hydrogen or fluorine decoupled mode at 95 MHz
using (SeCeFs)2 as an external standard. Elemental analyses were performed by

Quantitative Technologies, Inc. (Whitehouse, NJ).

5.2 Single Crystal X-Ray Structure Determination

Data for each compound were collected on a Bruker Smart APEX CCD
diffractometer with graphite monochromatized Mo Ka radiation (A = 0.71073 A).3
Crystals were immersed in mineral oil and examined at low temperatures. The data
were corrected for Lorenz effects and polarization, and absorption, the latter by a
multi-scan method or by a numerical method when the multi-scan method appeared
insufficient.® The structures were solved by direct methods, and all non-hydrogen
atoms were refined based upon Fops?.*® All structures were visualized via the Mercury

v4.3.1 program.’

5.3 Magnetic Susceptibility Measurements

Magnetic properties of pysUsE4(EPh)4(E’CeFs)s (E, E’ = S and Se) were
measured with a Quantum Design DynaCool Physical Property Measurement System
(PPMS) equipped with vibrating-sample magnetometer (VSM) option, which operates
over a temperature range of 1.8-300 K and applied magnetic fields up to 9 T. Both
zero-field cooling and field-cooling modes were conducted to measure the magnetic
susceptibility. The polycrystalline samples (~12mg) were packed in the plastic straw

to perform the measurements.
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5.4 Syntheses

Synthesis of (bipy)2Th(SeCesFs)s* 2THF (1)

Th (0.116 g, 0.50 mmol) and (SeCeFs)2 (0.492 g, 1.00 mmol) were combined
with Hg (0.020 g, 0.10 mmol) in pyridine (11 mL). The solution was stirred for 24 h.
The solvent was removed under vacuum, 2,2'-bipyridine (0.156 g, 1.00 mmol) and
THF (14 mL) were added and the mixture was stirred for 24 h. The resulting red
solution was filtered to remove trace greenish precipitate and layered with hexane (10
mL) to form pale yellow (0.77 g, 46%) crystals that turn brown-deep orange at 101
°C, melt at 105 °C and decompose at 173 °C. Anal. calcd for Cs2H32F2002N4SesTh: C,
37.3; H, 1.93; N, 3.35 (lattice desolvated Cs4H16F20N4SesTh: C, 34.6; H, 1.05; N,
3.67). Found: C, 36.7; H, 1.63; N, 3.36. UV-vis: this compound does not show an
optical absorption maximum from 400 to 1000 nm. IR: 2957 (s), 2923 (s), 2853 (s),
2361 (w), 1598 (w), 1462 (m), 1376 (m), 1261 (m), 1153 (w), 1081 (m), 1013 (m),
967 (w), 800 (m), 722 (w) cm™'. TH NMR (pyridine-ds): 10.2 (d, 2H, J = 5.0 Hz,
bipy), 8.47 (dt, 2H, J = 8.5, 1.0 Hz, bipy), 8.21 (td, 2H, J = 7.7, 1.6 Hz, bipy), 7.73
(ddd, 2H, J = 7.5, 5.5, 1.1 Hz, bipy), 3.64 (m, 3H,THF), 1.61 (m, 3H, THF). °F NMR
(pyridine-ds): —124 (m, 2F), —161 (s, 1F), =163 (m, 2F). "’Se NMR (pyridine-ds): 361
(s).

Synthesis of pyTh(Spy)s ¢ 0.5py (2)

Th (0.232 g, 1.00 mmol) and 2,2'-dithiodipyridine (0.441 g, 2.0 mmol) were
combined with Hg (0.017 g, 0.085 mmol) in pyridine (10 mL). The solution was
stirred for 3 days, after which toluene (5 mL) was added to the cloudy green solution,
and the mixture was stirred briefly (about 15 minutes). After all precipitate settled, the
resulting red solution was filtered (10 mL) and layered with hexane (5 mL) to form

colorless crystals that melt at 180°C and decompose at 300°C. IR: 2924 (s), 2854 (s),
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2361 (m), 1727 (m), 1641 (w), 1584 (w), 1460 (m), 1412 (w), 1376 (m), 1261 (m),
1129 (w), 1037 (w), 890 (w), 804 (w), 750 (w), 725 (w), 638 (w), 624 (w), 482 (w),
447 (w) cm™. Anal. Calcd for lattice desolvated C2sH21NsS4Th: C, 39.9; H, 2.82; N,

9.32. Found: C, 39.8; H, 2.63; N, 9.25.
Synthesis of pyU(Spy) (3)

U (0.220 g, 0.924 mmol) and 2,2'-dithiodipyridine (0.407 g, 1.85 mmol) were
combined with Hg (0.021 g, 0.11 mmol) in pyridine (10 mL). The solution was stirred
for 6 days, after which toluene (5 mL) and pyridine (5 mL) was added to the dark
cloudy green solution, and the mixture was stirred briefly (about 15 minutes). After
all prcipitate settled, the resulting dark green solution was filtered (15 mL) and
layered with hexane (10 mL) at 0°C to form yellow crystals that melt at 180°C and
decompose at 250°C. IR: 2923 (s), 2853 (s), 1644 (w), 1577 (w), 1574 (w), 1539 (w),
1505 (W) , 1463 (m), 1455 (m), 1373 (m), 1260 (W), 1219 (w), 1183 (w), 1129 (w),
1085 (w), 1067 (w), 1037 (w), 1002 (w), 725 (w) cm™. Anal. Calcd for CasH21NsS4U:

C, 39.6; H, 2.79; N, 9.24. Found: C, 39.7; H, 2.81; N, 9.30.
Synthesis of pyaThz(Se2)212(Spy)2  4py (4)

Th (0.233 g, 1.00 mmol), (SePh)2 (0.314 g, 1.01 mmol), 2,2'-dithiodipyridine
(0.114 g, 0.517 mmol), and 1> (0.130 g, 0.512 mmol) were combined with Hg (0.019
g, 0.095 mmol) in pyridine (10 mL). The solution was stirred for 1 day, after which
pyridine (10 mL) and selenium (0.160 g, 2.03 mmol) was added to the cloudy green
solution and stirred for 2 hours. After all precipitate settled, the resulting orange
solution was filtered (10 mL) and layered with hexane (7 mL) at 0°C to form orange
crystals that melt at 150°C and decompose at 215°C. IR: 2964 (s), 2723 (m), 1597

(W), 1459 (s), 1377 (s), 1263 (W), 1220 (w) , 1151 (w), 1132 (w), 1065 (w), 1037 (w),
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1001 (w), 724 (w), 700 (w), 622 (w), 465 (w), 421 (w) cm™. Anal. Calcd for

CsoHas.35N10S1.66S€4Tha: C, 25.2; H, 2.04; N, 5.87. Found: C, 25.7; H, 1.72; N, 5.23.
Synthesis of py2Ul2(Spy)2 ¢ 0.5py (5)

U (0.248 g, 1.04 mmol), 2,2'-dithiodipyridine (0.230 g, 1.04 mmol) and 1>
(0.264 g, 1.04 mmol) were combined in pyridine (10 mL). The solution was stirred for
4 days, after which toluene (5 mL) was added to the dark red solution, and the mixture
was stirred briefly (about 15 minutes). After all prcipitate settled, the resulting dark
red solution was filtered (15 mL) and layered with hexane (15 mL) at 0°C to form
orange-red crystals that melt at 140°C and decompose at 200°C. IR: 2924 (s), 2854
(s), 1633 (W), 1599 (w), 1583 (w), 1544 (w), 1459 (m) , 1442 (m), 1412 (m), 1377
(m), 1263 (w), 1217 (w), 1134 (w), 1085 (w), 1065 (w), 1037 (w), 1002 (w), 878 (w),
802 (w) 759 (w), 728 (w), 700 (w), 693 (W), 623 (w), 481 (W) cm™. Anal. Calcd for

C225H20512Na5S:U: C, 29.7; H, 2.27; N, 6.93. Found: C, 29.4; H, 2.54; N, 6.68.
Synthesis of (py)7Thz2Fs(SCeFs)s <2py (6)

Th (0.232 g, 1.00 mmol), (SPh)2 (0.330 g, 1.51 mmol), (SCsFs)2 (0.200 g,
0.503 mmol), and Hg (0.019 g, 0.095 mmol) were combined in pyridine (20 mL) and
the solution was stirred for 5 d at 25°C. AgF (0.190 g, 1.50 mmol) was added to the
cloudy gray solution and stirred for additional 24 h. The resulting red solution (15
mL) was filtered and layered with hexane (20 mL) to form colorless crystals (0.219 g,
23%), that melt at 155°C and decompose at 275°C. Anal. Calcd for
Ce3HasF20NeS3Tho: C, 40.5; H, 2.43; N, 6.75. Found: C, 39.8; H, 2.56; N, 6.64. IR:
2926 (s), 1620 (W), 1505 (m), 1463 (s), 1377 (s), 1260 (w), 1225 (w), 1153 (w), 1071

(W), 1039 (w), 1008 (W), 968 (), 861 (W), 810 (W), 754 (), 744 (w), 700 (m), 623
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(w) cm™. 'H NMR (toluene-ds): 8.33 (m, 2H), 6.88 (m, 1H), 6.56 (m, 2H). °F NMR

(toluene-ds): -137 (d, 2F), -159 (t, 1F), -162 (td, 2F).
Synthesis of (py)sThaSa(SPh)4(SCeFs)4 * 2py (7)

Th (0.232 g, 1.00 mmol), (SPh)2 (0.328 g, 1.50 mmol), and (SCeFs)2 (0.200 g,
0.503 mmol) were combined with Hg (0.023 g, 0.11 mmol) in pyridine (15 mL). The
solution was stirred for 2 days, elemental S (0.032 g, 1.0 mmol) was added, and the
mixture was stirred for 1 h. The resulting red solution (15 mL) was filtered and
layered with hexane (20 mL) to form colorless crystals (0.20 g, 26 %) that melt at
140°C and decompose at 200°C. IR: 2925 (s), 2854 (s), 2360 (m), 2342 (m), 1600
(W), 1577 (W), 1499 (W), 1459 (m), 1377 (m), 1263 (w), 1221 (w), 1153 (w), 1081
(W), 1066 (W), 1037 (W), 1002 (w), 968 (w), 860 (w), 737 (W), 691 (W), 668 (W), 621
(w) cm™. Anal. Calcd for CosH7oF20N10S12Tha: C, 38.2; H, 2.29; N, 4.55. Found: C,
37.8; H, 2.35; N, 4.37. 'H NMR: 8.70 (m, 2H, py), 7.55 (m, 1H, py), 7.18 (m, 2H, py),
6.91 (d, 2H, SePh), 6.43 (m, 1H, SePh), 6.39 (m, 2H, SePh). °F NMR: -128 (d, 2F), -

166 (t, 1F), -167 (t, 2F).
Synthesis of (py)sThsSes(SePh)a(SeCeFs)a4 ¢ 2py (8)

Th (0.232 g, 1.00 mmol), (SePh). (0.469 g, 1.50 mmol), and (SeCsFs)2 (0.246 g,
0.500 mmol) were combined with Hg (0.023 g, 0.11 mmol) in pyridine (20 mL). The
solution was stirred for 24 h, then elemental Se (0.080 g, 1.0 mmol) was added and
the mixture was stirred for 2 h. The resulting red solution (12 mL) was filtered from
grey precipitate and layered with hexane (14 mL) to form colorless crystals (0.51 g,
56%) that melt at 160°C and decompose at 200°C. IR: 3730 (s), 2924 (s), 2854 (s),
2360 (M), 2341 (m), 1600 (w), 1498 (w), 1459 (m), 1376 (m), 964 (W), 730 (w), 690

(w), 668 (W) cm™. Anal. Calcd for CesH70F20N10Se12Tha: C, 32.3; H, 1.94; N, 3.84.
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Found: C, 33.0; H, 2.09; N, 4.31. *H NMR: 8.70 (m, 2H, py), 7.55 (m, 1H, py), 7.18
(m, 2H, py), 6.96 (d, J = 10.0 Hz, 2H, SePh ), 6.57 (m, H, SePh), 6.45 (t, J = 4.99 Hz,
2H, SePh). 1°F NMR: -120 (d, 2F), -164 (t, 1F), -166 (t, 2F). 77Se NMR: 915 (s, pa-
Se), 480 (s, n2-SePh), 369 (s, n-SeCsFs). For comparison, the ’Se resonance for
(py)aTh(SeCsFs)a (pyridine-ds, 25°C) is 400 ppm and the ’Se peak for (SeCeFs)2 in

pyridine is 377 ppm.
Synthesis of (py)sThsSa(SPh)4(SeCsFs)4 * 2py (9)

Th (0.233 g, 1.00 mmol), (SPh)2 (0.329 g, 1.51 mmol), and (SeCsFs)2 (0.247 g,
0.502 mmol) were combined with Hg (0.017 g, 0.085 mmol) in pyridine (20 mL). The
mixture was stirred for 4 days, elemental sulfur (0.032 g, 1.0 mmol) was added, and
the mixture was stirred for 1 h. The resulting orange solution (20 mL) was filtered and
layered with hexane (17 mL) to form colorless crystals (0.33 g, 41%) that melt at 130
°C and decompose at 220 °C. IR: 2924 (s), 2283 (w), 1600 (w), 1462 (m), 1377 (m),
1222 (w), 1067 (w), 1037 (w), 1002 (w), 965 (w), 814 (w), 692 (w) cm™. Anal. Calcd
for CogH70F20N10SsSesaThs: C, 36.0; H, 2.16; N, 4.29. Found: C, 35.8; H, 2.01; N,
4.04.*H NMR: 8.70 (m, 2H, py), 7.55 (m, 1H, py), 7.18 (m, 2H, py), 6.88 (d,, 2H,
SePh), 6.46 (m, 1H, SePh), 6.42 (m, 2H, SePh). 1%F NMR: -121 (d, 2F), -163 (t, 1F), -

166 (t, 2F). This compound was not sufficiently soluble to give "’Se NMR data.
Synthesis of (py)sThaSes(SePh)4(SCsFs)4 * 2py (10)

Th (0.233 g, 1.00 mmol), (SePh)2 (0.470 g, 1.51 mmol), (SCsFs)2 (0.200 g,
0.503 mmol) and Hg (0.019 g, 0.095 mmol) were combined in pyridine (15 mL). The
solution was stirred for 24 h, elemental Se (0.080 g, 1.0 mmol) was added to the
grey/green solution, and the mixture was stirred for 2 h. The resulting yellow/green

solution (12 mL) was filtered from grey precipitate and layered with hexane (18 mL)
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to form colorless crystals (0.46g, 53%) that melt at 100°C and decompose at 200°C.
IR: 2922 (m), 1632 (w), 1601 (W), 1573 (w), 1504 (m), 1455 (m), 1378 (m), 1222 (w),
1154 (w), 1080 (w), 1066 (w), 1021 (w), 1003 (w), 967 (W), 860 (W), 735 (W), 691
(w), 624 (w) cm™. Anal. Calcd for CogH7oF20N10S4SesTha: C, 34.1; H, 2.04; N, 4.05.
Found: C, 34.5; H, 2.12; N, 3.93. 'H NMR: 8.70 (m, 2H, py), 7.55 (m, 1H, py), 7.18
(m, 2H, py), 7.00 (d, 2H, SePh ), 6.55 (m, H, SePh), 6.42 (t, 2H, SePh). °F NMR: -

127 (d, 2F), -166 (t, 1F), -167 (t, 2F). 7Se NMR: 904 (s, ps-Se), 479 (s, p2-SePh).
Synthesis of (py)sUsS4(SPh)4(SCsFs)4  2py (11)

U (0.24 g, 1.00 mmol), (SPh)2 (0.34 g, 1.50 mmol), and (SCeFs)2 (0.20 g, 0.500
mmol) were combined with I> (0.030 g, 0.12 mmol) in pyridine (10 mL). The solution
was stirred for 2 weeks, after which toluene (10 mL) and elemental S (0.032 g, 1.0
mmol) were added, and the mixture was stirred for 1 h. The resulting red solution (20
mL) was filtered and layered with hexane (20 mL) to form red crystals that melt at
130°C and decompose at 240°C. IR: 2924 (s), 2854 (s), 1600 (m), 1577 (m), 1600
(W), 1500 (W), 1459 (W), 1377 (m), 1377 (m), 1222 (w), 1153 (w), 1082 (w), 1068
(W), 1037 (W), 1037 (W), 1025 (w), 1004 (w), 969 (w), 860 (w), 738 (W), 693 (w), 621
(w), 482 (w) cm™. Anal. Calcd for CogH7oF20N10S12Us: C, 37.9; H, 2.27; N, 4.51.

Found: C, 37.5; H, 2.36; N, 3.95.
Synthesis of (py)sUsSea(SePh)a(SeCsFs)s « 4py (12)

U (0.24 g, 1.00 mmol), (SePh)2 (0.47 g, 1.50 mmol), and (SeCeFs)2 (0.25 g,
0.500 mmol) were combined with 12 (0.030 g, 0.12 mmol) in pyridine (10 mL). The
solution was stirred for 7 days, then toluene (10 mL) and elemental Se (0.080 g, 1.0
mmol) was added and the mixture was stirred for 2 h. The resulting red solution (15

mL) was filtered from grey precipitate and layered with hexane (20 mL) and stored at
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0°C for one week to yield red crystals that melt at 120°C and decompose at 230°C.
IR: 2918 (m), 2854 (m), 1937 (m), 1861 (M), 1628 (w), 1599 (W), 1574 (m), 1440
(m), 1378 (w), 1267 (w), 1223 (w), 1178 (w), 1151 (w), 1131 (w), 1067 (w), 1038
(W), 964 (W), 872 (W), 811 (w), 693 (W), 664 (W), 624 (w), 603 (W), 581 (W), 468 (W),
421 (w) cm™. Anal. Calcd for 2py solvate CogH7oF20N10Se12Ua: C, 32.1; H, 1.92; N,

3.82. Found: C, 32.6; H, 1.88; N, 3.67.
Synthesis of (py)sUsSa(SPh)4(SeCsFs)4 ¢ 2py (13)

U (0.238 g, 1.00 mmol), (SPh)2 (0.328 g, 1.50 mmol), and (SeCeFs)2 (0.246 g,
0.500 mmol) were combined with I, (0.030 g, 0.12 mmol) in pyridine (10 mL). The
mixture was stirred for 7 days, then toluene (10 mL) and elemental sulfur (0.032 g,
1.0 mmol) was added, and the mixture was stirred for 1 h. The resulting red solution
(15 mL) was filtered and layered with hexane (25 mL) to form colorless crystals
(0.331 g, 40.2%) that melt at 150 °C and decompose at 200 °C. IR: 2924 (s), 2854 (5s),
1600 (m), 1500 (m), 1459 (m), 1377 (m), 1261 (m), 1222 (m), 1079 (m), 1024 (m),
966 (W), 801 (w), 737 (w), 693 (w), 621 (w), 482 (w) cm™. Anal. Calcd for

CosH7oF20N10SsSesUs: C, 35.8; H, 2.14; N, 4.25. Found: C, 35.1; H, 2.27; N, 3.66.
Synthesis of (py)sUsSes(SePh)4(SCeFs)a ¢ 3.5py (14)

U (0.233 g, 1.00 mmol), (SePh)2 (0.468 g, 1.50 mmol), (SCsFs). (0.200 g, 0.503
mmol) and I (0.030 g, 0.12 mmol) were combined in pyridine (10 mL). The solution
was stirred for 4 days, then toluene (10 mL) and elemental Se (0.080 g, 1.0 mmol)
was added to the red solution, and the mixture was stirred for 2 h. The resulting red
solution (10 mL) was filtered from grey precipitate and layered with hexane (25 mL)
to form red crystals that melt at 150°C and decompose at 220°C. IR: 2922 (m), 1626

(W), 1600 (w), 1573 (w), 1501 (m), 1463 (m), 1377 (m), 1261 (w), 1153 (w), 1221
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(w), 1067 (w), 1021 (w), 1036 (w), 1021 (w), 1003 (w), 968 (w), 860 (w), 800 (w),
735 (w), 701 (w), 691 (w), 622 (w) cm™. Anal. Calcd for 2 py solvate
CosH70F20N10S4SesUs: C, 33.8; H, 2.03; N, 4.03. Found: C, 33.5; H, 2.24; N, 4.04. H

NMR:
Attempted synthesis of U/(SeCsFs)2/12/py

U (0.119 g, 0.50 mmol), (SeCsFs)2 (0.984 g, 2.0 mmol), and catalytic amount
of 12 were combined in pyridine (20 mL). The solution was stirred for 7 days, heating
in an oil bath at 60°C for 24 h. The resulting dark black solution (10 mL) was filtered

from grey precipitate and dark oil precipitate crashed out of solution after a few days.
Attempted synthesis of U/(SCsFs)2/12/py

U (0.249 g, 1.05 mmol), (SCeFs)2 (0.630 g, 1.58 mmol), and catalytic amount
of 12 were combined in pyridine (20 mL). The solution was stirred for 4 days in 0°C
freezer. The resulting dark green solution (8 mL) was filtered from green precipitate
and 10 mL py was added. Layered with 20 mL hexanes and placed in 0°C freezer. No

crystal formation.
Attempted synthesis of U/(SeCsFs)2/l2/py

U (0.116 g, 0.487 mmol), (SeCsFs)2 (0.364 g, 0.740 mmol), and catalytic
amount of I, were combined in pyridine (20 mL). The solution was stirred for 4 days
in 0°C freezer. The resulting dark black solution (10 mL) was filtered from dark black
precipitate and layered with 20 mL hexanes and placed in 0°C freezer. A dark oil

precipitated.
Attempted synthesis of Th/(SePh)2/Hg/bipy/py/THF

Th (0.232 g, 1.00 mmol), (SePh). (0.468 g, 1.50 mmol), and bipy (0.312 g,

2.00 mmol) were combined in THF (15 mL) with a catalytic amount of Hg. The
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solution was stirred for 5 days, but metal did not dissolve so THF was evaporated
under vacuum and pyridine added. The solution stirred in 70°C oil bath for 1 week.
Filtered 10 mL deep red solution once all metal dissolved and layered with 10 mL

hexanes, forming a deep red oil.
Attempted synthesis of U/(SePh)2/l2/bipy/THF

U (0.229 g, 0.962 mmol), (SePh). (0.450 g, 1.44 mmol), and bipy (0.301 g,
1.93 mmol) were combined in THF (15 mL) with a catalytic amount of I,. The
solution was stirred for 7 days. Filtered 15 mL deep black/red solution and layered

with 25 mL hexanes, forming an oil.
Attempted synthesis of Th/(SePh)2/Hg/bipy/py

Th (0.232 g, 1.00 mmol), (SePh)2 (0.468 g, 1.50 mmol), and bipy (0.312 g,
2.00 mmol) were combined in py (15 mL) with a catalytic amount of Hg. The solution
was stirred for 10 days. The deep red solution (15 mL) was filtered once all metal

dissolved and layered with 10 mL hexanes, forming a deep red oil.
Attempted synthesis of U/(SeCeFs)2/12/bipy/py/ THF

U (0.111 g, 0.466 mmol), (SeCesFs)2 (0.460 g, 0.934 mmol), and 12 (0.018 g,
0.07 mmol) were combined in pyridine (20 mL). The solution was stirred for 5 days,
heating in an oil bath at 60°C for 24 h. The resulting dark black/green solution was
evaporated on Schlenk line and sample redissolved in THF and added bipy (0.147 g,
0.942 mmol). Let stir overnight. Filtered red solution and layered with 20 mL hexanes

forming a powdery product.
Attempted synthesis of Th/(SePh)2/Hg/(Ph)2PP(Ph)2/Hg/py

Th (0.116 g, 0.50 mmol) and (SePh). (0.312 g, 1.00 mmol) were combined in

py (12 mL) with a catalytic amount of Hg and stirred for 1 d. Pyridine was evaporated
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via vacuum and sample was redissolved in 12 mL toluene and added (Ph).PP(Ph).
(0.185 g, 0.5 mmol), which was then stirred in 70°C oil bath for 1 d. Evaporated all
toluene from the flask via vacuum and redissolved sample in THF to form an orange
solution (15 mL). The solution was filtered and layered with 15 mL hexanes, forming

a powdery product.
Attempted synthesis of U/(SePh)2/Hg/(Ph)2PP(Ph)2/py

U (0.119 g, 0.50 mmol) and (SePh). (0.312 g, 1.00 mmol) were combined in
py (12 mL) with a catalytic amount of 1> and stirred for 1 week, heating in 70°C oil
bath for 1 d. Pyridine was evaporated via vacuum and sample was redissolved in 12
mL THF and added (Ph)2PP(Ph). (0.185 g, 0.5 mmol), which was then stirred for 1 d,
yielding a black solution. Added ~8 mL of a THF/py mixture, and the 20 mL solution

was filtered and layered with 15 mL hexanes, forming a powdery product.
Attempted synthesis of Th/(SPh)2/Hg/PhsPS/py

Th (0.233 g, 1.00 mmol) and (SePh). (0.437 g, 2.00 mmol) were combined in
py (20 mL) with a catalytic amount of 1> and stirred for 4 d. Added Ph3sPS (0.294 g,
1.00 mmol) to a cloudy green reaction, which was then stirred for 1 d. Filtered 20 mL
of the yellow solution and layered with 15 mL hexanes. Crystals formed were

(Py)aTh(SPh)a.
Attempted synthesis of Th/(SePh)2/Hg/PhsPS/py

Th (0.233 g, 1.00 mmol) and (SePh). (0.624 g, 2.00 mmol) were combined in
py (20 mL) with a catalytic amount of I and stirred for 3 d. Added PhsPS (0.295 g,
1.00 mmol) to a cloudy green reaction, which was then stirred for 2 d. Filtered 20 mL

of the yellow solution and layered with 20 mL hexanes, not forming any crystals.

Attempted synthesis of U/(SePh)2/Hg/PhsPS/py
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U (0.119 g, 0.50 mmol) and (SePh). (0.624 g, 2.00 mmol) were combined in
py (20 mL) with a catalytic amount of 1> and stirred for 1 week. Added PhsPS (0.300
g, 1.02 mmol), which was then stirred for 1 d, yielding a dark red solution. Filtered 20
mL of the dark red solution and layered with 20 mL hexanes and allowed to

crystallize at -16°C. No crystals formed.
Attempted synthesis of U/l2/PhsPS/Et2O/toluene

U (0.238 g, 1.00 mmol) and 12 (0.381 g, 1.50 mmol) were combined in Et2O
(20 mL) and stirred for 1 month at 2°C. Evaporated all Et,O and dissolved the sample
in 15 mL toluene and added PhsPS (0.294 g, 1.00 mmol), which was then stirred for 1
week, yielding a dark burgundy solution. Filtered 10 mL of the solution and layered
with 10 mL hexanes and allowed to crystallize at -16°C. Crystals formed but

contained only PhsPS.
Attempted synthesis of U/(SCsFs)2/12/AgF2/py

U (0.274 g, 1.15 mmol) and (SCeFs)2 (0.688 g, 1.73 mmol) were combined in
py (20 mL) with a catalytic amount of 1> and stirred at 0°C. The solution was stirred
for 5 days and became dark black. AgF (0.215 g, 1.17 mmol) was added and stirred
overnight. A 5 mL orange solution was filtered from 15 mL green precipitate and

layered with 10 mL hexanes. No crystals formed.
Attempted synthesis of U/(SPh)2/(SCsFs)2/12/AgF/py

U (0.238 g, 1.00 mmol), (SPh). (0.330 g, 1.51 mmol), and (SCeFs)2 (0.199 g,
1.50 mmol) were combined in py (20 mL) with a catalytic amount of I>. The solution
was stirred for 3 weeks and became dark black. AgF (0.215 g, 1.69 mmol) was added
and stirred overnight with no observed change in the dark black solution. 15 mL was

filtered and layered with 25 mL hexanes cooled to -30°C. No crystals formed.
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Reaction of Th/(SePh)2/(SeCsFs)2/Hg/AgF/py

Th (0.232 g, 1.00 mmol), (SePh). (0.469 g, 1.50 mmol), and (SeCsFs)2 (0.427
g, 1.50 mmol) were combined in py (10 mL) with a catalytic amount of Hg. The
solution was stirred for 24 h. AgF (0.190 g, 1.5 mmol) was added and stirred
overnight to yield a deep burgundy solution with dark grey precipitate. 10 mL was
filtered and layered with 10 mL hexanes, forming crystals of

(py)sThaSes(SePh)a(SeCeFs)4 (8).
Attempted synthesis of Th/(SePh)2/(SeCesFs)2/Hg/NH4F/py

Th (0.233 g, 1.00 mmol), (SePh)2 (0.468 g, 1.50 mmol), and (SeCsFs)2 (0.246
g, 0.50 mmol) were combined in py (15 mL) with a catalytic amount of Hg. The
solution was stirred for 3 d. NH4F (0.056 g, 1.5 mmol) was added and stirred 2 weeks
to yield a deep burgundy solution with dark grey precipitate. 15 mL was filtered and

layered with 15 mL hexanes, forming a thick gel substance.
Attempted synthesis of Th/(SPh)/Hg/AgF/py

Th (0.232 g, 1.00 mmol) and (SPh)2 (0.437 g, 2.00 mmol) were combined in
py (15 mL) with a catalytic amount of Hg. The solution was stirred for 1 week. AgF
(0.191 g, 1.51 mmol) was added and stirred overnight to yield a dark black/green
solution with dark grey precipitate. 5 mL was filtered from a dark grey precipitate and

concentrated in vacuo to 3 mL and cooled to -30°C. No crystals formed.
Attempted synthesis of Th/(SeCsFs)2/Hg/AgF/py

Th (0.232 g, 1.00 mmol) and (SeCsFs)2 (0.984 g, 2.00 mmol) were combined
in py (20 mL) with a catalytic amount of Hg. The solution was stirred for 3 d. AgF

(0.190 g, 1.5 mmol) was added and stirred overnight to yield a deep burgundy
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solution with dark grey precipitate. 20 mL was filtered and concentrated in vacuo to

15 mL and layered with 20 mL hexanes, forming a dark black oil.
Attempted synthesis of Th/(SePh)2/12/Hg/AgF/py

Th (0.232 g, 1.00 mmol), (SePh)2 (0.469 g, 1.50 mmol), and I (0.128 g, 0.50
mmol) were combined in py (10 mL) with a catalytic amount of Hg. The solution was
stirred for 5 d. AgF (0.130 g, 1.02 mmol) was added and stirred overnight to yield an
orange solution with dark grey precipitate. 10 mL was filtered and layered with 20
mL hexanes, forming crystals that were highly disordered. Unable to determine

structure.
Attempted synthesis of Th/(SPh)2/12/(SCsFs)2/Hg/AgF/py

Th (0.232 g, 1.00 mmol), (SPh)2 (0.218 g, 1.00 mmol), I> (0.128 g, 0.50
mmol), and (SCsFs)2 (0.199 g, 0.50 mmol) were combined in py (10 mL) with a
catalytic amount of Hg. The solution was stirred for 4 d. AgF (0.130 g, 1.02 mmol)
was added to the red reaction and stirred overnight to yield a burgundy solution with
dark grey precipitate. 10 mL was filtered and layered with 20 mL hexanes, forming

very small black crystals unsuitable for single crystal X-ray diffraction.
Attempted synthesis of U/(SPh)2/12/(SCeFs)2/Hg/AgF/py

U (0.238 g, 1.00 mmol), (SPh)2 (0.218 g, 1.00 mmol), 1> (0.130 g, 0.502
mmol), and (SCeFs)2 (0.199 g, 0.50 mmol) were combined in py (15 mL) with a
catalytic amount of Hg. The solution was stirred for 3 weeks. AgF (0.220 g, 1.73
mmol) was added to the dark black reaction and stirred overnight. 15 mL was filtered

and layered with 25 mL hexanes. No crystals formed.

Attempted synthesis of Th/(SePh)2/(SeCeFs)2/(SCesFs)2/Hg/AgF/py
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Th (0.232 g, 1.00 mmol), (SePh). (0.312 g, 1.00 mmol), (SeCsFs)2 (0.369 g,
0.75 mmol), and (SCeFs)2 (0.100 g, 0.25 mmol) were combined in py (12 mL) with a
catalytic amount of Hg. The solution was stirred for 3 d. AgF (0.160 g, 1.26 mmol)
was added to the cloudy dark green reaction and stirred overnight to yield a burgundy
solution with dark grey precipitate. 10 mL was filtered and layered with 15 mL

hexanes, forming a powdery product.
Reaction of Th/(SePh)2/(SeCeFs)2/(SCsFs)2/Hg/AgF/py

Th (0.232 g, 1.00 mmol), (SePh). (0.468 g, 1.50 mmol), (SeCsFs)2 (0.246 g,
0.50 mmol), and (SCeFs)2 (0.040 g, 0.10 mmol) were combined in py (10 mL) with a
catalytic amount of Hg. The solution was stirred for 5 d. AgF (0.190 g, 1.50 mmol)
was added to the cloudy dark green reaction and stirred overnight to yield a burgundy
solution with dark grey precipitate. 10 mL was filtered and layered with 10 mL
hexanes, forming crystals of a tetrameric thorium cubane with mixed E’CeFs ligands

(E’ =S, Se) near 50/50%.
Reaction of Th/(SePh)2/(SeCsFs)2/Hg/AgF/py/acetonitrile

Th (0.232 g, 1.00 mmol), (SePh). (0.468 g, 1.50 mmol), and (SeCsFs)2 (0.248
g, 1.50 mmol) were combined in py (10 mL) with a catalytic amount of Hg. The
solution was stirred for 3 d. Pyridine was removed under vacuum and the sample was
redissolved in 20 mL toluene and 0.5 mL acetonitrile. AgF (0.190 g, 1.5 mmol) was
added and stirred overnight to yield a red/brown solution with dark grey precipitate.
20 mL dark red solution was filtered and layered with 20 mL hexanes. Small poor-
quality crystals formed; possible tetramer with toluene and acetonitrile as lattice

solvents.

Attempted synthesis of Th/(SPh)2/(SCeFs)2/Hg/AgCl/py
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Th (0.232 g, 1.00 mmol), (SPh)2 (0.330 g, 1.51 mmol), (SCsFs). (0.200 g, 0.503
mmol), and Hg (0.019 g, 0.095 mmol) were combined in pyridine (20 mL) and the
solution was stirred for 3 d. AgClI (0.215 g, 1.50 mmol) was added to the cloudy gray
solution and stirred for additional 24 h. The resulting orange solution (15 mL) was

filtered and layered with hexane (20 mL), forming a powdery product.
Attempted synthesis of Th/(SPh)2/Zn/(SCsFs)2/Hg/AgF/py

Th (0.232 g, 1.00 mmol) and (SPh)2 (0.437 g, 2.00 mmol) were combined in
py with a catalytic amount of Hg and stirred for 6 days. In a separate flask, Zn (0.067
g, 1.0 mmol) and (SCsFs)2 (0.398 g, 1.00 mmol) were combined in py with a catalytic
amount of Hg and stirred for 6 days. The solution with Th was filtered into the
solution with Zn and AgF (0.195 g, 1.50 mmol) was added and left to stir for 24 h.
Filtered 25 mL dark black/green reaction and concentrated in vacuo to 20 mL.

Layered this solution with 15 mL hexanes. No crystal formation.
Synthesis of U/Cu/(SPh)2/(SCeFs)2/12/AgF/py/DME

U (0.220 g, 0.924 mmol), Cu (0.030 g, 0.47 mmol), (SPh). (0.202 g, 0.925
mmol), (SCesFs)2 (0.276 g, 0.693 mmol), and 1> (0.170 g, 0.670 mmol) were combined
in 15 mL py. Stirred for 5 days. Added AgF (0.180 g, 1.42 mmol) to the black/brown
solution and let stir 1 day. Evaporated py and dissolved sample in DME. Filtered 10
mL dark black solution and layered with 20 mL hexanes to yield very few crystals of

(py)2UF2(SCeFs)2(DME). This structure was unable to be reproduced.
Synthesis of Th/(SPh)2/Hg/py/HOCsFs/AgF

Th (0.233 g, 1.01 mmol) and (SPh). (0.437 g, 2.00 mmol) were combined in
20 mL py and a catalytic amount of Hg and stirred for 10 days. Added HOCe¢Fs (0.043

g, 0.50 mmol) to the very cloudy pink/grey solution and stirred for 1 d. Added AgF
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(0.200 g, 1.13 mmol) and stirred 1 d. Filtered 15 mL yellow solution from grey
precipitate. Concentrated in vacuo to 10 mL and layered with 20 mL hexanes to form

crystals of pysTh(SPh)a.
Synthesis of Th/(SePh)2/PhSeCl/Hg/py/AgF

Th (0.232 g, 1.00 mmol), (SePh)2 (0.312 g, 1.00 mmol), and PhSeCl (0.192 g,
1.00 mmol) were combined in 20 mL py with a catalytic amount of Hg and stirred for
1 day. Added AgF (0.200 g, 1.58 mmol) and stirred 24 h. Filtered 20 mL yellow
solution from grey precipitate. Concentrated in vacuo to 15 mL nd layered with 25

mL hexanes. Crystals formed of (py)sThCla.
Attempted synthesis of Th/(SePh)2/PhSeBr/Hg/py/AgF

Th (0.232 g, 1.00 mmol), (SePh)2 (0.312 g, 1.00 mmol), and PhSeBr (0.236 g,
1.00 mmol) were combined in 20 mL py with a catalytic amount of Hg and stirred for
1 day. Added AgF (0.200 g, 1.58 mmol) and stirred 24 h. Filtered 20 mL yellow
solution from grey precipitate. Concentrated in vacuo to 15 mL nd layered with 25

mL hexanes, forming powdery product.
Synthesis of Th/(SePh)2/PhSeCI/(SCsFs)2/Hg/py/AgF

Th (0.233 g, 1.01 mmol), (SePh)2 (0.156 g, 0.50 mmol), PhSeCl (0.192 g, 1.00
mmol), and (SCsFs)2 (0.199 g, 0.500 mmol) were combined in 20 mL py with a
catalytic amount of Hg and stirred for 7 days. Added AgF (0.210 g, 1.66 mmol) and
stirred 24 h. Filtered 18 mL orange solution from yellow precipitate. Concentrated in
vacuo to 15 mL nd layered with 25 mL hexanes. Crystals formed of

(py)7Th2Fs(SCsFs)s3 (6).

Attempted synthesis of Th/(SePh)2/PhSeBr/(SCsFs)2/Hg/py/AgF
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Th (0.240 g, 1.03 mmol), (SePh)2 (0.160 g, 0.513 mmol), PhSeBr (0.240 g,
1.02 mmol), and (SCeFs)2 (0.210 g, 0.527 mmol) were combined in 20 mL py with a
catalytic amount of Hg and stirred for 2 days. Added AgF (0.190 g, 1.50 mmol) and
stirred 24 h. Filtered 20 mL orange solution from yellow precipitate. Concentrated in

vacuo to 15 mL nd layered with 25 mL hexanes. Powdery product formed.
Attempted synthesis of Th/(SPh)2/(SCsFs)2/Hg/py/AgF/bipy

Th (0.232 g, 1.00 mmol), (SPh)2 (0.330 g, 1.51 mmol), and (SCeFs)2 (0.200 g,
0.502 mmol) were combined in 15 mL py with a catalytic amount of Hg and stirred
for 8 days. Added AgF (0.210 g, 1.66 mmol) and stirred 24 h. Filtered 15 mL orange
solution from grey precipitate. Added bipy (0.156 g, 1.00 mmol) and stirred 1 d.
Filtered 15 mL orange/red solution and layered with 25 mL hexanes. Powdery

product formed.
Attempted synthesis of Th/Fel2/(SePh)2/Hg/py

Th (0.232 g, 1.00 mmol), Fel2 (0.156 g, 0.504 mmol), and (SePh). (0.624 g,
2.00 mmol) were combined in 20 mL py with a catalytic amount of Hg. Stirred 2
days. Filtered 14 mL orange solution from yellow precipitate and layered with 20 mL

hexanes. Small crystals of Fel, formed.
Attempted synthesis of Th/(SPh)2/(SCsFs)2/(SeCsFs)2/Hg/S/py

Th (0.232 g, 1.00 mmol), (SPh)2 (0.218 g, 1.00 mmol), (SCeFs)2 (0.199 g, 0.50
mmol), and (SeCsFs)2 (0.246 g, 0.50 mmol) were combined in py (20 mL) with a
catalytic amount of Hg. The solution was stirred for 2 d. Elemental S (0.035 g, 1.09
mmol) was added and stirred 1 h to yield a red solution with dark grey precipitate. 15

mL was filtered and layered with 20 mL hexanes, with a grey precipitate forming.

Attempted synthesis of Th/(SePh)2/(SPh)2/(SCsFs)2/Hg/Se/py
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Th (0.232 g, 1.00 mmol), (SePh)2 (0.156 g, 0.5 mmol), (SPh) (0.218 g, 1.00
mmol), and (SCsFs)2 (0.199 g, 0.50 mmol) were combined in py (20 mL) with a
catalytic amount of Hg. The solution was stirred for 5 d. Elemental Se (0.082 g, 1.04
mmol) was added and stirred 2 h to yield a dark red solution with dark grey
precipitate. 15 mL was filtered and layered with 10 mL hexanes, with a grey

precipitate forming.
Reaction of Th/(SePh)2/(SCsFs)2/Hg/Se/SeO2/py

Th (0.232 g, 1.00 mmol), (SePh)2 (0.468 g, 1.5 mmol) and (SCsFs)2 (0.200 g,
0.51 mmol) were combined in py (20 mL) with a catalytic amount of Hg. The solution
was stirred for 3 d. Elemental Se (0.080 g, 1.01 mmol) was added and stirred 2 h to
yield a dark brown/red solution with dark grey precipitate. Added SeO; (0.030 g, 0.25
mmol) and stirred 1 h. 15 mL red solution was filtered from black precipitate and

layered with 20 mL hexanes. Crystals of (py)sThsSes(SePh)4(SCeFs)a (10) formed.
Attempted synthesis of Th/(SePh)2/(SeCesFs)2/Hg/Se/SeO2/py

Th (0.232 g, 1.00 mmol), (SePh)2 (0.470 g, 1.51 mmol) and (SeCsFs)2 (0.247
g, 0.51 mmol) were combined in py (20 mL) with a catalytic amount of Hg. The
solution was stirred for 3 d. Elemental Se (0.080 g, 1.01 mmol) was added and stirred
2 h to yield a dark brown/red solution with dark grey precipitate. Added SeO, (0.030
g, 0.25 mmol) and stirred 1 h. 15 mL red solution was filtered from black precipitate

and layered with 20 mL hexanes, with a grey precipitate forming.
Reaction of Th/(SePh)2/(SeCesFs)2/Hg/SeO2/py

Th (0.232 g, 1.00 mmol), (SePh)2 (0.468 g, 1.50 mmol) and (SeCe¢Fs)2 (0.246
g, 0.50 mmol) were combined in py (20 mL) with a catalytic amount of Hg. The

solution was stirred for 3 d. Added SeO: (0.030 g, 0.25 mmol) and stirred 2.5 h to
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yield a dark red solution. 20 mL red solution was filtered from black precipitate and
concentrated in vacuo to 15 mL. The solution was layered with 25 mL hexane,

forming crystals of (py)sThaSes(SePh)a(SeCeFs)s (8).
Synthesis of Th/(SPh)2/Hg/py/HOCsFs/AgF

Th (0.232 g, 1.00 mmol) and (SPh)2 (0.437 g, 2.00 mmol) were combined in
15 mL py and a catalytic amount of Hg and stirred for 6 days. Added HOCe¢Fs (0.190
g, 1.03 mmol) to the very cloudy grey solution and stirred for 1 week. Added AgF
(0.210 g, 0.166 mmol) and stirred 1 d. Filtered 10 mL yellow solution from grey
precipitate and layered with 30 mL hexanes to and placed in 0°C freezer. Formed

crystals of (py)aTh(OCeFs)a.
Attempted synthesis of Th/(SPh)2/Hg/py/HOCsFs/S

Th (0.232 g, 1.00 mmol) and (SPh)2 (0.440 g, 2.02 mmol) were combined in
20 mL py and a catalytic amount of Hg and stirred for 5 days. Added HOCe¢Fs (0.190
g, 1.03 mmol) to the very cloudy pink/grey solution and stirred for 1 week. Added S
(0.033 g, 1.0 mmol) and stirred 1 h. Filtered 15 mL yellow solution from grey
precipitate. Concentrated in vacuo to 10 mL and layered with 25 mL hexanes to and

placed in 0°C freezer. Formed very few poor-quality crystals.
Attempted synthesis of Th/(SPh)2/(Spy)2/Hg/py/AgF

Th (0.232 g, 1.00 mmol), (SPh)2 (0.330 g, 1.51 mmol), and (Spy)2 (0.115 g,
0.522 mmol) were combined with a catalytic amount of Hg in pyridine (20 mL). The
solution was stirred for 1 week. AgF (0.210 g, 1.66 mmol) was added to the cloudy
green solution, and the mixture was stirred for 2 h. The resulting light green solution
(18 mL) was filtered and concentrated in vacuo to 15 mL before being layered with

hexane (25 mL). Powdery product formed.
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Attempted synthesis of Th/(SePh)2/(Spy)2/Hg/py/Se

Th (0.233 g, 1.01 mmol), (SePh). (0.470 g, 1.51 mmol), and (Spy). (0.115 g,
0.522 mmol) were combined with a catalytic amount of Hg in pyridine (20 mL). The
solution was stirred for 1 day, elemental Se (0.080 g, 1.01 mmol) was added, and the
mixture was stirred for 2 h. The resulting yellow solution (20 mL) was filtered and
concentrated in vacuo to 15 mL before being layered with hexane (25 mL). Powdery

product formed.
Attempted synthesis of Th/(SePh)2/(Spy)2/Hg/py/Se

Th (0.232 g, 1.00 mmol), (SePh). (0.315 g, 1.01 mmol), and (Spy). (0.220 g,
1.00 mmol) were combined with a catalytic amount of Hg in pyridine (20 mL). The
solution was stirred for 5 days. Elemental Se (0.160 g, 2.03 mmol) was added, and the
mixture was stirred for 2 h. The resulting orange solution (8 mL) was filtered and
concentrated in vacuo to 3 mL and placed in -16°C freezer. Orange powdery

precipitate formed.
Attempted synthesis of U/(SePh)2/(Spy)2/Hg/py/Se

U (0.245 g, 1.03 mmol), (SePh)2 (0.325 g, 1.04 mmol), and (Spy)2 (0.228 g,
1.03 mmol) were combined with a catalytic amount of I in pyridine (10 mL). The
solution was stirred for 10 days. Elemental Se (0.160 g, 2.03 mmol) was added, and
the mixture was stirred for 2 h. The resulting dark black solution (8 mL) was filtered
and concentrated in vacuo to 5 mL and placed in -16°C freezer. Black powdery

precipitate formed.
Attempted synthesis of Th/(SePh)2/(Spy)2/12/Hg/py/AgF

Th (0.233 g, 1.01 mmol), (SePh)z (0.315 g, 1.02 mmol), (Spy)2 (0.115 g, 0.520

mmol), and 12 (0.127 g, 0.50 mmol) were combined in pyridine (20 mL) with a
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catalytic amount of Hg. The solution was stirred for 1 day. AgF (0.270 g, 2.13 mmol)
was added to the cloudy green solution and stirred for additional 24 h. The resulting
red solution (15 mL) was filtered and layered with hexane (10 mL) and placed in a

0°C freezer. Very small crystals and a lot of powder formed.
Attempted synthesis of U/(SePh)2/(Spy)2/12/Hg/py/AgF

U (0.240 g, 1.01 mmol), (SePh)2 (0.315 g, 1.02 mmol), (Spy)2 (0.115 g, 0.520
mmol), and 12 (0.127 g, 0.50 mmol) were combined in pyridine (20 mL) with a
catalytic amount of I.. The solution was stirred for 4 days. AgF (0.260 g, 2.05 mmol)
was added to the dark black solution and stirred for additional 24 h. The resulting red
solution (12 mL) was filtered and layered with hexane (8 mL) and placed in a 0°C
freezer. Crystals of UloF, formed. This compound has been previously synthesized by

others in the laboratory.
Attempted synthesis of Th/(SCsFs)2/(Spy)2/Hg/py

Th (0.233 g, 1.01 mmol), (SCsFs)2 (0.398 g, 1.00 mmol), and (Spy). (0.220 g,
1.00 mmol) were added to 10 mL py with a catalytic amount of Hg and stirred for 2 d.
Added about 10 mL toluene. Filtered 18 mL of red solution from grey precipitate and
concentrated in vacuo to 15 mL. Layered solution with 20 mL hexanes and placed in

0°C freezer, producing very few small crystals.
Attempted synthesis of Th/(Spy)2/CuF2/Hg/py

Th (0.232 g, 1.00 mmol), (Spy)2 (0.220 g, 1.00 mmol), and CuF> (0.051 g,
0.50 mmol) were added to 10 mL py with a catalytic amount of Hg. Let stir at room
temperature for 1 day and then transferred to 60°C oil bath and stirred for 1 day, and

then let stir at room temperature for 3 months. No reaction.

Attempted synthesis of U/(Spy)2/CuF2/Hg/py
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U (0.245 g, 1.03 mmol), (Spy)2 (0.227 g, 1.03 mmol), and CuF; (0.052 g,
0.50 mmol) were added to 10 mL py with a catalytic amount of Hg. Let stir at room
temperature for 1 day and then transferred to 60°C oil bath and stirred for 1 day, and
then let stir at room temperature for 3 months. Most U went into solution. Added 10
mL py and filtered 20 mL dark green solution from dark green/black precipitate and

layered with 20 mL hexanes. Formation of green precipitate.



123

5.5 References

1. Mckillop, A.; Koyuncu, D.; Krief, A.; Dumont, W.; Renier, P.; Trabelsi, M.,
Efficient, High-Yield Oxidation of Thiols and Selenols to Disulfides and Diselenides.
Tetrahedron Lett. 1990, 31 (35), 5007-5010.

2. Klapétke, T. M.; Krumm, B.; Polborn, K., Synthesis, Chemistry, and
Characterization of Perfluoroaromatic Selenium Derivatives. Eur. J. Inorg. Chem.
1999, 1999 (8), 1359-1366.

3. Bruker., SMART v.5.625 (2001), SHELXTL v.6.14 (2003), and SAINT v.6.45A
(2003). Programs for Single Crystal Data Collection, Data Processing and Structure
Determination. Bruker-AXS Inc.: Madison, Wisconsin, USA.

4. Sheldrick, G. M., A short history of SHELX. Acta. Crystallogr. 2008, 64(1),
112-120.

5. Sheldrick, G. M., SHELXS v.2013/1 and SHELXL v.2013/4 ; Programs for
Crystal Structure Analysis. University of Goéttingen Gottingen, Germany, 2013.

6. Sheldrick, G. M., Crystal structure determination with SHELX. Acta.
Crystallog. 2015, C71, 3-8.

7. Macrae, C. F.; Sovago, I.; Cottrell, S.J.; Galek, P. T. A.; McCabe, P.;
Pidcock, E.; Platings, M.; Shields, G. P.; Stevens, J. S.; Towler, M.; Wood, P. A.,
Mercury 4.0: from visualization to analysis, design and prediction. Journal of Applied
Crystallography. 2020, 53 (1), 226-235.



