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A series of novel molecular lanthanide and actinide chalcogenolate compounds 

have been prepared with different neutral donor ligands. 

Three lanthanide fluorinated selenolate monomers (DME)2Ln(SeC6F5)3 (Ln = Nd, 

Er, Tm, DME = 1,2-Dimethoxyethane) were synthesized in high yields by reductive 

cleavage of the Se-Se bond in (SeC6F5)2 with elemental Ln in DME. Their structural 

and optical properties are discussed. Emission measurements indicate that these 

compounds are bright NIR sources.   

A number of dimeric thorium disulfide and diselenide compounds have been 

prepared with sterically undemanding ancillary chalcogenolate ligands. Five complexes, 

(py)6Th2I4(S2)2, (py)6Th2Br2(SC6F5)2(S2)2, (py)6Th2I4(Se2)2, (py)6Th2I2(SC6F5)2(Se2)2, 

and (py)6Th2Br2(SC6F5)2(Se2)2 (py = pyridine) were isolated in high yields by first 

reducing mixtures of metal Th, chalcogenolate ligands and halide sources (I2 or PhSeBr) 
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in py, followed by in-situ ligand based redox reactions with elemental sulfur or 

selenium. These are the first examples of thorium compounds with bridging 

dichalcogenide ligands. Attempts to prepare chloride derivatives gave mixtures of 

(py)4ThCl4 and either (py)6Th2Cl2(SC6F5)2(S2)2 or (py)8Th4Se4(SePh)4(SC6F5)4. A 

computational analysis of experimental 77Se NMR chemical shifts reveals that the 

dimeric structures with two bridging dichalcogenides are maintained in solution. 

Thermolysis of (py)6Th2I4(Se2)2 leads to the formation of solid-state ThSe2 and I2.  

The identities of chalcogenolate ligands and neutral donor ligands have been found 

to influence the structures of thorium compounds. Three Th monomers, 

(bipy)2Th(SC6F5)4, (Hpz)4(pz)Th(SC6F5)3, (Hdmpz)2(dmpz)2Th(SC6F5)2 and three Th 

dimers, (pzn)4Th2(SC6F5)8, (Hpz)4(pz)2Th2(SePh)6, (Hdmpz)4(dmpz)2Th2(SC6F5)6 

(bipy=2,2’-bipyridine, pzn = pyrazine; Hpz = pyrazole, Hdmpz= 3,5-dimethylpyrazole) 

have been prepared and characterized. Reaction of Th, (SeC6F5)2 and Hpz in toluene 

also results in a thorium cluster (Hpz)8Th4Se4(SeC6F5)8 with Th4Se4 cubane core. 

Several thorium and uranium oxo- and fluoro- compounds were also synthesized. 

Oxo compounds (py)6Th2O(Se2)I4, (py)6U2O(Se2)I4, and (py)10Th6O3(Se2)8(SC6F5)2 

were prepared by adding elemental Se and SeO2 into the mixture of metal Th or U, 

chalcogenolate ligands and halide sources in py. Two fluoride complexes have also been 

prepared. Coming from the reactions of metal Th or U, (SC6F5)2 and I2 in py, (py)4ThI3F 

contains fluoride from the original (SC6F5)2; while the uranium derivative, 

(py)3UI3(SC6F5) follows stoichiometry of the starting materials. 
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Introduction 

The f-block elements, including lanthanides (Ln) and actinides (An), are presented 

at the bottom of the periodic table and are also called inner transition elements. Their 

electronic and chemical characteristics, such as the involvement of f-electrons, large 

ionic radii, flexible coordination geometries, have resulted in many materials with 

unique electronic, luminescent, and magnetic properties.1 

Lanthanides: 

In the lanthanide series, the 4f orbitals are gradually filled (Table I.1). Figure I.1 

shows the radial distribution functions of the atomic orbitals. The 4f orbitals are radially 

contracted and well shielded by filled 5s2 and 5p6 orbitals. As the 5s and 5p are higher 

in energy and the orbitals are more spatially extended, the 4f electrons are highly 

localized, and therefore do not participate significantly in bonding. As a result, the 

spectroscopic and magnetic properties of the lanthanide ions are essentially unaffected 

by environment. 

 

Figure I.1. Illustrative radial distribution functions for 4f, 5s, 5p, 5d, 5f, 6s, 6p, and 6d 

atomic orbitals.2 
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Table I.1. Electron configurations of lanthanide elements 

Element Electron Configuration 

Ln [Xe]5d16s2 

Ce [Xe]4f15d16s2 

Pr [Xe]4f36s2 

Nd [Xe]4f46s2 

Pm [Xe]4f56s2 

Sm [Xe]4f66s2 

Eu [Xe]4f76s2 

Gd [Xe]4f75d16s2 

Tb [Xe]4f96s2 

Dy [Xe]4f106s2 

Ho [Xe]4f116s2 

Er [Xe]4f126s2 

Tm [Xe]4f136s2 

Yb [Xe]4f146s2 

Lu [Xe]4f145d16s2 

The most stable oxidation state for all lanthanide elements is the +3 state. 

According to the Hard-Soft-Acid-Base (HSAB) theory, Ln3+ ions are hard Lewis acids, 

and therefore favors hard Lewis bases with electronegative donor atoms, including 

nitrogen, oxygen, or halide.3 As the coordination environment in lanthanide complexes 

mainly depends on the identities of the ligands, the coordination number has a wider 

variety and there is no characteristic coordination number as is typically observed for 

transition metals. With sterically undemanding ligands, such as H2O or THF, typical 

coordination numbers range from 7 to 9.4 While with bulky ligands such as ‐N(SiMe3)2, 

5 the repulsions between the bulky substituent groups determines how many ligands 

enter the coordination sphere. The use of small bidentate ligands such as nitrate or 2,2-

bipyridine can also lead to coordination numbers up to 12, i.e. in La(NO3)3(18-crown-

6).6 
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Tris(cyclopentadienyl) lanthanide complexes, (C5H5)3Ln, were the first well-

characterized organometallic complexes of the lanthanide metals.7 The C5H5 (Cp) 

ligand are used to stabilize and solubilize Ln3+ ions without the presence of oxides, 

nitrides or halides. C5Me5 (Cp*) ligand was introduced into lanthanide chemistry later 

in the 1980s.8 This ligand has all the favorable aspects of the C5H5 group plus a larger 

size and enhanced solubilizing capacity. These ligand systems demonstrated that the 

lanthanides could be useful in complexing, activating, and transforming many types of 

unsaturated substrates which previously had been thought to be reactive only with 

transition metals.9 

Lanthanide-chalcogen chemistry has been investigated recently. It is a challenge 

to synthesize lanthanide chalcogenolates due to the nature of the bonding between these 

“hard” lanthanide metal ions and the “soft” chalcogens (S, Se, Te). First several 

compounds with lanthanide–chalcogen bonds were synthesized with ancillary Cp or 

Cp* ligands,10 because at that time it was believed that theses bulky ligands were 

necessary to stabilize the structures. But as the steric demands of the ancillary ligands 

made it impossible to extract bonding information between lanthanide and chalcogen, 

molecular Ln(ER)3 (R=C6H5 or C6F5) compounds in Lewis base solvents, such as py,11 

THF,11a,12 and DME,11a,13 have been investigated. For example, Figure I.2 shows the 

structure of (THF)3Yb(SC6F5)3. 
12b The bond distances between Yb and S are 2.678(2) 

Å for Yb-S(1), 2.680(2) Å for Yb-S(3), 2.642(2) Å for Yb-S(2), respectively. There 

appears to be a structural trans-influence, with the Yb-S bond trans to SC6F5 being 
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significantly longer than the Yb-S bond trans to the neutral THF donor. This trans 

influence found in octahedral Ln coordination complexes results from covalent 

interactions between ligand-based p orbitals and the Ln 5d orbitals. 

 

Figure I.2. ORTEP diagram of (THF)3Yb(SC6F5)3 
12b. 

In addition to the significance of fundamental research, lanthanide elements also 

arouse interest because of their unique properties for practical applications. The most 

important aspect is luminescence. 

Luminescent Ln3+ ions can realize emissions from visible to near-infrared (NIR) 

regions of the electromagnetic spectrum, and many reviews have summarized the 

achievements on understanding of the emission process and designing novel functional 

materials with optimized optical properties.14 Currently, the three most promising 

candidates for efficient NIR emission are Nd3+, Er3+ and Tm3+.15 However, the f–f 

transitions of Ln3+ ions are forbidden, and this leads to weak intensities because of low 

absorption coefficients. To increase the intensity of Ln emissions, one of the feasible 
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approaches is to design the complexes with certain ligands, that can stimulate the 

emission of Ln3+ ions as sensitizers, or prevent non-radiative relaxation processes. 

Several lanthanide complexes with OC6F5 
16 or SC6F5 

13,17 ligands have been 

previously studied. The fluorination of the aromatic ligands leads to improved NIR 

emissions by reducing the number of C-H functional groups which vibrationally quench 

the emissions and shorten excited-state lifetime. In these compounds, Ln3+ ions bound 

to more electronegative chalcogen elements (E; E= O, S). The Ln-E bonds have low 

phonon energy and increase the separation between the Ln3+ ions and the aryl group, 

which improves the excited-state Ln lifetimes and quantum efficiencies, resulting in 

highly NIR emissive molecules.  

Lanthanide ions with per-fluorobenzeneselenolate (SeC6F5) should also be 

candidates of bright NIR emission sources, because the lower-energy of Ln-Se 

vibrations and the longer Ln-Se bonds should both further decouple the ligand 

vibrational modes from the metal excited states. These two effects, combined with ring 

fluorination, should lengthen excited-state Ln lifetimes and increase quantum 

efficiencies. 

Actinides: 

Actinide chemistry has attracted increasing attention during the past few decades. 

Table I.2 summarizes the electron configurations of actinide elements. Unlike 

lanthanide elements in which the 4f orbitals are well shielded by filled 5s and 5p orbitals, 

the 5f orbitals of actinide elements are not shielded by the filled 6s and 6p subshells 
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(Figure I.1).  

Table I.2. Electron configurations of actinide elements 

Element Electron Configuration 

Ac [Rn]6d17s2 

Th [Rn]6d27s2 

Pa [Rn]5f26d17s2 

U [Rn]5f36d17s2 

Np [Rn]5f46d17s2 

Pu [Rn]5f67s2 

Am [Rn]5f77s2 

Cm [Rn]5f76d17s2 

Bk [Rn]5f97s2 

Cf [Rn]5f107s2 

Es [Rn]5f117s2 

Fm [Rn]5f127s2 

Md [Rn]5f137s2 

No [Rn]5f147s2 

Lr [Rn]5f146d17s2 

In addition, relativistic effects become non-negligible in actinide elements. As the 

velocity of the electrons increases towards the speed of light, their mass also increases, 

which leads to a contraction of the s and p orbitals, and an expansion of 5f orbitals of 

actinide elements. This results in 5f electrons being less tightly bound. 

The partial shielding of 5f orbitals by filled 6s and 6p orbitals, small energy 

difference between the 5f and 6d orbitals, and complications associated with relativistic 

effects, all lead to materials with fascinating chemical and physical properties, which 

are important in a variety of fields, such as radioactive-waste treatment,18 actinide 

separation,19 and catalytic reactions.20 

The majority of the studies are based on thorium and uranium, due to the 



7 
 

 

 

 

accessibility of raw materials and the long half-life time of the relatively weakly α-

emitting isotope 232Th and 238U. 

The covalency in actinide complexes remains controversial.21 While the metal–

ligand bonds of 5f elements are considered primarily electrostatic, the covalent 

contributions have been noted in several compounds with a wide range of ligand 

types.22 This includes uranocene, U(C8H8)2 , and the structure and stability of this 

molecule was predicted by Streitweiser23 before it was synthesized, based on an 

analysis of the symmetry properties of the actinide 5f orbitals and the orbitals of the 

cyclooctatetraenide (COT) anion. Covalent contributions to uranocene stability were 

confirmed later in a synchrotron photoelectron spectroscopy study that demonstrated 

significant overlap between the uranium 5f and COT orbitals.22a Another example is 

the research on actinide carbonyl complexes, such as (Me3SiC5H4)3U(CO)22d and 

(C5Me4H)U(CO).22e The decreased vibration frequency of carbonyl stretching 

absorption νCO indicates a strong U-CO backbonding interaction, presumably between 

the U 5f π and the CO π* orbitals. Therefore, it is important to have a series of actinide 

molecules that can be used to probe actinide-ligand bonding and help to understand the 

extent of covalency in these bonds.  

Coordination chemistry of the actinides has traditionally been based on hard donor 

ligands, which contain nitrogen or oxygen atoms.24 The research of the actinide 

complexes with softer donors (E, E = S, Se, Te) is relatively unexplored. In recent years, 

a growing number of new actinide chalcogenolate complexes has been published and 
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most of the research focused on uranium species.25 Thorium chemistry is relatively 

unexplored, as only a few molecular thorium compounds containing Th-E bonds have 

been reported.26 Although there are some examples of molecular actinide 

chalcogenolates, many of them contain sterically bulky anions, such as Cp* and 

N(SiMe3)2. It would be valuable to synthesize actinide chalcogenolate complexes in 

which the chalcogenolate is the only coordinated anion, as it may help to better 

understand how the bonding between actinide and chalcogen may impact the structure, 

stability or physical properties of these materials without significant steric restrictions. 

In addition, these molecules could be possible frameworks to build large clusters. 

Self-assembling clusters can be useful models to understand the relationship 

between the structure and the properties of materials. When compared to that of 

transition metals or lanthanides, actinide cluster chemistry is relatively less developed. 

The most explored system is that of actinyl peroxides, which have yielded many unique 

topologies, including fullerene-type U60,27 and the largest cluster U120Ox90, where U 

and Ox represent uranyl and oxalate, respectively.28 There also exists some examples 

of actinide clusters with oxide or hydroxide bridges,29 and many of them were built 

from uranyl ions in aqueous solution. However, the clusters of An and chalcogen based 

anions (E2-, EE2-, ER; E = S, Se, Te) in nonaqueous solution are rarely reported. By 

conducting studies in nonaqueous solution, it is possible to remove the complicating 

factors of solvent exchange and hydrolysis, and to provide more direct comparisons of 

chemical reactivity and structural chemistry based on the identities of metal, oxidation 
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states, and ligand types. One notable example is the uranium cluster 

(py)8U4Se4(SePh)8,30 which has a U4Se4 distorted cubane core, and is comparable to the 

lanthanide counterpart (py)8Yb4Se4(SePh)4 (Figure I.3).31 The lanthanide cluster does 

not contain any bridging SePh- anions because of the +3 charge on ytterbium compared 

to +4 for uranium. 

 

  

 

 

 

Figure I.3. Structures of (a) (py)8U4Se4(SePh)8 and (b) (py)8Yb4Se4(SePh)4. 

This research indicates that the oxidation of uranium metal by chalcogenolate 

ligands is a useful synthetic approach for isolating uranium chalcogenolate compounds 

without the need for stabilizing ancillary ligands. This approach should also work on 

thorium to target new molecular and cluster compounds. 

In this thesis, Chapter 1 discusses the synthesis, characterization, and NIR 

emission properties of three molecular lanthanide fluorinated selenolate complexes 

(DME)2Ln(SeC6F5)3 (DME=1,2-Dimethoxyethane; Ln= Nd, Er, Tm). These complexes 

are isostructural, and all have relatively short Ln-F dative interactions. Emission 

measurements indicate that these compounds are bright NIR sources. 

Chapter 2 describes the synthesis and characterization of a series of dimeric 

(a) (b) 
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thorium compounds with E2
2- (E = S, Se) bridging ligands. 77Se NMR and DFT 

calculations are used to show that the well-defined solid-state structures are maintained 

in solution, and an investigation into the thermal decomposition reactions of the 

halogenated materials shows that ThSe2, rather than ternary solid-state compounds, is 

produced. 

Chapter 3 outlines the synthesis and structures of thorium chalcogenolate 

compounds with different neutral donor ligands, such as 2,2’-bipyridine, pyrazine, 

pyrazole and 3,5-dimethylpyrazole. The different identities of the chalcogenolate 

ligands and neutral donor ligands lead to various structures with significant different 

coordination geometries. 

Chapter 4 focuses on actinide oxychalcogenides and halides. Three actinide 

oxychalcogenides have been isolated and characterized and these are the first examples 

of actinide compounds containing both oxo and dichalcogenido bridges. Two actinide 

halides have also been synthesized and shown the influence of the metal identity on the 

final structures. 
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Chapter 1. Lanthanide Complexes with Fluorinated Selenolate 

Ligands 

 

1.1 Introduction 

Luminescent lanthanide (Ln) ions have a remarkable range of potential 

applications,1 from biomedicine2 to telecommunications.3 Depending on the 

coordination environment and stimulation source, trivalent Ln ions exhibit emissions 

from the visible to near-infrared (NIR) regions of the electromagnetic spectrum.  

There is considerable effort focused on optimization of the NIR emission process to 

design functional materials with superior optical properties.4 Currently, the three most 

promising candidates for efficient NIR emission are Nd, Er, and Tm.4e,5 

Problems common to most molecular Ln NIR emission sources are weak intensity 

due to the spin-forbidden nature of f–f transitions of Ln3+ ions, and vibrational 

quenching of the excited state. Numerous approaches to enhanced emission efficiency 

have been advanced, including the incorporation of antennae ligands6 that capture 

energy to increase excited state populations, and the design of ligands with minimal C-

H bonds,7 since high-energy C-H vibrations are primarily responsible for vibrational 

quenching of lanthanide excited states. This latter approach includes the replacement 

of H by D7a-c in organometallic ligands, as well as the replacement of H with F.7d-f An 

alternative approach to reduce vibrational quenching involves designing Ln 

coordination complexes8 or clusters9 where the anions bind to Ln through heavier 3rd 
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or 4th row atoms (i.e. S, Se). Studies of Ln complexes with OC6F5
8e,10

 and SC6F5
8b-d,9a 

ligands have clearly demonstrated that the thiolates have superior emission properties, 

for two reasons: first, the Ln-S bond has a lower phonon energy that does not favor 

vibrational quenching and second, Ln-S bonds are longer than Ln-O bonds, effectively 

increasing the distance between the Ln3+ ions and the aryl group and decoupling the 

ligand vibrational modes from the metal excited states. These two effects, combined 

with ring fluorination, lengthen excited-state Ln lifetimes to increase quantum 

efficiencies, resulting in highly NIR emissive materials.  

Lanthanide ions with per-fluorobenzeneselenolate (SeC6F5) ligands are potentially 

more emissive than their thiolate analogs, because the lower-energy of Ln-Se vibrations 

and longer Ln-Se bonds both further decouple Ln* from ligand vibrational processes. 

In this chapter, the synthesis, characterization, and NIR emission properties of three 

molecular lanthanide fluorinated selenolate complexes (DME)2Ln(SeC6F5)3 

(DME=1,2-Dimethoxyethane; Ln= Nd (1), Er (2), Tm (3)) are described.  

 

1.2 Synthesis and Structure 

Monometallic lanthanide complexes with fluorinated selenolate ligands 

(DME)2Ln(SeC6F5)3 (Ln = Nd, Er, Tm) have been successfully prepared by the redox 

reaction of Ln metals with C6F5SeSeC6F5 in DME as the donor solvent, with trace 

mercury added to catalyze the reaction (Scheme 1.1).  
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Scheme 1.1. Synthesis of (DME)2Ln(SeC6F5)3 (Ln = Nd (1), Er (2), Tm (3)) 

Low temperature X-ray diffraction measurements reveal that all three compounds 

are isostructural. The crystallographic data and final R indices of 1 and 2 are 

summarized in Table 1.1, along with a unit cell determination of 3, which is P21/n, a = 

7.826(3) Å, b = 17.060(5) Å, c = 23.12(1) Å, β = 95.00(2)°, V = 3075.0(2) Å3.   

Table 1.1. Summary of crystallographic details for (DME)2Nd(SeC6F5)3 (1), and 

(DME)2Er(SeC6F5)3 (2) 

 1 2 

empirical formula C26H20F15O4Se3Nd C26H20F15O4Se3Er 

fw 1062.54 1085.56 

crystal system monoclinic monoclinic 

space group P21/n P21/n 

a (Å) 7.9291(6) 7.8385(4) 

b (Å) 17.1529(13) 17.0475(9) 

c (Å) 23.2298(18) 23.1237(12) 

α (deg) 90 90 

β (deg) 94.5102(16) 95.0070(12) 

γ (deg) 90 90 

V (Å3) 3149.6(4) 3078.2(3) 

Z 4 4 

D(calcd) (g/cm3) 2.241 2.342     

T (K) 100(2) 100(2) 

abs coeff(mm-1) 5.238 6.399 

R(F)b [I > 2σ(I)] 0.0297 0.0521 

Rw(F2)c [I > 2σ(I)] 0.0682 0.1086 
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The generalized ORTEP diagrams of 1 and 2 are shown in Figure 1.1 and Figure 

1.2, respectively. The significant bond distances and angles are summarized in Table 

1.2.  

 

Figure 1.1. ORTEP diagram of (DME)2Nd(SeC6F5)3 (1), with orange Se, light green 

Nd, dark green F, red O, grey C, the H atoms removed for clarity and ellipsoids at the 

50% probability level 

 

Figure 1.2. ORTEP diagram of (DME)2Er(SeC6F5)3 (2), with orange Se, bright green 

Er, dark green F, red O, grey C, the H atoms removed for clarity and ellipsoids at the 

50% probability level 
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Table 1.2. Significant distances (Å) and angles (°) of 1 and 2 

1 2 

Nd(1)-O(1) 2.577(2) Er(1)-O(1) 2.485(5) 

Nd(1)-O(2) 2.482(2) Er(1)-O(2) 2.408(5) 

Nd(1)-O(3) 2.495(2) Er(1)-O(3) 2.384(4) 

Nd(1)-O(4) 2.498(2) Er(1)-O(4) 2.385(4) 

Nd(1)-Se(1) 2.9597(6) Er(1)-Se(1) 2.8504(7) 

Nd(1)-Se(2) 2.9539(4) Er(1)-Se(2) 2.8776(7) 

Nd(1)-Se(3) 2.9414(4) Er(1)-Se(3) 2.8469(7) 

Nd(1)-(F1) 2.6139(17) Er(1)-(F1) 2.573(3) 

C(1)-Se(1)-Nd(1) 99.55(9) C(1)-Se(1)-Er(1) 99.70(19) 

C(7)-Se(2)-Nd(1) 112.77(9) C(7)-Se(2)-Er(1) 115.32(19) 

C(13)-Se(3)-Nd(1) 108.80(9) C(13)-Se(3)-Er(1) 110.48(19) 

C(2)-F(1)-Nd(1) 128.15(16) C(2)-F(1)-Er(1) 126.8(3) 

Each Ln (III) is surrounded by three terminally bound SeC6F5 ligands and four 

oxygen donors from two DME molecules. There is also a dative interaction between 

Ln (III) and a fluorine atom at the ortho-position on one of the coordinating SeC6F5, 

resulting in an eight-coordinated structure.  

A comparison of these selenolate structures with previously described phenoxides 

and thiolates is informative. All three compounds are monomers, and consistent with 

the fluorinated ligands withdrawing electron density from the Group 16 element and 

reducing the tendency of these anions to bridge metal centers. The metal-O(DME) bond 
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lengths are all consistent, and the Ln-E(C6F5) distances are also as expected.11 The Ln-

S and Ln-Se separations increase along with the covalent radius of the chalcogen, while 

the Ln-O distances are relatively short because of the highly ionic nature of the bond.12  

The most significant structural difference within the groups is found in the dative 

interactions between Ln and F. In the phenoxide group there are no significant Ln-F 

dative interactions, with Ln-O-C angles that range from 129-180°.10 An absence of Ln-

F in these aryloxides has been rationalized in two ways. First, it can be argued that the 

electronegative O does not delocalize significant charge into the arene ring, so there is 

no electrostatic basis for a dative Ln-F bond. Second, there is a general consensus that 

in f-element compounds these obtuse Ln-O-C angles exist because the Ln-O bond is 

primarily ionic, and a wider angle minimizes repulsions between positive charges on 

the Ln and the ring carbon.10   

Thiolates have considerably more acute Ln-S-C angles, and while dative Ln-F 

interactions in the fluorinated thiolates were noted, the interatomic separations were 

inconsistent with classic ionic bonding models that predict bond lengths by summing 

ionic radii.13 In particular, the 2.881(2) Å Nd-F bond in (DME)2Nd(SC6F5)3
9a

 and the 

2.948(6) Å Er-F bond in (DME)2Er(SC6F5)3
8b

 clearly show that ionic radii alone cannot 

be used to predict Ln-F separations, since the Nd(III) ion is larger13 by 0.104 Å but the 

Nd-F separation is smaller than the Er-F separation by 0.06 Å. It appears in the thiolates 

that the Ln contraction leads to an increase in ligand-ligand repulsions, and that these 

forces have their most noticeable impact on the weakest bond, namely the dative Ln-F.  
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Selenolate behavior is altogether different. A comparison of the thiolates and 

selenolates reveals considerably shorter Ln-F separations in the selenolates (Nd-F = 

2.614(2) Å in 1, vs. 2.881(2) Å in (DME)2Nd(SC6F5)3,9a or Er-F = 2.573(3) Å in 2 vs. 

2.948(6) Å in (DME)2Er(SC6F5)3
8b). Note that in the selenolate compounds the Ln-F 

separations are now consistent with the changes in Ln ionic radii, with the greater Ln-

F separation found for the metal with the larger ionic radius. This at first might seem 

inconsistent with the rationalization proposed to account for the thiolate structural 

features, given that in the thiolates the Ln-F separations were interpreted in terms of 

increasing ligand-ligand repulsions within the primary coordination sphere, and it 

might be reasonable to assume that the selenolates, with the larger group 16 donor, 

would be more congested. However, the longer Ln-Se bonds also increase the 

separation between arene rings, and this can lead to a reduction in ligand-ligand 

repulsions within the secondary coordination sphere. Stronger dative Ln-F interactions 

in the selenolates are then rationalized by considering the electronegativity of the Group 

16 element, with the more electronegative S localizing electron density at the sulfur, 

and the less electronegative Se delocalizing more charge into the C6F5 ligand and thus 

onto the fluoride that then binds more strongly to the Ln. A stronger dative Ln-F 

interaction decreases the separation between the Ln ion and the arene ring, potentially 

impacting the magnitude of coupling between Ln* and ligand vibrational modes, 

possibly to the extent that ligand vibrations can quench NIR emission.   
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1.3 Spectroscopy and Calculation 

Luminescent lanthanide ions can realize emissions from visible to near-infrared 

(NIR) regions. In collaboration with Dr. Ajith Kumar, the emission measurements and 

related calculations of the lanthanide materials were conducted. 

Absorption spectra were recorded at room temperature using a Shimadzu UV-3600 

double beam spectrophotometer with samples dissolved in THF at molar concentrations 

of 0.141 (Nd), 0.054 (Er), and 0.198 (Tm) mol/L.  

Emission spectra of the powdered solid samples were obtained at 25oC by exciting 

the Nd and Tm samples with the 808 nm band of a Ti-Sapphire laser and Er with a 980 

nm diode laser. The emission was focused onto a 0.55 m monochromator (Jobin Yvon, 

Triax 550, Edison, NJ) and detected by a thermoelectrically cooled InGaAs detector. 

The signal was intensified with a lock-in amplifier (SR 850 DSP, Stanford Research 

System, Sunnyvale, CA) and processed with a computer controlled by SynerJY 

commercial software. To measure the decay time, the laser beam was modulated by a 

chopper, and the signal was collected on a digital oscilloscope. 

 Absorption spectra, with the standard spectral assignments for the characteristic 

absorption bands14, and emission spectra for 1 - 3 are shown in Figure 1.3 to Figure 1.5, 

respectively.  

The oscillator strengths of the observed transitions summarized in Table 1.3 (a, b, 

c) shows comparatively higher values relative to previously reported fluorinated 

thiolates8b-d and phenoxides.8e,10   
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Figure 1.3. (a) Absorption and (b) emission spectra of (DME)2Nd(SeC6F5)3 (1) 
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Figure 1.4. (a) Absorption and (b) emission spectra of (DME)2Er(SeC6F5)3 (2)  
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Figure 1.5. (a) Absorption and (b) emission spectra of (DME)2Tm(SeC6F5)3 (3) 
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Table 1.3. Experimental and calculated oscillator strengths of various transitions in:  

(a) (DME)2Nd(SeC6F5)3 (1) 

Transition   

(from 4I9/2) 

Wavelength 

(nm) 

Mol.ext.coef. 

(L/mol· cm) 

fexp(10-6) 

 

fcal(10-6) 

 
2P1/2 432.0 32.6 1.01 0.630 
2P3/2 476.0 47.2 1.47 0.292 

2K13/2 532.0 233 7.24 0.454 
4G5/2 590.0 500 15.5 15.6 
2H11/2 628.0 4.00 0.124 0.129 
4F9/2 686.0 15.9 0.494 0.546 

4F7/2+ 4S3/2 751.0 182 5.65 5.93 
2H9/2+ 4F5/2 808.0 187 5.81 6.06 

4F3/2 884.0 75.5 2.35 2.19 

      Judd-Ofelt parameters: 2= 4.72×10-20 cm2, 4= 4.72×10-20 cm2,6=4.33×10-20 cm2 

(b) (DME)2Er(SeC6F5)3 (2) 

Transition   

(from 4I15/2) 

Wavelength 

(nm) 

Mol.ext.coef. 

(L/mol·cm) 

fexp( 10-6) 

 

fcal( 10-6) 

 
4I11/2 980.0 3.78 0.306 1.07 
4I9/2 800.0 6.94 0.562 0.224 
4F9/2 654.0 32.0 2.60 2.56 
4S3/2 545.0 28.0 2.27 0.716 

2H11/2 523.0 229 18.6 18.6 
4F5/2 490.0 39.2 3.18 3.51 
4F3/2 454.0 16.1 1.30 0.500 

    Judd-Ofelt parameters: 2= 14.44×10-20 cm2, 4= 1.60×10-20 cm2, 6=1.96×10-20 cm2 

(c) (DME)2Tm(SeC6F5)3 (3) 

Transition   

(from 3H6) 

Wavelength 

(nm) 

Mol.ext.coef. 

(L/mol·cm) 

fexp(10-6) fcal(10-6) 

1G4 496 0.192 1.62 1.83 
3F3 696 0.626 1.66 1.61 
3H4 799 0.858 2.24 2.11 
3H5 1217 0.611 0.867 0.966 
3F4 1626 0.727 0.433 0.409 

   Judd-Ofelt parameters: 2= 2.6×10-20 cm2, 4= 1.7×10-20 cm2, 6=1.85×10-20 cm2 
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For the Nd3+, Er3+ and Tm3+ the metastable levels are 4F3/2, 4I13/2 and 3H4 

respectively. Their energy level diagrams are shown in Figure 1.6. Under 808 nm15 

excitation the Nd3+ compound 1 yields four emission bands at 910, 1085, 1363 and 

1805 nm corresponding to the transitions from 4F3/2 to 4I9/2, 4I11/2, 4I13/2 and 4I15/2 levels. 

The fluorescence branching ratio of the first three transitions are respectively 28, 56 

and 15%, whereas the emission at 1805 nm is comparatively weak and was collected 

under different emission slit width settings. This relatively low energy emission is 

found only for a few materials, 4b,9d because of the low phonon characteristics of the 

chalcogenolate ligands. 

                  

          

Figure 1.6. Energy level diagrams of (a) Nd, (b) Er, (c) Tm 

Spectra for 2 and 3 are less complicated. Emission from the Er compound 2 was 

collected by exciting the 4I11/2 level at 980 nm and the collected emission spectrum 

shows a broad band centered at 1523 nm with a spectral bandwidth (FWHM) of 80 nm. 

Similarly, under 808 nm excitation of the 3H4 metastable level of Tm, the emission 

spectrum shows two bands at 1468 and 1817 nm corresponding to 3H4→
3F4 and 

3F4→
3H6 transitions with respective fluorescence branching ratios of 35 and 65%. 

(a) (b) (c) 
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All decay curves can be well fitted with a single exponential function as shown in 

Figure 1.7 for Nd, Er and Tm. 

 

          

          

Figure 1.7. Fluorescence decay curves of (a) 1085 nm emission in 

(DME)2Nd(SeC6F5)3; (b) 1523 nm emission in (DME)2Er(SeC6F5)3; (c) 1468 nm 

emission in (DME)2Tm(SeC6F5)3. 

 

(a) 

(b) 

(c) 



32 
 

 

 

 

For the 4F3/2→
4I11/2 emission in Nd, the decay time obtained was 92 µs. With the 

measured fluorescence decay time, the quantum yield of the 1085 nm emission can be 

estimated from the ratio of the fluorescence decay time (τfl) to radiative or “natural” 

decay time (τr).16 With a calculated radiative decay time of 453 µs following the Judd-

Ofelt procedure,16-17 a quantum efficiency of 20% is obtained for 1. In compound 2, a 

fluorescence decay time of 0.85 ms was obtained for the 1523 nm emission. The 

radiative quantum efficiency obtained is 16% corresponding to a radiative decay time 

of 5.3 ms. In 3 the 1468 nm emission yields a radiative quantum yield of 5.2% with the 

calculated radiative decay time of 1.7 ms and measured decay time of 0.089 ms. It 

should be noted that all the quantum efficiencies reported here are theoretically 

computed radiative quantum yields which are normally higher than the real 

experimentally measured values that have been reported in similar compounds in solid 

samples18 and solutions.19  

The quantum yield of Nd, Er and Tm with similar phenoxide and thiolate 

compounds are summarized in Table 1.4.  

Table 1.4. Quantum efficiencies (%) for (DME)2Ln(EC6F5)3 (Ln = Nd, Er, Tm; E = 

O, S, Se) 

  Ln/E O10 S Se 

Nd 2 9.38c 20 

Er 16 758b 16 

Tm 1.9 2.28d 5.2 
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The Table 1.4 shows that the efficiencies for the Nd and Tm compounds are 

increasing in the order from Se > S > O, as expected given the increasingly low-phonon 

character of the ligands as they descend the periodic chart. Efficiency increases result 

both from the low vibrational frequency of the Ln-Se bond relative to Ln-S or Ln-O 

and because the longer Ln-Se bond increases the separation between Ln the arene rings, 

reducing the tendency of arene vibrations to quench Ln*. The efficiency of the Er 

compounds show a decrease on moving from S to Se, possibly because the shorter Ln-

F distance in the SeC6F5 compounds that is allowing a particularly resonant arene ligand 

vibration to couple more effectively to the Er and significantly decrease the Er emission 

intensity and efficiency. 

 

1.4 Conclusions 

Fluorinated selenolate ligands form stable, easily crystallized compounds with both 

early and late lanthanides, and these compounds all have relatively short Ln-F dative 

interactions. With the low-phonon character of the Ln-Se bond, these compounds are 

exceptionally bright NIR emission sources.   
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Chapter 2. Molecular Thorium Compounds with Dichalcogenide 

Ligands  

 

2.1 Introduction 

Understanding the complicated nature of bonding in actinide (An) systems 

remains one of the great challenges in inorganic chemistry, given our incomplete 

understanding of how much the radially extended 5f orbitals are involved in covalent 

interactions. In the quest to prepare and characterize appropriately insightful An 

molecules with significant covalent bonding character, ligands with less electronegative 

chalcogen (E; E = S, Se, Te) based anions are particularly attractive synthetic targets.  

Actinide compounds with An-E bonds are also appealing from a reactivity perspective, 

because these bonds are relatively weak and thus a potential source of controllable 

reactivity. 

Compounds with An-E bonds are found with RE-,1 E2-,1b-d,2 or (En)2-
 ligand systems, 

and of the three, the polychalcogenides  (En
2-, n = 2,2e-i,3 3,1g,2n,3b,4 4,2i,5 56) are the least 

well developed molecular class. Recent work has explored chemistry with sterically 

demanding ancillary ligands (i.e. silylamides,1g,2h,3b-d,7 substituted cyclopentadienyls,1k-

p,2c,k,l,3e,6,8 pyrazolylborates,1q,r,3f,9 branched alkoxides1p), because these ancillaries 

impart solubility in polar solvents that facilitates crystallization, and because their steric 

bulk inhibits ligand redistribution reactions. Control of steric properties within the 

primary and secondary coordination sphere in actinide molecules is critical to the 
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preparation of synthetically challenging motifs, i.e. the recent preparation of 

remarkable compounds with terminal An=E bonds.3d,7d,10  In contrast, when it 

becomes interesting to prepare increasingly large polymetallic compounds in order to 

monitor size dependent physical properties,11 sterically demanding ligands can be a 

liability, and it becomes advantageous to work with sterically undemanding ancillaries.   

 Polychalcogenide chemistry is particularly attractive because E-E bonds are readily 

reduced, providing chemists with a potential source of reactivity for rationally building 

larger clusters or heterometallic compounds. Actinide compounds with EE ligands can 

be prepared with less congested coordination environments, although success in this 

area has thus far been restricted to compounds of uranium. The first example of an 

actinide molecule with a dichalcogenide ligand was the uranyl dication 

UO2(thiocarbamate)2(SS)2+ prepared by the thermal decomposition of a uranyl 

thiocarbamate methoxide precursor.3a This report was eventually followed by the 

successful synthesis of [U(Se2)4]4-,12 [UO2(SS)3]4-,13 and the imido analog 

[(Bu2bipyridine)U(NBu)2I]2Se4.5    

Related chemistry with thorium is important, because diamagnetic Th(IV) affords 

an opportunity to probe solution structure, speciation, and reactivity, particularly with 

compounds of selenium, since the large NMR chemical shift dispersion of 77Se has been 

useful3d,14 for correlating solution and solid state structure/dynamics in both Th(SeR)4 

molecules and cubane clusters.1b,s This chapter outlines the synthesis and 

characterization of six dichalcogenido bridged thorium dimers, formed in the ligand 
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based redox reactions of thorium selenolates with elemental chalcogen. A powerful 

combination of 77Se NMR and relativistic DFT calculations is used to show that the 

well-defined solid-state structures are maintained in solution, and an investigation into 

the thermal decomposition reactions of the halogenated materials shows that ThE2, 

rather than ternary solid-state compounds, is produced.   

 

2.2 Synthesis and Structure 

Ligand based redox reactions of thorium halide/chalcogenolates with elemental E 

give high yields of bimetallic thorium compounds with bridging (E2)2- ligands.  

Addition of elemental E to solutions of “ThIn(EPh)4-n” or “ThXn(SC6F5)m(EPh)4-(n+m)” 

(E = S, Se; X = I, Br and n = 1 to 4)  leads to the reduction of E to give (E2)2-, oxidation 

of EPh- to give PhEEPh, and the formation of (py)6Th2I4(E2)2 (Scheme 2.1) or 

(py)6Th2X2(SC6F5)2(E2)2 (Scheme 2.2).     

  

Scheme 2.1. Synthesis of dichalcogenido bridged thorium dimers with terminal 

iodides 
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Scheme 2.2. Synthesis of dichalcogenido bridged thorium dimers with ancillary 

halides and fluorinated thiolates 

A similar redox approach to the synthesis of the disulfido compounds in the 

presence of chloride ion led to formation of a product mixture, which includes 

(py)6Th2Cl2(SC6F5)2S4 (6) and (py)4ThCl4 (10) (Scheme 2.3).  

 

Scheme 2.3. Synthetic attempt to prepare disulfido bridged thorium dimer with 

terminally bound chloride and fluorothiolate ligands 

Similarly, attempts to make a diselenido thorium dimer with terminal fluorothiolate 

and chloride led to the isolation of a crystalline mixture containing (py)4ThCl4 (10) and 

the thorium heterocubane (py)8Th4Se4(SePh)4(SC6F5)4
1b

 (Scheme 2.4). 
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Scheme 2.4. Synthetic attempt to prepare diselenido bridged thorium dimer with 

terminally bound chloride and fluorothiolate ligands 

Thermal ellipsoid diagrams for 4 - 9 are shown in Figures 2.1 - 2.6, respectively. 

 

 

Figure 2.1. ORTEP diagram of (py)6Th2I4(S2)2 (4), with yellow S, purple I, light blue 

Th, dark blue N, grey C, the H atoms removed for clarity and ellipsoids at the 50% 

probability level 
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Figure 2.2 ORTEP diagram of (py)6Th2Br2(SC6F5)2(S2)2 (5), with green F, yellow S, 

red Br, light blue Th, dark blue N, grey C, the H atoms removed for clarity, and 

ellipsoids at the 50% probability level 

 

Figure 2.3. ORTEP diagram of (py)6Th2Cl2(SC6F5)2(S2)2 (6), with dark green F, 

yellow S, light green Cl, light blue Th, dark blue N, grey C, the H atoms removed for 

clarity, and ellipsoids at the 50% probability level  
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Figure 2.4. ORTEP diagram of (py)6Th2I4(Se2)2 (7), with orange Se, purple I, light 

blue Th, dark blue N, grey C, the H atoms removed for clarity and ellipsoids at the 

50% probability level 

 

Figure 2.5. ORTEP diagram of (py)6Th2I2(SC6F5)2(Se2)2 (8), with dark green F, 

yellow S, orange Se, purple I, light blue Th, dark blue N, grey C, the H atoms 

removed for clarity, and ellipsoids at the 50% probability level 
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Figure 2.6. ORTEP diagram of (py)6Th2Br2(SC6F5)2(Se2)2 (9), with dark green F, 

yellow S, orange Se, red Br, light blue Th, dark blue N, grey C, the H atoms removed 

for clarity, and ellipsoids at the 50% probability level 

Compounds 4 – 9 were characterized by spectroscopic methods and low-

temperature single crystal X-ray diffraction. Crystallographic data and final R indices 

for compounds 4 – 9 are given in Table 2.1. 

As reliable elemental analysis results are often difficult to obtain due to the loss of 

lattice solvent and the possibility of decomposition during the process, bulk phase 

purity for all compounds were determined by comparing observed diffraction patterns 

with profiles calculated from the respective single crystal results, shown in Figure 2.7-

2.11. 
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Table 2.1. Crystallographic data for compounds 4 - 9 

 4 5 6 7 8 9 

fw 1732.72 1624.98 1654.71 1920.32 1985.66 1970.78 

crystal 

system 

monoclin

ic 

monoclinic triclinic monoclinic triclinic monoclin

ic 

space 

group 

P21/n P21/n Pī P21/n Pī P21/c 

a (Å) 11.621(1) 11.024 (2) 12.708(2) 11.836 (1) 12.113 (1) 12.030(1) 

b (Å) 15.937(1) 18.599(2) 13.813(2) 16.059(1) 13.534(1) 21.717(2) 

c (Å) 13.781(1) 12.161(2) 17.291(2) 13.707 (1) 18.620(2) 11.624(1) 

α 

(deg) 

90 90 94.060(4) 90 106.345(2) 90 

β 

(deg) 

90.128(1) 102.113(2) 100.923(3) 90.033(1) 100.024(2) 96.510(1) 

γ 

(deg) 

90 90 106.794(3) 90 100.3570 90 

V (Å3) 2552.6(3) 2438.3(4) 2827.8(6) 2605.3(3) 2798.8(4) 3017.5(4) 

Z 2 2 2 2 2 2 

D(calc

d) 

(g/cm3

) 

2.254 2.213 1.943 2.448 2.356 2.169 

T (K) 120(2) 120(2) 120(2) 120(2) 120(2) 120(2) 

abs 

coeff(

mm-1) 

8.438 8.065 5.644 10.901 9.160 8.802 

R(F)b 

[I > 

2σ(I)] 

0.0313 0.0412 0.0509 0.0268 0.0521 0.0476 

Rw(F2)

c [I > 

2σ(I)] 

0.0680 0.0473 0.1240 0.0614 0.1368 0.1294 
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Figure 2.7. PXRD and calculated pattern from single crystal (in red) for (py)6Th2I4S4, 

4 

 

Figure 2.8. PXRD and calculated pattern from single crystal (in red) for 

(py)6Th2Br2(SC6F5)2S4, 5 
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Figure 2.9. PXRD of crystalline products of the reaction (Scheme 2.3) and calculated 

patterns from single crystal for (py)6Th2Cl2(SC6F5)2S4 (in red), 6 and (py)4ThCl4 (in 

blue), 10 

 

Figure 2.10. PXRD and calculated pattern from single crystal (in red) for 

(py)6Th2I4Se4, 7 
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Figure 2.11. PXRD and calculated pattern from single crystal (in red) for 

(py)6Th2Br2(SC6F5)2Se4, 9 

All six compounds 4 - 9 have similar structures containing a central Th2(2-E2)2 

core region, with the primary coordination sphere of each thorium saturated by two 

additional monodentate anions and three neutral pyridine ligands. These are the first 

examples of thorium compounds with bridging E2
2- ligands. The molecular site 

symmetry of the individual dimer molecules for four of the six compounds is P21/n, 

with the exception being the chloride derivative 6 and iodide 9 with fluorothiolates that 

crystallizes in the space group P-1.   

Thermal ellipsoid diagram for compound 10 is shown in Figure 2.12, and the 

crystallographic data and final R index for 10 are given in Table 2.2. 
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Figure 2.12. ORTEP diagram of (py)4ThCl4 (10), with green Cl, light blue Th, dark 

blue N, grey C, the H atoms removed for clarity and ellipsoids at the 50% probability 

level 

Table 2.2. Crystallographic data for (py)4ThCl4 (10) 

empirical formula C20H20Cl4N4Th V (Å3) 2288.1(5) 

fw 690.24 Z 4 

crystal system monoclinic D(calcd) (g/cm3) 2.004 

space group C2/c T (K) 120(2) 

a (Å) 19.511(2) abs coeff(mm-1) 6.999 

b (Å) 9.5049(11) R(F)b [I > 2σ(I)] 0.0253 

c (Å) 15.7056(18)  Rw(F2)c [I > 2σ(I)] 0.0732 

α (deg) 90   

β (deg) 128.2262(14)   

γ (deg) 90   

This structure has considerable literature precedence.15   
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Related compounds in the literature are limited. There exists a thorium dimer with 

two bridging sulfido ligands, {[η5-1,2,4-(Me3C)3C5H2]2Th}2(μ-S)2 
2c and there are two 

examples of monometallic thorium compounds with terminally bound 2-E2 units, 

namely [Th(N(SiMe3)2)3(Se2)]- 3d and Cp*2Th(DMAP)(S2)3e (DMAP = 4-

(dimethylamino)pyridine). In contrast, there is a more extensive uranium literature, 

including monometallic species with 2-E2 ligands,1e,2e,3a-c,3f,g and bimetallic 

compounds with one or two bridging E2 ligands.2b,e,h,i,3c,4      

Bond geometries for all six compounds summarized in Table 2.3 and Table 2.4 are 

consistent with prior literatures, with values reflecting the sizes of the atomic/ionic 

components. In all six compounds, there are three pyridine ligands bound to 

thorium(IV), with two of these pyridines (N(1), N(3)) having a Th-N bond lengths 

(2.68–2.72 Å) consistent with the wide range of previously reported Th-N(pyridine) 

bond lengths, i.e. 2.62–2.72 Å in monomeric (py)xTh(ER)4,1a (x = 3, 4; E = S, Se; R = 

Ph, C6F5), 2.63–2.71 Å in a group of cubane clusters,1b,s 2.730 Å in (py)2Th2(µ-

OEt2)2(OEt2)6.16 Pyridines opposite to the E2 bridges have a slightly longer Th-N(2) 

bond length (2.73-2.78 Å). The difference in Th-N(1), (3) and Th-N(2) bond lengths 

within one molecule are about 0.03 Å (compounds 4 and 6), 0.09 (5), 0.01 Å (7), 0.07 

Å (8), and 0.06 Å (9). 
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Table 2.3. Ranges of selected bond distances (Å) and bond angles (°) for 4 – 6 a 

 (py)6Th2I4S4 

E2=S2, X=I 

(py)6Th2Br2(SC6F5

)2S4 

E2=S2, X=Br 

(py)6Th2Cl2(SC6F5)2S4 

E2=S2, X=Cl 

Bond Length a 4 5 6 

Th-N(1),N(3) 2.699(4), 

2.702(4)  

2.681(7), 2.688(6) 2.669-2.720(8) 

Th-N(2) 2.736(4) 2.779(7) 2.727(8), 2.759(8) 

Th-2E2 2.824-2.863(1) 2.852-2.879(2) 2.847-2.875(2) 

Th-X 3.174(1), 

3.179(1) 

2.913(1) 2.738(8), 2.729(8) 

Th-S(C6F5) - 2.892(2) 2.894(3), 2.906(9) 

E-E 2.076(1) 2.084(3) 2.088(3), 2.090(3) 

S-C - 1.733(9) 1.761(16), 1.765(11) 

Bond Angles 4 5 6 

Th-E-Th 88.59-89.00(<1) 90.3-91.12(<1) 89.09-89.95(<1) 

N(1),N(3)-Th-X 87.76-88.34(3) 87.2-87.3(<1) 80.9-86.4(<1) 

N(2)-Th-X 78.30(8) 77.54(19) 67.8-75.9(<1) 

S-Th-X  - 144.0-145.12(<1) 148.0-149.0(<1) 

E-Th-X(acute 

angle) 

75.93-77.78(<1) 80.41-83.64(<1) 80.57-84.7(<1) 

E-Th-X(obtuse 

angle) 

118.01-

120.34(<1) 

121.65-125.82(<1) 122.39-126.5(3) 

Th-S-C - 97.4-107.7(<1) 110.3-110.4(<1) 

a   The ESD values are enclosed in parentheses. Refer to figures for N atom labels. 

  



55 
 

 

 

 

Table 2.4. Ranges of selected bond distances (Å) and bond angles (°) for 7 – 9 a 

 (py)6Th2I4Se4 

E2=Se2, X=I 

(py)6Th2I2(SC6F5)2Se4 

E2=Se2, X=I 

(py)6Th2Br2(SC6F5)2S

e4E2=Se2, X=Br 

Bond Length  7 8 9 

Th-N(1),N(3) 2.706(3), 2.710(3) 2.689-2.724(9) 2.684(6), 2.708(7) 

Th-N(2) 2.726(3) 2.755(9), 2.789 (8)  2.775(6) 

Th-2E2 2.971-3.005 (1) 2.985-3.016(1) 2.994-3.024(1) 

Th-X 3.197(1), 3.201 (1) 3.194(1), 3.216(1) 2.920(2) 

Th-S(C6F5) - 2.859(3), 2.911(4) 2.884(2) 

E-E 2.343(1) 2.350(1), 2.345(1)  2.342(1) 

S-C - 1.782(8), 1.729(9) 1.718(8) 

Bond Angles 7 8 9 

Th-E-Th 86.71-87.04(3) 87.88-88.06(<1) 87.519-87.835(3) 

N(1),N(3)-Th-

X 

82.28-86.61(3) 86.0-86.2(<1) 83.89-85.44(<1) 

N(2)-Th-X 80.38(7) 83.3(<1) 76.68(3) 

S-Th-X  - 146.94-159.0(<1) 147.22(4) 

E-Th-X(acute 

angle) 

74.70-74.96(<1) 69.2-72.7(<1) 77.03-80.05(<1) 

E-Th-X(obtuse 

angle) 

120.49-120.80(3) 115.1-118.6(<1) 121.96-125.39(<1) 

Th-S-C - 112.2-114.7(<1) 113.0(2) 

a   The ESD values are enclosed in parentheses. Refer to figures for N atom labels. 
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Thorium-sulfur(thiolate) distances are equally consistent with previous literature 

values: compare the Th-S(C6F5) in nine coordinate 5 (2.892(2) Å), 6 (avg. 2.900(9) Å), 

8 (avg. 2.885(4) Å), and 9 (2.884(3) Å) with the Th-S(C6F5) bonds in the eight 

coordinate cubane clusters (py)8Th4S4(SPh)4(SC6F5)4 (2.900(2) Å)1b and 

(py)8Th4Se4(SePh)4(SC6F5)4 (2.889(2) Å)1b and the Th-S bonds in monometallic seven 

coordinate (py)3Th(SC6F5)4
1a (2.811- 2.825(10) Å).   

In all compounds the halide ligands are terminally bound. There are four iodides in 

4 (3.174(1), 3.179(1)Å) and 7 (3.197(1), 3.201(1)Å), and two iodides in 8 (avg. 3.205(1) 

Å) with nearly identical Th-I bond lengths that are consistent with previously published 

Th-I distances, i.e. 3.172(1) Å in (C5Me5)2[iPrNC(Me)NiPr-k2N,N’]ThI17,  3.171(1) Å 

in ThI3[O(CH2)4I](THF)3,
18

  and 3.226(1) Å in ThI(OCH i-Pr2)3(py)2.19 Similarly, 

complexes 5 and 9 contain terminal bromide ligands with Th-Br bond lengths that are 

also similar to previously reported examples, i.e. 2.895(1) Å in monomeric (ƞ5-

Cp)2ThBr2(THF),20 or 2.885(2) Å in heterometallic [(ƞ5-C5Me5)2Th(Br)-

N(mesityl)Cu(DMAP))].21 In the single chloride derivative 6, the Th-Cl bond lengths 

(avg. 2.733(8) Å) are again similar to literature values, i.e. 2.755(1) Å in monomeric 

Th(TMTAA)Cl2(THF)2
22

 and 2.737(1) Å in ThCp*(TMTAA)Cl,22 

(TMTAA=Tetramethyl-tetra-aza-annulene) among others.14c,21,23 

Disulfido bonds in 4, 5, and 6 are in the range 2.076-2.090(3) Å, consistent with 

the terminal SS unit in thorium disulfide complex (η5-C5Me5)2ThS2(DMAP), which 

contains a 2.088 Å3e sulfur-sulfur bond. Comparable distances24 have also been noted 
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in uranium,2e,f,h lanthanide, 25,26 and transition metal chemistry.27 Similarly, dimers 7, 

8, and 9 contain Se-Se bonds within a narrow range of bond lengths (2.342-2.350(3) Å) 

that are almost identical to the 2.397(1) Å terminally bound diselenido ligand in [K(18-

crown-6)][Th(η2-E2)(NR2)3],3d and fall within the range of expected values for 

diselenide moieties bound to lanthanides28 and transition metals.27h,29  

The molecular conformation of the [(py)3ThX(SC6F5)E2]2 dimers 5, 6, 8, and 9 can 

be viewed as having an equatorial plane containing the Th(IV) ions and the centroids 

of all the py ligands and the two μ2-E2 bridging ligands. In this scheme, the halide and 

SC6F5 ligands extend out of the equatorial plane, such that the X2S2 plane is nearly 

perpendicular to the equatorial plane. This motif makes available a variety of close 

contacts that are indicative of prevalent intramolecular hydrogen bonding to halogen, 

chalcogen and nitrogen acceptor atoms. Further, the py ligands are rotated around their 

Th-N bonds and this situation brings their α-H atoms into proximity with H-bond 

acceptors. 

Table 2.5 summarized close contacts in the compounds 5, 6, 8 and 9. The van der 

Waals radii sums (vdW)30 are also included in Table 2.5 for comparison. In all of these 

compounds, intra-molecule interactions, which are indicated by distances shorter than 

vdW radii sums, are found for all α-H on py ligands. For example, in 5, H(7)…F(5) for 

py(N1), H(12)…S(1) for py(N2), and H(21)…Br(1) for py(N3), are 0.21, 0.29, and 0.18 

Å less than vdW, as shown in Figure 2.13; in 8, H(11)…S(1) for py(N1), H(16)…S(1) 

for py(N2), and H(17)...S(1) for py(N3), are 0.18, 0.25, and 0.27 Å less than vdW; and 
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in 9, H(7)…F(1) for py(N1), H(12)…S(1) for py(N2), and H(21)...Br(5) for py(N3), at 

0.18, 0.27, and 0.10 Å less than vdW, respectively. Two of these are expected, since F 

and Br are good electronegative H-bond acceptors. As for H…S, the extreme shortness 

of this contact likely has both the electrostatic basis of the H-bond and the proximity 

basis of these two atoms more or less confined to a plane perpendicular to the above 

mentioned equatorial plane of the dimer. As mentioned earlier, Th(1)-N(2) bonds are 

much longer (0.09 Å in 5, 0.07 Å in 8 and 0.06 Å in 9) than Th(1)-N(1) and Th(1)-N(3), 

and it is consistent with py(N2) having a close contact on only one side of the ligand, 

versus py(N1) and py(N3) having close contacts on both sides of the py ligand. The 

situation in 6 is unique. H(12)…S(3) and H(16) …Cl(1) for py (N2) are 0.20 and 0.27 

Å less than vdW, respectively. These close contacts from both sides of the py ligand 

are also consistent with the fact that the Th bound to N(2) is closer in the distance 

between Th bound to N(1) and N(3), namely, 2.727(8) versus 2.720(8) and 2.694(8) Å, 

when compared with 5, 8 and 9. 

 

Figure 2.13. Asymmetric structural unit of compound 5, with short contacts inside the 

molecule highlighted 
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Table 2.5. Summary of H…Y (Y = N, E, or X) distances (Å) in 5, 6, 8 and 9, with 

values shorter than the sum of van der Waals radii a in bold 

a  The van der Waals radii sum30: 2.75 Å for H…N, 3.00 Å for H…S, 3.10 Å for H…Se; 2.67 Å for 

H…F, 2.95 Å for H…Cl, 3.05 for H…Br and 3.18 for H…I. b S(1) is terminal atom, S(2) and S(3) 

are bridging atoms. c S(1) and S(2) are bridging atoms, S(3) is terminal atom.  

Compo

und 

5 b 6 c 8 9 

(py)6Th2Br2(SC6

F5)2S4 

(py)6Th2Cl2(SC6F

5)2S4 

(py)6Th2I2(SC6F5)

2Se4 

(py)6Th2Br2(SC6F

5)2Se4 

Contact

s from 

py(N1) 

H(7)…S(1) 2.95 H(7) … S(3) 2.80 H(11)…S(1) 2.82 H(7)…Se(2) 2.90 

H(7)…F(5) 2.46 H(7)…F(1) 2.54 H(11)…F(1) 2.71 H(7)…F(1) 2.49 

H(11)…Br(1) 

2.84 

H(11)…Cl(1) 

2.82 
H(7)…I(1) 3.06 

H(11)…Br(1) 

2.90 

     

Contact

s from 

py(N2) 

H(12)…S(1) 

2.71 
H(12)…S(3) 2.80 H(16)…S(1) 2.75 H(12)…S(1) 2.73 

H(12)…N(1) 

2.91 
H(12)…N(3) 2.86 H(16)…N(1) 2.75 H(12)…N(1) 2.69 

H(16)…Br(1) 

3.01 

H(16)…Cl(1) 

2.68 
H(12)…I(1) 3.09 

H(16)…Br(1) 

3.00 

H(16)…N(3) 

2.76 
H(16)…N(1) 2.89 H(12)…N(3) 2.68 H(16)…N(3) 2.69 

     

Contact

s from 

py(N3) 

H(17)…S(1) 

2.78 
H(17)…S(3) 3.09 H(17)…S(1) 2.73 H(21)…S(1) 2.82 

H(17)…F(1) 

2.67 
H(17)…F(5) 2.99 H(17)…F(5) 2.64 H(21)…F(5) 2.56 

H(21)…Br(1) 

2.87 

H(21)…Cl(1) 

2.75 
H(21)…I(1) 3.28 

H(17)…Br(1) 

2.95 

H(21)…S(2) 

3.27 
H(21)…S(2) 3.54 

H(21)…Se(2) 

2.96 

H(17)…Se(2) 

3.14 
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If unit cell packing is viewed along crystallographic c-axis, the arrangement of 

neighboring molecules of 9 in the crystallographic ab plane is shown in Figure 2.14. A 

nearly one-dimensional (1D) void channel of coordinating py and solvate py molecules 

along the c-axis is sandwiched by [Th2Se4Br2(SC6F5)2] regions. There are also a few 

intermolecular interactions, i.e. H…F (2.508(1) Å) and H…Se (2.930(1) Å).  

 

Figure 2.14. Arrangement of neighboring molecules of compound 9, with green F, 

yellow S, orange Se, red Br, light blue Th, dark blue N, grey C, and white H atoms 
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2.3 DFT Calculations and 77Se NMR Study of Solution Structures 

77Se NMR spectroscopy combined with relativistic DFT calculations and analysis 

of the measured chemical shifts provides unique insight into the solution structure of 

diselenido compounds 7, 8, and 9. Establishing speciation for these molecules is 

important to fully understand the chemistry of the An-E bond and to realize the ultimate 

goal of being able to rationally design synthetic approaches to construct increasingly 

large cluster compounds. Solution and solid-state structures are not necessarily the 

same, given that strong bases such as pyridine can potentially fragment polymetallic 

compounds to give products with reduced nuclearity, as illustrated in ionic systems by 

the reaction of (THF)14Ln10S6(Se2)6I6 with pyridine to give (py)6Ln2(Se0.2S0.8)(Se2)I2.28a   

In collaboration with Dr. Peter Hrobárik, we are able to further probe the solution 

structure with DFT calculation results.  

The experimental 77Se NMR shifts for complexes 7 - 9, along with those computed 

for these and other hypothetical thorium dichalcogenide species that could potentially 

be present in pyridine-d5 solution, are collected in Table 2.6. Compounds 7, 8, and 9 

show a single 77Se NMR resonance at 240, 336, and 308 ppm, respectively (Table 2.6), 

all in the range expected for diselenides bridging two Th(IV) ions.    

Chemical shift calculations were done at the two-component ZORA relativistic 

level, including spin-orbit (SO) coupling, and using the user-customized hybrid PBE0-

40HF functional, which was shown to perform very well for a series of monomeric Th 

selenolates, thorium cubanes and various organoselenides.1s  
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Table 2.6. Experimental and computed 77Se NMR chemical shifts (in ppm vs. Me2Se) 

in selected thorium diselenide complexes. DFT optimized Th-Se bond lengths, d(Th-

Se) (in Å) and QTAIM delocalization indices of the Th-Se bonds, DI(Th-Se), are 

given as well 

Compounds 

d(Th-Se) DI(Th-Se) Calcd. 

δ(77Se)a 

[ppm] 

Expt. 

δ(77Se)b 

[ppm] 

Th2I4(μ2-Se2)2 (fully desolvated 7)c 2.948 0.520 469  

(py)6Th2I4(μ2-Se2)2 (7) 2.981 0.456 272 240 

(py)6Th2Br4(μ2-Se2)2 2.994 0.437 267  

(py)6Th2Cl4(μ2-Se2)2 3.008 0.421 233  

     

(py)6Th2I2(SC6F5)2(μ2-Se2)2 (8) 2.993 0.443 328 336 

(py)6Th2Br2(SC6F5)2(μ2-Se2)2 (9) 2.997 0.436 318 308 

     

(py)3ThI2(μ2-Se2) 2.775 0.794 656  

(py)4ThI2(μ2-Se2) 2.796 0.738 497  

(py)3ThI (SC6F5)(μ2-Se2) 2.788 0.770 678  

(py)4ThI (SC6F5)(μ2-Se2) 2.804 0.725 520  

     

[K(18-crown-6)]Th(Se2)(NR2)3 2.914 0.529 273 3023e 

a 2c-ZORA(SO)/PBE0-40HF/TZ2P results using a COSMO solvation model (cf. Computational 

Details). Note that the trends in 77Se NMR shifts are dominated by paramagnetic shielding 

contribution; b NMR spectra recorded in pyridine-d5 at room temperature; c This compound has not 

been prepared. 
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The investigated structures were fully optimized at the DFT level (PBE0-

D3(BJ)/ECP/def2-TZVP) using quasi-relativistic small-core pseudopotentials for 

thorium and iodine, along with atom-pairwise corrections for dispersion forces (see 

Computational Details). Table 2.7 summarizes the DFT optimized bond-lengths in 

selected thorium dichalcogenide complexes. There is an excellent agreement between 

X-ray and DFT optimized structures of complexes 4 - 9, with differences in Th−E, E−E 

and Th−X (E = S or Se; X = Cl, Br or I) bond lengths of less than 0.03 Å. Interestingly, 

one pyridine molecule on each Th atom opposite to the E2
2- bridges (equatorial position 

with respect to the Th2X2 plane) has notably longer Th−N bond length than the others 

(by more than 0.07 Å), consistent with the Th−N bond asymmetry observed for axial 

and equatorial nitrogen atoms in solid-state structures of 4 - 9, although this inequality 

is less pronounced in X-ray structures of complexes 4 and 7. Energy decomposition 

analysis (EDA) suggests that the longer Th−Npy bonds in the equatorial position have 

an electronic origin resulting from weaker Th-N orbital attractive interactions rather 

than from steric effects (the latter is comparable with that for axial Th-Npy bonds). In 

addition, similar Th−N bond asymmetry for equatorial and axial pyridine ligands is 

computed for isoelectronic group 4 (Ti, Zr, Hf) congeners of complex 7, showing that 

this phenomenon is not related to Th(5f) orbitals but to a trans influence of bridging 

E2
2- moieties, and it also appears in monomeric Th dichalcogenide species (i.e. Th-N 

bonds in the trans position to the centroid of E2
2- ligands are elongated more than those 

in the cis position). Adding more pyridine ligands to the first Th coordination sphere in 
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(py)6Th2I4 (μ2-Se2)2 and (py)4ThI4(μ2-Se2) and optimization of these structures at the 

DFT level results in detachment of these extra py molecules from the metal center, 

demonstrating the saturated metal coordination environment in isolated dichalcogenide 

complexes 4 - 9. In contrast, removal of pyridine ligands leads to somewhat shorter Th–

E bonds and elongated E–E contacts (Table 2.7). 

Table 2.7. DFT optimized bond lengths (Å) in selected thorium dichalcogenide 

complexes (E = S, Se; X = Br, I) a,b 

 d(Th–E) d(E–E) d(Th–Neq) d(Th–Naxial) d(Th–X) d(Th–SAr) 

(py)6Th2I4(S2)2 (4) 2.828 2.074 2.787 2.710 3.162 - 

(py)6Th2Br2(SC6F5)2(S2)2 (5) 2.843 2.072 2.783 2.700 2.900 2.869 

(py)6Th2Cl2(SC6F5)2(S2)2 (6) 2.849 2.072 2.785 2.693 2.710 2.883 

Th2I4(Se2)2 (fully desolvated 7) 2.948 2.379 - - 2.948 - 

(py)6Th2I4(Se2)2 (7) 2.981 2.343 2.791 2.713 3.172 - 

(py)6Th2Br4(Se2)2 2.994 2.344 2.817 2.701 2.910 - 

(py)6Th2Cl4(Se2)2 3.008 2.347 2.843 2.690 2.720 - 

(py)6Th2I2(SC6F5)2(Se2)2 (8) 2.993 2.339 2.779 2.714 3.161 2.860 

(py)6Th2Br2(SC6F5)2(Se2)2 (9) 2.997 2.338 2.784 2.702 2.905 2.881 

 d(Th–E) d(E–E) d(Th–Ntrans) d(Th–Ncis) d(Th–X) d(Th–SAr) 

(py)3ThI2(μ2-Se2) 2.775 2.356 2.755 2.641 3.080 - 

(py)4ThI2(μ2-Se2) 2.796 2.350 2.789 2.622 3.160 - 

(py)3ThI2(SC6F5)(μ2-Se2) 2.788 2.356 2.737 2.649 3.086 2.804 

(py)4ThI2(SC6F5)(μ2-Se2) 2.804 2.350 2.769 2.625 3.168 2.805 

 

a PBE0-D3(BJ)/ECP/def2-TZVP results (cf. Computational Details in main text); b Averaged values 

over chemically equivalent bonds. The py ligands in dimeric structures possess two locations with 

respect to the plane containing two Th(IV) ions and the centroid of the two μ2-E2 bridging ligands 

(see Table S52). In monomeric species, these positions can be viewed as nearly trans and cis with 

respect to the centroid of Th-Se2 bonds. 
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Experimentally observed 77Se NMR shifts for pyridine-d5 solutions of complexes 

7 - 9 match very well with the DFT computed values and are consistent with the dimeric 

structures being maintained in solution. Not surprisingly, “desolvated” species (with no 

pyridine ligands attached to thorium) are absent in solution; these hypothetical 

molecules are computed to be deshielded by about 200 ppm relative to their pyridine 

solvated congeners (Table 2.6), but no 77Se resonance signal in the region 350-1000 

ppm was detected. Similarly, 77Se NMR shifts for corresponding monomeric Th species 

with terminal dichalcogenide ligands are predicted to appear within the range 490-680 

ppm (depending on the number of coordinated py molecules; Table 2.6), excluding thus 

the dissociation of dimers in solution. We note further that although 77Se NMR shifts 

observed herein for dimeric structures resemble the value measured for a thorium 

complex with the “terminal” Se2
2- ligand, [K(18-crown-6)][Th(Se2)(NR2)3] (δ(77Se) = 

302 ppm in pyridine-d5),3d this coincidence can be attributed to the anionic nature of 

the latter, which is reflected in its elongated Th-Se bonds and reduced Th-Se covalency 

as compared to neutral mononuclear Th diselenides (Table 2.6). Replacing iodide 

ligands with lighter Br- or Cl- leads to slightly longer Th–Se distances that is also 

reflected in small but notable upfield 77Se shifts, as is also evident from experimental 

data for complexes 8 and 9. This can be rationalized by stronger π-donating abilities 

within the row I- < Br- < Cl-, which in turn weakens the Th–Se bond covalency in mixed 

Th chalcogenide-halide complexes as going up the halogen group, and might be the 

reason for lower stability of dimeric Th2E4 species with terminal Cl- ligands. 
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2.4 UV-Vis Absorption Spectra 

In contrast to colorless compounds 4 - 6, complexes 7 - 9 are yellow to yellow-

orange in the solid-state as well as in pyridine solution. The UV-Vis absorption 

spectrum of compound 7 is given in Figure 2.15, showing the strongest absorption band 

at about 310 nm, followed by intense absorption without a distinct maximum reaching 

a plateau at about 400 nm and the steadily decreasing absorption within the wavelength 

range of 400-500 nm. To understand the nature of the electronic transitions, we 

performed time-dependent DFT calculations of excitation energies (Table 2.8 and 

Figure 2.16) for isostructural compounds 4 (colorless) and 7 (yellow). The profile of 

the TD-DFT simulated absorption spectrum of 7 agrees well with experiment and 

allows thus assignment of the most intense bands (Table 2.8 and Figure 2.17).  

 

Figure 2.15. UV-Vis spectrum for compound 7 
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Table 2.8. Calculated vertical excitation energies and oscillator strengths for the 

lowest ten and three most intense electronic transitions in complex 7 

Excited 

state # 

Character of transition 

(dominant contributions) 

Energy 

(eV) 

Wavelength 

(nm) 

Oscillator 

strength 

1 100% HOMO→LUMO 2.510 494 0.000 

2 100% HOMO→LUMO+1 2.725 455 0.000 

3 99% HOMO-1→LUMO 2.749 451 0.000 

4 99% HOMO→LUMO+2 2.799 443 0.000 

5 98% HOMO→LUMO+3 2.857 434 0.006 

6 47% 

45% 

HOMO-2→LUMO 

HOMO-1→LUMO+1 

2.945 421 0.008 

7 100% HOMO→LUMO+6 2.952 420 0.000 

8 54% 

25% 

20% 

HOMO-1→LUMO+1 

HOMO-2→LUMO 

HOMO→LUMO+4 

2.967 418 0.003 

9 69% 

27% 

HOMO→LUMO+4 

HOMO-2→LUMO 

2.995 414 0.001 

10 99% HOMO→LUMO+5 3.032 409 0.000 

13 95% HOMO-1→LUMO+3 3.131 396 0.0303 

19 95% HOMO-1→LUMO+7 3.407 364 0.0193 

59 62% 

10% 

HOMO-1→LUMO+13 

HOMO-1→LUMO+17 

4.013 310 0.0407 

a ZORA-SR/PBE0-10HF/TZ2P results 
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Figure 2.16. TD-DFT calculated UV-Vis absorption spectra for complexes 4 and 7 in 

pyridine (ZORA-SR/PBE0-10HF/TZ2P/COSMO results taking into account the lowest 

75 excitations). Spectra were convoluted with a Gaussian profile having a full width at 

half-maximum (fwhm) equal to 0.20 eV 
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Figure 2.17. Relevant occupied and unoccupied MOs (isosurface plots ±0.03 au) 

involved in intense (fosc > 0.005) electronic transitions of 7 

Hence, it is clear that the strongest peak in the UV region (~310 nm) can be 

primarily assigned to excitations from nonbonding lone pairs on the bridging 

selenium atoms (HOMO-1) to predominantly metal-centered MOs with a large 

Th(5f) contribution (LUMO+13, LUMO+17), followed by less intense excitations 

from the Se lone pairs to pyridine ligands (~350 nm, HOMO-1 → LUMO+7 
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transition). The absorption in the visible (violet) region (370-410 nm) is primarily 

related to transitions from the Th-Se bonding MOs (HOMO, HOMO-2) and non-

bonding Se lone pairs (HOMO-1) to selenium antibonding MOs (LUMO+3). Since the 

latter excitation energies corresponding to the n(E2
2-)→π*(E2

2-) transition are shifted 

hypsochromically in disulfide complexes, these appear as colorless. We note in passing 

that the yellow color is also observed for some lanthanide di- and tri-selenide 

complexes28a,31 that can be similarly related to n(Se2
2-)→π*(Se2

2-) transitions, and that 

the behavior of related telluride compounds32 are also consistent with this interpretation. 

 

2.5 Thermolysis 

Thermolysis1a,33 of carefully designed molecular precursors is potentially useful 

as a low temperature synthesis approach to metastable solid-state materials, with 

compounds 4 and 7 presenting an opportunity to explore the low-temperature 

preparation of ternary solid-state materials. Of the two, the I/SeSe combination found 

in 7 was the most promising candidate to form a ternary phase at elevated temperatures 

because of the relative electronegativity of I and Se. Compounds with fluorinated 

thiolate ligands are complicated by the tendency of Th to abstract F and form ThF4, and 

the more electronegative sulfur in 4 favors the formation of ThS2 rather than ThI2S or 

ThI2(SS). Thermolysis of 7 was performed at the same conditions as for previously 

reported1a (py)3Th(SePh)4. The PXRD analysis revealed that ThSe2
34 is the only solid-

state product, with no evidence for the formation of any ternary ThISe phases. The 
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surface morphology of the resulting powder of the thermal residual is shown in Figure 

2.18 by SEM. 

 

Figure 2.18. SEM images of ThSe2 (in 200 nm scale) obtained from the thermolysis 

of compound 7 

This ThSe2 stoichiometry was also confirmed by Energy Dispersive X-ray 

Spectroscopy (EDS) (Figure 2.19), with trace (< 3%) iodide present. 

Figure 2.19. EDS analysis of thermolysis product of compound 7 



72 
 

 

 

 

GC/MS analysis of the volatile products identified both pyridine and elemental 

iodine (Scheme 2.5).  

 

Scheme 2.5. Thermal decomposition of compound 7 

2.6 Conclusions 

 Remarkably simple chalcogen-rich molecular Th dimers containing E2
2- (E = S, Se) 

bridging ligands can be prepared with a range of sterically undemanding ancillary 

ligands, including both halogens and fluorinated thiolates. These compounds are 

fundamentally important starting materials for our ultimate goal of rationally 

approaching increasingly large actinide and heterometallic actinide/transition metal 

cluster compounds. The solution 77Se NMR spectra are consistent with the dimeric 

structure being maintained in pyridine solution. Thermolysis of the dimer containing 

both I- and Se2
2- ligands resulted in reductive cleavage of the Se–Se bond, oxidative 

elimination of I2 and the formation of solid-state ThSe2.   
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Chapter 3. Thorium Chalcogenolates with Different Neutral Donor 

Ligands 

 

3.1 Introduction 

Interest in the chemistry of actinide ions bound to softer chalcogen (E; E = S, Se 

or Te) based ligands is in part motivated by the desire to design materials with 

maximum covalent contributions to stability. A growing number of new actinide 

chalcogenolate complexes has been published in the past decade and most of the 

research focused on uranium species.1 Thorium chemistry is relatively unexplored, as 

only a few molecular thorium compounds containing Th-E bonds have been reported.2 

It would be valuable to develop a series of thorium chalcogenolate complexes with 

various neutral donor ligands in which the chalcogenolate (ER; R = C6H5, C6F5) is the 

only coordinated anion (Scheme 3.1), as it may help to understand how the bonding 

between thorium and chalcogen may impact the structure and stability of these 

materials. It can also help to understand the influence of the neutral donor ligand on the 

final structures of the resulting actinide compounds. 

 

 

 

Scheme 3.1. Synthesis of molecular thorium chalcogenolate compounds 

L: 
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2,2’-Bipyridine (bipy) is a widely known bidentate neutral ligand in coordination 

chemistry. It has been extensively used to form stable metal complexes due to its strong 

chelating effect and ease of functionalization.3 In actinide chemistry, there are some 

examples of uranium compounds with bipy,4 but no thorium analogs. 

Pyrazine (pzn) can act as a neutral donor ligand and coordinate to metal ions 

through two nitrogen atoms, and it has been used as a bridging ligand because of its 

ability to yield one-dimensional linear chains or two-dimensional layer compounds.5 

However, it can also act as a monodentate terminal group, and some complexes6 even 

contain both bridging and terminal pyrazine ligands. 

Pyrazole (Hpz) can coordinate to metal through one nitrogen atom as a 

monodentate ligand. When deprotonated, it coordinates through both nitrogen atoms as 

a bidentate ligand, to form pyrazolate anion (pz-). In addition, the nucleophilicity of the 

nitrogen atoms and their steric accessibility may be varied through appropriate 

substitution on the heterocyclic ring.7 This feature makes pyrazole and pyrazole-

derived ligands, including 3,5-dimethylpyrazole (Hdmpz), HB(pz)3
− (Tp-), and 

HB(dmpz)3
- (Tp*-), extremely versatile in organometallic chemistry. While a majority 

of the complexes are based on transitional metal centers with steric bulky ligands, 

actinide complexes with pyrazole-derived ligands are limited,8 and few thorium 

examples have been reported,9 all of which contain the Tp ligand. 

This chapter outlines synthesis and characterizations of a series of thorium 

perfluorothiolates with different neutral donor ligands, including bipy, pzn, Hpz and 
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Hdmpz. A thorium dimer with -SePh and a thorium cluster with SeC6F5 have also been 

obtained with pyrazole-based ligands in toluene solution. 

 

3.2 Thorium Chalcogenolate with Bipyridine Ligand 

 Metal Th reacts with (SC6F5)2 and bipy in THF solution to form the bis-bipy chelate 

thorium monomer (bipy)2Th(SC6F5)4 (11). Trace amount of mercury was added as a 

catalyst to reduce the reaction time. The product was characterized by conventional 

methods and low-temperature single-crystal X-ray diffraction. Figures 3.1 shows the 

ORTEP diagram of the molecular structure of 11. Selected crystallographic details are 

given in Table 3.1. 

 

Figure 3.1. ORTEP diagram of (bipy)2Th(SC6F5)4 (11), with yellow S, green F, light 

blue Th, dark blue N, grey C, the H atoms removed for clarity and ellipsoids at the 

50% probability level. 
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Table 3.1. Crystallographic data for (bipy)2Th(SC6F5)4 (11) 

empirical formula C52H32F20N4O2S4Th V (Å3) 5191.9(4) 

fw 1485.09 Z 4 

crystal system monoclinic D(calcd) (g/cm3) 1.900 

space group C2/c T (K) 100(2) 

a (Å) 26.2472(11) abs coeff(mm-1) 3.153 

b (Å) 12.5980(5) R(F)b [I > 2σ(I)] 0.0290 

c (Å) 17.2129(7)  Rw(F2)c [I > 2σ(I)] 0.0643 

α (deg) 90   

β (deg) 114.1892(7)   

γ (deg) 90   

In order to confirm the purity of the compound 11, PXRD was used for 

characterization and the result is shown in Figure 3.2. Comparison of the 

experimentally determined PXRD profile with the calculated pattern from the single 

crystal data indicates high purity of the bulk material. 

 

Figure 3.2. PXRD and calculated pattern from single crystal (in red) for 

(bipy)2Th(SC6F5)4 (11) 
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In this complex, the Th atom is bound to two 2, 2’-bipy neutral ligand and four 

SC6F5
-
 anions, forming an eight-coordinate geometry. The average Th-S bond length is 

2.858 Å, and in good agreement with recently reported monomeric chalcogenolates, 

such as 2.84 – 2.85 Å in the pyridine derivative (py)4Th(SPh)4, 2h and is slightly longer 

than the 2.81 - 2.82 Å found in 7-coordinate (py)4Th(SC6F5)4. 2h The average Th-N bond 

length (2.629 Å) is also in the range (2.3 – 2.8 Å) of An-N bond lengths in the reported 

actinide compounds containing py and bipy. The distance between the aromatic ring in 

2, 2’-bipy and the SC6F5 ring is 3.519 Å and 3.643 Å, indicating the existence of face 

to face π...π stacking interactions.10  

 

3.3 Thorium Chalcogenolate with Pyrazine Ligand 

The reaction of metallic Th with stoichiometric (SC6F5)2 and pyrazine in toluene 

solution gives a (pzn)4Th2(SC6F5)8 (12) dimer. Trace amount of mercury was added to 

reduce the reaction time. The product was characterized by low-temperature single-

crystal X-ray diffraction. Selected crystallographic details are given in Table 3.2.  

Table 3.2. Crystallographic data for (pzn)4Th2(SC6F5)8 (12) 

empirical formula C85H40F40N8S8Th2 V (Å3) 4580(2) 

fw 2653.81 Z 4 

crystal system triclinic D(calcd) (g/cm3) 2.072 

space group P-1 T (K) 100(2) 

a (Å) 14.941(3) abs coeff(mm-1) 3.570 

b (Å) 15.150(3) R(F)b [I > 2σ(I)] 0.0725 

c (Å) 23.122(8) Rw(F2)c [I > 2σ(I)] 0.1655 

α (deg) 81.771(15)   

β (deg) 77.580(15)   

γ (deg) 63.817(8)   
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ORTEP diagram of the molecular structure of 12 is shown in Figures 3.3. 

 

Figure 3.3. ORTEP diagram of (pzn)4Th2(SC6F5)8 (12), with yellow S, green F, light 

blue Th, dark blue N, grey C, the H atoms removed for clarity and ellipsoids at the 

50% probability level. 

This compound contains two bridging SC6F5 entities, and is the first example of 

actinide dimer bridged by SC6F5. Each Th atom has two terminal pyrazines and three 

terminal SC6F5 ligands. A dative Th-F (2.660 Å) bond is formed to complete 

coordination sphere on Th metal, resulting in an eight-coordinate structure. Three 

SC6F5 groups are nearly parallel to each other, the distance between the two 

neighboring aromatic rings are 3.607 Å and 3.777 Å, possibly making intramolecular 

π...π interactions10. The average bond length between Th and S from bridging SC6F5 is 

2.972 Å, while that between Th and S from terminal thiolate ligand is 2.803 Å, both are 

consistent with the reported Th-S bond length in the literature.11 The average Th-N 

bond length is 2.618 Å and there is no bridging pyrazine in the structure. 
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3.4 Thorium Chalcogenolates with Pyrazole-derived ligands 

Direct synthesis of thorium metal, (SePh)2 or (SC6F5)2 ligands and pyrazole (Hpz) 

in toluene results in two compounds (Hpz)4(pz)2Th2(SePh)6 (13) and 

(Hpz)4(pz)Th(SC6F5)3 (14). Replacing Hpz with 3,5-dimethylpyrazole (Hdmpz) in the 

reaction also results in two compounds (Hdmpz)4(dmpz)2Th2(SC6F5)6 (15) and 

(Hdmpz)2(dmpz)2Th(SC6F5)2 (16). Addition of catalytic amount of mercury reduces the 

reaction completion time. 

All these compounds were characterized by low-temperature single-crystal X-ray 

diffraction. Figures 3.4 - 3.7 show ORTEP diagrams of the molecular structures of 13 

- 16, respectively.  

 

Figure 3.4. ORTEP diagram of (Hpz)4(pz)2Th2(SePh)6 (13), with orange Se, light blue 

Th, dark blue N, grey C, the H atoms removed for clarity and ellipsoids at the 50% 

probability level. 
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Figure 3.5. ORTEP diagram of (Hpz)4(pz)Th(SC6F5)3 (14), with yellow S, green F, 

light blue Th, dark blue N, grey C, the H atoms removed for clarity and ellipsoids at 

the 50% probability level. 

 

Figure 3.6. ORTEP diagram of (Hpz)4(pz)Th(SC6F5)3 (15), with yellow S, green F, 

light blue Th, dark blue N, grey C, the H atoms removed for clarity and ellipsoids at 

the 50% probability level. 
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Figure 3.7. ORTEP diagram of (Hdmpz)2(dmpz)2Th(SC6F5)2 (16), with yellow S, 

green F, light blue Th, dark blue N, grey C, the H atoms removed for clarity and 

ellipsoids at the 50% probability level. 

These structures contain bidentate anionic pyrazolate (pz) and monodentate neutral 

Hpz ligands (compounds 13 and 14) or bidentate 3,5-dimethylpyrazolate (dmpz) and 

monodentate Hdmpz ligands (compounds 15 and 16). It is likely that the binding 

potential of Hpz and pz (or Hdmpz and dmpz) and also that of chalcogenolates SC6F5 

and SePh are all on the same order of magnitude, since all compounds (13 – 16) are 

readily obtained. Furthermore, the observed intramolecular interactions, especially 

hydrogen bonds involving the F atoms, and π...π interactions involving neighboring 

pairs or triplets of these aromatic ligands, are expected to provide robust molecular 

properties based upon these chemically adjustable geometries. 

Selected crystallographic details are given in Table 3.3.  
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Table 3.3. Crystallographic data for compounds 13 - 16 

Compound 13 14 15 16 

fw 1806.91 1260.93 2782.35 1011.79 

crystal system triclinic orthorhombic triclinic monoclinic 

space group Pī Pbca  Pī C2c 

a (Å) 11.191(1) 23.707(2) 14.523 (1) 17.364(1) 

b (Å) 12.080(1) 13.607(1) 14.579 (1) 19.534(2) 

c (Å) 12.828(1) 27.726(2) 15.666(1) 11.430(1) 

α (deg) 113.411(2) 90 74.037(1) 90 

β (deg) 101.438(3) 90 85.330(1) 98.813(1) 

γ (deg) 108.012(2) 90 60.278(1) 90 

V (Å3) 1407.2(3) 8944.2(10) 2763.5(4) 3830.9(5) 

Z 1 8 4 4 

D(calcd) (g/cm3) 2.132 1.883 1.672 1.754 

T (K) 100(2) 100(2) 120(2) 120(2) 

abs coeff(mm-1) 9.026 3.581 2.905 4.085 

R(F)b [I > 2σ(I)] 0.0404 0.0287 0.0377 0.0325 

Rw(F2)c [I > 2σ(I)] 0.0892 0.0567 0.0820 0.0765 
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As reliable elemental analysis results are often difficult to obtain due to the loss of 

lattice solvent and the possibility of decomposition during the process, bulk phase 

purity for all compounds were determined by PXRD, as shown in Figure 3.8-3.11. 

 

Figure 3.8. PXRD and calculated pattern from single crystal (in red) for 13 

 

Figure 3.9. PXRD and calculated pattern from single crystal (in red) for 14. 
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Figure 3.10. PXRD of crystalline products of the reaction (attempt to make 15) and 

calculated patterns from single crystal for 15 (in blue) and 16 (in red). 

 

Figure 3.11. PXRD and calculated pattern from single crystal (in red) for 16. 
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The PXRD of the product from the intended synthesis of compound 15 indicates 

that a mixture of 15 and 16 are present. For other three compounds, the comparison of 

the experimentally determined PXRD profiles with the calculated patterns from the 

single crystal data indicates high purity of the bulk material. 

Selected significant bond lengths and angles given in Table 3.4. 

Table 3.4. Selected bond distances (Å) and angles (°) for 13−16 a 

Compound 13 14 15 16 

Th-N(n) 2.607(4), 

2.614(4) 

2.607-

2.677(2) 

2.554(3), 

2.588(3) 

2.572(3) 

Th-N(a) 2.393(4), 

2.420(4)  

2.428(2), 

2.439(2) 

2.365(3), 

2.379(3) 

2.399(3), 

2.409(3) 

Th-E 2.982 (1) 2.919-

2.943(1) 

2.849(1), 

2.863(1) 

2.859(1) 

Th-μE 3.097-

3.127(1) 

- 3.002(1), 

3.005(1) 

- 

N(a)-Th-N(a) 33.15(<1) 32.80(7) 34.03(9) 33.53(12) 

Th-E-Th 83.70-

84.19(<1) 

- 122.61(2) - 

N(a)-Th-N(n) 

(acute) 

71.26-

82.43(13) 

70.29-

86.74(7) 

75.66(9) 78.98(9) 

N(a)-Th-N(n) 

(obtuse) 

- 103.41-

142.96(7) 

109.65(9) 112.50(9) 

Th-E-C 100.52(15) 112.81-

114.48(10) 

107.82-

107.91(11) 

103.77(11) 

Th-μE-C 110.86-

125.04(15) 

- 115.47-

115.76(11) 

- 

a   ESD enclosed in parentheses. N(a) refers to N atom in pz or dmpz, N(n) refers to N atom 

in Hpz or Hdmpz. 
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The two thorium dimers, although both crystallize in space group Pī, have different 

numbers of bridging chalcogenolate ligands (four for 13 versus two for 15) and terminal 

chalcogenolates (two for 13 versus four for 15). Although it is not known whether this 

difference may be due to the presence of F atoms or methyl groups in 15, the presence 

of both of these features certainly changes the intramolecular interaction motif from 

that of 13.  

The similar dimeric actinide compounds which are bridged by chalcogenolate are 

limited, and there are no examples containing thorium. Compound 13 has four bridging 

–SePh ligand, and this feature only has two previous examples in the Cambridge 

Crystallographic Data Center (CCDC), even if we broaden the scope to include all 

metal. One is [U(SePh)2(μ2-SePh)2(CH3CN)2]2,12 which contains eight –SePh ligands 

(four bridging and four terminal) in total. Each U atom is eight-coordinated, exhibits a 

square antiprism geometry around the metal; while in 13, each Th atom is nine-

coordinated, and the molecule is centrosymmetric. The bond angles and close contact 

distances, which indicates intramolecular interactions, are comparable between the two 

compounds. The distance between the H from μ-SePh and Se from η-SePh is 3.08 Å in 

13 while it is 3.05 Å in uranium compound, but 13 also has two short contact between 

H from Hpz and Se from μ-SePh, namely, 3.04 and 3.06 Å. The Th…Th distance is 

4.15 Å while the U…U distance is 3.95 Å, which correspond to the larger M-Se-M 

angle in 13 compared to the uranium complex (84° versus 82°). The distance between 

the two Se atoms from η-SePh and μ-SePh are 4.16 and 3.94 Å in 13, and 4.21 and 4.22 
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Å in the uranium compound, respectively. The latter distance in 13 is significantly 

shorter because of the short contact between the H from the nearby Hpz and Se from 

the η-SePh. The other example is W2(CO)4(μ2-SePh)4(SePh)2.
13

 In this molecule, the 

distance between the H from μ-SePh and Se from η-SePh is 3.21Å, indicating no 

intramolecular interaction between these two groups.  

Compound 15 is a Th dimer with two bridging SC6F5 ligands. Each Th atom also 

connects to two terminal -SC6F5, one dmpz and two Hdmpz ligands, resulting in an 

eight-coordinated structure. There are some examples of actinide compounds with 

terminal SC6F5 ligands, but this is the first example of actinide compound containing 

bridging fluorinated chalcogenolates. Compound 15 can be viewed as having an 

equatorial plane having the Th atoms, the centroids of dmpz ligands, the all the S atoms 

from both μ- and η-SC6F5. Two Hdmpz ligands extend out of the plane, and the Th-

Hdmpz plane is nearly perpendicular to the equatorial plane. This motif leads to a 

variety of close contacts that are indicative of intramolecular interactions between 

hydrogen and nitrogen or sulfur acceptor atoms. The comparison between the two 

dimers, 13 and 15, is informative. For example, the fluorinated ligand -SC6F5 in 15 

eliminates the interactions between H atoms to the chalcogenolate, as appears in 13, but 

it provides F acceptors for the H donors from the Hdmpz ligands, such as 2.43 Å 

distance between F from η-SC6F5 and H from Hdmpz. The H atoms from Hdmpz also 

contributes to a short contact (2.97 Å) with S from the μ-SC6F5, which also helps to 

stabilize the bridging ligand in the structure. In addition, the methyl groups in Hdmpz 
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and dmpz occupy more spaces. As a result, it requires more efficient molecular 

conformation, and tend to form more intramolecular stacking. 

There are also some differences in the two monomers with different pyrazole-

derived ligands. Compound 16 is centrosymmetric, with the Th atom bound to two η-

SC6F5, two Hdmpz and two dmpz ligands, resulting in an eight-coordinated sphere. It 

can be viewed as a half of the 15, with the (μ2-(SC6F5))2 in 15 replaced by a bidentate 

dmpz ligand. While compound 14 is not centrosymmetric, the Th atom is bound to three 

η-SC6F5, three Hpz and one pz ligands. It is also eight-coordinate, as it has an additional 

η-SC6F5 instead of a bidentate pz. 

Diamagnetic Th (IV) provides an opportunity to probe the solution structures of 

the compounds, and 1H NMR spectroscopy is particularly useful in these molecules 

which have both bidentate anionic pz or dmpz and monodentate Hpz or Hdmpz ligands. 

The integrated intensity of a signal in a 1H NMR spectrum indicates a ratio for the 

number of hydrogens that are in different chemical environment. The1H NMR spectra 

are shown in Figure 3.12 and Figure 3.13. Compared to pz and dmpz, Hpz or Hdmpz 

has one hydrogen atom connected to nitrogen atom, resulting in a higher chemical shift, 

namely 14.35 ppm in 14, and 14.98 ppm in 16. In the 1H NMR spectrum of compound 

14, the ratio between the peaks is approximately 4:10:5, which corresponds to that of 

the solid state structure where four Hpz and one pz bound to the Th atom. Similarly, in 

the 1H NMR spectrum of compound 16, the ratio between the peaks is approximately 

1:1:1:12, which also corresponds to the solved structure of the single crystal, where two 
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Hdmpz and two dmpz connected to the Th atom. These results indicate that the solid-

state structures are maintained in solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. 1H NMR spectrum of (Hpz)4(pz)Th(SC6F5)3 (14) in pyridine-d5. 

 

 

 

 

Figure 3.13. 1H NMR spectrum of (Hdmpz)2(dmpz)2Th(SC6F5)2 (16) in pyridine-d5. 
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Reaction of thorium metal, (SeC6F5)2 ligands and pyrazole in toluene also results 

in a novel cluster (Hpz)8Th4Se4(SeC6F5)8 (17). The ORTEP diagram is shown in Figure 

3.14. Selected crystallographic details are given in Table 3.5. 

 

Figure 3.14. ORTEP diagram of (Hpz)8Th4Se4(SeC6F5)8 (17), with orange Se, green 

F, light blue Th, dark blue N, grey C, the H atoms removed for clarity and ellipsoids 

at the 50% probability level. 

Table 3.5. Crystallographic data for compound 17 

empirical formula C72H32F40N16Se12Th4 V (Å3) 11959.4(19) 

fw 3756.74 Z 8 

crystal system monoclinic D(calcd) (g/cm3) 1.963 

space group C2/c T (K) 150(2) 

a (Å) 44.381(4) abs coeff(mm-1) 5.038 

b (Å) 11.895(1) R(F)b [I > 2σ(I)] 0.0649 

c (Å) 31.698(3) Rw(F2)c [I > 2σ(I)] 0.1569 

α (deg) 90   

β (deg) 134.3804(15)   

γ (deg) 90   
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Compound 17 was first synthesized by a “recrystallization” method, namely, 

repeating the process of concentrating the reaction solution to get powdery product, and 

heating the solution to redissolve and cooling down. However, attempts to reproduce 

this compound have not been successful, usually resulting in red powdery product, 

rather than good crystalline material. 

Molecule 17 is a distorted cubane-typed cluster, which is comparable to the 

previously reported thorium cluster (py)8Th4E4(EPh)4(E’C6F5)4 (E, E’ =S, Se).2b Four 

Th atoms and four Se2- anions occupy the alternate vertices of the cube, and the Th4Se4 

core region is heavily distorted, with the 12 internal angles at the vertices ranging from 

72.87° to 105.75°. In this molecule, each Th atom is bound to three μ3-Se2- anions, two 

Se atoms of μ3-(SeC6F5)- anions, one Se atom of terminal (SeC6F5)- anion and two 

neutral Hpz ligands, resulting in an eight-coordinate geometry. 

The average Th-N bond distance is 2.588 Å, which is consistent with the previously 

reported values in the literature. The Th-Se bond lengths between Th and various Se-

containing ligands are different, namely, average 3.127 Å for Th-(μ2-SePh) and 3.005 

Å for Th-(η-SePh), These distances are slightly longer than previously reported value 

for Th-(SePh), such as 2.938 Å in [η5-1,2,4-(Me3C)3C5H2]Th(SePh)3(bipy),14 and 2.918 

Å bond in {[η 5 -1,2,4- (Me3C)3C5H2]Th(SePh)}2[μ-N(p-tolyl)]2.15 The average Th-Se2- 

distance in compound 17 is 2.930 Å, ranging from 2.906 Å to 2.950 Å, which is 

comparable to the values in the cluster (py)8Th4Se4(SePh)4(SC6F5)4 and 

(py)8Th4Se4(SePh)4(SeC6F5)4, 2b
 with ranges of 2.950 – 2.971 Å. 
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3.5 Conclusions 

 A series of thorium chalcogenolates with different neutral donor ligands were 

synthesized and characterized, including six molecular complexes (bipy)2Th(SC6F5)4 

(11), (pzn)4Th2(SC6F5)8 (12), (Hpz)4(pz)2Th2(SePh)6 (13), (Hpz)4(pz)Th(SC6F5)3 (14), 

(Hpz)4(pz)Th(SC6F5)3 (15), (Hdmpz)2(dmpz)2Th(SC6F5)2 (16) and one cluster 

compound (Hpz)8Th4Se4(SeC6F5)8 (17). All of these were synthesized from direct 

reaction with metal thorium, chalcogenolate ligands, neutral donor ligands in the 

nonaquous solution (THF or toluene).  

 With the same -SC6F5 ligand, different neutral donor ligands can result in 

compounds with different coordinating geometries, such as three monomers 11, 14, 16 

and two dimers 12 and 15. While with the same pyrazole ligand, different 

chalcogenolate also lead to compounds with significant coordinating differences, when 

comparsion is made between 13, 14 and 17.  
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Chapter 4. Actinide Oxychalcogenides and Halides  

 

4.1 Introduction 

Understanding the reactivity and behavior of actinide (An) elements including 

thorium and uranium is significant for fundamental research and various applications, 

such as radioactive waste treatment and environmental remediation.  

 The research of actinide oxo compounds have received increasing attention in 

recent years. Many studies have focused on uranium oxo clusters and the most explored 

system is that of actinyl peroxides, which have yielded various unique topologies, 

including fullerene-type U60,1 and the largest cluster U120Ox90, where U and Ox 

represent uranyl and oxalate, respectively.2 There also exists some examples of actinide 

clusters with oxide or hydroxide bridges.3 While in molecular uranium complexes, the 

linear uranyl cation [UO2]2+ is the most common form of uranium and it contains 

strongly covalently bound, rigorously axial oxo groups that exhibit almost no 

chemistry.4 All these actinide oxo compounds are commonly prepared in aqueous 

solution. 

 It is important to design and synthesize actinide oxychalcogenolate compounds in 

nonaqueous solution as it can help us probe the nature of An-E (E = S, Se, Te) bonds, 

and have a better understanding of how the chalcogenolate ligands can influence the 

molecular geometry of the complex and coordination behavior of the central metal. 

There are examples of lanthanide oxychalcogenido clusters prepared by reacting 
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“Ln(SePh)3” with SeO2 in THF (Ln= Ce, Pr, Nd, Sm),5 NaN3 and Na2O in pyridine 

(Ln= Er, Ho, Sm)6 or “Ln(TePh)3” (Ln= Ce, Nd) with Te and TeO2 in pyridine,7 but no 

previous examples of actinide counterparts. 

Metal halides are commonly used as starting materials in inorganic and 

organometallic synthesis. In thorium and uranium chemistry, chlorides and iodides 

have been widely studied8 while the fluorides are limited by the difficulty of working 

with F- and potential ligand redistribution reactions that lead to the precipitation of 

insoluble AnF4.9  

This chapter will first describe the synthesis and characterizations of two molecular 

thorium and uranium oxychalcogenides, (py)6Th2O(Se2)I4 (18), (py)6U2O(Se2)I4 (19) 

and one thorium oxychalcogenido cluster (py)10Th6O3(Se2)8(SC6F5)2 (20). Then the 

synthesis and characterizations of two actinide halides will also be discussed. Coming 

from the reactions of metal Th or U, (SC6F5)2 and I2 in py, (py)4ThI3F contains fluoride 

from the original (SC6F5)2; while the uranium derivative, (py)3UI3(SC6F5) follows 

stoichiometry of the starting materials. 

4.2 Actinide Oxychalcogenides 

 Molecular thorium and uranium oxychalcogenides (py)6An2O(Se2)I4 (An = Th (18), 

U (19)) can be prepared by adding 0.75 equivalent of elemental Se and 0.25 equivalent 

of SeO2 into a pyridine solution of “AnIn(SePh)4-n” (n = 1 to 4). (Scheme 4.1) Catalytic 

amount of mercury is added in Th reaction to reduce the reaction completion time. 
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Scheme 4.1. Synthesis of dimeric thorium and uranium complexes with diselenido 

and oxo bridges. 

 Compounds 18 and 19 were characterized by conventional methods and low-

temperature single-crystal X-ray diffraction. Figures 4.1 and 4.2 show ORTEP 

diagrams of the molecular structures of 18 and 19, respectively.  

 

Figure 4.1. ORTEP diagram of (py)6Th2O(Se2)I4 (18), with orange Se, purple I, light 

blue Th, dark blue N, red O, grey C, the H atoms removed for clarity and ellipsoids at 

the 50% probability level. 
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Figure 4.2. ORTEP diagram of (py)6U2O(Se2)I4 (19), with orange Se, purple I, light 

blue U, dark blue N, red O, grey C, the H atoms removed for clarity and ellipsoids at 

the 50% probability level. 

Selected crystallographic details are given in Table 4.1, with significant bond 

lengths and angles given in Table 4.2. The two compounds 18 and 19 are isostructural, 

both containing a central An2(μ2-Se2)(μ2-O) core region, with the primary coordination 

sphere of each metal atom saturated by two additional iodides and three neutral pyridine 

ligands, resulting in eight-coordinate geometry. 18 crystallizes in space group P21/n 

while 19 crystallizes in space group P21/c, and this difference can be attributed to the 

different amounts of solvate pyridine molecules (3 in 18 versus 4 in 19) co-crystallizes 

in the lattices. These are the first examples of dimeric actinide complexes with both 

dichalcogenido and oxo bridges.  
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Table 4.1. Summary of crystallographic details for (py)6Th2O(Se2)I4 (18), and 

(py)6U2O(Se2)I4 (19) 

 18 19 

empirical formula C45H45I4N9OSe2Th2 C50H50I4N10OSe2U2 

fw 1857.50 1948.58 

crystal system monoclinic monoclinic 

space group P21/n P21/c 

a (Å) 11.3794(11) 17.721(4) 

b (Å) 34.203(3) 18.788(5) 

c (Å) 14.1888(13) 19.000(5) 

α (deg) 90 90 

β (deg) 92.2119(14) 104.69(2) 

γ (deg) 90 90 

V (Å3) 5518.3(9) 6119(3) 

Z 4 4 

D(calcd) (g/cm3) 2.236 2.115    

T (K) 120(2) 120(2) 

abs coeff(mm-1) 8.981 8.535 

R(F)b [I > 2σ(I)] 0.0547 0.0828 

Rw(F2)c [I > 2σ(I)] 0.0950 0.1936 
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Table 4.2. Select bond distances (Å) and bond angles (°) for (py)6Th2O(Se2)I4 (18), 

and (py)6U2O(Se2)I4 (19) a 

 

18 19 

Th(1)-N(1) 2.648(7) U(1)-N(1) 2.610(20) 

Th(1)-N(3) 2.709(7) U(1)-N(3) 2.615(17) 

Th(1)-N(2) 2.793(7) U(1)-N(2) 2.744(17) 

Th(1)-O 2.140(6) U(1)-O 2.079(12) 

Th(1)-I 3.168-3.195(1) U(1)-I 3.083-3.100(1) 

Th(1)-μ2Se 2.979-2.988(1) U(1)-μ2Se 2.971-2.928(2) 

Th(2)-N(6) 2.706(7) U(2)-N(6) 2.630(18) 

Th(2)-N(4) 2.715(7) U(2)-N(4) 2.636(17) 

Th(2)-N(5) 2.764(8)  U(2)-N(5) 2.719(16) 

Th(2)-O 2.135(5) U(2)-O 2.073(12) 

Th(2)-I 3.132-3.164(1) U(2)-I 3.095-3.096(1) 

Th(2)-μ2Se 2.999-3.014(1) U(2)-μ2Se 2.927-2.929(2) 

Se-Se 2.348(1) Se-Se 2.337(3) 

Th-μ2Se-Th 77.90-77.99(2) U-μ2Se-U 77.46-77.59(6) 

Th-O-Th 123.6(3) U-O-U 123.8(7) 

 

a   The ESD values are enclosed in parentheses. Refer to figures for Th and N atom labels. 
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Bond geometries for 18 and 19 follow the similar tendency and are consistent with 

prior literature. The slight longer bond distances in 18 are due to the larger size of Th 

atom compared to U atom. The An-μ2Se-An and An-μ2O-An angles are almost the same 

in the two structures, indicating a most chemically stable geometry of the An2(μ2-

Se2)(μ2-O) core region. 

 Compound 18 is comparable with the dimeric thorium compounds (py)6Th2I4(Se2)2 

(7) with bridging diselenides, as described in Chapter 2. It can be viewed as a μ2-oxo 

bridge replacing one μ2-diselenido bridge in the molecule of 7. There are a lot of 

similarities between the two compounds, including the same space group P21/n of the 

single crystals and the consistency of bond distance ranges. 

There are also some differences between the two molecules. Firstly, unlike the 

centrosymmetric molecule 7, the molecule 18 has a lower symmetry. The metal-ligand 

bond distances are slightly different between the two Th atoms in 18. Secondly, the py 

ligands in 18 have approximately two locations for each Th with respect to the Th…Th 

vector, namely, the axial ligand N ((N(1) and N(3) for Th(1), N(6) and N(4) for Th(2)) 

and the nearly equatorial ligand N’ (N(2)for Th(1), N(4) for Th(2)). Although it has the 

same trend as 7 that the Th-N’ bond distance is generally longer than Th-N, the 

difference is more significant in 18, namely average 0.084 Å, compared to average 

0.018 Å in 7, indicating a much weaker interactions between Th and equatorial py 

ligand. 

 This significant difference also appears in molecule 19, as the difference between 
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U-N’ and U-N is average 0.109 Å. It suggests that the replacement of oxo bridge for 

diselenido bridge has some influence on the Th-N’ orbital attractive interactions. 

 Similar synthetic attempt by adding Se and SeO2 into a solution of 

“ThBrn(SC6F5)m(SePh)4-(n+m)” (n = 1 to 4) results in a novel thorium cluster 

(py)10Th6O3(Se2)8(SC6F5)2 (20) with a Th6(μ3-O)2(μ4-O)(μ2-Se2)8 core. It was 

characterized by conventional methods and low-temperature single-crystal X-ray 

diffraction. Figures 4.3 shows ORTEP diagrams of 20 and its core region. 

 

 

 

 

 

 

Figure 4.3. (a) ORTEP diagram of (py)10Th6O3(Se2)8(SC6F5)2 (20) and (b) its core 

region, with orange Se, yellow S, green F, light blue Th, dark blue N, red O, grey C, 

the H atoms removed for clarity and ellipsoids at the 50% probability level. 

(a) 

(b) 
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Selected crystallographic details are given in Table 4.3.  

Table 4.3. Crystallographic data for (py)10Th6O3(Se2)8(SC6F5)2 (20) 

empirical formula C89.5H84.5F10N15.5O6.5S2Se16Th6 

fw 4390.94 

crystal system monoclinic 

space group C2/c 

a (Å) 26.031(3) 

b (Å) 17.232(2) 

c (Å) 26.604(3)  

α (deg) 90 

β (deg) 100.5099(17) 

γ (deg) 90 

V (Å3) 11773(2) 

Z 4 

D(calcd) (g/cm3) 2.486 

T (K) 120(2) 

abs coeff(mm-1) 12.646 

R(F)b [I > 2σ(I)] 0.0404 

Rw(F2)c [I > 2σ(I)] 0.0959 

 Compound 20 was first synthesized by addition of elemental Se and hydrolysis of 

adventitious trace of water from a “ThBrn(SC6F5)m(SePh)4-(n+m)” solution. Several 

attempts have been made to prepare this complex in a controlled way, including adding 

measured quantities of water or oxygen gas. It was eventually reproduced by adding Se 

and SeO2 with a 3:1 ratio. In order to test the purity of the product, PXRD was used for 

characterization and the result is shown in Figure 4.4. Comparison of the 

experimentally determined PXRD profile with the calculated pattern from the single 

crystal data indicates high purity of the bulk material. 
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Figure 4.4. PXRD and calculated pattern from single crystal (in red) for 

(py)10Th6O3(Se2)8(SC6F5)2 (20) 

In the molecule of 20, six Th atoms are connected by diselenido and oxo bridges. 

Four of them are in the central region, each Th atom is bound to three (μ2-Se2), one (μ3-

O), one (μ4-O) and one py ligands. The remaining two Th atoms are located at the left 

and right sides, respectively, and each Th atom is connected to two (μ2-Se2), one (μ3-

O), one -SC6F5 and three py ligands. This results in a nine-coordinated sphere around 

every Th atoms in the structure. 

Compound 20 can be roughly viewed as combination of eight dimeric core of 

(py)6Th2O(Se2)I4 (18), with every two “dimers” sharing a oxo bridge with each other. 

One terminal -SC6F5 ligand is bond to Th atom on each side, and it helps to stabilize 

the structures and increase the solubility of the compound in organic solvent. Unlike 
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18, molecule 20 is centrosymmetric, and the asymmetric structural unit of compound 

20 is shown in Figure 4.5. 

 

Figure 4.5. Asymmetric structural unit of compound 20. 

Bond geometries for 20 are summarized in Table 4.4. 

Table 4.4. Selected bond distances (Å) and bond angles (°) for 20 a 

Th-N(1),N(2) 2.712(5), 2.728(7) Th-(μ2-Se) 2.988-3.127(1) 

Th-N(3),N(5) 2.664(5), 2.659(5) Th(3)-(μ3-O(1)) 2.233(4) 

Th-N(4) 2.757(6) Th(1),Th(2)-(μ3-O(1)) 2.313, 2.317(4) 

Th-S 2.939(1) Th-(μ4-O(2)) 2.430-2.437(3) 

S-C 1.751(7) Se-Se 2.337-2.370(1) 

Th-O1-Th 115.8-122.4(1) Th-O2-Th 107.4-110.3(1) 

Th-Se-Th 81.2-83.2(1) Th-S-C 113.0(2) 

a   The ESD values are enclosed in parentheses. Refer to figures for Th, N, and O atom labels. 
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In compound 20, there are three py ligands bound to Th(3). Similar to compound 

7 and 18, the distance between Th atom and N(4) from equatorial py ligand is much 

longer (average 0.095 Å) than the distance between Th atom and N(1) or N(3) from 

axial py ligand. Two other py ligands bound to central Th(1) and Th(2) atoms, 

respectively, and their Th-N bond lengths (2.71-2.72 Å) are in the middle of these two 

distances, and are more consistent with the values in compound 7 and 18. 

 The average Th-(μ4-O) bond lengths are 0.12 Å longer than Th-(μ3-O) distances, 

and all Th-O distances are consistent within ranges previous literature values, 

comparing Th-(μ4-O) (2.43 Å) in 20 with the Th-(μ4-O) bonds in Th4(μ4‐O)(μ‐

Cl)2I6[κ2(O,O′)-μ-O(CH2)2OCH3]6 (2.39-2.41 Å)10 and in [Th4Cl8(O)(tetraethylene 

glycolate)3] (2.34-2.49 Å)11 . The Th-(μ3-O) distance in 20 (2.31 Å) is also comparable 

with the Th-(μ3-O) bonds in [Th6(μ3-O)4(μ3-OH)4(H2O)6(Gly)6(HGly)6] 
6+ (2.26-2.33 Å) 

Å12 and in Th6O4(OH)4(4-hydroxybenzoate)12(H2O)6 (2.28-2.37 Å)13.  

 The Se-Se bond lengths in diselenido bridges are in the narrow range 2.34-2.37 Å , 

which are comparable to the 2.397(1) Å terminally bound diselenido ligand in [K(18-

crown-6)][Th(η2-E2)(NR2)3],14 and fall within the range of expected values for 

diselenide moieties bound to lanthanides15 and transition metals16. 

 Compound 20 is the first actinide cluster containing both diselenido and oxo 

bridges. Even if we broad the searching range to the compounds containing only 

An6(μ3-O)2(μ4-O) motif, there are only few examples, and all of them are based on 

uranium17.  
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4.3 Actinide Halides 

Two thorium and uranium halides (py)4ThI3F (21) and (py)3UI3(SC6F5) (22) can 

be synthesized from the reaction of actinide metal (Th or U), I2 and (SC6F5)2 in pyridine 

solution. Trace amount of mercury needs to be added into thorium reaction as a catalyst 

to reduce the reaction completion time.  

Compounds 21 and 22 were characterized by low-temperature single-crystal X-ray 

diffraction. Figures 4.6 and 4.7 show ORTEP diagrams of the molecular structures of 

21 and 22, respectively.  

 

 

 Figure 4.6. ORTEP diagram of (py)4ThI3F (21), with green F, purple I, light blue 

Th, dark blue N, grey C, the H atoms removed for clarity and ellipsoids at the 50% 

probability level. 
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Figure 4.7. ORTEP diagram of (py)3UI3(SC6F5) (22), with green F, purple I, yellow S, 

light blue U, dark blue N, grey C, the H atoms removed for clarity and ellipsoids at 

the 50% probability level. 

Selected crystallographic details are given in Table 4.5, with significant bond 

lengths and angles given in Table 4.6. 

Table 4.5. Summary of Crystallographic Details for 21 and 22 

 21 22 

empirical formula C25H25FI3N5Th C31H25F5I3N5SU 

fw 1027.24 1213.35 

crystal system triclinic monoclinic 

space group P-1 P21/c 

a (Å) 9.7514(7) 17.470(6) 

b (Å) 14.1544(10) 9.043(3) 

c (Å) 22.5897(16) 21.207(7) 

α (deg) 97.1234(14) 90 

β (deg) 101.4896(14) 113.395(12) 

γ (deg) 91.0940(14) 90 

V (Å3) 3028.8(4) 3074.1(17) 

Z 2 4 

D(calcd) (g/cm3) 2.253 2.622    

T (K) 120(2) 120(2) 

abs coeff(mm-1) 8.009 8.425 

R(F)b [I > 2σ(I)] 0.0435 0.1016 

Rw(F2)c [I > 2σ(I)] 0.1020 0.2207 
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Table 4.6. Selected bond distances (Å) and bond angles (°) for 21 and 22 a 

21 22 

Th-N 2.697-2.745(6) U-N 2.541-2.592(17) 

Th-I 3.150-3.162(1) U-I 2.972-3.028(4) 

Th-F 2.118(3) U-S 2.778(12) 

N(1)-Th-N(2) 70.77(15) N(2)-U-N(3) 65.86(8) 

N(3)-Th-N(4) 67.25(17) I(1)-U-I(2) 87.66(9) 

I(1)-Th-I(2) 148.97(13) I(1)-U-I(3) 175.18(11) 

N(3)-Th-F 71.23(15) N(3)-U-S 74.52(7) 

a   The ESD values are enclosed in parentheses. Refer to figures for Th or U, N, and I atom labels. 

 Reacting with (SC6F5)2 and I2 in pyridine solution, different actinide metal (Th or 

U) can form different compounds with different coordination geometries. In thorium 

compound 21, the Th atom is bound to four py, three I- and one F- abstracted from the 

original (SC6F5)2, resulting in an eight-coordinate structure. While in uranium 

derivative 22, the U atom is bound to three py, three I- and one (SC6F5), forming a 

seven-coordinate structure. The smaller coordination number can be attributed to 

smaller ionic radius of U. These two compounds also crystallize in different space 

groups, namely, P-1 for 21 and P21/c for 22. 

 The structural difference can also be probed by 19F NMR in solution. Compound 

21 shows a single peak at -129 ppm, while 22 shows three peaks with 2:1:2 integration 

ratio, which are attributed to its SC6F5 ligand. 
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4.4 Conclusions 

Two actinide molecular oxychalcogenides (py)6Th2O(Se2)I4 (18), (py)6U2O(Se2)I4 

(19) and one thorium oxychalcogenido cluster (py)10Th6O3(Se2)8(SC6F5)2 (20) have 

been synthesized and characterized. These are the first examples of actinide compounds 

containing both oxo and dichalcogenido bridges. Elemental Se and SeO2 are the sources 

for the μ-oxo and μ-Se2 bridges.  

Two actinide halides (py)4ThI3F (21) and (py)3UI3(SC6F5) (22) have been 

synthesized from similar reactions of actinide metal, iodine and (SC6F5)2 ligands. The 

identity of metal has influenced the final structure, as 21 only contains fluoride 

abstracted from the original (SC6F5)2 component, whereas the uranium derivative 22, 

follows the stoichiometry of the starting materials.    
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Experimental Section 

Caution: Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 MeV) 

with a half-life of 4.47 × 109 years and thorium (primary isotope 232Th) is a weak α-emitter 

(4.012 MeV) with a half-life of 1.41 × 1010 years; manipulations should be carried out in 

monitored fume hoods or in inert atmosphere gloveboxes in a radiation laboratory equipped 

with α- and β-counting equipment. 

General Methods 

All syntheses were carried out under ultrapure nitrogen (Welco Praxair) using 

conventional glovebox or standard Schlenk techniques. Pyridine, DME, THF and 

hexane (Aldrich) was purified with a dual-column Solv-Tek solvent purification system 

and collected immediately prior to use. Toluene (Aldrich) was dried over molecular 

sieves and stored in glovebox. (SC6F5)2 
1 and (SeC6F5)2 

2 were synthesized according to 

the literature procedures, respectively. PhSeSePh (Aldrich) was purchased and 

recrystallized from hexanes. PhSSPh (Acros), 2,2’-bipyridine, pyrazole, 3,5-

dimethylpyrazole, pyrazine, sulfur, selenium, iodine, selenium dioxide, PhSeBr, 

PhSeCl (Aldrich), thorium chips, uranium turnings (International Bioanalytical 

Industries Inc.), lanthanides and mercury (Strem Chemicals) were purchased and used 

as received. Melting points were recorded in sealed glass capillaries and are uncorrected. 

IR spectra were recorded on a Thermo Nicolet Avatar 360 FTIR spectrometer from 

4000 to 400 cm-1 as Nujol mulls using CsI plates. Gas chromatography-mass 
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spectrometry (GC-MS) data were collected on a Varian Saturn 2100T instrument fitted 

with a capillary column (30mm length, 0.25 mm ID, 0.25 mm film thickness). All NMR 

data were collected on a Varian VNMRS 500 spectrometer at 25 °C with the 

compounds dissolved in deuterated solvents. 1H and 19F NMR spectra were obtained at 

499 and 476 MHz, respectively; 77Se NMR spectra were acquired with a longer 

relaxation delay (7.0 s) in hydrogen or fluorine decoupled mode at 95 MHz using 

(SePh)2 as an external standard. Elemental analyses were performed by Quantitative 

Technologies, Inc. (Whitehouse, NJ). 

Single Crystal X-ray Structure Determination.  

All the data were collected on a Bruker Smart APEX CCD diffractometer with 

graphite monochromatized Mo K radiation ( = 0.71073 Å) at 100 or 120 K.3  

Crystals were immersed in Paratone oil and examined at low temperatures. The data 

were corrected for Lorenz effects and polarization, and absorption, the latter by a face-

based numerical method.3 The structures were solved by direct methods.4 All non-

hydrogen atoms were refined4 based upon Fobs
2. All hydrogen atom coordinates were 

calculated with idealized geometries. All structures were drawn using the Mercury 3.10 

program.5 

 

Synthesis of (DME)2Nd(SeC6F5)3 (1)  

Nd (0.072 g, 0.50 mmol), (SeC6F5)2 (0.344 g, 0.70 mmol) and catalytic Hg (0.010 
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g, 0.05 mmol) were combined in DME (15 mL) and stirred for 6 h, to give a light blue 

solution with a trace amount of mercury at the bottom of the flask. The solution was 

filtered, concentrated and layered with hexanes to give light blue needles (241 mg, 49%) 

that melt at 228 oC and turn black at 308 oC. Anal. Calcd for C26H20F15O4Se3Nd: C 29.4; 

H 1.90. Found: C 28.9; H 1.91. IR: 2959(s), 2924(m), 2849(s), 2141(w), 1676(w), 

1603(m), 1459(s), 1359 (s), 1228(m), 965(w), 833(w), 815(w), 723(w), 554(w) cm-1. 

UV-vis: 432, 463, 473, 518, 531, 587, 686, 751, 807, 884, 1179, 1374, 1396 nm. 

Synthesis of (DME)2Er(SeC6F5)3 (2)  

Er (0.084 g, 0.50 mmol), (SeC6F5)2 (0.344 g, 0.70 mmol) and catalytic Hg (0.010 

g, 0.05 mmol) were combined in DME (15 mL) and stirred for 8 h, to give a pale pink 

solution with a trace amount of mercury at the bottom of the flask. The solution was 

filtered, concentrated and layered with hexanes to give light pink needles (293 mg, 58%) 

that melt at 265 oC and turn black at 288 oC.  Anal. Calcd for C26H20F15O4Se3Er: C 

28.8; H 1.86. Found: C 29.3; H 2.30.  IR: 2957(s), 2923(w), 2849(s), 1609(w), 1507(s), 

1458(s), 1376(s), 1260(w), 1190(w),1078(w), 1027(w), 964(s), 864(m), 815(m), 722(s), 

576(w) cm-1. UV-vis: 488, 522, 545, 654, 796, 898, 982, 1178, 1373, 1397, 1428, 1496, 

1536 nm. 

Synthesis of (DME)2Tm(SeC6F5)3 (3)  

Tm (0.085 g, 0.50 mmol), (SeC6F5)2 (0.344g, 0.70 mmol) and catalytic Hg (0.010g, 

0.05mmol) were combined in DME (15 mL) and stirred for 8h, to give a straw yellow 

solution with a trace amount of mercury at the bottom of the flask. The solution was 
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filtered, concentrated and layered with hexanes to give light yellow needle crystals (279 

mg, 55%) that melt at 315 oC and turn black at 330 oC. Anal. Calcd for 

C26H20F15O4Se3Tm: C 28.7; H 1.85. Found: C 28.2; H 1.82. IR: 2961(s), 2924(w), 

2849(s), 2724(w), 1611(m), 1504(s), 1462(s), 1377(s), 1269(w), 1245(m), 1192(m), 

1123(m), 1079(s), 1030(w), 966(s), 867(s), 813(s), 722(m), 575(w) cm-1. UV-vis: 493, 

693, 797, 1138, 1153, 1187, 1215, 1392 nm. Unit cell at 100K from single crystal X-

ray diffraction data: P21/n, a = 7.826(3) Å, b = 17.060(5) Å, c = 23.12(1) Å, β = 95.00(2) 

o, V = 3075.0(2) Å3.  

Synthesis of (py)6Th2I4(S2)2 ·2py (4).   

Th (0.232 g, 1.00 mmol), PhSSPh (0.218 g, 1.00 mmol), and I2 (0.254 g, 1.00 mmol) 

were combined in pyridine (20 mL) with a catalytic amount of Hg (0.010 g, 0.05 mmol).  

The mixture was stirred for 12 h until all Th metal was completely consumed to give a 

yellow solution with trace black powder. Sulfur (0.064 g, 2.00 mmol) and toluene (10 

mL) were added and the mixture was stirred for 1 h to give a yellow solution that was 

filtered to remove pale-yellow powder, concentrated to 20 mL and layered with hexanes 

(15 mL) to form colorless crystals (0.36 g, 46%) that melt at 181oC and decompose 

(turn black) at 291oC.  IR: 2924 (w), 2852(w), 1598 (m), 1463 (m), 1365 (m), 1219 

(m), 1151 (w), 1065 (m), 1037 (m), 1002 (m), 738 (s), 695 (s), 623 (s), 542 (m), 466 

(w), 417 (m) cm-1. Anal. Calcd for C40H40I4N8S4Th2: C, 27.7; H, 2.33; N, 6.47 (without 

lattice pyridine C30H30N6I4Th2S4: C, 22.9; H, 1.92; N, 5.34.) Found: C, 23.0; H, 2.06; 

N, 5.24.  1H NMR (toluene-d8): 8.48 (d, J = 4.8 Hz, 2H, py), 7.00 (m, 1H, py), 6.67 (t, 
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J = 6.0 Hz, 2H, py).  

Synthesis of (py)6Th2Br2(SC6F5)2(S2)2 (5) 

Th (0.232 g, 1.00 mmol), PhSSPh (0.109 g, 0.50 mmol), F5C6SSC6F5 (0.199 g, 0.50 

mmol) and PhSeBr (0.236 g, 1.00 mmol) were combined in pyridine (10 mL) with a 

catalytic amount of Hg (0.010 g, 0.05 mmol), and the mixture was stirred for 12 h until 

the thorium metal was completely consumed to give a yellow solution. Sulfur (0.064 g, 

2.00 mmol) and toluene (10 mL) were added and the mixture was stirred for an 

additional 30 min. The bright yellow solution was filtered to remove light grey powder, 

concentrated to 15 mL and layered with hexanes (15 mL) to give colorless crystals (0.29 

g, 36%) that melt at 213oC and decompose at 273oC. IR: 2924 (s), 2854 (s), 1630(w), 

1601 (m), 1462 (s), 1365 (s), 1261 (m), 1222 (m), 1153 (w), 1079 (w), 1037 (w), 967 

(s), 859 (s), 801(s), 741 (s), 694 (s), 624 (m), 578(w), 482(w), 419(w) cm-1. Anal. Calcd 

for C42H30N6Th2F10Br2S6: C, 31.0; H, 1.86; N, 5.17. Found: C, 31.0; H, 1.91; N, 5.17. 

1H NMR (toluene-d8): 8.54 (broad, 2H, py), 6.94 (m, 1H, py), 6.64 (m, 2H, py). 19F 

NMR (toluene-d8): -138 (m, 2F), -159(t, 1F), -162 (m, 2F).  

Synthesis of (py)6Th2Cl2(SC6F5)2(S2)2 (6).   

Th (0.232 g, 1.00 mmol), PhSSPh (0.109 g, 0.50 mmol), F5C6SSC6F5 (0.199 g, 0.50 

mmol) and PhSeCl (0.192 g, 1.00 mmol) were combined in pyridine (10 mL) with a 

catalytic amount of Hg (0.010 g, 0.05 mmol), and the mixture was stirred for 12 hrs 

until the thorium metal was completely consumed to give a pale yellow solution. Sulfur 

(0.064 g, 2.00 mmol) and toluene (10 mL) were added and the mixture was stirred for 
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an additional 45 min. The yellow solution was filtered to remove light grey powder, 

concentrated to 15 mL and layered with hexanes (15 mL) to give colorless crystals, one 

of which was identified by single crystal diffraction as (py)6Th2Cl2(SC6F5)2(S2)2 ·1.5 py 

(6). PXRD of the powdered product revealed that this reaction co-crystallizes as a 

number of products, including 6 and monomeric (py)4ThCl4 (10) 

Synthesis of (py)6Th2I4(Se2)2 · 2py (7).   

Th (0.232 g, 1.00 mmol), PhSeSePh (0.312 g, 1.00 mmol), and I2 (0.254 g, 1.00 

mmol) were combined in pyridine (20 mL) with a catalytic amount of Hg (0.010 g, 0.05 

mmol). The mixture was stirred for 12 h until the thorium metal was consumed to give 

a yellow solution and trace black powder. Elemental selenium (0.158 g, 2.00 mmol) 

was added and the mixture was stirred for an additional 30 min. The yellow solution 

was filtered, concentrated to 10 mL and layered with hexanes (15 mL) to form yellow 

crystals (0.53 g, 61%) that melt at 252oC and decompose (turn black) at 384oC.  IR: 

2924 (s), 2853(s), 1598 (w), 1463 (m), 1365 (s), 1261 (w), 1220 (w), 1067 (w), 1037 

(w), 801 (m), 722 (w), 700 (w), 489(w) cm-1. UV-vis: This compound shows an 

absorption plateau at ca. 400nm, but a well-defined maximum was not observed.  Anal. 

Calcd for C40H40N8Th2I4Se4: C, 25.0; H, 2.10; N, 5.84. (Lattice pyridine removed 

C30H30N6Th2I4Se4: C, 20.5; H, 1.72; N, 4.77) Found: C, 25.1; H, 2.29; N, 5.64. 1H NMR 

(benzene-d6): 8.98 (broad, 2H, py), 6.88 (m, 1H, py), 6.62 (m, 2H, py). 77Se NMR 

(pyridine-d5): 241 (s). 
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Synthesis of (py)6Th2I2(SC6F5)2(Se2)2 · py (8).  

Th (0.232 g, 1.00 mmol), PhSeSePh (0.312 g, 1.00 mmol), F5C6SSC6F5 (0.199 g, 

0.50 mmol) and I2 (0.127 g, 0.50 mmol) were combined in pyridine (20 mL) with a 

catalytic amount of Hg (0.010 g, 0.05 mmol), and the mixture was stirred for 12 h until 

the metal was completely consumed to give a yellow solution. Elemental selenium 

(0.158 g, 2.0 mmol) was added and the mixture was stirred for 1 h. The pale orange 

solution was filtered, concentrated to 15 mL and layered with hexanes (15 mL) to give 

orange crystals (0.30 g, 31%) that became deep orange and melt at 181oC and 

decompose at 290 oC. IR: 2924 (s), 2854(s), 1601 (w), 1460 (s), 1376 (s), 1261 (w), 

1221(w), 1152 (w), 1038 (w), 969 (m), 859(w), 833(w), 802(w), 722 (m), 698 (w), 

623(w) cm-1. UV-vis: This compound shows an absorption plateau at ca. 400 nm. Anal. 

Calcd for C47H35N7Th2F10I2S2Se4: C, 28.4; H, 1.78; N, 4.94. (Lattice pyridine removed 

C42H30N6Th2F10I2S2Se4: C, 26.5; H, 1.59; N, 4,41) Found: C, 28.2; H, 1.97; N, 4.47. 1H 

NMR (toluene-d8): 8.71(broad, 2H, py), 6.91 (m, 1H, py), 6.63 (m, 2H, py). 19F NMR 

(toluene-d8): -138 (d, 2F), -159(t, 1F), -162 (m, 2F). 77Se NMR (pyridine-d5): 336 (s). 

Synthesis of (py)6Th2Br2(SC6F5)2(Se2)2 · 2py (9). 

Th (0.232 g, 1.00 mmol), PhSeSePh (0.156 g, 0.50 mmol), F5C6SSC6F5 (0.199 g, 

0.50 mmol) and PhSeBr (0.236 g, 1.00 mmol) were combined in pyridine (20 mL) with 

a catalytic amount of Hg (0.010 g, 0.05 mmol), and the mixture was stirred for 12 h 

until the thorium metal was consumed to give a yellow solution. Elemental selenium 

(0.158 g, 2.00 mmol) was added and the mixture was stirred for an additional 10 min. 
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The pale orange solution was filtered, concentrated to 15 mL and layered with hexanes 

(10 mL) to give orange crystals (0.40 g, 44%) that melt at 145oC and decompose at 416 

oC.  IR: 2923 (s), 2854 (s), 1601 (m), 1503 (w), 1463 (s), 1376 (s), 1262 (w), 1221 

(m), 1151 (w), 1079 (w), 1069 (w), 1038 (m), 1003 (m), 969 (m), 860 (s), 752 (m), 698 

(s), 623 (s) cm-1. Anal. Calcd for C52H40F10Br2N8S2Se4Th2∙: C, 31.7; H, 2.05; N, 5.69. 

(Lattice pyridine removed C42H30F10Br2N6S2Se4Th2: C, 27.83; H, 1.67; N, 4,64) Found: 

C, 31.6; H, 2.11; N, 5.63.  1H NMR (toluene-d8): 8.72 (broad, 2H, py), 6.89 (broad, 

1H, py), 6.58 (broad, 2H, py). 19F NMR (toluene-d8): -138(m, 2F), -159 (t, 1F), -162 

(m, 2F). 77Se NMR (pyridine-d5): 309 (s).  

Attempt to prepare (py)6Th2Cl2(SC6F5)2(Se2)2.  

Th (0.232 g, 1.00 mmol), PhSeSePh (0.156 g, 0.50 mmol), F5C6SSC6F5 (0.199 g, 

0.50 mmol) and PhSeCl (0.192 g, 1.00 mmol) were combined in pyridine (15 mL) with 

a catalytic amount of Hg (0.010 g, 0.05 mmol), and the mixture was stirred for 12 h 

until the metal was completely consumed to give an orange solution. Elemental 

selenium (0.158 g, 2.00 mmol) was added and the mixture and then stirred for 10 min. 

The pale orange solution was filtered, concentrated to 15 mL and layered with hexanes 

(15 mL) to give crystals that were ground and identified by PXRD as a mixture of the 

tetrachloride 7 and (py)8Th4Se4(SePh)4(SC6F5)4.6 

Synthesis of (bipy)2Th(SC6F5)4· 2THF (11)  

Th (0.116 g, 0.50 mmol), (SC6F5)2 (0.398 g, 1.00 mmol) and 2,2’-bipyridine (0.156 

g, 1.00 mmol) were combined with Hg (0.010 g, 0.05 mmol) in THF (10 mL) and stirred 
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for 24 h at 25oC. The solution was filtered to remove trace grey precipitate, concentrated 

to 3 mL, and cooled to -30oC to yield colorless crystals (0.31 g, 42%) that melt at 179oC 

and decompose at 318oC. Anal. Calcd for C52H32F20O2N4S4Th: C, 42.1; H, 2.17; N, 

3.77 (lattice desolvated C44H16F20N4S4Th: C, 39.4, H,1.20, N, 4.18).  Found: C, 43.2; 

H, 2.68; N, 4.28. IR: 2924 (m), 2584 (w), 1599 (m), 1500 (w), 1458 (s), 1376 (s), 1162 

(w), 1076 (m), 1012 (m), 969 (s), 862 (s), 766 (m), 734 (m), 646 (m), 628 (w) cm-1. 1H 

NMR (pyridine-d5): 8.76 (d, 2H, J=5.0Hz, bipy), 8.71 (dt, 2H, J = 8.0, 1.2 Hz, bipy), 

7.77 (td, 2H, J = 8.0, 1.5 Hz, bipy), 7.25 (ddd, 2H, J = 7.5, 4.8, 1.3 Hz, bipy), 3.67 (m, 

3H, THF), 1.61 (m, 3H, THF). 19F NMR (pyridine-d5): -132 (m, 2F), -161 (s, 1F), -165 

(m, 2F). 

Synthesis of (pzn)4Th2(SC6F5)8· 3tol (12). 

Th (0.116 g, 0.50 mmol), (SC6F5)2 (0.398 g, 1.0 mmol) and pyrazine (0.120 g, 1.5 

mmol) were combined in toluene (20 mL) with a catalytic amount of Hg (0.010 g). The 

mixture was stirred for 3 days until Th was consumed. The orange-yellow solution was 

filtered away from the Hg, reduced in volume under vacuum to ca. 3 mL and kept at 

2oC for a week to give colorless crystals. 

Synthesis of (Hpz)4(pz)2Th2(SePh)6 (13).  

Th (0.116 g, 0.50 mmol), (SePh)2 (0.234 g, 0.75 mmol) and pyrazole (0.102 g, 1.5 

mmol) were combined in toluene (15 mL) with a catalytic amount of Hg (0.010 g), and 

the mixture was stirred at 90oC in oil bath until Th was consumed. The light yellow 

solution was filtered away from the Hg, reduced in volume under vacuum to ca. 5 mL, 
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and kept at 2oC to give colorless crystals (0.12 g, 27 %) that melt at 82 oC.  IR: 2964 

(s), 2853 (s), 2726 (m), 2671 (w), 1574 (w), 1463 (s), 1377 (s), 1300 (w), 1154 (w), 

1041 (w), 1021 (w), 936 (w), 767 (m), 722(s), 689(w), 465 (w), cm-1. Anal. Calcd for 

C54H48N12Se6Th2: C, 35.9; H, 2.68; N, 9.32. Found: C, 37.6; H, 3.31; N, 9.09.   

Synthesis of (Hpz)4(pz)Th(SC6F5)3 · tol (14).  

Th (0.116 g, 0.50 mmol), (SC6F5)2 (0.299 g, 0.75 mmol) and pyrazole (0.102 g, 3.0 

mmol) were combined in toluene (15 mL) with a catalytic amount of Hg (0.010 g). The 

mixture was stirred for 12 h until Th was consumed. The colorless solution was filtered 

away from the Hg, reduced in volume under vacuum to ca. 5 mL, and kept at 2oC to 

give colorless crystals (0.72 g, 73%) that melt at 99 oC. IR: 2959 (m), 2923 (m), 2852 

(m), 1505 (m), 1463 (s), 1377 (s), 1285 (w), 1261 (w), 1118 (w), 1082 (w), 1045 (m), 

966 (m), 937 (w), 858 (m), 782 (w), 723 (w), 669 (w), 603 (w), 564 (w) cm-1. Anal. 

Calcd for C40H27F15N10S3Th: C, 38.1; H, 2.16; N, 11.1. Found: C, 35.9; H, 2.42; N, 

11.0. 1H NMR(pyridine-d5): 14.35 (broad, 4H), 7.94 (broad, 10H), 6.52 (broad, 5H) 

Synthesis of (Hdmpz)4(dmpz)2Th2(SC6F5)6 · 6tol (15).  

Th (0.116 g, 0.50 mmol), (SC6F5)2 (0.398 g, 1.0 mmol) and 3,5-dimethylpyrazole 

(0.144 g, 1.5 mmol) were combined in toluene (15 mL) with a catalytic amount of Hg 

(0.010 g). The mixture was stirred for 2 days until Th was consumed. The colorless 

solution was filtered away from the Hg, reduced in volume under vacuum to ca. 2 mL, 

some colorless crystals (0.26 g, 37%) appeared immediately, a couple of which were 

identified by single crystal diffraction as (Hdmpz)4(dmpz)2Th2(SC6F5)6 (3). PXRD of 
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the powdery product revealed that this reaction co-crystallizes as a mixture of 15 and 

(Hdmpz)2(dmpz)2Th(SC6F5)2 (16). 

Synthesis of (Hdmpz)2(dmpz)2Th(SC6F5)2 (16).  

Th (0.116 g, 0.50 mmol), (SC6F5)2 (0.398 g, 1.0 mmol) and 3,5-dimethylpyrazole 

(0.144 g, 1.5 mmol) were combined in toluene (15 mL) with a catalytic amount of Hg 

(0.010 g). The mixture was stirred for 2 days until Th was consumed. The colorless 

solution was filtered away from the Hg, reduced in volume under vacuum to ca. 5 mL, 

some colorless crystals (0.19g, 38%) appeared after 2 days that that melt at 179 oC and 

decomposed at 238oC. IR: 2927(m), 2724(w), 1514 (m), 1456 (s), 1377 (s), 1305(w), 

1260 (m), 1153 (w), 1094 (m), 1022 (m), 982 (w), 955(s), 890(w), 861 (w), 808 (s), 

723 (s), 653(m), 598(w), 518(w) cm-1. Anal. Calcd for C32H30F10N8S2Th: C, 37.9; H, 

2.99; N, 11.1.  Found: C, 37.7; H, 3.17; N, 11.1. 1H NMR(pyridine-d5): 14.98 (broad, 

1H), 6.56 (broad, 1H), 5.98 (broad, 1H), 2.31(broad, 12H). 

Synthesis of (Hpz)8Th4Se4(SeC6F5)8 · 3tol (17) 

Th (0.116 g, 0.50 mmol), (SeC6F5)2 (0.368 g, 0.75 mmol), pyrazole (0.102g, 1.5 

mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in toluene (15 

mL) and stirred for 2 days, to give a light yellow solution with some black powder. The 

solution was filtered to ca. 15ml, and concentrated to ca. 3mL, then put into refrigerator 

at 2oC for a week, forming powdery product. The product was able to redissolve in 

60oC water bath, and some colorless crystals, which were suitable for single-crystal X-

ray diffraction, appeared when the solution cooled down to room temperature.  
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Synthesis of (py)6Th2O(Se2)I4· 3py (18) 

Th (0.232 g, 1.00 mmol), PhSeSePh (0.312 g, 1.00 mmol), and I2 (0.254 g, 1.00 

mmol) were combined in pyridine (20 mL) with a catalytic amount of Hg (0.010 g, 0.05 

mmol).  The mixture was stirred for 12 h until the thorium metal was consumed to 

give a yellow solution and trace black powder. Elemental selenium (0.079 g, 1.0 mmol) 

and SeO2 (0.028 g, 0.25 mmol) was added and the mixture was stirred for 3 h. The 

orange solution was filtered, concentrated to 12 mL and layered with hexanes (10 mL). 

The solution was kept at -30oC in two weeks to give light yellow crystals that melt at 

168oC and decompose at 196 oC. IR: 2962 (s), 2844 (s), 2724(w), 1599 (w), 1459 (s), 

1377 (s), 1262 (m), 1219 (w), 1097 (w), 1037 (w), 801 (s), 722 (m), 700 (m), 623 (w), 

547 (w), 463 (w) cm-1.  

Synthesis of (py)6U2O(Se2)I4 (19) 

U (0.220 g, 0.92 mmol), PhSeSePh (0.288 g, 0.92 mmol), and I2 (0.235 g, 0.92 

mmol) were combined in pyridine (20 mL). The mixture was stirred for 5 days until the 

uranium metal was consumed. Elemental selenium (0.073 g, 0.92 mmol) and SeO2 

(0.026 g, 0.23 mmol) was added and the mixture was stirred for 4 h. The dark red 

solution was filtered, concentrated to 15 mL and layered with hexanes (10 mL). The 

solution was kept at -30oC in two weeks to give black crystals. 

Synthesis of (py)10Th6O3(Se2)8(SC6F5)2 (20) 

Th (0.116 g, 0.50 mmol), PhSeSePh (0.078 g, 0.25 mmol), F5C6SSC6F5 (0.099 g, 

0.25 mmol) and PhSeBr (0.118 g, 0.50 mmol) were combined in pyridine (15 mL) with 
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a catalytic amount of Hg (0.010 g, 0.05 mmol), and the mixture was stirred for 12 h 

until the thorium metal was consumed to give an orange solution. Elemental selenium 

(0.079 g, 1.00 mmol) and SeO2 (0.014 g, 0.25 mmol) was added and the mixture was 

stirred for additional 3h. The dark orange-red solution was filtered, concentrated to 12 

mL and layered with hexanes (10 mL) to give orange crystals. IR: 2962 (s), 2925 (s), 

2852 (s), 1460 (s), 1377 (s), 1298 (w), 1256 (w), 1216 (w), 1153 (w), 1035(w), 967 (w), 

885(w), 853 (w), 722 (s), 693(s), 618(w), 466(m) cm-1.   

Synthesis of (py)4ThI3F · py (21) 

Th (0.232 g, 1.00 mmol), I2 (0.381 g, 1.50 mmol), and (SC6F5)2 (0.199 g, 0.50 mmol) 

were combined in pyridine (15 mL) with a catalytic amount of Hg (0.010 g, 0.05 mmol), 

and the mixture was stirred for 4 days. The dark red solution was filtered, concentrated 

and layered with hexanes to give colorless crystals that melt at 110oC and decomposed 

at 165oC. IR: 2923 (s), 2854(s), 2725(w), 1599 (m), 1463 (s), 1377 (s), 1220(w), 1152 

(w), 1065(w), 1038 (w), 999(m), 968 (w), 833(w), 722 (m), 701 (m), 622(w) cm-1.  

Anal. Calcd for C25H25FI3N5Th: C, 29.2; H, 2.45; N, 6.82. Found: C, 29.0; H, 2.83; N, 

6.16. 1H NMR (pyridine-d5): 8.74(d, J = 4.80 Hz, 2H, py), 7.58(m, 1H, py), 7.22(m, 2H, 

py). 19F NMR (pyridine-d5): -129(s). 

Synthesis of (py)3UI3(SC6F5) · py (22) 

U (0.184 g, 0.77 mmol) and I2 (0.294 g, 1.15 mmol) were combined in pyridine 

(15 mL) and stirred at 2oC for 12 h, and continued to stir at room temperature for 24h. 

(SC6F5)2 (0.154 g, 0.38mmol) was added into the dark purple solution and stirred for 
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12h. The dark red solution was filtered and layered with hexanes, and kept at -30oC for 

a week, to give red crystals.  

Synthesis of (py)8U3O2I8 

U (0.172 g, 0.72 mmol) and I2 (0.275 g, 0.72 mmol) were combined in pyridine 

(15 mL) and stirred at 2oC for 12 h, and continued to stir at room temperature for 24h. 

Trace amount (1 drop) of H2O was added by syringe into the dark purple solution and 

stirred for 12h. The dark red solution was filtered and layered with hexanes, and kept 

at 2oC for a week, to give orange crystals that were identified by single crystal X-ray 

diffraction as (py)8U3O2I8.  

Reaction of U/(SeC6F5)2/I2/Py 

U (0.127 g, 0.54 mmol), (SeC6F5)2 (0.526 g, 1.1 mmol) and catalytic amount of I2 

(0.01 g, 0.04 mmol) were combined in pyridine (15 mL) and stirred at 60oC for 2 days, 

to give a dark brown solution. The solution was filtered and concentrated, and put into 

refrigerator at 2oC for a week, forming powdery product. 

Reaction of U/(SC6F5)2/I2/Py 

U (0.126 g, 0.53 mmol), (SC6F5)2 (0.422 g, 1.1 mmol) and catalytic amount of I2 

(0.01 g, 0.04 mmol) were combined in pyridine (15 mL) and stirred at 60oC for 2 days, 

to give a dark reddish brown solution. The solution was filtered, concentrated, and 

layered with hexanes, forming green precipitate in a week. 

Reaction of U/(SC6F5)2/py-SO3/I2/Py 

U (0.122 g, 0.51 mmol), (SC6F5)2 (0.408 g, 1.0 mmol) and catalytic amount of I2 
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(0.01 g, 0.04 mmol) were combined in pyridine (15 mL) and stirred at 60oC for 2 days, 

to give a dark reddish brown solution. The solution was filtered to 10 mL, py-SO3 

(0.020 g, 0.13mmol) was added, and continue to stir for 3 days. The resulting green 

solution was filtered, concentrated, and put into refrigerator at 2oC for a week, forming 

green precipitate.  

Reaction of U/(TePh)2/I2/Py 

U (0.106 g, 0.45 mmol), (TePh)2 (0.364 g, 0.89 mmol) and catalytic amount of I2 

(0.01 g, 0.04 mmol) were combined in pyridine (15 mL). The flask was wrapped with 

aluminum foil. After stirring for 3 days, there was still some metal left. Elemental Te 

(0.057g, 0.45 mmol) was added, and the mixture was stirred for 2 more days. Then the 

solution was filtered, concentrated, and layered with hexanes, forming black precipitate 

in 3 days.  

Reaction of Th/(SePh)2/Se/Hg/THF 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.312 g, 1.0 mmol) and catalytic amount of Hg 

(0.01 g, 0.05 mmol) were combined in THF (15 mL), and stirred for 12 h to give an 

orange-red solution. Elemental Se (0.060g, 0.75 mmol) was added, and the mixture was 

stirred for another 12 h. The resulting yellow solution was filtered, concentrated, and 

layered with hexanes, forming yellow precipitate in a week. 

Reaction of U/(SC6F5)2/AgF/Py 

U (0.087 g, 0.36 mmol), (SC6F5)2 (0.290 g, 0.72 mmol) and catalytic amount of I2 

(0.01 g, 0.04 mmol) were combined in pyridine (15 mL) and stirred for 2 days, to give 
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a dark reddish brown solution. AgF was (0.185g, 1.46 mmol) was added, and the 

mixture was stirred for 5 days. The resulting dark red solution was filtered, concentrated, 

and put into refrigerator at 2oC for a week, forming brown precipitate.  

Reaction of Th/(SC6F5)2/AgF/Hg/Py 

Th (0.116 g, 0.50 mmol), (SC6F5)2 (0.398 g, 1.0 mmol) and catalytic amount of Hg 

(0.01 g, 0.05 mmol) were combined in pyridine (10 mL) and stirred for 24 h, to give a 

pale yellow solution with a little black powder. AgF (0.128g, 1.0 mmol) was added, 

and the mixture was stirred for 7 days. The resulting dark red solution was filtered, 

concentrated, and put into refrigerator at 2oC for a week, forming red gel.  

Reaction of Th/(SPh)2/Hpz/Hg/Tol 

Th (0.116 g, 0.50 mmol), (SPh)2 (0.164 g, 0.75 mmol), pyrazole (0.102g, 1.5 mmol) 

and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in toluene (10 mL) and 

stirred for 2 days at 90oC, to give a colorless solution with a little black powder. The 

solution was filtered, concentrated and put into refrigerator at 2oC for a week, forming 

tiny colorless crystals, which had poor quality, and were not suitable for single-crystal 

x-ray diffraction.  

Reaction of Th/(SPh)2/Hpz/Hg/THF 

Th (0.232 g, 1.0 mmol), (SPh)2 (0.436 g, 2.0 mmol), and catalytic amount of Hg 

(0.01 g, 0.05 mmol) and (SePh)2 (0.01 g, 0.03 mmol) were combined in pyridine (10 

mL) and stirred for 2 days to give a pale yellow solution with gray powder. The solution 

was filtered and removed in vacuo. Pyrazole (0.204 g, 3.0 mmol) and THF (10 mL) 
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was added and stirred for 12 h. The resulting light yellow solution was filtered and 

layered with hexanes, forming yellow powder in a week. 

Reaction of Th/(SePh)2/Se/Hpz/Hg/Tol 

Attempt A: Th (0.116 g, 0.50 mmol), (SePh)2 (0.234 g, 0.75 mmol), pyrazole 

(0.102g, 1.5 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in 

toluene (10 mL) and stirred for 2 days at 90oC, to give a light yellow solution with gray 

powder. The solution was filtered away from the powder, elemental Se (0.039g, 0.5 

mmol) was added, and stirred for another 1 h. The resulting yellow solution was filtered, 

concentrated and put into refrigerator at 2oC for a week, forming no crystals. 

Attempt B: Th (0.116 g, 0.50 mmol), (SePh)2 (0.234 g, 0.75 mmol), pyrazole 

(0.102g, 1.5 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in 

toluene (10 mL) and stirred for 2 days at 90oC, to give a light yellow solution with gray 

powder. The solution was filtered away from the powder, elemental Se (0.039g, 0.5 

mmol) was added, and stirred for another 2 h. The resulting orange color solution was 

filtered to ca. 5ml, and layered with ca. 5ml of hexanes, forming yellow precipitate in 

a week.  

Reaction of Th/(SePh)2/Se/Hpz/Hg/THF 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.234 g, 0.75 mmol), and catalytic amount of 

Hg (0.01 g, 0.05 mmol) were combined in pyridine (10 mL) and stirred for 12 h, to give 

a pale yellow solution with gray powder. The solution was removed in vacuo, pyrazole 

(0.102g, 1.5 mmol) and THF (15mL) was added into solution, and stirred for 2 days at 
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90oC. Elemental Se (0.039g, 0.5 mmol) was added, and stirred for another 2 h. The 

resulting orange color solution was filtered and layered with hexanes, forming yellow 

precipitate in a week.  

Reaction of Th/(SePh)2/S/Hpz/Hg/Tol 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.234 g, 0.75 mmol), pyrazole (0.102g, 1.5 

mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in toluene (10 

mL) and stirred for 3 days at 90oC, to give a light yellow solution with gray powder. 

The solution was filtered away from the powder, elemental S (0.016g, 0.5 mmol) was 

added, and stirred for 2 days. The resulting yellow solution was filtered, concentrated 

and put into refrigerator at 2oC for a week, forming a little yellow precipitate.  

Reaction of Th/(SPh)2/S/Hpz/Hg/Tol 

Th (0.116 g, 0.50 mmol), (SPh)2 (0.164 g, 0.75 mmol), pyrazole (0.102g, 1.5 mmol) 

and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in toluene (10 mL) and 

stirred for 2 days at 90oC, to give a colorless solution with gray powder. The solution 

was filtered away from the powder, elemental S (0.016g, 0.5 mmol) was added, and 

stirred for another 1 h. The resulting colorless solution was filtered, concentrated to ca. 

3ml and put into refrigerator at 2oC for a week, forming no crystals.  

Reaction of Th/(SC6F5)2/4,4’-Bipy/Hg/THF 

Attempt A: Th (0.116 g, 0.50 mmol), (SC6F5)2 (0.398 g, 1.0 mmol), 4,4’-

bipyridine (0.156 g, 1.0mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were 

combined in THF (15 mL), and stirred for 12h, to give a dark yellow solution with some 
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black precipitate. The solution was filtered, concentrated and put into refrigerator at 

2oC for 2 weeks, resulting dark red gel at bottom.  

Attempt B: Th (0.116 g, 0.50 mmol), (SC6F5)2 (0.398 g, 1.0 mmol), and catalytic 

amount of Hg (0.01 g, 0.05 mmol) were combined in pyridine (10 mL) and stirred for 

12h, to give an orange-red solution with some black precipitate. The solution was 

filtered, and pyridine was removed in vacuo. 4,4’-Bipyridine (0.156 g, 1.0mmol) and 

THF (15mL) were added, and the mixture was stirred for 12 h. The solution was filtered 

and layered with hexanes, resulting in many yellow powder in a week.  

Reaction of Th/(SPh)2/(SC6F5)2/Hpz/Hg/Tol 

Attempt A: Th (0.116 g, 0.50 mmol), (SPh)2 (0.164 g, 0.75 mmol), pyrazole 

(0.102g, 1.5 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in 

toluene (10 mL) and stirred for 2 days at 90oC, to give a colorless solution with gray 

powder. In another flask, Th (0.116 g, 0.50 mmol), (SC6F5)2 (0.299 g, 0.75 mmol) and 

pyrazole (0.102 g, 3.0 mmol) were combined in toluene (15 mL) with a catalytic amount 

of Hg (0.010 g). The mixture was stirred for 12 h until Th was consumed. The solution 

in the two flasks was filtered together into a new flask, and elemental S (0.016g, 0.5 

mmol) was added. The resulting light yellow solution was filtered, concentrated to ca. 

3 mL and put into refrigerator at 2oC for a week, forming tiny needle crystals, which 

had poor quality, and were not suitable for single-crystal x-ray diffraction.  

Attempt B: Th (0.116 g, 0.50 mmol), (SPh)2 (0.109 g, 0.50 mmol), (SC6F5)2 (0.199 

g, 0.50 mmol), pyrazole (0.068 g, 1.0 mmol) and catalytic amount of Hg (0.01 g, 0.05 
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mmol) were combined in toluene (10 mL) and stirred for 4 days, to give a colorless 

solution with black powder. Elemental S (0.032g, 1.0 mmol) was added into solution, 

and stirred for 2 h. The resulting light yellow solution was filtered, concentrated to ca. 

5 mL and layered with ca. 5 mL of hexanes, forming white powder.  

Reaction of Th/(SePh)2/pzn/Hg/Tol 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.312 g, 1.0 mmol) and catalytic amount of Hg 

(0.01 g, 0.05 mmol) were combined in pyridine (20mL). The solution was filtered, and 

remove the solvent in vacuo. Pyrazine (0.120 g, 1.5mmol) and toluene (15mL) was 

added and stirred for 12 h. The resulting light yellow solution was filtered, concentrated 

to ca. 3ml and put into refrigerator at 2oC for a week, forming no crystals.  

Reaction of Th/(SC6F5)2/Hpz/SeO2/Hg/Tol 

Th (0.116 g, 0.50 mmol), (SC6F5)2 (0.398 g, 1.0 mmol) and pyrazole (0.102 g, 3.0 

mmol) were combined in toluene (15 mL) with a catalytic amount of Hg (0.010 g). The 

mixture was stirred for 12 h until Th was consumed. The colorless solution was filtered, 

and SeO2 (0.056 g, 0.50 mmol) was added, and stirred in 60oC oil bath for 12 h. The 

resulting bright yellow solution was filtered, concentrated to ca. 3ml and put into 

refrigerator at 2oC for a week, forming no crystals.  

Reaction of Th/(SePh)2/(SC6F5)2/Hpz/Hg/Tol 

Th (0.232 g, 1.0 mmol), (SePh)2 (0.156 g, 0.50 mmol), (SC6F5)2 (0.398 g, 1.0 

mmol), pyrazole (0.136 g, 2.0 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) 

were combined in toluene (10 mL) and stirred for 3 days, to give a light yellow solution 
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with gray powder. Elemental Se (0.079 g, 1.0 mmol) was added into solution, and 

stirred for 2 days. The resulting pale yellow solution was filtered, concentrated to ca. 5 

mL and layered with ca. 5 mL of hexanes, forming many powder.  

Reaction of Th/(SePh)2/(SeC6F5)2/I2/Se/Hg/py 

Th (0.232 g, 1.0 mmol), (SePh)2 (0.312 g, 1.0 mmol), I2 (0.127g, 0.5 mmol), 

(SeC6F5)2 (0.246 g, 0.50 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were 

combined in pyridine (20 mL), and the mixture was stirred for 12 h until the metal was 

completely consumed to give a red solution with some red powder. Elemental selenium 

(0.079 g, 1.0 mmol) was added and the mixture was stirred for 1 h. The dark red solution 

was filtered to ca. 15mL and layered with hexanes (15 mL) to give orange crystals, 

which were identified by single-crystal X-ray diffraction as (py)6Th2I4Se4 (7).  

Reaction of Th/(SPh)2/(SC6F5)2/I2/S/Hg/Py 

Th (0.232 g, 1.0 mmol), (SPh)2 (0.218 g, 1.0 mmol), I2 (0.127g, 0.5 mmol), 

(SC6F5)2 (0.199 g, 0.50 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were 

combined in pyridine (20 mL), and the mixture was stirred for 12 h until the metal was 

completely consumed to give a red solution with some red powder. Elemental sulfur 

(0.032 g, 1.0 mmol) was added and the mixture was stirred for 1 h. The orange red 

solution was filtered to ca. 15mL and layered with hexanes (18 mL), forming no crystals 

in a week.  

Reaction of Th/(SPh)2/(SeC6F5)2/I2/S/Hg/Py 

Th (0.232 g, 1.0 mmol), (SPh)2 (0.218 g, 1.0 mmol), I2 (0.127g, 0.5 mmol), 
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(SeC6F5)2 (0.246 g, 0.50 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were 

combined in pyridine (20 mL), and the mixture was stirred for 12 h until the metal was 

completely consumed to give a red solution with some red powder. Elemental sulfur 

(0.032 g, 1.0 mmol) was added and the mixture was stirred for 1 h. The resulting pale 

brown solution was filtered to ca. 15mL and layered with hexanes (18 mL) to give 

orange crystals, which were identified by single-crystal X-ray diffraction as 

(py)12Th6I6S9.  

Reaction of Th/(SePh)2/(SPh)2/I2/Se/Hg/Py 

Th (0.116 g, 0.5 mmol), (SePh)2 (0.156 g, 0.5 mmol), I2 (0.063g, 0.25 mmol), 

(SPh)2 (0.055 g, 0.25 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were 

combined in pyridine (20 mL), and the mixture was stirred for 12 h until the metal was 

completely consumed to give a pale yellow solution with some black powder. 

Elemental selenium (0.040 g, 0.5 mmol) was added and the mixture was stirred for 1 h. 

The resulting pale orange solution was filtered to ca. 15mL and layered with hexanes 

(15 mL) to give powdery product at the bottom of the flask.  

Reaction of U/(SePh)2/(SC6F5)2/I2/Se/Py 

U (0.212 g, 0.90 mmol), (SePh)2 (0.278 g, 0.90 mmol), I2 (0.113g, 0.45 mmol), and 

SC6F5 (0.178 g, 0.45 mmol) were combined in pyridine (20 mL), and the mixture was 

stirred for 3 days until the metal was completely consumed to give a dark red solution. 

Elemental selenium (0.070 g, 0.90 mmol) was added and the mixture was stirred for 1 

h. The dark red solution was filtered to ca. 15mL and layered with hexanes (10 mL) to 
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give many small crystals, which had poor quality, and were not suitable for single-

crystal x-ray diffraction.  

Reaction of U/(SeC6F5)2/I2/Py 

U (0.179 g, 0.75 mmol) and I2 (0.287 g, 1.13 mmol) were combined in pyridine 

(15 mL) and stirred at 2oC for 12 h, and continued to stir at room temperature for 24h. 

(SeC6F5)2 (0.185 g, 0.38mmol) was added into the dark purple solution and stirred for 

12h. The dark red solution was filtered and layered with hexanes, and kept at -30oC for 

a week, to give very tiny crystals that were not suitable for single-crystal x-ray 

diffraction. 

Reaction of U/(SePh)2/I2/Py 

U (0.174 g, 0.73 mmol), and I2 (0.278 g, 1.10 mmol) were combined in pyridine 

(15 mL) and stirred at 2oC for 12 h, and continued to stir at room temperature for 24 h. 

(SePh)2 (0.114 g, 0.36 mmol) was added into the solution, and stirred for another 12 h. 

The resulting dark red solution was filtered to ca. 17mL and layered with hexanes (12 

mL) to give many black powders.  

Reaction of U/(SePh)2/I2/Se/Py 

Attempt A: U (0.178 g, 0.74 mmol), and I2 (0.285 g, 1.13 mmol) were combined 

in pyridine (15 mL) and stirred at 2oC for 12 h, and continued to stir at room temperature 

for 24 h. (SePh)2 (0.117 g, 0.37 mmol) was added into the solution, and stirred for 

another 12 h. Elemental selenium (0.058 g, 0.74 mmol) was added and the mixture was 

stirred for 1 h. The resulting dark red solution was filtered to ca. 15mL and layered with 
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hexanes (10 mL) to give some black particles in a week, which had poor quality, and 

were not suitable for single-crystal x-ray diffraction. 

Attempt B: U (0.125 g, 0.53 mmol), (SePh)2 (0.164 g, 0.53 mmol) and I2 (0.133g, 

0.53 mmol), were combined in pyridine (10 mL), and the mixture was stirred in 60 oC 

oil bath for 2 days until the metal was completely consumed to give a dark red solution. 

Elemental Se (0.041 g, 0.53 mmol) and toluene (5 mL) was added and the mixture was 

stirred for 1 h. The dark red solution was filtered to ca. 15mL, layered with hexanes (10 

mL) and kept at 2oC for a week to give many black powders. 

Reaction of Th/(SePh)2/(SC6F5)2/HgBr2/Hg/Py 

Th (0.232 g, 1.0 mmol), (SePh)2 (0.312 g, 1.0 mmol), HgBr2 (0.180 g, 0.5 mmol), 

(SC6F5)2 (0.199 g, 0.50 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were 

combined in pyridine (20 mL), and the mixture was stirred for 12 h until the metal was 

completely consumed to give a pale brown solution with some black powder and a large 

drop of mercury. Elemental selenium (0.079 g, 1.0 mmol) was added and the mixture 

was stirred for 1 h. The pale brown solution was filtered to ca. 15mL and layered with 

hexanes (20 mL), forming many tiny crystals that were identified by single-crystal x-

ray diffraction as (py)4ThBr4.  

Reaction of Th/(SePh)2/HgBr2/Hg/Py 

Th (0.232 g, 1.0 mmol), (SePh)2 (0.312 g, 1.0 mmol), HgBr2 (0.360 g, 1.0 mmol), 

and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in pyridine (15 mL), 

and the mixture was stirred for 12 h until the metal was completely consumed to give a 
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yellow solution with some grey powder and a large drop of mercury. Elemental 

selenium (0.079 g, 1.0 mmol) was added and the mixture was stirred for 1 h, resulting 

in a pale green suspension, which was difficult to filter. 

Reaction of U/I2/H2O/THF 

U (0.126 g, 0.53 mmol) and I2 (0.202 g, 0.80 mmol) were combined in pyridine 

(15 mL) and stirred at 2oC for 12 h, and continued to stir at room temperature for 24 h. 

Trace amount (1 drop) of H2O was added by syringe into the dark purple solution and 

continue stirring for 12h. The solution turned to green in the first 30 min. The dark 

green solution was filtered, concentrated, and kept at 2oC for a week, to give some green 

powder.  

Reaction of U/(SC6F5)2/I2/AgF/Py 

U (0.192 g, 0.81 mmol) and I2 (0.287 g, 1.21 mmol) were combined in pyridine 

(15 mL) and stirred at 2oC for 12 h, and continued to stir at room temperature for 24 h. 

(SC6F5)2 (0.160 g, 0.40 mmol) and AgF (0.205 g, 1.62 mmol) were added into the dark 

purple solution and stirred for 12h. The dark red-black solution was filtered and layered 

with hexanes, to give colorless crystals that which has a similar unit cell as a previously 

published silver-derived byproduct.  

Reaction of U/(SC6F5)2/I2/THF 

U (0.205 g, 0.86 mmol) and I2 (0.328 g, 1.3 mmol) were combined in THF (15 mL) 

and stirred at 2oC for 12 h, and continued to stir at room temperature for 24h. (SC6F5)2 

(0.171 g, 0.43 mmol) was added into the dark blue solution and stirred for 12h. The 
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dark red solution was filtered and layered with hexanes, and kept at -30oC for a week, 

to give black needles which were identified by single-crystal x-ray diffraction as 

(THF)4UI3.  

Reaction of U/I2/Se/Py 

U (0.205 g, 0.86 mmol), and I2 (0.285 g, 1.29 mmol) were combined in pyridine 

(15 mL) and stirred at 2oC for 12 h, and continued to stir at room temperature for 24 h. 

Elemental Se (0.034 g, 0.43 mmol) was added into the solution, and stirred for another 

2 h. The resulting dark red solution was filtered to ca. 18mL and layered with hexanes 

(20 mL) to give many black powders in a week. 

Reaction of U/I2/S/Py 

U (0.117 g, 0.50 mmol), and I2 (0.187 g, 0.75 mmol) were combined in pyridine 

(15 mL) and stirred at 2oC for 12 h, and continued to stir at room temperature for 24 h. 

Elemental S (0.008 g, 0.25 mmol) was added into the solution, and stirred for 2 days. 

The resulting dark red solution was filtered and layered with hexanes, to give many 

black powders in a week. 

Reaction of Th/(SePh)2/I2/Se/Hg/THF 

Th (0.232 g, 1.0 mmol), (SePh)2 (0.312 g, 1.0 mmol), I2 (0.254g, 1.0 mmol) and 

catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in pyridine (15 mL), and 

stirred for 12 h to give an orange-red solution. The solution was filtered and removed 

in vacuo. THF (15mL) was first added and stirred for 3h. Then, elemental Se (0.060g, 

0.75 mmol) was added, and the mixture was stirred for another 1.5 h, resulting a yellow 
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suspension, which was difficult to filter. 

Reaction of Th/(SePh)2/I2/Se/Hg/DME 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.116 g, 0.50 mmol), I2 (0.127g, 0.50 mmol) 

and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in pyridine (15 mL), 

and stirred for 12 h to give an orange-red solution. The solution was filtered and 

removed in vacuo. DME (15mL) was first added and stirred for 2 days. Then, elemental 

Se (0.040g, 0.50 mmol) was added, and the mixture was stirred for another 0.5 h. The 

resulting yellow color solution was filtered and layered with hexanes, leading to some 

white precipitate. 

Reaction of Th/(SePh)2/AgBr/Se/Hg/Py 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.312 g, 1.0 mmol), and catalytic amount of Hg 

(0.01 g, 0.05 mmol) were combined in pyridine (10 mL) and stirred for 12 h, to give a 

pale yellow solution with gray powder. AgBr (0.187g, 1.0 mml) was added into the 

solution, and stirred for 1 h. The bright solution was filtered from the yellow precipitate, 

elemental Se (0.040g, 0.50mmol) was added, and the solution was continued to stir for 

30 min. The resulting orange color solution was filtered and layered with hexanes, 

forming orange powder in a week. 

Reaction of Th/(SePh)2/HgF2/Se/Hg/Py 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.156 g, 0.50 mmol), HgF2 (0.119g, 0.50 mmol) 

and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in pyridine (15 mL), 

and stirred for 12 h to give a light yellow solution with large mercury drop at the bottom. 
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Elemental Se (0.040g, 0.50 mmol) was added, and stirred for another 30 min. The 

resulting orange color solution was filtered and layered with hexanes, and kept at 2oC 

for a week, to give red needles, which were identified by single-crystal x-ray diffraction 

as HgSe8. 

Reaction of Th/(SePh)2/HgF2/S/Hg/Py 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.156 g, 0.50 mmol), HgF2 (0.119g, 0.50 mmol) 

and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in pyridine (15 mL), 

and stirred for 12 h to give a light yellow solution with large mercury drop at the bottom. 

Elemental S (0.016g, 0.50 mmol) was added, and stirred for 1 h. The resulting bright 

yellow solution was filtered and layered with hexanes, and kept at 2oC. No crystal was 

formed in two weeks.  

Reaction of Th/(SePh)2/(SC6F5)2/HgF2/Se/Hg/Py 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.156 g, 0.50 mmol), HgF2 (0.060g, 0.25 mmol) 

(SC6F5)2 (0.100 g, 0.25mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were 

combined in pyridine (15 mL), and stirred for 12 h to give a light yellow solution with 

large mercury drop at the bottom. Elemental Se (0.040g, 0.50 mmol) was added, and 

stirred for 2 h. The resulting orange color solution was filtered and layered with hexanes, 

and kept at 2oC for a week, to give black powders at bottom of the flask.  

Reaction of U/(SC6F5)2/Hpz/I2/Tol 

U (0.095 g, 0.40 mmol), (SC6F5)2 (0.238 g, 0.60 mmol), pyrazole (0.136 g, 2.0 

mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in toluene (10 
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mL) and stirred in 80 oC oil bath for 3 days, to give a dark green solution with black 

powder. The solution was filtered, concentrated and kept at 2oC. No crystal was formed 

in three weeks.  

Reaction of U/(SPh)2/I2/S/Py 

U (0.111 g, 0.47 mmol), (SPh)2 (0.102 g, 0.47 mmol) and I2 (0.118g, 0.47 mmol), 

were combined in pyridine (15 mL), and the mixture was stirred in 60 oC oil bath for 2 

days until the metal was completely consumed to give a dark red solution. Elemental 

sulfur (0.030 g, 0.94 mmol) was added and the mixture was stirred for 1 h. The dark 

red solution was filtered to ca. 10mL, layered with hexanes (10 mL) and kept at 2oC for 

two weeks. Some tiny crystals appeared, but they had poor quality and were not suitable 

for single-crystal x-ray diffraction.  

Reaction of Th/(SePh)2/PhSeBr/Se/Hg/Py 

Th (0.232 g, 1.0 mmol), (SePh)2 (0.312 g, 1.0 mmol), PhSeBr (0.236 g, 1.0 mmol) 

and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in pyridine (15 mL), 

and stirred for 6 h to give a yellow-orange solution. Elemental Se (0.120 g, 1.5 mmol) 

was added and continue stirring. Some yellow precipitate formed quickly, and the 

solution was stirred for 30 min. The resulting yellow solution was filtered, concentrated, 

and layered with hexanes, forming yellow precipitate in a week. 

Reaction of Th/PhSeBr/Se/Hg/Py 

Th (0.232 g, 1.0 mmol), PhSeBr (0.472 g, 2.0 mmol) and catalytic amount of Hg 

(0.01 g, 0.05 mmol) were combined in pyridine (15 mL), and stirred for 12 h to give a 
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yellow-orange solution. Elemental Se (0.079 g, 1.0 mmol) was added and the solution 

was stirred for 10 min. The resulting yellow solution was filtered to 15 mL and layered 

with 10 mL of hexanes, forming yellow precipitate in two days. 

Reaction of U/(SePh)2/PhSeBr/Se/I2/Py 

U (0.128 g, 0.54 mmol), (SePh)2 (0.168 g, 0.54 mmol), PhSeBr (0.127 g, 0.54 

mmol) and catalytic amount of I2 (0.01 g, 0.04 mmol) were combined in pyridine (15 

mL), and stirred for 2 days until the metal was completely consumed to give a dark red 

solution. Elemental Se (0.042 g, 0.54 mmol) was added and the solution was stirred for 

1 h. The resulting dark red solution was filtered, concentrated, and kept at -30oC to give 

orange powders in two weeks.  

Reaction of Th/(SePh)2/Hdmpz/Hg/Tol 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.312 g, 1.0 mmol), 3,5-dimethylpyrazole 

(0.192 g, 2.0 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in 

toluene (15 mL) and stirred for 12 h until Th was consumed. The resulting yellow 

solution was filtered away from the Hg, concentrated to ca. 3 mL, and kept at 2oC to 

give colorless crystals which were identified by single-crystal x-ray diffraction as 3,5-

dimethylpyrazole, the ligand itself.  

Reaction of Th/(SPh)2/Hdmpz/Hg/Tol 

Th (0.232 g, 1.0 mmol), (SPh)2 (0.436 g, 2.0 mmol), 3,5-dimethylpyrazole (0.192 

g, 2.0 mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in toluene 

(15 mL) and stirred for 3 days until Th was consumed. The resulting light yellow 
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solution was filtered away from the Hg, concentrated to ca. 5 mL, and kept at 2oC. No 

crystal was formed in two weeks. 

Reaction of Th/(SPh)2/(SC6F5)2/Ag2O/Hg/Py 

Th (0.116 g, 0.50 mmol), (SPh)2 (0.109 g, 0.50 mmol), (SC6F5)2 (0.199 g, 1.0 mmol) 

and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in pyridine (10 mL), 

and stirred for 12 h to give a orange solution. Ag2O (0.058 g, 0.25 mmol) was added, 

and stirred for 12h with flask wrapped with Al foil. The resulting orange solution was 

filtered and layered with hexanes, and kept at 2oC. No crystal was formed in two weeks.  

Reaction of Th/(SePh)2/SeO2/Hg/Py 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.312 g, 1.0 mmol) and catalytic amount of Hg 

(0.01 g, 0.05 mmol) were combined in pyridine (15 mL), and stirred for 12 h to give a 

light yellow solution. SeO2 (0.055 g, 0.50 mmol) was added, and stirred in 60 oC oil 

bath for 3 h. The resulting pale yellow solution was filtered, layered with hexanes, and 

kept at 2oC. No crystal was formed in two weeks.  

Reaction of Th/(SePh)2/Se/SeO2/Hg/Py 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.312 g, 1.0 mmol) and catalytic amount of Hg 

(0.01 g, 0.05 mmol) were combined in pyridine (15 mL), and stirred for 12 h to give a 

light yellow solution. Elemental Se (0.040g, 0.50 mmol and SeO2 (0.014 g, 0.13 mmol) 

was added, and stirred for 3 h. The resulting bright yellow solution was filtered, layered 

with hexanes, and kept at 2oC for two weeks to give powdery product.  
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Reaction of Th/(SePh)2/I2/Se/SeO2/Hg/Py 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.468 g, 1.5 mmol), I2 (0.064 g, 0.5mmol) and 

catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in pyridine (15 mL), and 

stirred for 12 h to give an orange solution. Elemental Se (0.040g, 0.50 mmol) and SeO2 

(0.028g, 0.25 mmol) was added, and stirred for 4 h. The resulting orange-red solution 

was filtered, layered with hexanes, and kept at 2oC. No crystal was formed in two weeks, 

only oily product.  

Reaction of U/(SePh)2/I2/Se/SeO2/Py 

U (0.130 g, 0.55 mmol), (SePh)2 (0.170 g, 0.55 mmol), I2 (0.139 g, 0.55 mmol) 

were combined in pyridine (15 mL), and stirred for 2 days to give a dark red solution. 

Elemental Se (0.043 g, 0.55 mmol) and SeO2 (0.015g, 0.14 mmol) was added, and 

stirred for 5 h. The resulting dark red solution was filtered, layered with hexanes, and 

kept at 2oC for two weeks to give some yellow-red crystals, which had poor quality and 

were not suitable for single-crystal x-ray diffraction.  

Reaction of Th/(SePh)2/(SC6F5)2/Se/SeO2/Hg/Py 

Th (0.116 g, 0.50 mmol), (SePh)2 (0.156 g, 0.50 mmol), (SC6F5)2 (0.100 g, 

0.25mmol) and catalytic amount of Hg (0.01 g, 0.05 mmol) were combined in pyridine 

(15 mL), and stirred for 12 h to give a light yellow solution. Elemental Se (0.040g, 0.50 

mmol) and SeO2 (0.028g, 0.25 mmol) was added, and stirred for 4 h. The resulting 

orange-red solution was filtered away from black powder and layered with hexanes, 

and kept at 2oC. No crystal was formed in two weeks.  
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