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ABSTRACT OF THE DISSERTATION 

Actinide Chalcogenido and Chalcogenolate Compounds 

By MARISSA RINGGOLD 

 

Disseration Director: 

John G. Brennan 

 

Actinide chemistry, specifically thorium and uranium chalcogenolate and 

chalcogenido complexes are relatively unexplored. Traditionally in literature they contain 

sterically hindered environments or are synthesized under aqueous conditions. However, 

it has been discovered that thorium metal reductively inserts into the E-E bond of REER 

(R= Ph, C6F5; E = S, Se) to from stable chalcogenolate compounds whose size is 

determined by the identity of the neutral donor ligand or additional chalcogen in air-free, 

water-free conditions without the use of large bulky ligands.  

Thorium cubanes (py)8Th4(μ3-E′)4(μ2-EPh)4(η-EPh)4 (E, E′ = S, Se) were 

prepared from ligand-based redox reactions of elemental E′ with Th(EPh)4. Products with 

all four possible E/E′ combinations (E,E′ = S,S; Se,Se; S,Se; Se,S) were isolated and 

structurally characterized, ligand exchange reactions were explored, and the 

heterochalcogen compounds (py)8Th4(μ3-S)4(μ2-SePh)4(η-SePh)4 and (py)8Th4(μ3-

Se)4(μ2-SPh)4(η-SPh)4 were heated to deliver solid solutions of ThSxSe2−x. NMR 

spectroscopy indicated that the structure of (py)8Th4(μ3-Se)4(μ2-SePh)4(η-SePh)4 is static 

in pyridine solution, with no exchange between bridging and terminal PhE− ligands on 
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the NMR time scale. A computational analysis of 77Se NMR shifts provides insight into 

the solution structure of both clusters and monomeric chalcogenolates. 

Thorium chalcogenolates Th(ER)4 react with 2,2’-bipyridine (bipy) to form 

complexes with the stoichiometry (bipy)2Th(ER)4 (E = S, Se; R = Ph, C6F5).  All four 

compounds have been isolated and characterized by spectroscopic methods and low-

temperature single crystal x-ray diffraction.  Two of the products, (bipy)2Th(SC6F5)4 and 

(bipy)2Th(SeC6F5)4
1, crystallize with lattice solvent, (bipy)2Th(SPh)4 crystallizes with no 

lattice solvent, and the selenolate (bipy)2Th(SePh)4 crystallizes in two phases, with and 

without lattice solvent.  In all four compounds the available volume for coordination 

bounded by the two bipy ligands is large enough to allow significant conformational 

flexibility of thiolate or selenolate ligands.  77Se NMR confirms that the structures of the 

selenolate products are the same in pyridine solution and in the solid state. Attempts to 

prepare analogous derivatives with 2,2′:6′,2″-terpyridine (terpy) were successful only in 

the isolation of (terpy)(py)Th(SPh)4, the first terpy compound of thorium.  These 

materials are thermochroic, with color attributed to ligand-to-ligand charge transfer 

excitations.   

In addition, heterometallic compounds with both thorium and uranium have been 

explored. Four clusters (py)8Th4[Hg(EPh)2]4(μ3-E′)4(μ2-EPh)4(η-EPh)4, 

(py)8U4[Hg(EPh2)]4(μ3-E′)4(μ2-EPh)4(η-EPh)4 (E’ = S, Se; E = Se) and three cation anion 

pairs [U8S13I3py17][HgI4][HgI3py], [ThF2bipy2py3][Ag4SePh6], [Th8S13I4py18][HgI4]  have 

been synthesized, isolated, and structurally characterized. These compounds integrate 

                                                           
1 Compounds (bipy)2Th(SeC6F5)4 and (bipy)2Th(SC6F5)4 were made and characterized fully by Matthew 

Stuber and Wen Wu respectively. 
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mercury as an external ligand or counter ion instead of a bridging moiety inside the inner 

core structure as seen in previous lanthanide compounds. 100% occupancy of the 

mercury moiety in the cubane clusters is not consistent or easily achieved, yet all these 

compounds are of significant interest when compared to other heterometallic compounds.  
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Introduction 

Actinide (An; An = Th, U) chemistry is one of the relatively unexplored 

fundamental challenges left in inorganic chemistry. Access to unique physical and 

chemical properties can be realized due to the complicated nature of participating 

bonding orbitals. Specifically, the small energy difference between the 5f and 6d orbitals 

along with the partial shielding of these orbitals by the previously filled s and p orbitals 

contributes to these possible characteristics. Although lanthanide chemistry would 

seemingly give some insight into predicting An chemistry, the parallels are not as 

apparent as previously hypothesized. Unlike their lanthanide (Ln) counter parts which 

only have ionic bonds due to overshadowing of 4f by 5s and 5p, the substantial number 

of valence atomic orbitals of similar radial distribution and energy (5f, 6p, 6d, 7s, 7p) in 

An provides the possibility for covalency and thus affords different possibilities for 

reactivity and bonding (Figure 1). Another factor that influences which orbitals are 

accessible for bonding is relativistic effect. As nuclei get heavier, attractions increase, 

and there is a relative stabilization and contraction of both s and p orbitals which forces 

the 5f orbitals to jut out more than the 4f orbitals do (Figure 2). Furthermore, there is still 

no firm understanding of the relative contributions from covalent and ionic bonding to 

complex stability. It has been proven that the identity of the neutral donor ligand, added 

chalcogenolate, and solvent can affect the final crystal structure for both Ln and An. 

Monitoring these changes in cluster properties as a function of size will give insight into 

how these characteristics change. 
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Figure 1: Radial distribution function of atomic orbitals.1 

                                  

Figure 2: Visual representation of S and P orbital contraction due to relativistic effect.  

Transition metal and lanthanide compounds have been given considerably more 

attention than their actinide counterparts. Actinide complexes with softer chalcogenolate 

ligands are rarely seen in the literature. However, An chalcogenolates have been isolated 

with sterically hindered and extremely bulky stabilizing ligands.2–8 Th in particular, is 

5f 6s 

6p 
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most often seen with large sterically bulky ligands like ECPh3 (E=S, O) and K(18-crown-

6) ligands,9 or tetradentate dianionic diamine bis(phenolate) ligands.10 U has a much 

more extensive presence in the literature comprised of various complexes and 

compounds. Polychalcogenido-bridged uranium complexes with elemental chalcogen 

have also been presented in the literature.11 These complexes take advantage of bulky 

chelating N-anchored ligands substituted with adamantyl groups as a way to investigate 

different pathways to U(IV) with magnetic properties. Though each of these studies was 

helpful in elucidating relative orbital contribution and are a few of the complexes 

published, they all fail to provide insight into bonding without sterically bulky ligands. 

Sterically hindered stabilizing groups greatly decrease the solubility and inevitably create 

a solid substance, following the usual trend in this chemistry to use ancillary ligands with 

many more examples available.12–19 

When looking to synthesize larger clusters, a simple monomer moiety can help 

build the initial framework. The bonding character of the metal-ligand bond gives basic 

information about covalent vs iconic character, preferred coordination, and steric 

restrictions. Many examples are prevalent in the literature for both U and Th monomers, 

the only caveat being that they contain large bulky ligands that help stabilize the complex 

thus making it easier to isolate. One notable example of this is the heteroleptic An(IV) 

halide complexes, [An(salan-t Bu2)X2], which provide versatile precursors for the 

synthesis of robust alkyl complexes and can yield CO insertion products.10 In addition to 

the tradition bulky ligands, actinides can also be utilized with PNP moieties 

demonstrating An ability to be stabilized by multidentate ligands. PNP U(III) 7-

coordinate compounds with pseudo-meridional and pseudo-facial geometries were to 
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maintain hemilabile character both in the solid-state and in solution.20  Although these 

large moieties were used to stabilize structures and decrease solubility for easy isolation, 

their steric bulk allows for in-depth analysis of the remaining coordination sites. This is 

elegantly seen in the NMR analysis of covalency in [K(18-crown-6)][Th(η2-E2)(NR2)3] 

(E = Se, 2; E = Te, 3), respectively. The orbitals used in bonding where explored with 

DFT studies and Se/Te NMR to reveal the shortest An-E bonds.9 Though a multitude of 

examples exist, these three monomers displayed key insights that were applied to the 

research described forthwith.  

Actinide clusters have been harder to achieve than their main element 

counterparts. The tendency of oxo ligands to generate soluble oxo compounds instead of 

oxide particles like in [UO2(S2CN-iPr2)2(SS)2+]21 and a uranyl thiolate21 complicates 

cluster synthesis in the case of U6+. There are even examples of dimers with bridging 

carbon monoxide molecules that employ N-heterocyclic carbenes in order to stabilize the 

structure.22 A plethora of other examples with U clusters are present from aryloxides, to 

phosphines, to trisaminomethylamines and much more, all mainly with the use of 

ancillary ligands.1 There are even examples of U, Th and Pu with oxide, peroxide and 

hydroxide bridges ranging from 4-38 An cations with varying oxidation states.23  One of 

the most notable examples being that sizeable U120Ox90 (Ox = oxalate). The shell consists 

of 12 five-membered rings of uranyl diperoxide hexagonal bipyramids that share 

vertexes, upon dissolution in water the 60 uranyl polyhedra that form the shell structure 

detach from the cluster leaving a U60Ox30 core. 

Additionally, significant insight has been discovered through in-depth 

experimental treatment of many chalcogenido complexes. For example, the first reported 
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Th-Se resonance was yielded from a homoleptic soft-donor actinide compound. Through 

a combination of DFT, NBO and QTAIM more covalency was found in An-Se than an 

An-S bonds.24  Ancillary ligand K(18-crown-6) installed by reductive deprotection yields 

oxo and sulfide complexes [K(18- crown-6)][Th(O)(NR2)3] and [K(18-crown-

6)][Th(S)(NR2)3] respectively. The in-depth exploration of metal-ligand bonding via 

quantum chemical indicates that the M–E interactions have triple bond character and the 

M–N have double bond character each polarized away from the metal.25 Furthermore, 

isostructural compounds M[N(EPR2)2]3 (M = U, Pu, La, Ce; E = S, Se, Te; R = Ph, iPr, 

H) is one rare examples U-Se/Te bonds reported in the literature.26 DFT calculations and 

molecular orbital overlap show consistency in theory and experiment. Additionally, the 

covalency differences between the d-orbital participation in M-E bonds and the f-orbital 

participation of Ln-E and An-E was emphasized. Lastly, the most analogous structure to 

the chemistry discussed in this thesis is the [U(py)2(SePh)(µ3-Se)(µ2-SePh)]4 · 4py.27 The 

An(IV) cluster with bridging chalcogenido forming a distorted cubane core and bridging 

and terminal chalcogenolate ligands. 

The electronics of these compounds are just as interesting as the bonding and 

physical properties. Though these complexes are usually colorless, since Th4+ has a noble 

gas electron configuration of [Rn] and thus no electrons to participate in excitation, a 

different ligand-ligand charge transfer could expose a range of colored Th compounds. 

Color is a result of electronic transitions between non-degenerate orbitals whose energy 

corresponds to the energy of the visible spectrum 369 – 769 nm. If the energy of this 

separation does not fall within the visible range no color will be observed. However, for 

ligand-ligand charge transfer the electron is no longer required to stay on the metal or E 
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as it does with ligand-metal or metal-ligand charge transfer. With empty * orbitals and 

more of them for increasingly multidentate ligands the range of possibilities is greatly 

increased. This increase in possible transitions leads to a possibility in the shift of the 

visible maximum. There is precedence for this ligand-ligand charge transfer in the 

literature,28–34 but there is also a question of mixing of the metal orbitals. All of which 

adds to the complicated nature of An chemistry.  

In order to examine bonding, it is desirable to prepare homoleptic complexes 

without the steric influences of bulky stabilizing substituents.35 It was clearly shown that 

oxidation of elemental lanthanides is a viable synthetic route to unsupported complexes 

containing only chalcogenolate anions and solvent molecules bound to the lanthanide 

ion.36–40   This ideal was applied to and found to still hold true with An. Upon targeting 

chalcogenolate clusters three categories of products have emerged that will be discussed 

in detail in this thesis. Chapter one deals with the synthesis and structure of Th cubane 

clusters and their subsequent NMR studies and thermolysis. Chapter two presents 

bipyridine (2,2’-bipyidine = bipy) and terpyridine (2,2’:6’2”-terpyridine = terpy) clusters 

showing the intricacies of multidentate ligands. Lastly, chapter three explores 

heterometallic mercury cubanes with both uranium and thorium. Each of these with a 

basis previously established in literature, but with results unseen until now. 
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Chapter 1 

Synthesis, Solid-State and Solution 

Structures, Thermolysis, and Chalcogen 

Exchange Reactions of Thorium Cubane 

Clusters 
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Introduction 

Actinide (An) cluster chemistry23,27,41–62 is a potentially rich field, motivated by 

the unique chemical19,63–74 and physical75–89 properties of the actinide elements and the 

possibility of harnessing multiple metal centers to afford unique cooperative reactions. 

While the possibility of cooperativity exists, rationally achieving this goal requires a 

more detailed understanding of fundamental physical properties of f-element compounds, 

as well as a deeper appreciation of how polynuclear actinide compounds behave in 

solution. Oxide-based actinide cluster chemistry51,56–60 is well-established, but related 

compounds with less electronegative chalcogenido ligands27,41–44,90 are relatively 

unexplored. Given that actinide−chalcogenide bonds are ideal subjects for probing 

covalency and the nature of the actinide−ligand bond, there is a strong fundamental 

motivation for developing the chemistry of actinide molecules and clusters with 

chalcogenido ligands.  

Thorium has numerous intrinsic properties that make this metal attractive for 

studying the chemical properties of actinide clusters. Most importantly, Th(IV) is 

diamagnetic, and so NMR spectroscopy can be used to explore structure and bonding,9,91–

99 ligand dynamics,24,92,100–102 and chemical reactivity.9,94,103–106 In addition, the lack of 

thorium redox activity, as evidenced by the paucity of well-defined Th(III) 

compounds,107–110 simplifies reactivity and minimizes the tendency of compounds to 

undergo undesirable side reactions. 

Compounds of thorium with chalcogen-based anions14,90,103,111–115 are limited. In 

early work, sterically demanding ancillary ligands14,113,114 were used to kinetically 

stabilize coordination complexes, leading to isolation of the first discrete compounds with 
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An−E bonds. More recently, several stable molecular thorium chalcogenolates have been 

prepared,24,94,103,111 showing that steric saturation is not a prerequisite to form stable 

products. Of these molecular compounds, the tetrachalcogenolates Th(EPh)4 (E = S, 

Se)111 are convenient starting materials for the synthesis of nanoscale thorium clusters 

using either ligand based redox chemistry or metathesis reactions, as evidenced by a 

description of the first thorium cubane compounds (py)8Th4(μ3-E)4(μ2-EPh)4(η-E′C6F5)4 

(E,E′ = S, Se).41 This work was limited to the synthesis of compounds with the same 

chalcogen atom in both μ3-E and μ2-EPh moieties, otherwise chalcogen exchange 

processes between E and EPh sites led to products with random distributions of 

chalcogen atoms.  

The present work explores actinide cubane chemistry in detail, showing that all 

possible combinations of E′/EPh ligands (E′, E = S or Se) in (py)8Th4(μ3-E′)4(μ2-EPh)4(η-

EPh)4 can be realized experimentally and finding that thermal decomposition of 

heterochalcogen compounds leads to the formation of a ThSxSe2−x alloy. Cluster 

reactivity is explored to demonstrate that both PhE− and E2− ligands will undergo ligand-

based redox reactions to form products with more electronegative ligands. Solution 77Se 

NMR data provide insight into the dynamic behavior of these clusters, and a 

computational analysis of 77Se NMR shifts reveals that solid-state structures are 

maintained in solution. All computational details can be found at 

10.1021/acs.inorgchem.8b00836. 
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Figure 3. Thermal ellipsoid diagram of (py)8Th4(µ3-S)4(µ2-SPh)4(η-SPh)4 (1) with the H 

atoms removed for clarity and ellipsoids at the 50% probability level. The view direction 

for Figures 3 – 6 is along the 4bar or pseudo 4bar axis (see text). Significant bond-length 

averages are given in Table 2.  
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Figure 4. Thermal ellipsoid diagram of the first of two molecules in crystals of 

(py)8Th4(µ3-Se)4(µ2-SePh)4(η-SePh)4 (2) with the H atoms removed for clarity and 

ellipsoids at the 50% probability level.  The second unique molecule in compound 2 differs 

from the first only by the minor rotations of py and EPh ligands. Significant bond-length 

averages are given in Table 2.  
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Figure 5. Thermal ellipsoid diagram of (py)8Th4(µ3-S)4(µ2-SePh)4(η-SePh)4 (3) with the 

H atoms removed for clarity and ellipsoids at the 50% probability level. Significant bond-

length averages are given in Table 2.  
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Figure 6. Thermal ellipsoid diagram of (py)8Th4(µ3-Se)4(µ2-SPh)4(η-SPh)4 (4) with the H 

atoms removed for clarity and ellipsoids at the 30% probability level. There is only one 

crystallographically independent set of (py)2ThSe(SPh)2 atoms. Significant bond-length 

averages are given in Table 2.  
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Figure 7.  Generalized side and top views of the common core Th4E12N8 region for thorium 

cubanes 1 – 4.  The view directions are normal to the square-like and rhomboid-like faces, 

respectively, for the unique side and top views. 
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Results and Discussion 

In situ prepared Th(EPh)4 (E = S, Se)111 undergoes ligand based redox reactions 

with elemental E′ (E′ = S, Se) in pyridine. Elemental E′ is reduced to E′2−, and the PhE− 

from Th(EPh)4 is oxidized to PhEEPh, leading to the formation of (py)8Th4(μ3-S)4(μ2-

SPh)4(η-SPh)4 (1), (py)8Th4(μ3-Se)4(μ2-SePh)4(η-SePh)4 (2), and (py)8Th4(μ3-S)4(μ2-

SePh)4(η-SePh)4 (3) (Scheme 1). Elemental mercury expedites the reaction either by 

forming a reactive Th/Hg amalgam or by insertion of Hg into the E−E bond, followed by 

transmetalation with elemental Th. If Hg contamination of Th waste is problematic, these 

reactions can be reproduced without Hg, but the rates will be slower and dependent on 

the level of Th surface oxidation. 

  

 

Scheme 1: Synthesis of thorium cubanes 1-3. 
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While E′ is reduced by PhE− when the electronegativity of E′ is equal to or greater 

than the electronegativity of E, the reaction does not proceed when E′ is less 

electronegative than E. To establish the synthetic feasibility of all possible E/E′ 

combinations, the final cubane target (py)8Th4(μ3-Se)4(μ2-SPh)4(η-SPh)4 (4) was 

approached in two ways. First, Th metal was used to reduce a mixture of PhSSPh and 

PhSeSePh, and elemental Se was then added to oxidize the PhSe− ligand (Scheme 2), and 

second, the selenido cubane 1 can be prepared in situ and reacted further with PhSSPh, 

resulting in displacement of the surface PhSe moieties with PhS (Scheme 3).  

  

Scheme 2: Synthesis of thiolate-capped selenido cubane 4 from heterochalcogenolate 

starting materials. 

 

 

Scheme 3: Ligand exchange on cluster surface for form compound 4. 
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Compounds 1−4 were characterized by spectroscopic methods and by low-

temperature single-crystal X-ray diffraction, with POVRAY diagrams for 1−4 given in 

Figures 3−6, respectively. Unlike the recently described Th4(μ3-E)4(μ2-EPh)4(η-E′C6F5)4 

cubanes41 with fluorinated chalcogenolate ligands that crystallize only in the tetragonal 

I4- cell, or in lanthanide chemistry, where surface ER ligands can have a dramatic impact 

on cluster structure,37,116 compounds 1−4 crystallize in a number of lower symmetry unit 

cells, with all having the same basic structure. PXRD data for bulk isolated products 

show that it is possible to have more than one crystalline phase present for 2, but the 

P21/n phase listed in Table S1 is reproducibly the dominant phase. Upon the basis of 

PXRD measurements on bulk samples of compounds 1, 3, and 4, the only phase present 

is the corresponding phase. 

All four structures contain the same (py)8Th4(μ3-E)4(μ2-E′Ph)4(η-E′Ph)4 tetrameric 

core, with different numbers and orientations of lattice pyridine molecules. Cluster cores 

as shown in Figure 7 are defined by a significantly distorted Th4E4 cube, with the four 

equivalent “side” Th2E2 square faces containing μ2-EPh ligands that bridge the two Th 

atoms on each side face. Unlike the slightly distorted Th2E2 squares on the sides, the 

“top” and “bottom” Th2E2 faces are highly distorted rhomboids, as shown in Figure 7. 

Comparisons of key interatomic geometries in 1−4 are given in Table 1. 



18 

 

 

 

Table 1.  Ranges of selected distances (Å), angles and torsions (degrees) in X-ray structures of 1 ‒ 4. 

 E,E’=S, S E,E’=Se, Se E,E’=S, Se E,E’=Se, S 

distance 1 2 3 4 

Th‒N 2.628―2.691(5) a   2.633―2.697(9) 2.630―2.709(3) 2.651―2.697(<1) 

Th‒µ3E (side) 2.763―2.772(2) 2.894―2.913(1) 2.760―2.778(1) 2.909(<1) 

Th‒µ3E (top) 2.786―2.854(2) 2.923―2.973(1) 2.798―2.849(1) 2.943―2.952(1) 

Th‒µ2E’Ph 2.990―3.046(2) 3.069―3.150(1) 3.107―3.164(1) 2.970―3.020(1) 

Th‒ηE’Ph 2.860―2.876(2) 2.970―3.015(1) 2.986―3.000(<1) 2.884(1) 

Th···Th’ (side) 4.011―4.024(<1) 4.139―4.164(<1) 4.037―4.051(<1) 4.116(<1) 

Th···Th” (top) 4.522―4.525(<1) 4.652―4.722(<1) 4.508―4.517(<1) 4.708(<1) 

     

bond angle 1 2 3 4 

Th‒µ3E‒Th (side) 91.2―92.6(<1) 89.21―90.54(3) 92.06―93.17(3) 89.22―89.39(1) 

Th‒µ3E‒Th (top) 106.7―106.7(<1) 104.75―107.33(3) 106.15―106.23(3) 105.98(2) 

Th‒µ2E’‒Th (side) 83.3―84.2(<1) 83.15―84.12(3) 80.15―80.93(1) 86.81(3) 

Th‒µ2E’‒C 117.1―119.8(2) 112.4―118.8(4) 113.7―117.4(1) 117.5―118.4(2) 

Th‒ηE’‒C 114.3―115.6(2) 112.0―114.0(4) 112.8―114.0(1) 113.8(2) 
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torsion angle b 1 2 3 4 

Th‒µ2E’‒C‒C  

μ3E−Th−ηE′−C 

Th···Th−N−C 

μ3E···μ2E′−C−C 

44―53 

46―47 

4―5, 102―106 

1.8, 5.3 

42―59 

25―53 

1―14, 92―99 

0.4―9.8, 0.1―5.4 

37―49 

45―48 

2―8, 104―107 

1., 8.7 

48 

39 

0, 93 

3.1 

intramolecularc 

Cβ(ηE’)···µ3E 

1 

3.51, 3.53 

2 

3.38-3.70, 3.42-3.47 

3 

3.65, 3.64 

4 

3.59 

Cβ(µ
2E’)···µ3E 3.64, 3.66 3.73-3.86, 3.77-3.79 3.72, 3.73 3.73 

cen(ηE’-Ph)···core 6.39, 6.46 6.14-6.48, 6.19-6.44 6.54, 6.58 6.41 

cen(η2E’-Ph)···core 6.43, 6.44 6.61-6.66, 6.61-6.63 6.56, 6.59 6.48 

 

a Average ESD for values contributing to the range are given in parentheses. 

b Absolute values are used here and all ESDs are less than 1.0°.  For Th-Th-N-C, both Th atoms are on the same “side”, as defined 

in Figure 7 and the two ranges separated by a comma correspond to the two py bonded to Th atoms. For compound 2, ranges for 

both unique molecules are given.   

c These intramolecular distances relate to the conformation of the rotatable E’-Ph group and the distance between the centroids of 

its phenyl ring and the centroid of the “core” Th4E4E’8N4 region. 
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Table 2.  Selected H···E contact geometries in 1 ‒ 4. a 

     

Intramolecular  1 2 3 4 

H(2E’)···3E  2.82, 2.84 2.72, 2.96 2.88, 2.89 2.89 

  3.01, 2.94   

H(py2)···3E   3.09, 2.98 3.39, 3.33 3.12, 3.01 3.17 

  3.39, 3.37   

H(py1)···3E   3.24, 3.52 3.41, 3.16 3.26, 3.48 3.43 

  3.23, 3.33   

H(E’)···3E   3.04, 3.08 3.88, 2.98 3.19, 3.21 3.33 

  3.74, 3.16   

H(py1)···2E’  2.69, 2.74 2.85, 2.78 2.80, 2.80 2.66 

  2.88, 2.84   

H(py1)···E’  2.89, 2.91 3.07, 2.97 2.98, 2.98 2.93 

  2.95, 2.90   

H(py2)···E’  3.36, 3.20 3.05, 3.05 3.33, 3.21 3.19 

  3.12, 3.15   
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Intermolecular  1 2 3 4 

H(py)···E’  2.92, 2.88 3.07, 2.97 2.96, 2.95 3.01, 

3.41 

H(2E’)···E’ > 3.6  3.13, 3.12 > 3.6  3.54 

solvent···E’ 3.03, 3.16 3.21, 3.11 3.15 > 3.6 

 

a Italicized values are those less than the van der Waals radii sum (Bondi), 2.8 Å for H···N, 3.0 Å for H···S, and 3.1 Å for 

H···Se.  All H atoms are at calculated positions for sp2 geometry and C-H distance of 0.95 Å (SHELXL).  Average ESDs 

are 0.01 – 0.02 Å for distances and 0.05 – 0.10° for angles. Note that, due to molecular site symmetry, there are two, four, 

two, and one unique values for named contacts for compounds 1, 2, 3, and 4, respectively. 
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 Individual bond distances are all consistent with prior literature, with narrow 

ranges of Th−N,41,111,113,117,118 Th−E,41,119,1201j,40 or Th−EPh41,103,111,113,118 and values that 

reflect the atomic sizes,121,122 as shown in Table 1. A very good agreement of the X-ray 

determined Th−E/Th−E′ bond lengths with those optimized at the DFT (PBE0-

D3(BJ)/ECP/def2-TZVP) level (cf. Table 2 and Table 3) is observed.  

The close intramolecular H atom contact distances in 1−4 as given in Table 2 

were a measure not only of possible weak H-bonding interactions but also of the 

conformational flexibility of μ-E′Ph, η-E′Ph, and py ligands. The magnitude and 

consistency of these values, as well as those of the torsion angles about Th−N and Th−E′, 

indicate that there is limited flexibility in the ligands for any one of these compounds. 

Additionally, to locate significant conformational variations on going from 1 to 4, 

molecular overlay calculations (CCDC Mercury) were performed, and the largest 

deviations were clearly located about the terminal E′Ph groups, as depicted in Figure 8 

and listed in Table 4.  

Cubanes 1−4 and the recently described Th clusters with fluorinated 

chalcogenolates41 afford an opportunity to establish the impact of ring fluorination on the 

Th−E bond length for thiolate and selenolate ligands. Both Th−S and Th−Se bond lengths 

are elongated when the aromatic ring is fluorinated. For thiolates, the terminal 

Th−S(C6F5) bonds [2.904(2) Å in (py)8Th4S4(SPh)4(SC6F5)4 and 2.899(2) Å in 

(py)8Th4Se4(SePh)4(SC6F5)4]
41 are longer than the terminal Th−S(Ph) bonds in the 

present work [2.860−2.876(1) Å in 1 and 2.884(1) Å in 4] by∼0.03 Å. Similarly for 

selenolates, the terminal Th−Se(C6F5) bonds [3.020(1) Å in 

(py)8Th4Se4(SePh)4(SeC6F5)4 and 3.030(1) Å in (py)8Th4S4(SPh)4(SeC6F5)4]
41 are also 
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longer than the terminal Th−Se(Ph) bonds in 2 and 3 [2.989−3.005(1) Å in 2 and 

2.986−3.000(1) Å in 3] by∼0.03 Å. This lengthening is consistent with the polarizing 

ability of the fluorine substituents, namely, the withdrawal of negative charge from the 

chalcogen atom E in the EC6F5 group resulting in less electrostatic attraction and covalent 

bonding between Th and E. This polarization effect is reflected in the atomic partial 

charges and delocalization indices given in Table 3. A similar impact on M−E bond 

lengths was noted in analogous lanthanide systems.36,123 
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Table 3. DFT optimized Th-E bond-lengths (in Å), QTAIM delocalization indices, DI(Th-E), as a measure of the Th-E bond covalency, 

and CM5 atomic charges at thorium and chalcogen centers in selected systems a,b 

 Th-E bond-lengths  DI(Th-E)  CM5 atomic charges 

Compound Th‒3E Th‒2E Th‒E  Th‒3E Th‒2E Th‒E  Th 3E 2E E 

(py)8Th4(3-S)4(2-SPh)4(η-SPh)4 (1) 2.786 2.987 2.836  0.531 0.338 0.519  0.626 -0.403 -0.182 -0.277 

(py)8Th4(3-Se)4(2-SePh)4(η-SePh)4 (2) 2.922 3.114 2.974  0.532 0.352 0.529  0.666 -0.428 -0.240 -0.338 

(py)8Th4(3-S)4(2-SePh)4(η-SePh)4 (3) 2.791 3.109 2.982  0.533 0.344 0.516  0.662 -0.372 -0.261 -0.338 

(py)8Th4(3-Se)4(2-SPh)4(η-SPh)4 (4) 2.920 2.995 2.827  0.528 0.337 0.529  0.635 -0.462 -0.163 -0.279 

(py)8Th4(3-Se)4(2-SePh)4(η-SeC6F5)4 2.934 3.093 3.008  0.525 0.366 0.488  0.558 -0.316 -0.248 -0.308 

(py)8Th4(3-Se)4(2-SePh)4(η-SC6F5)4 2.934 3.095 2.870  0.523 0.363 0.484  0.546 -0.323 -0.252 -0.253 

Th4(3-Se)4(2-SePh)4(η-SePh)4  

(fully desolvated cluster of 2) 

2.871 3.040 2.943  0.565 0.445 0.712  0.627 -0.402 -0.214 -0.256 

(py)3Th(SeC6F5)4   2.920    0.589  0.759   -0.269 

(py)4Th(SeC6F5)4   2.980    0.511  0.790   -0.287 

(py)3Th(SePh)4   2.915    0.600  0.757   -0.310 

(py)4Th(SePh)4   2.967    0.530  0.775   -0.321 

Ph2Se            -0.038 

(C6F5)2Se            +0.028 

a PBE0-D3(BJ)/ECP/def2-TZVP results (cf. Computational details); b Only averaged values over chemically equivalent atoms/bonds are 

given here.
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 A comparison of Th−ligand and U−ligand bond lengths is also possible. A 

related uranium cubane, (py)8U4(μ3-Se)4(μ2SePh)4(η-SePh)4, has been described,27 

crystallizing in the monoclinic space group C2/c as observed for 1, 2, and 3, but not for 4. 

The P21/n phase of 2 was the most commonly produced form, and its crystal structure 

results were the most precisely determined of the four phases observed for 2. While the 

U4Se4 cluster27 and the fully characterized P21/n phase of 2 presented here are not 

isostructural, they are isomorphous, and so a comparison of average bond lengths is 

appropriate. There is a significant difference in the ionic radii of eight-coordinate Th(IV) 

and U(IV), with the uranium ion smaller by 0.05 Å,122 and this difference should be 

reflected systematically in all metal−ligand interatomic separations. These expected 

differences are observed: the average differences between Th−L and U−L bond lengths 

(Δ) are all within 0.02 Å of that predicted by using appropriate ionic radii122 for all four 

ligands: An−N(py) (Th, 2.671 Å; U−N; 2.619 Å, ΔTh−U = 0.052 Å), An−Se2− (Th, 

2.940 Å; U, 2.868 Å; ΔTh−U = 0.072 Å), terminal An−Se(Ph) (Th, 2.994 Å; U, 2.927 Å; 

ΔTh−U = 0.067 Å), and bridging An−Se(Ph) (Th, 3.108 Å; U, 3.061 Å; ΔTh−U = 0.047 

Å). 
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Figure 8.  Molecular overlay of compounds 1 (red) and 2 (blue) using the 

“calculate overlap” feature in CCDC graphics program Mercury.  The Th, Se, S and N 

atoms are colored cyan, gold, yellow, and blue, respectively.  View highlights region of 

largest deviation, namely, rotated terminal E’Ph groups and accompanying py nearest to 

the E’Ph. Relevant conformational angles and interatomic distances are in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

77Se NMR and Solution Structure. Both 1H and 77Se NMR spectroscopy can be 

used to probe solution structure, with 77Se data being particularly useful because of the 

large chemical shift dispersion of this spin-half (I = 1/2) nucleus. The 77Se NMR shifts 

for the mononuclear, tetraselenolate compounds (py)nTh(SeAr)4 (Ar = Ph, C6F5; n = 3 or 

4), the Se-containing thorium cubanes, and selected, purely organic arylselenides are 

summarized in Table 5. The data show an excellent match between experimental and 

DFT-calculated data (R2 = 0.996; root-mean-square deviation (RMSD) = 15 ppm), 
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allowing for a reliable computer-aided signal assignment and structure elucidation. In 

addition, 77Se shifts in Th−Se species are very sensitive to subtle structural changes, 

allowing us to establish the number of metal-coordinated solvent molecules in solution. 

This sensitivity is evident, for example, for the (py)nTh(SeAr)4 (Ar = Ph, C6F5) series, 

where complexes with four pyridines coordinated directly to thorium center are predicted 

to display 77Se resonances shifted upfield by ca. 80− 90 ppm as compared to their 

(py)3Th(SeAr)4 congeners (cf. Table 5). The shielding upon additional solvent 

coordination could be primarily ascribed to a Th−Se bond elongation (reduced Th−Se 

bond covalency) and electron-density accumulation at the chalcogen centers (cf. Table 4). 

The experimental and computed 77Se shifts for mononuclear complexes in pyridine-d5 

confirm thus the different Th coordination-environment for systems with SePh (n = 3) 

and SeC6F5 (n = 4) ligands in solution, consistent with their solid-state structures.  
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Table 4.  Short H···H distances (Å) for the closest py···E’Ph interactions in 1 ‒ 4 (see 

Figure 8). a 

 

 1 2 3 4 

H(2E’)···H(py) 

outer 

2.60, 2.45 2.68, 3.54, 

2.52, 2.61 

2.74, 2.64 2.61 

  2.93, 2.97, 

2.64, 2.56 

  

H(2E’)···H(py) 

inner 

2.77, 2.69 2.56, 2.62, 

3.28, 2.80 

2.66, 2.65 3.08 

  2.60, 2.78, 

3.05, 2.69 

  

 

a There are up to four instances of these py···E’Ph contacts per Th4(µ3-E)4(µ2-

EPh)4(η-E’Ph)4 compound, namely, one for each unique terminal E’Ph ligand. The closest 

py ligand is bonded to the same Th atom as the E’Ph, ESDs are 0.01 – 0.02 Å. The terms 

“outer” and “inner” refer to the relative position of the contact with respect to the molecular 

centroid for the C(2) versus C(6) atom of the E’Ph ring. 
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Measurements of selenido clusters are equally informative. Solution 77Se NMR 

analysis of cubane 2 shows three 77Se resonances at 928 ppm (μ3-Se), 460 ppm (μ2-

SePh), and 573 ppm (η-SePh) that are assigned by comparison with both the Se2− (904 

ppm) and μ2-SePh (479 ppm) resonances in (py)4Th4(μ3-Se)4(μ2-SePh)4(η-SC6F5)4
41 and 

the resonance at 659 ppm for the terminally bound SePh in (py)3Th(SePh)4. The 77Se 

NMR shifts computed for fully desolvated Th cubanes are generally more deshielded 

than those in pyridine coordinated clusters (cf. Table 5), more so for “in-cube”, μ3-Se, 

and terminal, η-Se, selenium atoms (>140 ppm), while somewhat smaller deshielding 

(∼40−70 ppm) is observed for bridging, μ2-SeAr, ligands. An excellent match between 

experimental and DFT-computed 77Se shifts for pyridine coordinated Th cubanes 

supports thus the maintenance of the tetrametallic Th4E4 structures (coordinated by two 

pyridine molecules at each Th center) in solution, with no exchange between bridging 

and terminal SePh sites on the NMR time scale. Cubane 4 is also static in solution, with 

two sets of SPh resonances observed in the 1H NMR spectrum at 25 °C.  
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Table 5. Summary of experimental and DFT computed 77Se NMR shifts (in ppm vs. Me2Se) for selected systems a 

 

 Calcd. (77Se)  Expt. (77Se) 

Compound 3-

Se 

2-

SePh 

η-

SeArb 
 
3-

Se 

2-

SePh 

η-

SeAr b 

Th4Se4(2-

SePh)4(η-SePh)4 

(fully desolvated 

cluster of 2)          

1150 552 806  - - - 

(py)8Th4Se4(2-

SePh)4(η-SePh)4 (2) 

951 485 545  928 460 573 

(py)8Th4Se4(2-

SePh)4(η-

SeC6F5)4
41 

904 477 343  915 480 369 

(py)8Th4Se4(2-

SePh)4(η-SC6F5)4
41 

890 478 -  904 479 - 

(py)3Th(SeC6F5)4    490    - 

(py)4Th(SeC6F5)4
111    402    400 
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(py)3Th(SePh)4
111

    644    659 

(py)4Th(SePh)4   565    - 

PhSSePh124    517    520 

PhSeSePh125    469    456 

Ph2Se125    415    402 

C6F5SePh125    274    265 

(C6F5)2Se125   98    110 

PhSeH125   155    152 

 

a NMR shifts computed at the 2c-ZORA(SO)/PBE0-40HF/TZ2P/DZP level using a COSMO solvation model (cf. Computational 

details); b Ar = Ph or C6F5;
 c 
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It is noted further that, although the 77Se shifts for “in-cube” μ3-Se atoms are close 

to that measured for [K(18-crown6)][Th(Se)(NR2)3][ δ(77Se) = 992 ppm in pyridine-d5], 

which contains a highly polarized triple Th−Se bond [d(Th−Se) = 2.653 Å; DI(Th−Se) = 

1.266] (DI = delocalization index),9 both NLMO and QTAIM analyses show strongly 

polarized single Th−E bonds in compounds 1−4 (cf. Table 4; note that the DI integrates 

the electron density in the bonding region between two atoms in question and is closely 

related to the covalent bond order, reduced by bond polarity; that is, DI = 1.0 for a “pure” 

covalent single bond, and DI = 2.0 for a pure covalent double bond, but DI = 0.0 for a 

pure ionic bond). This is also reflected in notably longer Th−Se distances, which vary 

from 2.894 to 2.973 Å (cf. Table 1). Despite much smaller Th− E bond covalency, the 

strong 77Se deshielding of the μ3-Se2− ligand atoms can be attributed to the presence of 

multiple adjacent Th(IV) centers. These form low-lying unoccupied MO orbitals, 

composed largely from Th(6d) atomic orbitals (with a minor Se(4p) contribution), and 

are magnetically coupled with suitable occupied MOs with a predominant Se(4p) 

character. The latter are energetically higher for μ3-Se-centered MOs than for those 

localized at μ2-Se or η-Se, that leads to lower excitation energies (ΔE) appearing in the 

denominator of the Ramsey formula and thus larger paramagnetic shielding for μ3-Se2− 

atoms. The diamagnetic and spin−orbit shielding contributions are comparable with those 

in mononuclear Th−Se compounds, and the trends in NMR shifts are dictated solely by 

σp shielding, consistent with previous findings.9 In passing that more extreme deshielding 

for the μ3-Se2− ligand, with δ(77Se) = +2006 ppm, was found for a titanium(IV) selenido 

cluster, [(η-C5H5)Ti]4(μ2-Se)3(μ3Se)3.
126 
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Generally, upfield 77Se shifts for SeC6F5-containing compounds as compared to 

their nonfluorinated SePh congeners were also found for some organoselenides (see 

Table 5), although the former possesses more positive charge at the Se center (cf. Table 

3). This somewhat counterintuitive behavior can be ascribed to a less efficient π-

conjugation of the Se electron lone pairs with the perfluorinated aryl group(s), as evident, 

for example, from the more acute C−Se−C bond angle, the larger selenium lone-pair 

occupancy, and/or notably smaller participation of Se(4p) in the HOMO−5 orbital (with 

the most dominant contribution to the σp (77Se); HOMO = highest occupied molecular 

orbital) when comparing (C6F5)2Se with Ph2Se. The expected 77Se deshielding upon 

introducing electronegative fluorine substituents is, however, observed when comparing 

organoselenium compounds with Se-bound fluorinated and nonfluorinated alkyl 

groups.125,127  

Cluster Reactivity. Ligand-based redox chemistry outlined in Scheme 3 was 

confirmed synthetically in a preparative scale reaction of cluster 2 with PhSSPh. The 

reaction (Scheme 4) was conducted at 25 °C using stoichiometric amount of PhSSPh, and 

the resulting colorless crystals were verified by single-crystal X-ray diffraction as the 

mixed chalcogenide compound 4.  
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Scheme 4: Reactivity of all-selenium compound 2 with diphenyl disulfide under 

different conditions. 

 

This chalcogenolate exchange reaction is clearly driven by electrostatic forces, 

and the system affords an opportunity to also evaluate the reversibility of the E/EPh redox 

reactions in Schemes 1 and 2. In an attempt to explore the complete replacement of Se by 

S in the Se/SePh cluster, 2 was mixed with PhSSPh (1:8) at elevated temperatures. 

Surprisingly, there was no evidence for the formation of 1 or 4, but instead (Scheme 4) 

monometallic (py)4Th(SPh)4
111 was isolated in high yield, with PXRD characterization 

indicating that this was the only crystalline product formed. The remarkable range of 

organic products observed is consistent with earlier work on solution speciation of 
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R2E2/R′2E′2 mixtures.124 While it has previously been shown that larger chalcogenido 

clusters can be fragmented128 under appropriate conditions, this is the first time that the 

reversibility of these ligand-based E/PhE−/E2−/ PhEEPh redox reactions has been 

demonstrated. This reactivity is consistent with previous work showing that M(SPh)x 

react with S but not Se.  

Thermolysis. Molecular thermolysis40,111,129–133 is potentially useful as a low-

temperature approach to the synthesis of metastable solid-state materials, and the 

heterochalcogen compounds 3 and 4 present a unique opportunity to explore the low 

temperature preparation of ternary solid-state materials. Thermolyses of 3 and 4 were 

performed at the same temperature conditions as for previously reported111 monomeric 

Th(EPh)4 compounds (Scheme 5). The PXRD analyses revealed that the products do not 

contain a mixture of previously reported ThS2
134 and ThSe2

135 solid-state materials, but, 

instead, a new ThSxSe2−x alloy phase is observed. The crystallinity of the thermolysis 

product from 3 differed slightly from that of the product from 4, suggestive of different 

cooling rates for the two thermolysis runs, rather than significantly different S/Se ratios.  

 

 

Scheme 5: Thermolysis of the heterochalcogen compounds 3 and 4. 
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According to scanning electron microscopy (SEM), the resulting powders of the 

thermal residuals for compounds 3 and 4 have different surface morphologies (Figure 9). 

Both in any system where chalcogen exchange reactions are possible, aryl migration 

could favor the elimination of PhSPh over PhSePh, with the consequent formation of a 

Se-rich solid-state product. 

Figure 9. SEM images of thermolysis products (in 100 nm scale) for (a) compound 3, 

and (b) compound 4. 

 

(a)                                                            (b) 
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Conclusion 

A family of (py)8Th4(μ3-E′)4(μ2-EPh)4(η-EPh)4 (E, E′ = S, Se) cubane clusters 

were prepared for all combinations of E, E′ = S, Se, using ligand-based redox reactions in 

which PhE anions reduce elemental E or when PhS− reduces PhSeSePh. These clusters 

crystallize in a variety of unit cells, always with the same basic core structure. NMR 

measurements indicate that solid state structure is maintained in solution and that the 

cluster surface EPh ligands are static on an NMR time scale. The selenido compounds are 

all unstable with respect to reactions that replace Th−Se bonds with Th−S bonds. 

Measured and calculated 77Se NMR shifts are in a good agreement and confirm the Th 

coordination numbers in solution. Thermolysis of the heterochalcogen compounds 

suggests the formation of a ThSxSe2−x alloy. 
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Experimental Conditions  

Reaction of Compound 2 with PhSSPh (Scheme 4). Crystalline 2 (1.31 g, 0.42 

mmol) and PhSSPh (0.550 g, 2.52 mmol) were combined in 30 mL of pyridine and 

stirred for 12 d at 25 °C. The solution was filtered to remove a trace amount of yellow 

powder, concentrated to ca. 14 mL, and layered with hexane (28 mL) to give colorless 

crystals (0.32 g, 27%), which were identified as 4 by single-crystal X-ray diffraction.  

NMR Scale. Crystalline 2 (0.110 g, 0.03 mmol) was mixed with PhSSPh (0.039 

g, 0.0.18 mmol) in 0.8 mL of pyridine-d5. The mixture was stirred for ∼1 min and then 

allowed to settle at 25 °C for 45 min. 77Se NMR spectrum was collected within the first 

12 h and contained resonances at 520 (s, PhSSePh)124 and 456 (s, PhSeSePh)136 ppm. 

After 6 d, yellow crystals had formed in the NMR tube. These were identified as 

PhSeSePh137 by X-ray diffraction. GC-MS of the solution revealed a number of products 

including PhSeSeSeSPh (m/z, 424), PhSSSSePh (m/z, 330), PhSSPh (m/z, 218), PhSePh 

(m/z, 234), and PhSPh (m/z, 186). 

Reaction of 2 with Excess PhSSPh (Scheme 4). Crystalline 2 (1.56 g, 0.50 

mmol) and PhSSPh (0.873 g, 4.00 mmol) were combined in 40 mL of pyridine and 

stirred for 4 d at 90 °C. The deep yellow solution was filtered from a small amount of 

yellow powder, concentrated to ca. 26 mL, and layered with hexane (14 mL) to give 

colorless crystals (0.65 g, 69%) that were identified as (py)4Th(SPh)4
111 by single-crystal 

X-ray diffraction. The purity of the final monomeric product was verified by comparing 

experimental and calculated PXRD of the bulk materials. The residue of the deep yellow 

solution was analyzed by GC-MS to reveal the presence of PhSSePh (m/z, 266), PhSSPh 

(m/z, 218), PhSeSePh (m/z, 314), PhSePh (m/z, 234), and PhSPh (m/z, 186).  
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Thermolysis (Scheme 5). Ground samples of 3 or 4 (∼20 mg) were placed in a 

quartz thermolysis tube under nitrogen atmosphere that was evacuated and purged with 

argon three times, sealed under vacuum, and placed into a model 847 Lindberg tube 

furnace. The initially empty “cold” end of the glass tube was held at −196 °C by 

immersion in liquid nitrogen. The samples were heated to 850 °C at a ramp rate of 10 

°C/min and then held at 850 °C for 6 h, at which time it was cooled to 25 °C at a rate of 

3.5 °C/min. The gray-black powder that was formed at the sample end of the quartz tube 

was placed on Kapton tape and identified by PXRD as a solid-state mixture, or alloy, of 

isomorphic ThS2 and ThSe2, namely, ThSxSe2−x, with approximately equal amounts of Se 

and S based upon the resulting unit cell dimensions from whole pattern fitting routine 

(JADE7) after using as starting point either the ThS2 phase14,111–115 (Pmnb (62), Z = 4, 

PDF No. 751967), or the ThSe2 phase138 (Pmnb (62), Z = 4, PDF No. 74-0978). 

However, the nearly equal amounts of Se and S determined from the calculated unit cell 

alone may not be accurate due to the considerable asymmetrical broadening of peaks as a 

result of low-dimensional and restacking effects of the crystal packing on the nano scale, 

similar to those observed for MoS2,
139 TaS2,

140 and NbS2.
141 GC-MS analysis of the 

volatile products identified py (m/z 79), SPh2 (m/z 186), and SePh2 (m/z 234).  

 

Scanning Electron Microscopy (SEM). Field-emission scanning electron 

microscopy (FE-SEM, ZEISS Sigma) and energy-dispersive X-ray spectroscopy (EDS, 

silicon drift detector from Oxford Instruments) were employed to observe the 

morphological characteristics of the pyrolysis materials. Imaging and EDS were 

completed using 5 and 15 keV electron beam voltages correspondently. All samples were 
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covered with 20 nm Au coating using rotary-pumped sputter coating system (EMS150R, 

Electron Microscopy Sciences) and placed on carbon adhesive tapes with specimen 

holders (Ted Pella).  

Powder X-ray Diffraction (PXRD). PXRD data for compounds 1−4 were 

obtained with a Bruker Vantec-500 area detector and a Bruker FR571 rotating-anode X-

ray generator operating at 40 kV and 50 mA and equipped with a three-circle Azlan 

goniometer. The system used 0.5 mm pinhole collimation and a Rigaku Osmic parallel-

mode (e.g., primary beam dispersion less than 0.016° in 2θ) mirror monochromator (Cu 

Kα; λ = 1.5418 Å). Data were collected at 20 °C with a sample-to-detector distance of 

∼26 cm. Spatial calibration and flood-field correction for the area detector were 

performed prior to data collection. The 2048 × 2048-pixel images were collected at the 

fixed detector (2θ) angles of 0 and 15° for ∼10 min with ω fixed and continuous rotation 

in ϕ (capillary axis) of ∼2° per min. For the intensity versus 2θ plots,142 background 

levels, modeled as amorphous scattering from air, capillary, and sample, were subtracted, 

and integrations in χ (Bruker GADDS)143 were performed. No other corrections to the 

PXRD data were made. PXRD of bulk samples were compared with the calculated 

diffraction pattern of the respective compound. To account for the temperature difference 

in the PXRD (T = 293 K) and single-crystal (T = 153 K) patterns, a wavelength of 1.51 Å 

was used for the calculated PXRD patterns. Also, it appeared that the intensity and d-

spacings of low-angle PXRD data were much less affected by evaporation of lattice 

solvent. Thus, the 4° <2 θ < 12 ° PXRD data provided an excellent region for the phase 

verification performed here. Diagrams of the PXRD data are available in the Supporting 

Information144.  
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Single-Crystal X-ray Structure Determination. Data for 1−16 were collected 

on a Bruker Smart APEX CCD diffractometer with graphite monochromatized Mo Kα 

radiation (λ = 0.71073 Å) at 100 or 120 K.145 All experimental details can be found in the 

published paper.144 Thermal ellipsoid diagrams for 1−4 are shown in Figures 3−6, 

respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

Monomeric Thorium Chalcogenolates with 

Bipyridine and Terpyridine Ligands 
Compounds (bipy)2Th(SeC6F5)4 and (bipy)2Th(SC6F5)4 were synthesized 

and characterized fully by Matthew Stuber and Wen Wu respectively. 
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Introduction 

The actinide elements continue to represent one of the great challenges in 

inorganic chemistry because of the complicated nature of the valence 5f orbitals and the 

variable influence of covalent/ionic bonding in actinide systems.  Interest in probing the 

importance of covalent bonding has inspired recent efforts to develop the chemistry of 

actinides with relatively electropositive chalcogen based anions (i.e. ER-, E2-; E = S, Se, 

Te; R = organic) because of the intrinsic nature of these ligands form covalent bonds with 

metals.146,147 A firm understanding of the fundamental chemical and physical properties 

of molecules with actinide-chalcogen bonds is also important because it provides the 

necessary foundation for understanding size dependent chemical and physical properties 

of actinide systems.   

2,2’-Bipyridine (bipy) has been used extensively in actinide chemistry,148–157  

because chelating ligands impart thermal stability, and because the extended ᴨ* orbitals 

are a potential reservoir for electrons in transition states158–160 or in ground states, as a 

bipy radical anion.107,151,161–169  Compounds of uranium with bipyridine dominate the 

actinide literature, with an extensive array of halide10,63,158,162–165,170–182 and carboxylates 

derivatives,183–189 but less conventional compounds such as the remarkable uranium 

imido bipy complexes also exist.158,159,163,170,172,182,190–192  Products in which bipy is 

anionic are also well established, i.e. U(bipy)4
161 and a series of actinide 

metallocenes.113,165,193,194 

Thorium compounds are potential sources of insight into the electronic properties 

of actinide compounds because the electronically silent nature of the Th(IV) ion (no 

fn
fn-1d1 promotion, LM or ML charge transfer) simplifies the assignment of ligand 
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based electronic transitions.    While there are a number of Th compounds with bipy 

ligands10,107,113,165–167,193 and a number of instances where pairs of bidentate ligands have 

been used to give stable 8 coordinate bis-chelate ligand compounds,
162,168,175–178,182,195–202 

there are no examples of thorium compounds with two bipy ligands. 

This work outlines the synthesis and characterization of bipyridine complexes of 

thorium chalcogenolates Th(ER)4.  In order to probe the origin of the color in these 

compounds, analogous chemistry with 2,2′,6′,2″-terpyridine (terpy) was also explored.    

 

Results and Discussion 

Thorium metal reacts with RE-ER (E = S, Se; R = Ph, C6F5) to reductively cleave 

the E-E bond and form Th(IV) chalcogenolates that react with bipy to form bis-bipy 

chelate compounds (bipy)2Th(EPh)4 (Scheme 6) and (bipy)2Th(EC6F5)4 (Scheme 7).  

This is an attractive synthetic approach due to the minimal number of reagents involved, 

the relatively high yields, and the ease with which intended products can be isolated, 

because there are no solid-state byproducts.  Addition of catalytic mercury is not required 

but reduces the amount of time required for all the Th metal to be consumed. 
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All four bis-bipy products were isolated and characterized by conventional 

methods and low temperature single crystal x-ray diffraction.  Because reliable elemental 

analyses are often difficult to obtain, due to the facile loss of lattice solvent at room 

Scheme 6. Synthesis of bis-bipyridine thorium(IV) chalcogenolate complexes by 

                  displacement of pyridine with bipy. 

Scheme 7. Synthesis of bipyridine thorium monomers with fluorinated chalcogenido 

                  ligands. 

(5) (6) 

E = S (7) 

E = Se (8) 
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temperature and the possibility that other phases may also precipitate from the same 

flask, all compounds were also characterized by powder x-ray diffraction.  Observed 

diffraction profiles were compared with profiles calculated from respective single crystal 

results to determine the level of purity of the bulk isolated material. 

All four bipy compounds are thermochromic in the solid state, reversibly 

becoming darker as the temperature increases.  Thermochromic properties are rare in 

actinide systems, with a mere two reports outlining thermochroic behavior in uranyl 

systems.203,204 Because the analogous pyridine derivatives are colorless at room and 

elevated temperatures, the most likely source of the color change for the bipy compounds 

may be a low energy ligand-to-ligand charge transfer (LLCT) process in which an 

electron on the relatively electropositive EPh anion is transferred to a delocalized ᴨ* 

orbital on the bipy.28–34 Well-defined absorption maxima that could be assigned to such 

an LLCT process were not observed, but the hypothesis can be tested by replacing bipy 

with terpy, where the more extended ᴨ* orbitals on the terpy ligand should lower the 

energy requirements of a LLCT process even more.205 Addition of terpy to a solution of 

Th(ER)4 led to the successful isolation and characterization of the thiolate product 

(py)(terpy)Th(SPh)4, 5, which was characterized by IR/UV/vis spectroscopic methods, 

PXRD, and low-temperature single crystal x-ray diffraction. Compound 5 is the first 

thorium compound containing terpy.   

Although not quantitative because of variable crystal thicknesses, the yellow color 

of 5 is darker than the colorless (py)4Th(SPh)4 (104) and the light yellow 

(bipy)2Th(SPh)4, 5 implying that the electronic transition responsible for complex color is 

shifted increasingly into the visible spectrum as the extent of conjugation in the neutral 
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donor is extended. This behavior is consistent with the above LLCT assignment. 

Unfortunately, there was no well-defined adsorption maximum in the UV/vis spectrum of 

(py)(terpy)Th(SPh)4 (Scheme 8).  

 

 

 

 

  

 

 

 

 

All five compounds are eight coordinate, with four chalcogenolate ligands and 

two neutral chelating ligands.  These compounds crystallize in four structural types that 

differ greatly in overall conformation, but only slightly in the geometry of the ThE4N4 

core coordination (see below).  For 5 – 9, this situation contrasts that for the 7-coordinate 

(py)3Th(ER)4 derivatives (ER = SePh, SC6F5).
111 Unexpectedly, for (py)3Th(SePh)4,

111    

a seven coordinate structure is even maintained in pyridine solution, as determined by 

77Se NMR data and DFT calculations.144 

Scheme 8. Synthesis of the monomeric terpyridine thorium thiolate. 

(9) 
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In contrast to the relatively less crowded 7-coordinate Th compound 

(py)3Th(SC6F5)4,
206 eight -coordinate (bipy)2Th(SC6F5)4, 7, contains no dative Th···F 

bonds, most likely due to space constraints when the two bidentate bipy ligands are 

present as in Fig. 12. This hypothesis is also supported by the absence of Th···F dative 

bonds in the 8-coordinate (py)4Th(SeC6F5)4.
  Many dative actinide…F interactions are 

found in the Cambridge Structure Database (CSD),137 but only seven were found to 

involve an F atom from a ligand containing a C6F5 moiety.28–34,207  The three py in 

(py)3Th(SC6F5)4
111 are all located on one side of the molecule, so that the molecular 

dipole is very large, in contrast to all of the 8-coordinate molecules presented here, which 

have pairs of ER located on opposite (5, 7, 8) or on nearly opposite (6, 9) sides of the 

molecule. 
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Fig. 10: Thermal ellipsoid diagram of (bipy)2Th(SPh)4, 5, with the H atoms removed for 

clarity and ellipsoids at the 50% probability level.  (TOP) View showing distorted square 

antiprismic coordination; (BOTTOM) view showing nearly regular bicapped trigonal prismic 

coordination with ᴨ···ᴨ interactions evident between the aromatic bipy and SPh groups 

comprising each trigonal face, namely, N1, N2, and S3 (below the viewing plane), or N3, N4, 

and S4 (above the viewing plane); capping ligands are the SPh with S1 and S2.  Of the four 

unique molecules in 5, two are nearly the same and the other two are nearly their inversion 

mates. 
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Fig. 11: Thermal ellipsoid diagram of (bipy)2Th(SePh)4, 6, with the H atoms removed 

for clarity and ellipsoids at the 50% probability level.  (TOP) View showing distorted 

square antiprismic coordination; (BOTTOM) view showing distorted bicapped 

trigonal prismic coordination with different connectivity than in 5; The distortion and 

connectivity in 6 allow ᴨ···ᴨ interactions between the aromatic bipy and SePh groups 

comprising the trigonal faces, namely, N3, N4, and Se4 (below the viewing plane), 

and N1, N2, and Se2 (above the viewing plane); capping ligands are the SePh with 

Se3 and Se1, with the latter SePh rotated to provide additional ᴨ···ᴨ interaction to 

bipy containing N1 and N2. 
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Fig. 12: Thermal ellipsoid diagram of (py)3Th(SC6F5)4, 7, with the H atoms removed 

for clarity and ellipsoids at the 50% probability level.  Symmetry transformation -x, y, 

1/2-z used to generate equivalent atoms (primed labels).  (TOP) View showing 

distorted square antiprismic coordination; (BOTTOM) view showing nearly regular 

bicapped trigonal prismic coordination with more symmetrical connectivity than in 1 

due to the crystallographic C2 site symmetry.  The ᴨ···ᴨ interactions are between the 

aromatic bipy and SC6F5 groups comprising each trigonal face, namely, N1, N2, and 

S1 (below the viewing plane), or N1’, N2’, and S1’ (above the viewing plane); 

capping ligands are the SC6F5 with S2 and S2’, and their aromatic rings are 

considerably rotated with respect to analogous Ph rings in 5 to yield the maximum 

number of intramolecular ᴨ···ᴨ interactions for 7 and 8.   
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Fig. 13.  Thermal ellipsoid diagram of (py)4Th(SeC6F5)4, 8, with the H atoms removed for 

clarity and ellipsoids at the 50% probability level. Compound 8 is isomorphous to 7, with 

very similar coordination angles, e.g., Se-Th-Se and Se-Th-N, and intramolecular ᴨ···ᴨ 

interaction geometries, despite the 0.15 A longer Th-Se bond versus Th-S bond, on average. 
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Fig. 14.  Thermal ellipsoid diagram of (py)(terpy)Th(SPh2)4, 9, with the H atoms removed for 

clarity and ellipsoids at the 50% probability level.  With two narrow adjacent N-Th-N angles, a 

distorted square antiprism description for 9 appears to be better suited than a bicapped trigonal 

prism one.  Only two intramolecular π…π interactions are found in 9, involving both sides of the 

terpy ligand and thiolates with S1 and S4, unlike 5-8, are located on only one side of the 

molecule.  The rotationally flexible thiolate ligands with S2 and S3 and the py ligand are all 

available for intermolecular π…π interactions, but only the py ligand appears to have a ᴨ···ᴨ 

interaction, and only with a py of solvation (see text). 
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Fig. 15.  Ball and stick diagrams of the atoms in the coordination sphere of the title 

compounds.  Compound 7 (not shown) is the S-containing isomorphous analog of 8.  The 

coordination motifs are very similar in that six of the eight E or N relative positions are 

essentially the same and the other two, labeled A and B here, are switched in 2 and 5, with 

respect to 5 and 8.  This switching has significant consequences for the intra- and inter-

molecular interactions of the aromatic ring portions of the ligands (see text). 
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As shown in Fig. 15, the primary ThE4N4 coordination spheres in 5 - 9 can be 

viewed as having distorted square antiprism (SAP) symmetry.208  However, based upon 

the ligand-Th-ligand bond angles (Tab. S4, S11, S18, S25, and S32 for 5 – 9, 

respectively), a bicapped trigonal prism (BTP) coordination, with capping N atoms – one 

from each bipy, is a more accurate description.  The coordination scheme for 

(bipy)2Th(SPh)4, (bipy)2Th(SC6F5)4, and (bipy)2Th(SeC6F5)4 is described by Kepert206 as 

the trans configuration for two bidentate and four unidentate ligands, and contrasts the cis 

configuration of two bidentate ligands demonstrated by (bipy)2Th(SePh)4, and possibly 

(py)(terpy)Th(SPh)4, if, for the sake of analysis, one considers N(2) and N(3) to belong to 

one bidentate ligand and N(1) and N(4) to belong to the other (see Fig. 14).  For 

(bipy)2Th(SC6F5)4, as in Fig. 12 (top), and (bipy)2Th(SeC6F5)4, as in and Fig. 13, all ER 

are positioned to provide two instances of double ᴨ···ᴨ (e.g., ER…bipy…ER) stacking 

within a single molecule. However, for (bipy)2Th(SPh)4, and (bipy)2Th(SePh)4, with a 

comparatively smaller and more electropositive ER ligand, the double ᴨ···ᴨ stacking 

motif, which may exist in solution, certainly is not observed in the solid state.  For a 

fuller comparison of ᴨ···ᴨ interaction geometries, Table 6 includes the Th angles to the 

centroids of the neutral ligands as well as the coordination bond angles.  
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Table 6   Selected Inter-atomic and Inter-ligand geometries for 5-9. 

Length, 

Angle, or 

Torsiona 

(bipy)2Th(S

Ph)4 

E = S,  R = 

Ph 

(bipy)2Th(Se

Ph)4·py 

E = Se, R = 

Ph 

(bipy)2Th(S

C6F5)4·2THFh
 

E = S, R = 

C6F5 

(bipy)2Th(Se

C6F5)4·2THFi 

E = Se, R = 

C6F5 

(py)(terpy)T

h(SPh)4·2py 

E = S, R = 

Ph 

Th-N (Å) 2.606-2.691 2.620-2.653 2.628-2.631 2.613-2.618 2.598-2.734 

Th-E (Å) 2.826- 2.867 2.954-3.015 2.843-2.873 2.970-3.016 2.828-2.848 

E’-Th-E (°) 83.9-85.0, 

89.2-120.4, 142.4-

144.2 

65.6-67.8, 

98.0-105.5, 143.8-

149.1 

67.7-67.7, 

114.9-128.8, 147.6-

147.6 

65.0-65.0, 

117.7-130.8, 148.6-

148.6 

67.9-78.2, 

91.4-105.6, 143.3-

148.2 

E-Th-N (°)b 10, 63.0 – 

87.5  

10, 64.7 – 

84.9 

12, 74.1 – 

82.5 

12, 74.1 – 

82.8 

10, 64.4 – 

84.9 

N’-Th-N (°)c 60.9 – 61.7,  

106.2 – 

108.8 

61.4 – 61.8, 

83.7 

62.4 – 62.4, 

115.5 

62.7 – 62.7, 

113.8 

62.4 – 72.5, 

62.8 
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Th-E-C1-C2 

(°)d 

63.0 – 70.0  

63.6 – 70.2 

77.9 – 86.2 

76.5 – 82.2 

67.4 

81.7 

28.9 

78.7 

84.6 

82.5 

84.6 

82.5 

83.2 

83.8 

83.2 

83.8 

77.9 

76.2 

84.1 

88.7 

twist (°)e 40.3, 38.8, 

40.7, 41.3 

48.8 60.3 57.0 53.0 

Th…com (Å) 3.44 – 3.45 3.16, 3.18 3.42, 3.42 3.41, 3.41 3.40, 3.32 

com-Th-com 

(°) 

164.5, 

164.2, 163.1 164.3 

133.2 170.0 170.2 120.0 

#, C-H…E 

(Å)f 

9-10, 2.70-

3.00 

6, 2.74 – 

2.91 

4, 2.77 – 

2.78 

4, 2.87 – 

2.92 

8, 2.74 – 

2.99 

#, C-H…F, 

N(py) (Å) 

n/a n/a 12, 2.40 – 

2.61 

12, 2.32 – 

2.60 

n/a 
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#, C’…C 

intra (Å)g 

4, 3.30 – 

3.44 

3, 3.09 – 

3.28 

2, 3.12 – 

3.14 

2, 3.16 – 

3.17 

4, 3.11 – 

3.26 

#, C’…C 

inter (Å) 

8, 3.13 – 

3.32  

1, 3.37 3.34 3.40 n/a 

#, ᴨ dihedral 

intra (°) 

4, 1.2 – 3.2 3, 7.6 – 27.1 2, 15.0 – 

15.1 

2, 7.2 – 8.9 4, 8.2 – 19.5 

#, ᴨ dihedral 

inter (°) 

8, 11.6 – 

26.6 

1, 25.7 0.00 0.00 n/a  

 

a The ESD values for Th-E related bonds, angles, and torsions are approximately 0.001 Å, 0.02 °, and 0.05 °, respectively. 

b The number () and values of E-Th-N angles reported here are only for the acute angles. 

c The first two N-Th-N values are for N atoms in the same bipy ligand; the third is the smallest angle using one N atom from 

either bipy. 

d For Th-E-C-C’, the atom labeled C’ is the closer to Th of the 2- or 6-position atom on the ring; absolute values are listed, and 

for each E in order of label. 

e The “twist” is the interplanar dihedral for the mean planes of the bipy ligands.  Pseudo-atom center of mass “com” is the 

centroid of the bipy (for 5, the centroid of the N3 and N2 rings and the centroid of the N1 and N4 rings were used). 

f The number per molecule and range of H…E distances for intra-and inter-molecular H-bonding are for distances less than the 
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corresponding van der Waals radii sum.21 

g The “C···C” distance is the shortest interatomic distance between pairs of 6-membered rings having a ᴨ···ᴨ interaction, and 

the “ᴨ,ᴨ dihedral” is the angle between those two rings. 

h Compound made by Wen Wu. 

I Compound made by Matthew Stuber. 
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 The Th-Se, Th-S, and Th-N bond geometries in 5 - 9 are consistent with 

prior literature,137 and are summarized in Table 6.  The twist (dihedral) angle between the 

pair of mean bipy planes, the distance and angles from Th to the bipy center-of-mass, and 

the acute E-Th-N angles are also in Table 6.  Because of the geometry of pairs of ligands 

in an 8-coordinate environment for 5 - 9, the E’-Th-E bond angles in Table 6 may be 

grouped into 3 ranges, namely cis at 66 – 85 ° (e.g., acute angles), meta at 90 – 131 °, and 

nearly trans at 142 -149 °.  None of the conformations of 5 – 9 include truly trans (e.g., 

E’-Th-E of 180 °), and, further, all of the molecules have a substantial molecular dipole.  

By examination of Fig. 10 – 14, it is apparent that the torsion angles about the Th-

E and E-C bonds are good measures of any conformational flexibility of ER ligands and 

the steric effects of nearest neighbor organic ligands.  Interestingly, the Th-E-C-C’ 

torsion angles have a narrow range, 82 – 85 ° for (bipy)2Th(SC6F5)4, and 

(bipy)2Th(SeC6F5)4, (Table 6), which may be due to a lower influence of packing 

interactions for their larger F-containing rings versus the smaller Ph rings of 

(bipy)2Th(SPh)4, and (bipy)2Th(SePh)4.  The number and ranges for the weak 

intramolecular H bonding between the aromatic C-H donors and S or Se acceptors given 

in Table 6 indicate that more of these interactions are possible in the more “open” 

structures of 5 and 9 compared to the more compact structures of 7 and 8.  Compound 6, 

with positions of one selenolate and one bipy switched with respect to those in 5 and 7, 

has an intermediate number of H bonding interactions.  With respect to close H···F 

contacts,209 the values in Table 6 for 7 and 8 include one intra- and 2 inter-molecular 

H···F per EC6F5 for a total of 12 H···F per molecule.  Because the E atoms are buried 
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near the core of the molecule, there are no intermolecular H-bonding interactions to S or 

Se in 5 – 9.  Also, it is clear that there is little or no charge residing on the bipy ligands, 

as evidenced by the central C-C bond lengths here that range from 1.46 to 1.50 Å, an 

observation which is consistent with the descriptions of neutral bipy 

ligands113,150,154,166,174,178,180 of actinide compounds.  The unit cell packing in each crystal 

structure of 5 – 9 is comprised of 2-dimensional sheets containing closely associated 

molecules but separated by more remote intermolecular H···H contacts of likely 

dispersive interactions.  Non-typically and perhaps because of its larger terpy ligand, the 

intermolecular interactions in 5 more closely approximate H(Ar)···Ar type of crystal 

packing interaction.210–212  Supplementary Fig.S22 – S26213 show edge-on views of these 

2-D sheets in the unit cell packing diagrams of 5 – 9, respectively.  The combination of 

the trans or near trans pair214 of bipy ligands in 5 – 8 and the apparent requirement of 

bidirectional ᴨ···ᴨ interactions, likely creates the observed 2D sheet motif in all of these 

structures.   

Solution structure. 77Se NMR data for 6 and 8 provide information about the 

solution structure of these molecules, much as this technique has been informative for 

establishing the solution structure of related thorium selenolates and selenido cluster 

compounds.  The SePh and SeC6F5 compounds 6 and 8 have 77Se NMR resonances with 

chemical shifts that indicate their eight coordinate solid-state structures are maintained in 

solution.   Shifts for the SePh compound cannot be compared directly with the related 

pyridine derivative because the latter crystallized with three coordinated pyridines and 

had a 77Se resonance at 659 ppm41 while 6 is eight coordinate with four neutral nitrogen 

donors.  Given this experimental value and DFT calculations of the 77Se NMR chemical 
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shifts for a hypothetical (py)4Th(SePh)4 (calculated 565 ppm)144 and (py)3Th(SePh)4 

(calculated 644 ppm144 and experimental 659 ppm41), it is reasonable to conclude that the 

586 ppm resonance found for (bipy)2Th(SePh)4 (6) is consistent with a solution structure 

in which all four nitrogen donors remain coordinated, and no additional pyridine is 

present in the primary coordination sphere. 

The fluorinated selenolate compounds behave similarly.  In this case, both  

(py)4Th(SeC6F5)4  (experimental 400 ppm)41 and (bipy)2Th(SeC6F5)4 (8)  (361 ppm) have 

77Se resonances in the range expected for eight coordinate structures, consistent with 

DFT calculations for (py)4Th(SeC6F5)4  (402 ppm),144 and in contrast with calculations 

that predict a significantly upfield shifted resonance for the hypothetical seven coordinate  

(py)3Th(SeC6F5)4  (490 ppm).41 

 Unfortunately, thiolates do not have an equally informative sulfur isotope 

with which to probe solution conformation.  Still, from 1H NMR data it appears that 

complex 5 retains some form of asymmetry in solution, as judged by the inequivalence of 

the bipy and SPh resonances that are split into 8 and 6 distinct peaks respectively, with all 

resonances broadening and coalescing at elevated temperatures. A rigid eight coordinate 

Th coordination sphere was also noted in cubane clusters,41,144 where exchange between 

bridging and terminal selenolate ligands was slow on the NMR timescale.   

Conclusions 

 Bipyridine forms bis-chelate compounds with thorium chalcogenolates.  

Upon isolation, lattice solvent dissociates to leave thermally stable compounds.   These 

compounds are all colored, most likely due to ligand to ligand (ER to bipy) charge 
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transfer, consistent with intermolecular ᴨ···ᴨ stacking.  All bipyridine complexes adopt 

similar eight coordinate structures, and both fluorinated compounds here exhibit ᴨ-ᴨ 

stacking interactions and no dative Th-F bonds.  The single terpy product 

(terpy)(py)Th(EPh)4 similarly forms an eight-coordinate product with one py and one 

terpy coordinating to the Th(IV) center with the four N atoms positioned similar to those 

of the two bipy ligands in the other four compounds.  From the 77Se NMR chemical shifts 

it is clear that the eight coordinate structures of the Th(ER)4 derivatives are maintained in 

solution.   
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Chapter 3 

Actinide Mercury Heterometallic 

Clusters: Literature Comparison and 

Differentiation 
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Introduction 

The growing demand for interesting physical and chemical properties can be 

satiated with heterometallic compounds. The synergistic effects of each metal and 

possible tunability in applications like nanomaterials provides a wide range of chemical 

compositions, and geometries. From a fundamental viewpoint the small difference in 

covalency between 4f and 5f metals may help improve the separation of fission 

products.215–217 From a practical standpoint solid state heterometallics can be applied to 

hydrogen storage,218–220 superconductivity221–223, explosives detection,224,225 

catalysis,226,227 corrosion resistance,228,229 ferromagnetism,230 electrocatalytic activity,231 

and CO2 uptake232 just to name a few. Furthermore, recent developments of 

nanocrystalline metals show some of the most wear resistant materials made to date are 

heterometallic.233 Historically, heterometallics have played a large part in everyday life 

being an invaluable part of almost every industry including arms, transportation, 

medicine and even consumer goods like décor and utensils.  

In comparison to their main group counterparts, An-M bonds are incredibly 

rare234–236 despite being first discovered thirty years ago.237 Much like the rest of the 

actinide literature, actinide heterometallics are plagued by limited synthetic routes. Salt 

metathesis and elimination reactions are favored with only a small group of examples 

reported.238–243 Laying the fundamental groundwork by understanding the nature of f 

orbital bonds with respect to coordination number and oxidation states will allow for the 

evolution and wider application of the field.244 Many examples exist in aqueous 

conditions such as [NaU(Mo6P4O31H7)2]·5Na·(H2O)n in which {Mo6P4} clusters are 

linked into one-dimensional chains with alternating Na+ and U4+ cations,245 
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Na2U2M(C2O4)6(H2O)4 (M = Mn2+, Fe2+, Co2+, and Zn2+) series of isostructural materials 

that consist of UO10 and MO6 polyhedra bridged by oxalate groups,246 and 

[Th2Al6(OH)14(H2O)12(hedta)2](NO3)6(H2O)12 (hedta = hydroxyethylenediaminetriacetic 

acid) and [Th2Al8(OH)12(H2O)10(hdpta)4](H2O)21 (hdpta = hydroxyl-1,3-diaminopropane, 

N,N,N′,N′-tetraacetic acid). Each complex showing its unique structure, magnetic 

properties in the case of the UM series, and the thermal degradation in the case of the Th 

Al complexes shows the vast range of heterometallic possibilities. Unlike their traditional 

actinide complexes that require air and water free conditions, these compounds allow for 

more practical uses.  

Mercury’s unique features and applications make it an ideal ligand for actinide 

compounds. Being the only metallic compound to form a liquid under standard 

temperature and pressure, mercury has a unique ability to incorporate into a cluster 

forming both M and E or ligand bonds, stabilize a cluster as an anion, or stay on the 

peripheral as a terminal ligand. Compounds like Hg(EPh)2 (E = Se, Te; Ph = phenyl) are 

efficient sources for the synthesis of more complex clusters.247–250 When acting as a 

catalyst, this same moiety is present before Th displaces the Hg. However, when there is 

enough excess Hg it can be incorporated in the cluster. 

The following chapter explores heterometallic mercury-actinide chemistry. 

Combinations of E′/EPh ligands (E′ = S, Se; E =Se) with both thorium and uranium have 

been synthesized (py)8Th4[Hg(SePh)2]4(μ3-Se)4(μ2-SePh)4(η-SePh)4 (10), 

(py)8Th4[Hg(SePh)2]4(μ3-S)4(μ2-SePh)4(η-SePh)4 (11), (py)8U4[Hg(SePh)2]4(μ3-Se)4(μ2-

SePh)4(η-SePh)4 (12), (py)8U4[Hg(SePh)2]4(μ3-S)4(μ2-SePh)4(η-SePh)4 (13). Though these 

compounds have not been fully characterized due to problems with complete occupancy 
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of the Hg moiety, they serve as an interesting addition to the compounds already known 

in literature. Additionally, three cation/anion pairs have been synthesized 

[ThF2bipy2py3][Ag4SePh6] (14), and [Th8S13I4py18][HgI4] (15),  

[U8S13I3py17][HgI4][HgI3py] (16). These compounds exhibit mercury’s ability to effective 

hold charge as a counter ion instead of incorporating them into the internal structure or 

core.  

Discussion 

Mercury inserts into the PhE-EPh (E = S, Se) bond which catalyzes the reductive 

cleavage the E-E bond by Th metal through transmetalation. In the case of Th/Hg 

cubanes 10-13 Hg is not just a catalyst but also serves as a terminal ligand. This one pot 

synthesis is an attractive synthetic approach due to the minimal reagents and steps, the 

ease of isolation of a single product, and the utility of the heterometallic products for 

potential solid-state applications. One draw-back is that higher occupancy of the Hg 

moiety is correlated to the use excess Hg in the reaction mechanism, however these 

products can be isolated albeit sacrificing yield with as little as 0.300 mmol of Hg 

(Scheme 9). Attempts of cubanes with SPh as the terminal ligand were unsuccessful 

regardless of Hg ratio and resulted in (1) for Th and no significant product for U.  

 

Scheme 9: Synthesis of actinide mercury cubanes 10-13 
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Compounds 10−13 were characterized by spectroscopic methods and by low-

temperature single-crystal X-ray diffraction, with POVRAY diagrams for 10−13 given in 

Figures 10−13, respectively. Unlike both the Th4(μ3-E)4(μ2-EPh)4(η-E′C6F5)4
41 cubanes 

that crystallize only in the tetragonal I4- cell, compounds 10−13 crystallize in multiple 

space groups like compounds 1−4.  Average An-N bond lengths of 2.60 are only slightly 

smaller than the 2.67 reported for compounds 1-9. The Th-µ3Se bonds, 2.94 Å, and the 

Th-µ2SePh bonds, 3.12 Å,  are similar to the previously reported cubanes, while the Th-

µ3S bonds, 2.80 Å, are an exact match. For the Hg-SePh bonds, regardless of An identity, 

the bond lengths are similar. The bridging moieties are a bit longer for the U cubanes 

most likely indicating differences in electronic density, since size difference should be 

negligible. Additionally, for each Hg moiety that has two bridging SePh groups, one is 

slightly longer than the other in both the Th and U derivatives. Overall the bond lengths 

of each cubane are more similar to the cubane containing the same An than that 

containing the same chalcogenido core. The most significant difference in that in the Th 

cubanes two Hg(SePh)2 terminal ligands have one bridging Se bond while the other two 

have two bridging Se bonds, but in the U cubanes all Hg(SePh)2 terminal ligands have 

two bridging Se bonds. All bond lengths can be seen in Table 7. 
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Figure 10. Thermal ellipsoid diagram of (py)8Th4[Hg(SePh)2]4(μ3-Se)4(µ2-SePh)4(η-

SePh)4·6Py (10) with the H and C atoms removed for clarity and ellipsoids at the 50% 

probability level. Significant bond-length averages are given in Table 7. 
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Figure 11. Thermal ellipsoid diagram of (py)8Th4[Hg(SePh)2]4(μ3-S)4(µ2-SePh)4(η-

SePh)4·6Py (11) with the H and C atoms removed for clarity and ellipsoids at the 50% 

probability level. Significant bond-length averages are given in Table 7. 

 

 

 

 



71 

 

 

 

 

Figure 12. Thermal ellipsoid diagram of (py)8U4[Hg(SePh)2]4(μ3-Se)4(µ2-SePh)4(η-

SePh)4·6Py (12) with the H and C atoms removed for clarity and ellipsoids at the 50% 

probability level. Significant bond-length averages are given in Table 7. 
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Figure 13. Thermal ellipsoid diagram of (py)8U4[Hg(SePh)2]4(μ3-S)4(µ2-SePh)4(η-

SePh)4·6Py (13) with the H and C atoms removed for clarity and ellipsoids at the 50% 

probability level. Significant bond-length averages are given in Table 7. 
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Table 7: Averages and ranges of selected bond distances (Å) of 10-13. 

 10 11 12 13 

An-N 

2.62 

(2.60-2.64) 

2.61 

(2.59-2.64) 

2.58 

(2.55-2.61) 

2.55 

(2.51-2.60) 

An-E 

2.92 

(2.89-2.98) 

2.80 

(2.77-2.86) 

2.88 

(2.83-2.93) 

2.73 

(2.69-2.80) 

An-EPh 

bridging 

3.12 

(3.03-3.17) 

3.10 

(3.04-3.14) 

3.06 

(2.98-3.11) 

3.04 

(2.99-3.08) 

Hg-EPh 

terminal 

2.50 

(2.47-2.51) 

2.50 

(2.49-2.51) 

2.53 

(2.50-2.58) 

2.50 

(2.48-2.52) 

Hg-EPh 

bridging 

2.87 

(2.73-3.06) 

2.85 

(2.69-3.05) 

2.99 

(2.82-3.17) 

2.97 

(2.79-3.17) 

 

In addition to the Hg cubanes a series of An cation anion compounds 

[ThF2bipy2py3][Ag4SePh6] (14), [Th8S13I4py18][HgI4] (15), and 

[U8S13I3py17][HgI4][HgI3py] (16) have been synthesized. Compounds 14−16 were 

characterized by spectroscopic methods and by low-temperature single-crystal X-ray 

diffraction, with POVRAY diagrams for 14−16 given in Figures 20−22, respectively. The 

Th/Ag cation anion (Scheme 10) was attempted with other ER (E= S, Se; R=Ph, C6F5) 

ligands in place of (SePh)2 and with AgCl instead of AgF, but neither yielded crystalline 

product. Regardless of bipy ratio, 0.50-2.00 mmol, or the identity of the fluorine source, 

AgF or AgF2, the same product was formed.  

 



74 

 

 

 

 

Scheme 10: Synthesis of Th/Ag cation anion pair (14). 

 

 

Compounds 14−16 were characterized by spectroscopic methods and by low-

temperature single-crystal X-ray diffraction, with POVRAY diagrams Figures 14−16, 

respectively.  The two An8 compounds are essentially identical except for the counter ion. 

All bond lengths can be seen in Table 8. These compounds are most similar to Th8O13
251

 

complexes found in literature. The average Th-O distances were 2.48 Å,50 and thus 

slightly shorter than the average Th-S bonds, 2.82 Å, in compounds 15-16 which are in 

range of other An-Se bonds. 

 

 

 

 

Scheme 10: Synthesis of An8/Hg cation-anion pairs (15-16).  
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Figure 14. Thermal ellipsoid diagram [ThF2bipy2py3][Ag4SePh6] (14),  with the H and C 

atoms removed for clarity and ellipsoids at the 50% probability level. Significant bond-

length averages are given in Table 8. 
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Figure 15. Thermal ellipsoid diagram of [py18Th8I4S13]
2+[HgI4]

2- · 12Py (15) with the H 

atoms and HgI4 anion removed for clarity and ellipsoids at the 50% probability level. 

Significant bond-length averages are given in Table 8. 
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Figure 16. Thermal ellipsoid diagram [U8S13I3py17][HgI4][HgI3py] (16) with the H atoms 

and HgI4 anion removed for clarity and ellipsoids at the 50% probability level. 

Significant bond-length averages are given in Table 8. 
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Table 8: Averages and ranges of selected bond distances (Å) of 14-16. 

 14 15 16 

Th-N 

2.69 

(2.63-2.73) 

2.73 

(2.62-2.90) 

2.64 

(2.56-2.77) 

Th-E  

2.82 

(2.70-2.96) 

2.76 

(2.62-3.00) 

Th-I  

3.23 

(3.11-3.36) 

3.11 

(3.11-3.12) 

Th-F 

2.14 

(2.13-2.15) 

  

(*) indicates data awaiting final confirmation from single crystal x-ray analysis.  

Conclusion 

In conclusion a series of heterometallic cubanes were synthesized 

(py)8Th4[Hg(SePh)2]4(μ3-Se)4(μ2-SePh)4(η-SePh)4 (10), (py)8Th4[Hg(SePh)2]4(μ3-S)4(μ2-

SePh)4(η-SePh)4 (11), (py)8U4[Hg(SePh)2]4(μ3-Se)4(μ2-SePh)4(η-SePh)4 (12), 

(py)8U4[Hg(SePh)2]4(μ3-S)4(μ2-SePh)4(η-SePh)4 (13).  These novel cubanes mimic those 

previously reported but incorporate Hg as a terminal moiety. Additionally, three 

cation/anion pairs were synthesized [ThF2bipy2py3][Ag4SePh6] (14), [Th8S13I4py18][HgI4] 

(15), and [U8S13I3py17][HgI4][HgI3py] (16). Both An8 compounds form isostructural 

cations but are coupled with different anions. The ability of Hg to be both a ligand and 

anion are demonstrated. Further analysis will prove if they can be used to synthesize 

heterometallic solid state materials.   
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Experimentals 

 

Caution. Thorium-232 is a strong α-emitter and potentially is a health hazard. 

Appropriate radioactive and personal safety trainings should be mandatory before 

reproducing this work.  

General Methods. All syntheses were performed under ultrapure nitrogen (Welco 

Praxair), using conventional drybox or Schlenk techniques. Pyridine and hexane 

(Aldrich) were purified with a dualcolumn Solv-Tek solvent purification system and 

collected immediately prior to use. PhSeSePh (Aldrich) was purchased and recrystallized 

from hexanes. PhSSPh (Acros), thorium chips (International Bioanalytical Industries 

Inc.), and mercury (Strem Chemicals) were purchased and used as received. (C6F5)2Se2 

was prepared according to literature procedure.138 Melting points were recorded in sealed 

capillaries and are uncorrected. IR spectra were recorded on a Thermo Nicolet Avatar 

360 FTIR spectrometer from 4000 to 450 cm−1 as mineral oil mulls on CsI plates. 

UV−Vis absorption spectra were recorded on a Varian DMS 100S spectrometer with the 

samples dissolved in pyridine, placed in either a 1.0 mm × 1.0 cm Spectrosil quartz cell 

or a 1.0 cm2 special optical glass cuvette, and scanned from 400 to 1000 nm - all four 

compounds were found to be optically transparent. NMR data were collected on a Varian 

VNMRS 500 spectrometer at 25 °C with the compounds dissolved in pyridine-d5. 
1H and 

77Se NMR spectra were obtained at 499 and 95 MHz, respectively. 77Se NMR spectra 

were acquired with a longer relaxation delay (7.0 s) in hydrogen-decoupled mode using 

(C6F5)2Se2 as an external standard. Gas chromatography-mass spectrometry (GC-MS) 
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data were collected on a Varian Saturn 2100T instrument fitted with a capillary column 

(30 mm length, 0.25 mm ID, 0.25 mm film thickness). Elemental analyses were 

performed by Quantitative Technologies, Inc. Because some of these compounds rapidly 

lose both lattice pyridine within minutes of isolation, elemental analyses are time-

dependent. Combustion analyses were obtained on freshly isolated materials from 

compounds that were desolvated fully under vacuum. Powder X-ray diffraction (PXRD) 

data were obtained on a Bruker Vantec500 area detector using Cu Kα radiation, as 

described below, to confirm that single-crystal X-ray data were consistent with bulk 

materials.  

Synthesis of (py)8Th4(μ3-S)4(µ2-SPh)4(η-SPh)4·4py (1). Th (0.232 g, 1.00 mmol), Hg 

(0.015 g, 0.075 mmol), and PhSSPh (0.437 g, 2.00 mmol) were combined in pyridine (ca. 

15 mL), and the mixture was stirred for 12 h at 25 °C. Elemental sulfur (0.032, 1.00 

mmol) and additional pyridine (20 mL) were added to the mixture that was then stirred 

for additional 12 h (Scheme 1), filtered to remove a trace amount of air-sensitive white 

powder, concentrated to 20 mL, and layered with hexanes (12 mL) to yield colorless 

crystals (0.25 g, 32%) that melt at 264 °C and decompose at 313 °C. IR: 1601 (s), 1598 

(s), 1576 (m), 1377 (s), 1221 (s), 1034 (m), 1153 (w), 1036 (m), 804 (w), 602 (s), 420 (s) 

cm−1. Anal. Calcd for C108H100N12Th4S12: C, 45.1; H, 3.50; N, 5.84. (C88H80N8Th4S12: C, 

41.2; H, 3.15; N, 4.37). Found: C, 41.9; H, 3.35; N, 4.70%. This compound was not 

sufficiently soluble to obtain NMR data.  

Reproduced as entry MR-7-580  (1) was dissolved in py, 4(SePh)2 was added and heated 

to about 60 °C, did not affect structure; Reproduced as entry  MR-8-728 Th+ 2.5(SPh)2+ 
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1 hg →S, Hg did not incorporate and structure was not changed; Reproduced as entry 

MR-9-841 4,4’bipyridine as added after S addition, did not impact structure. 

Synthesis of (py)8Th4(μ3-Se)4(μ2-SePh)4(η-SePh)4·6.25py (2). Th (0.232 g, 1.00 mmol), 

Hg (0.018 g, 0.090 mmol), and PhSeSePh (0.624 g, 2.00 mmol) were added to pyridine 

(ca. 15 mL) and stirred at 25 °C for 12 h. Elemental selenium (0.079, 1.00 mmol) and 

additional pyridine (20 mL) were added, and the mixture was stirred for 12 h (Scheme 1) 

to form a yellow solution with a black powder precipitate. The solution was filtered and 

concentrated to ca. 20 mL, layered with ca. 12 mL of hexanes, and left for a week to yield 

pale yellow crystals (0.37 g, 43%) that melt at 246 °C and decompose at 257 °C. IR: 

2923 (w), 1629 (m), 1260 (s), 1151 (s), 1089 (m), 666 (s), 624 (s), 466 (s) cm−1. Anal. 

Calcd for C119.25H111.25N14.25Th4Se12: C, 39.6; H, 3.10; N, 5.52. (C89H81N8Th4Se12: C, 

34.1; H, 2.60; N, 3.57). Found: C, 38.4; H, 3.05; N, 5.01%. 1H NMR: 8.74 (bs, 2H, py), 

8.17 (d, 2H, J = 5.5 Hz, SePh), 7.58 (tt, 1 H, 7.5 Hz, 2 Hz, py), 7.37 (m, 2H, SePh), 7.29 

(t, 1H, J = 7.5 Hz, SePh), 7.22 (m, 2H, py), 7.08 (s, 2H, SePh), 6.60 (t, 1H, J = 7 Hz, 

SePh), 6.41 (t, 2H, J = 7 Hz, SePh) 77Se NMR: 928(s, μ3-Se), 573(s, η-SePh), 460 (s, μ2-

SePh).  

Reproduced with entry MR-5-462 TMEDA added after Se addition, does not impact 

structure; entry MR-5-455 entry MR-9-840 addition of 4,4’-bipyridine after Se addition, 

does not impact structure; entry MR-7-612 dissolved cubane with addition 2 mmol Se, 

does not impact structure; entry MR-8-679 Zn + 5(SePh)→2Th→2Se, Zn does not 

incorporate 

Synthesis of (py)8Th4(μ3-S)4(μ2-SePh)4(η-SePh)4·4py (3). Th (0.232 g, 1.00 mmol), Hg 

(0.020 g, 0.10 mmol), and PhSeSePh (0.624 g, 2.00 mmol) were added to pyridine (15 
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mL) and stirred for 12 h. Elemental sulfur (0.032, 1.00 mmol) and pyridine (20 mL) were 

added, and the mixture was stirred for 12 h (Scheme 1) to give a yellow solution with a 

greyish-green precipitate. The solution was filtered, concentrated to ca. 20 mL, layered 

with hexanes (12 mL), and left for a week at 25 °C to yield pale yellow crystals (0.31 g, 

19%) that melt at 254 °C and decompose at 370 °C. IR: 2957 (w), 1599 (s), 1571 (s), 

1218 (s), 1153 (m), 1094 (s), 800 (m), 662 (s), 625 (s), 465 (s) cm−1. Anal. Calcd for 

C108H100N12Th4Se8S4: C, 39.9; H, 3.10; N, 5.16. (C88H80N8Th4Se8S4: C, 36.0; H, 2.75; N, 

3.82). Found: C, 35.7; H, 2.88; N, 4.02%. This compound was not sufficiently soluble to 

obtain NMR data.  

Synthesis of (py)8Th4(μ3-Se)4(μ2-SPh)4(η-SPh)4·2py (4). Method A. (Scheme 2) Th 

(0.232 g, 1.00 mmol), Hg (0.005 g, 0.025 mmol), PhSSPh (0.218 g, 1.00 mmol), and 

PhSeSePh (0.312 g, 1.00 mmol) were added to pyridine (15 mL), and the mixture was 

stirred for 12 h at 25 °C. Elemental selenium (0.079, 1.00 mmol) and toluene (14 mL) 

were added, and the mixture was stirred for 6 h to form a yellow solution with a black 

powder. The solution was filtered, concentrated to 20 mL, layered with 12 mL of 

hexanes, and left at 25 °C to yield colorless crystals (0.13 g, 18%). The product identity 

was confirmed by single-crystal analysis.  

Method B. (Scheme 3) Th (0.232 g, 1.00 mmol), Hg (0.015 g, 0.075 mmol), and 

PhSeSePh (0.624 g, 2.00 mmol) were added to pyridine (15 mL), and the mixture was 

stirred for 12 h. Elemental Se (0.079 g, 1.00 mmol) was added, and the mixture was 

stirred for 8 h. PhSSPh (0.218 g, 1.00 mmol) was added, and after it was stirred for 20 

min the solution was filtered, concentrated to 20 mL, and layered with hexanes (12 mL) 

to yield colorless crystals (0.38 g, 54%) that melt at 182 °C and decompose at 356 °C. IR: 
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2359 (w), 1598 (s), 1574 (m), 1220 (s), 1154 (m), 1034 (m), 1001 (m), 733 (m), 689 (s) 

cm−1. Anal. Calcd for C98H90N12Th4Se4S8: C, 40.5; H, 3.12; N, 4.82. (C88H80N8Th4Se4S8: 

C, 38.4; H, 2.93; N, 4.08). Found: C, 38.7; H, 3.13; N, 4.45%. 1H NMR: 8.69 (d, 2H, J = 

5.0 Hz, py), 8.07 (bs, 2H, SPh), 7.55 (tt, 1 H, 8.0 Hz, 1.5 Hz, py), 7.47 (bs, 2H, SPh), 

7.22 (bs, 1H, SPh), 7.16 (m, 2H, py), 7.03 (bs, 2H, SPh), 6.45 (s, 1H, SPh), 6.32 (s, 2H, 

SPh). This compound was not soluble enough to obtain reliable 77Se NMR data. 

Synthesis of (bipy)2Th(SPh)4 (5).  Th (0.232 g, 1.00 mmol), Hg (0.018 g, 0.090 mmol), 

and PhSSPh (0.437 g, 2.00 mmol) were combined in 20 mL of pyridine (20 mL) and 

stirred at 25oC for three days to form a white precipitate in a light green solution. The 

mixture was heated for one hour at 60oC to dissolve the precipitate and then a pyridine 

solution of 2,2’-bipyridine (0.312 g, 2.00 mmol in 10 mL of pyridine) was added, 

resulting in an immediate change in solution color to deep orange. After 30 min the hot 

solution was filtered, cooled to 25oC and layered with 20 mL of hexanes to form pale 

yellow crystals (0.41 g, 33%) that reversibly turn orange at 186oC, melt at 212°C and turn 

deep red, becoming black and condensing a colorless liquid at the top of the capillary at 

319°C. Anal. Calcd for C44H36N4S4Th: C, 53.9; H, 3.70; N, 5.71. Found: C, 52.8; H, 

3.89; N, 5.75. IR: 2926 (w), 1596 (s), 1573 (s), 1457 (w), 1376 (s), 1261 (m), 1240 (s), 

1080 (s), 1012 (s), 764 (s), 731 (s), 699 (s), 690 (s) cm−1  1H NMR: 10.55 (d, 2H, J = 6 

Hz, bipy), 10.38 (dd, 2H, J = 1, 5.5 Hz, bipy),  8.74 -8.68 (overlapping m, 5H, bipy and 

py), 7.95 (d, 5H, J = 8.5 Hz, bipy), 7.79-7.67 (overlapping m, 6H, bipy and SPh), 7.55 

(m, 1H, py), 7.35-7.29 (m, 4H, bipy), 7.24-7.18 (overlapping m, 4H, bipy, SPh, py), 7.03 

(t, 2H, J = 8.5 Hz, SPh), 6.90-6.68 (m, 3H, SPh).  Crystallographic details for 1 (see 

Table S1 for combined details for 1-5):  M = 981.05, Monoclinic, Cc, a = 25.426(1)Å, b 
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= 25.274(1)Å, c = 24.336(1) Å, β= 90.948(2)°, V = 15636.8(13)Å3, Z = 16, D(calc) = 

1.667 g cm-3, T = 100(2)K, µ = 4.066 mm-1, R(int) = 0.0879, N(unique) = 28537, R(F, I > 

2σ) = 0.0522, wR(F2, I > 2σ) = 0.1175, CCDC no. 1841858. 

Synthesis of (bipy)2Th(SePh)4· py (6).  Th (0.232 g, 1.00 mmol), Hg (0.018 g, 0.090 

mmol), and PhSeSePh (0.624 g, 2.00 mmol) were combined in pyridine (30 mL) and 

stirred at 25oC for 5 hours to form a yellow solution. 2,2’-bipyridine (0.312 g, 2.00 

mmol) was added and the color changed immediately to deep red. The solution was 

stirred for an hour at 25oC, filtered and concentrated to 20 mL, layered with hexanes (20 

mL), and left for one day to yield orange crystals (0.87 g, 70%) that melt at 186°C and 

decompose at 304°C.  Anal. Calcd for C49H41N5Se4Th: C, 47.2; H, 3.31; N, 5.61 (lattice-

desolvated C44H36N4Se4Th: C, 45.2; H, 3.10; N, 4.80). Found: C, 45.1; H, 3.43; N, 4.82. 

IR: 2922 (w), 1658 (s), 1562 (s), 1455 (w), 1377 (m), 1154 (m), 1067 (m), 1013 (s), 755 

(s), 723 (s), 691(m) cm−1.   1H NMR: 10.25 (d, 2H, J = 4 Hz, bipy), 8.71 (d, 2H, J = 4 Hz, 

py, solvent), 7.89 (d, 2H, J = 8 Hz, bipy), 7.78 (overlapping td, J = 1.5, 7.5 Hz, 2H, bipy), 

7.74 (overlapping td, J = 2, 7.5 Hz, 2H, py), 7.55 (tt, J = 2, 7.5 Hz, 1H, py, solvent), 7.46 

(d, J = 8.5 Hz, 1H, py),  7.34 (overlapping d, 2H, J = 7.5 Hz, SePh), 7.30 (overlapping t, 

2H, J = 6.5 Hz, bipy), 7.2 (overlapping dd, 2H, J = 4.5, 7.5 Hz, py), 7.19 (overlapping m, 

2H, py, solvent), 6.80 (t, H, J = 7 Hz, SePh), 6.70 (t, 2H, J = 7.5 Hz, SePh). 77Se NMR: 

568 (s).  Crystallographic details for 2:  M = 1247.75, Monoclinic, P21/c, a = 20.895(2)Å, 

b = 9.473(1)Å, c = 22.825(3)Å, β=100.916(1)°, V=4434.5(9)Å3, Z=4, D(calc)=1.869 g 

cm-3, T=100(2)K, µ=6.686 mm-1, R(int)= 0.0586, N(unique)=10170, R(F, I > 

2σ)=0.0404, wR(F2, I > 2σ)=0.0879, CCDC no. 1841859. 
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Synthesis of (bipy)2Th(SC6F5)4· 2THF (7) made by Wen Wu.  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 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).  

Crystallographic details for 3:  M = 1485.09, Monoclinic, C2/c, a = 26.247(1)Å, b = 

12.598(1)Å, c = 17.213(1)Å, β=114.189(1)°, V = 5191.9(4)Å3, Z=4, D(calc) = 1.900 g 

cm-3, T = 100(2) K, µ=3.153 mm-1, R(int)= 0.0412, N(unique) = 7926, R(F, I > 2σ) = 

0.0290, wR(F2, I > 2σ) = 0.0643, CCDC no. 1841860.  

Synthesis of (bipy)2Th(SeC6F5)4 · 2THF made by Matthew Stuber (8).  Th (0.116 g, 

0.50 mmol) and (SeC6F5)2 (0.492 g, 1.00 mmol) were combined with Hg (0.020 g, 0.10 

mmol) in pyridine (11 mL). The solution was stirred for 24 h. The solvent was removed 

under vacuum, 2,2’-bipyridine (0.156 g, 1.00 mmol) and THF (14 mL) were added and 

the mixture was stirred for 24 h. The resulting red solution was filtered to remove trace 

greenish precipitate and layered with hexane (10 mL) to form pale yellow (0.77 g, 46%) 

crystals that turn brown-deep orange at 101oC, melt at 105°C and decompose at 173°C. 
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Anal. Calcd for C52H32F20O2N4Se4Th: C, 37.3; H, 1.93; N, 3.35 (lattice desolvated 

C44H16F20N4Se4Th: C, 34.6; H, 1.05; N, 3.67). Found: C, 36.7; H, 1.63; N, 3.36. UV-vis: 

This compound does not show an optical absorption maximum from 400 to 1000 nm. IR: 

2957 (s), 2923 (s), 2853 (s), 2361 (w), 1598 (w), 1462 (m), 1376 (m), 1261 (m), 1153 

(w), 1081 (m), 1013 (m), 967 (w), 800 (m), 722 (w) cm−1.  1H NMR (pyridine-d5): 10.2 

(d, 2H, J = 5.0Hz, bipy), 8.47 (dt, 2H, J = 8.5, 1.0 Hz, bipy), 8.21 (td, 2H, J = 7.7, 1.6 Hz, 

bipy), 7.73 (ddd, 2H, J = 7.5, 5.5, 1.1 Hz, bipy), 3.64 (m, 3H, THF), 1.61 (m, 3H, THF). 

19F NMR (pyridine-d5): -124 (m, 2F), -161 (s, 1F), -163 (m, 2F). 77Se NMR (pyridine-d5): 

361 (s).  Crystallographic details for 4:  M = 1672.69 , Monoclinic, C2/c, a = 26.340(1) 

Å, b = 12.750(1) Å, c = 17.396(1) Å, β= 114.296(1)°, V = 5324.7(4) Å3, Z = 4, D(calc) = 

2.087 g cm-3, T = 100(2) K, µ= 5.652 mm-1, R(int) = 0.0357, N(unique) = 8110, R(F, I > 

2σ) = 0.0271, wR(F2, I > 2σ) = 0.0605, CCDC no. 1841861. 

 

Synthesis of (py)(terpy)Th(SPh)4 · 2py (9).  Th (0.232 g, 1.00 mmol), and PhSSPh 

(0.437 g, 2.00 mmol) were combined with catalytic amount of Hg (0.018 g, 0.090 mmol) 

in pyridine (40 mL) and stirred for three days at 25oC to give a pale-yellow solution. 

2,2:6,’2”-terpyridine (0.289 g, 1.24 mmol) was added and the color immediately turned 

to red orange.  The solution was filtered to remove trace black powder and concentrated 

to 20 mL, then layered with 13 mL of hexanes and left for one day to yield orange 

crystals (1.41 g, 87%) that melt at 171°C and decompose at 390°C.  Anal. Calcd for 

C54H46N6S4 Th: C, 56.9; H, 4.07; N, 7.38 (lattice-desolvated C39H31N3S4Th:C, 51.9; H, 

3.46; N, 4.66). Found: C, 52.9; H, 3.83; N, 5.95. UV-vis: This compound does not show 

an optical absorption maximum from 400 to 1000 nm. IR: 2957 (w), 1463 (m), 1377 (s), 
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1260 (s), 1081 (m), 1021 (m), 799 (m), 722 (m) cm-1.  1H NMR (pyridine-d5): 10.36 (d, 

2H, J=4.5 Hz, terpy), 8.70 (m, 2H, py, solvent), 8.26 (d, 2H, J= 8.0 Hz, terpy), 8.14 (m, 

3H, terpy), 7.88 (t, 2H, J = 15, 8 Hz, terpy), 7.56 (m, 1H, py, solvent), 7.36 (t, 2H, J= 6.5, 

12 Hz, terpy), 7.26 (d, 2H, J= 7.5 Hz, SPh), 7.20 (m, 2H, py, solvent), 6.81 (t, 2H, J= 7.5, 

15 Hz, SPh), 6.75 (m, 1H, SPh).  Crystallographic details for 5:  M = 1139.25, 

Monoclinic, P21/n, a = 15.188(1) Å, b = 21.632(1) Å, c = 15.651(1) Å, β= 111.146(1)°, V 

= 4795.8(5)Å3, Z = 4, D(calc)= 1.578 g cm-3, T = 100(2)K, µ= 3.328 mm-1, R(int) = 

0.0398, N(unique) = 13310, R(F, I > 2σ) = 0.0371, wR(F2, I > 2σ) = 0.0733, CCDC no. 

1841862. 

Synthesis of (py)8Th4[Hg(SePh)2]4(μ3-Se)4(µ2-SePh)4(η-SePh)4·6Py (10). To an oven 

dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 2.0 mmol), 

and Hg (0.060 g, 0.30 mmol) were added and dissolved in pyridine ca. 10 mL. In a 

separate flask was added Hg (0.200 g, 1.00 mmol) and (SePh)2 (0.624 g, 2.0 mmol) 

dissolved in pyridine ca. 10 mL.  After four days the first reaction (green with grey 

precipitate) was filtered into the second. After four days elemental Se (0.079 g, 1.00 

mmol) was added. After two days an orange solution was filtered, concentrated slightly 

and layered with hexane ca. 15 mL. Large plates formed. MP, IR: 2923 (w), 1467 (m), 

1376 (bs), 1261 (s), 1099 (bs), 1020 (s), 729 (s), 689 (s) cm-1. PXRD 

Reproduced as entry MR-8-692 Hg + 3(SePh)2→Th→ 1Se+0.25SeO2, 90% at all 4 

spots; Reproduced as entry MR-8-788 100% occ.; Reproduced as entry MR-3-185 Th 

and Hg were separate solutions and combined same product formed.   

Synthesis of (py)8Th4[Hg(SePh)2]4(μ3-S)4(µ2-SePh)4(η-SePh)4 (11). Th (0.232 g, 1.00 

mmol), Hg (0.060 g, 0.030 mmol), and PhSeSePh (0.624 g, 2.00 mmol) were added to a 
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1:1 pyridine: toluene mixture (ca. 20 mL) and stirred at 25 °C for 72 h. Elemental sulfur 

(0.032, 1.00 mmol) was added, and the mixture was stirred for 12 h to form a yellow 

solution with grey/green powder precipitate. The solution was filtered and concentrated 

slightly and layered with ca. 15 mL of hexanes, and left for a week to yield small white 

crystals that melt at 190-192 °C and decompose at 290 °C.  

Synthesis of (py)8U4[Hg(SePh)2]4(μ3-Se)4(µ2-SePh)4(η-SePh)4 (12). To an oven dried 

flask with magnetic stir bar U (0.238 g, 1.00mmol), (SePh)2 (0.624 g, 2.0 mmol), I2 (0.01 

0 g, catalytic), and Hg (0.200 g, 1.00 mmol) dissolved in pyridine ca. 20 mL.  The next 

day (SePh)2 (0.624 g, 2.0 mmol) was added. Two days later the solution was heated to 

about 60 °C. After two days elemental Se (0.079 g, 1.00 mmol) was added and stirred 

overnight. After three days the solution was filtered, and the black solution was layered 

with hexanes ca 20 mL and stored in -16 °C.  The crystals formed only had 84% 

occupancy of the Hg.  MP 134-136. IR: 2923 (w), 1456 (bs), 1377 (s), 1219 (s), 1063 

(bs), 1019 (s), 801 (m), 725 (s) cm-1.  UV-vis and PXRD done.  

Reproduced with entry MR-9-819 (90% occ.) 

Synthesis of (py)8U4[Hg(SePh)2]4(μ3-S)4(µ2-SePh)4(η-SePh)4 (13). U (0.238 g, 1.00 

mmol), Hg (0.200 g, 1.00 mmol), (SePh)2 (0.624 g, 2.00 mmol), and I2 (0.010 g, 

catalytic) were added to pyridine (15 mL) and stirred. After four days elemental S (0.032, 

1.00 mmol) was added, and the mixture was stirred for 2 hrs. After 9 days the dark 

solution was filtered and layered with hexanes. Black crystals formed.  

Synthesis of [py3bipy2ThF2][Ag4SePh6] 2py (14) 
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To an oven dried flask with magnetic stir bar Th (0.232 g, 1.00 mmol), (SePh)2 (0.468 g, 

1.50 mmol), (SC6F5)2 (0.199 g, 0.50 mmol), 2,2’-bipyridine (0.312 g, 2.00 mmol) and Hg 

(0.030 g, catalytic) were added and dissolved in pyridine ca. 20 mL.  The next day AgF 

(0.190 g, 1.50 mmol) was added. After two days a deep red-orange solution was filtered 

and layered yielding small orange crystals. MP, Anal. Calcd for C81H71N9Ag4S6F2Th: C, 

41.5; H, 3.05; N, 5.37 Found: C, 37.3; H, 3.04; N, 4.06. IR: 2923 (m), 1571 (s), 1463 (s), 

1377 (s), 1066 (s), 1021 (m), 733 (s)cm-1. PXRD, EA 

Reproduced as entry MR-7-645 same product when second step is 1.00 mmol AgF2; 

Attempted with entry MR-7-646 SPh replaced SePh, solid did not diffract; Attempted 

with SeC6F5 instead of SePh, resulted in dark red oil; Attempted with entry MR-7-

641used AgCl instead of AgF resulted in red oil; Reproduced as entry MR-8-706, 1bipy 

used; Reproduced as entry MR-9-801, 0.51bipy used. 

Synthesis of [py18Th8 I4S13][HgI4] 11.5py (15) 

To an oven dried flask with magnetic stir bar Th (0.232 g, 1.00 mmol), (SePh)2 (0.312 g, 

1.00 mmol), I2 (0.252 g, 1.00 mmol), and Hg (0.200 g, 1.00 mmol) were dissolved in 

pyridine ca. 20 mL. The next day elemental S (0.048 g, 1.50 mmol) was added. After five 

days, the resulting yellow solution was filtered and layered yielding yellow crystals. 

Synthesis of [py17U8 I3S13][HgI4][HgI3py] 7py (16) 

To an oven dried flask with magnetic stir bar U (0.232 g, 1.00 mmol), (SePh)2 (0.312 g, 

1.00 mmol), I2 (0.252 g, 1.00 mmol), and Hg (0.200 g, 1.00 mmol) were dissolved in 

pyridine ca. 20 mL. After two days elemental S (0.048 g, 1.50 mmol) was added. After 

one days the solution was settled and four days later the resulting black solution was 
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filtered and layered yielding black rods. IR: 2923 (w), 1597 (s), 1463 (b), 1377 (s), 1217 

(s), 1150 (bs), 1063 (s), 1036 (s), 1002 (s), 749 (s), 694 (s), 621 (s) cm-1. 

Synthesis of py6Nd2(SeC6F5)6 entry MR-1-6 

To an oven dried flask with magnetic stir bar Nd (0.1442g, 1.00mmol), (SeC6F5)2 

(0.7380 g, 1.5 mmol), pyridine (0.3560 g, 4.5 mmol), and Hg (0.025 g, catalytic) were 

added and dissolved in toluene ca. 20 mL. The reaction was stirred for four days. A clear 

green solution was filtered from black precipitate and concentrated to about 5 mL. Small 

square white crystals formed.  

Synthesis of py4Nd(SeC6F5)3 entry MR-1-21 

To an oven dried flask with magnetic stir bar Nd (0.144 g, 1.00mmol), (SeC6F5)2 (0.738 

g, 1.5 mmol), pyridine-d5 (0.378 g, 4.5 mmol), and Hg (0.025 g, catalytic) were added 

and dissolved in toluene ca. 15 mL. The reaction was stirred for two days. A clear green 

solution was filtered from black precipitate and concentrated to about 5 mL. Large green 

needles formed. MP:162-164 

Synthesis of HPy+[py2Er(SeC6F5)4]·py entry MR-1-36 

To an oven dried flask with magnetic stir bar Er (0.167g, 1.00mmol), (SeC6F5)2 (0.738 g, 

1.5 mmol), pyridine (0.356 g, 4.5 mmol), and Hg (0.025 g, catalytic) were added and 

dissolved in toluene ca. 20 mL. The reaction was stirred for two days. A dark yellow 

solution was filtered from black precipitate and concentrated to about 5 mL. Small square 

light orange crystals formed.  

Synthesis of py6Tm2(SeC6F5)6 ·6Tol entry MR-1-45 
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To an oven dried flask with magnetic stir bar Tm (0.169g, 1.0 mmol), (SeC6F5)2 (0.738 g, 

1.5 mmol), pyridine (0.356 g, 4.5 mmol), and Hg (0.025 g, catalytic) were added and 

dissolved in a 1:1 mixture of toluene and pyridine ca. 20 mL. The reaction was stirred for 

one week. A clear yellow solution was filtered from precipitate and concentrated to about 

5 mL. crystals formed. IR. MP:147-149 and EA. 

Synthesis of py3Tm(SeC6F5)3 ·3Tol entry MR-1-57 

To an oven dried flask with magnetic stir bar Tm (0.169g, 1.0 mmol), (SeC6F5)2 (0.738 g, 

1.5 mmol), pyridine-d5 (0.379 g, 4.5 mmol), and Hg (0.025 g, 0.15 mmol) were added and 

toluene ca. 20 mL. The reaction was stirred for one day. A light green solution was 

filtered and concentrated to about 5 mL. White crystals formed. MP:163-165  

Synthesis of py4Th(SPh)4  

Entry MR-9-797: To an oven dried flask with magnetic stir bar Th (0.232g, 1.0 mmol), 

(SPh)2 (0.436 g, 2.00 mmol), and Hg (0.020 g, catalytic) were dissolved in py ca. 20 mL. 

After two days CS2 (0.060 mL, 1.00 mmol) was added. After one week the yellow 

solution was filtered and layered yielding yellow crystals.  

Entry MR-9-843 To an oven dried flask with magnetic stir bar Cd (0.112 g, 1.00 mmol), 

(SPh)2 (0.436 g, 2.00 mmol), and I2 (0.126 g, 0.500 mmol) were dissolved in py. The next 

day Th (0.232g, 1.0 mmol) was added and the reaction was stirred for four days. Reaction 

AK 277 which was a solution of (Th + 2(SPh)2→2Bipy) was filtered into the original 

reaction. After three days the orange solution was filtered and layered yielding yellow 

crystals.  
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Entry MR-9-844 To an oven dried flask with magnetic stir bar Hg (0.200 g, 1.00mmol) 

and (SPh)2 (0.936 g, 3.0 mmol) were dissolved in pyridine. After four days Th (0.232 g, 

1.00 mmol) was added and two days later 4,4’-bipyridine (0.039 g, 0.250 mmol) was 

added. After three days yellow solution was filtered from and was layered with hexane 

ca. 15 mL. Yielded white crystals. 

Entry MR-4-365 to an oven dried flask with magnetic stir bar Th (0.232 g, 1.00mmol), 

(SPh)2 (0.382 g, 1.75 mmol), (SePh)2 (0.050g, catalytic), I2 (0.032 g, 0.250 mmol), and 

Hg (0.025 g, catalytic) were dissolved in pyridine. The next day AgF (0.127 g, 1.00 

mmol) was added to the greenish solution. After three days yellow solution was filtered 

from and was layered with hexane ca. 15 mL.  

Entry MR-2-168 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00 mmol), (SPh)2 (0.655 g, 

3.0 mmol), and Hg (1.00 g, 1.00 mmol) was added and dissolved in pyridine.  After one 

day a green solution with grey precipitate and amalgam were present. After five days the 

solution was filtered and layered with hexanes.  

Synthesis of py8Th4Hg2Se4SePh8 entry MR-1-88 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and Hg (0.060 g, 0.30 mmol) were added and dissolved in a 1:1 mixture of 

pyridine and toluene ca. 20 mL. After one day elemental Se was added (0.079 g, 1.0 

mmol). A clear yellow solution was filtered from green grey precipitate, was 

concentrated slightly and layered with hexane ca. 5 mL. Small plates formed. (Hg 

complex with 2 Hg 1 with uncertainty) 
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Entry MR-8-677 To an oven dried flask with magnetic stir bar Hg (0.200 g, 1.00mmol), 

(SePh)2 (1.56 g, 5.0 mmol) were dissolved in pyridine ca. 20 mL.  Two days later Th 

(0.464 g, 2.0 mmol) was added. Three days later elemental Se (0.158 g, 2.00 mmol) was 

added and stirred for about 2.5 hours. The solution was filtered, and the orange solution 

was layered with hexanes ca 20 mL.  The crystals formed had no partial occupancy and a 

polar asymmetric coordination. The PXRD did not match though.  

 

Reproduced in entry MR-8-65;  

Synthesis of Th(SePh)4[(Me)2N(CH2)2N+(Me)2CH2CHO-]2 entry MR-2-97 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), TMEDA (0.3 mL, 2.0 mmol) and Hg (0.03 g, catalytic) were added and 

tetrahydrofuran ca. 25 mL. After one week a clear yellow solution was filtered from brick 

red precipitate, was concentrated slightly and layered with hexane ca. 15 mL. Small 

colorless cubes formed. TMEDA ring opened THF 

Tried again in MR-4-316 yielded yellow oil, Tried again in MR-4-317 Th and SePh in py 

then TMEDA in second step with THF yellow oil again, MR-5-465 with SPh instead of 

SePh made oil in THF, MR-5-471 SePh cold in THF orange oil, MR-6-488 oil, MR-6-

546 orange oil, MR-7-605 with tol, yellow oil 

Synthesis of bipy5Th5O4(SePh)10 entry MR-2-112 

To an oven dried flask with magnetic stir bar 2,2’-bipyridine was dissolved in 

tetrahydrofuran ca. 15 mL. The next day Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 2.0 



118 

 

 

 

mmol), and Hg (0.060 g, 0.30 mmol) were added. After three days elemental S was added 

(0.019 g, 0.6 mmol). A red orange solution was filtered from yellow precipitate, was 

concentrated slightly and layered with hexane ca. 5 mL. Small opaque clusters formed. 

Th sq. planar with Se capping case of pyramid, SePh bridging, 1 bipy per metal and O 

bridging to Th MP:248 decomp at 297 

Attempted synthesis: Th+1.5(SePh)2→2Se+1SeO2 with hg in py entry MR-2-119 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and Hg (0.060 g, 0.30 mmol), and pyridine (3.1640 g, 40 mmol) were added 

and dissolved in toluene ca. 20 mL.  After two days elemental Se (0.158 g, 2.00 mmol) 

and SeO2 (0.111 g, 1.00 mmol were added. After six days the solution was filtered, and 

the yellow solution was layered with hexanes ca 5 mL.  Small thin plates formed. X-ray 

data not collected. 

Synthesis of py8Th4[Hg(SePh)2]3.5S4SePh8 with hg in py entry MR-2-132 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and Hg (0.025 g, catalytic) were added and dissolved in pyridine ca. 10 mL. 

In a separate flask was added Hg (0.200 g, 1.00 mmol) and) and (SePh)2 (0.624 g, 2.0 

mmol) dissolved in pyridine ca. 10 mL.  After one day the first reaction (green with black 

precipitate) was filtered into the second. After 1-day elemental S (0.042 g, 1.3 mmol) was 

added. After 10 days an orange solution was filtered, concentrated slightly and layered 

with hexane ca. 15 mL. Tiny crystals formed. Thermolysis and QTI 

Synthesis of py3Tm(SeC6F5)3  and [py9Tm3Se(SeC6F5)6]+[Hg(SeC6F5)3]- ·5Tol entry 

Mr-2-135 
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To an oven dried flask with magnetic stir bar Tm (0.169g, 1.00mmol), (SeC6F5)2 

(0.7380 g, 1.5 mmol), and Hg (0.025 g, catalytic), and pyridine (0.356 g, 4.5 mmol) were 

added and dissolved in toluene ca. 15 mL. After 8 days yellow solution was filtered from 

green grey precipitate and concentrated by half volume. After one week, cubes (trimer 

salt) and needles (monomer) were formed. 

Attempted synthesis: 2Bipy→1Th+2(SePh)2 with hg in THF entry MR-2-138 

To an oven dried flask with magnetic stir bar Bipy (0.312g, 2.00mmol) was dissolved in 

tetrahydrofuran ca. 15 mL. After two days to a clear colorless solution was added Th 

(0.232 g, 1.00 mmol), ), (SePh)2 (0.624 g, 2.0 mmol), and Hg (0.03 g, catalytic). After 

five days an orange solution was filtered from black precipitate. After 2 weeks crystals 

were analyzed, were not viable for analysis. 

Synthesis of py8U4Se4SePh8 ·4Py entry MR-3-209 

To an oven dried flask with magnetic stir bar U (0.232g, 1.00mmol), (SePh)2 (0.645 g, 

2.0 mmol), Hg (0.250 g, catalytic), and I2 (0.010 g, catalytic) were dissolved in pyridine 

ca. 20 mL. The next day the solution was heated to about 60 °C. After one day elemental 

Se was added (0.158 g, 2.0 mmol) with toluene. A red black solution was filtered from 

black precipitate, was concentrated slightly, and was layered with hexane ca. 11 mL. 

Rods formed.  

Attempted synthesis: 1Hg+3(SPh)2→Th→S with hg in py entry MR-3-213 

To an oven dried flask with magnetic stir bar Hg (0.200 g, 1.00mmol) and (SPh)2 (0.936 

g, 3.0 mmol) were dissolved in pyridine. After three days Th (0.232 g, 1.00 mmol) was 

added to the pale-yellow solution. After five days elemental S was added (0.032 g, 1.0 
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mmol). A greyish  solution was filtered from grey precipitate, was concentrated slightly, 

and was layered with hexane ca. 11 mL. Crystals were impossibly twinned, and no unit 

cell was collected.   

Attempted synthesis: U+2(SePh)2+1 2,2’:6’2” terpyridine with I2 in py entry MR-3-223 

To an oven dried flask with magnetic stir bar U (0.238 g, 1.00mmol), (SePh)2 (0.645 g, 

2.0 mmol), and terpyridine (0.233 g, 1.00 mmol), and iodine (0.010 g, catalytic) were 

dissolved in pyridine. The next day the solution was heated to about 60 °C overnight. 

After 19 days the resulting black red solution was settled before filtration.  The solution 

was filtered from precipitate, was concentrated slightly, and was layered with hexane ca. 

11 mL. Crystals present were too small for x-ray determination.  

Attempted synthesis: Th+2(SePh)2→Se→0.5S with hg in py entry MR-4-286 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol) and Hg (0.03 g, catalytic) were added and dissolved pyridine ca. 20 mL. After 

four days elemental Se was added (0.079 g, 1.00 mmol) and stirred for 1 hour before 

adding S (.0160 g, 0.50 mmol) and stirring for 1.5 hours. A cloudy yellow solution was 

filtered, was concentrated slightly and layered with hexane ca. 11 mL. Lumpy off-white 

powder formed. 

Attempted synthesis: Th+2(SePh)2→Se +0.5 SeO2 with hg in py entry MR-4-287 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol) and Hg (0.03 g, catalytic) were added and dissolved pyridine ca. 20 mL. After 

four days elemental Se (0.079 g, 1.00 mmol) and SeO2 (.056 g, 0.50 mmol) were added. 
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The next day a yellow solution was filtered from black powder, was concentrated slightly 

and layered with hexane ca. 11 mL. Pale yellow powder formed. 

Reproduced as entry MR-8-657, same results of significant yellow powder. 

Attempted synthesis: Th + 2(SePh)2 + 2Bipy→Se with hg and py entry MR-4-289 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and 2,2’-bipyridine (0.312 g, 2.00 mmol), and Hg (0.03 g, catalytic) were 

added and dissolved pyridine ca. 20 mL. The next day elemental Se (0.079 g, 1.00 mmol) 

and toluene were added. A orange yellow solution was filtered from black powder, was 

concentrated slightly and layered with hexane ca. 11 mL. Pale orange powder formed. 

Reproduced as entryMR-8-661 first in step py than dried and dissolved in DME, resulted 

in powder,  

Attempted synthesis: Th + 2(SePh)2 + 1Cd→Se with hg and py  entry MR-4-290 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and cadmium (0.112 g, 1.00 mmol), and Hg (0.03 g, catalytic) were added 

and dissolved pyridine ca. 20 mL. After 8 days the solution was heated at 40 °C for two 

days before stirring again at RT. Three days later elemental Se (0.079 g, 1.00 mmol) was 

added. A orange solution was filtered from black powder, was concentrated slightly and 

layered with hexane ca. 11 mL. Pale orange powder formed. 

Reproduced as entry MR-4-333 Cd and (SePh)2 in first step, Th in second, Se in third, 

resulted in orange oil. Entry MR-8-678 Cd 5(SePh)2 in first step, 2 Th in second, Se in 

third again yielded orange oil. 
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Attempted synthesis: Th+2(SePh)2+Zn→Se entry MR-4-295 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and zinc (0.065 g, 1.00 mmol), and Hg (0.03 g, catalytic) were added and 

dissolved pyridine ca. 20 mL. After two days the solution was heated at 40 °C for two 

days before stirring again at RT. Three days later elemental Se (0.079 g, 1.00 mmol) was 

added. A orange solution was filtered from black powder, was concentrated slightly and 

layered with hexane ca. 11 mL. Yellow and black powder formed. 

Reproduced as entry MR-8-694 Zn and 5 (SePh)2 in first step 2 Th in second, dried and 

dissolved in THF with Se addition resulted in oil. 

Attempted synthesis: Th+2(SePh)2→4,4’-bipyridine with hg in py and THF entry MR-

4-306 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and Hg (0.03 g, catalytic) were added and dissolved pyridine ca. 20 mL. The 

next day the solution was dried, then 4,4’-bipyridine (0.039 g, 0.25 mmol) was added and 

dissolved in tetrahydrofuran ca 20 mL. Four days later orange brown solution was filtered 

was concentrated slightly and layered with hexane ca. 3 mL. Red oil formed. 

Attempted synthesis: Th + 2(SePh)2 + 2Bipy→Se with hg and py entry MR-4-310 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and 2,2’-bipyridine (0.312 g, 2.00 mmol), and Hg (0.03 g, catalytic) were 

added and dissolved tetrahydrofuran ca. 20 mL. Six days later the reaction was dried and 

dissolved in pyridine ca 25 mL. After three days elemental Se (0.079 g, 1.00 mmol) and 

more pyridine was added. A red solution was filtered, was concentrated slightly and 
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layered with hexane ca. 10 mL. Small crystals formed but were encased in some solid or 

polymer. 

Attempted synthesis: Th+ cat. (SePh)2+2(SPh)2+2BIpy with hg in py entry MR-4-337 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.050 g, 

catalytic), (SPh)2 (0.437 g, 2.00 mmol), 2,2’-bipyridine (0.312 g, 2.00 mmol) and Hg 

(0.030 g, catalytic) were added and dissolved tetrahydrofuran ca. 20 mL.  After six days 

an orange solution was filtered from green precipitate. Crystals formed, very unstable 

melted/decomposed before they could be analyzed. 

Attempted synthesis: Th+ cat (SePh)2+2(SPh)2→2AgF with hg in py entry MR-4-342 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.050 g, 

catalytic), (SPh)2 (0.437 g, 2.00 mmol) and Hg (0.030 g, catalytic) were added and 

dissolved in pyridine ca. 20 mL.  The next day AgF was added. After three days a green 

solution was filtered. Oil formed.  

Attempted synthesis: Th+ 2 (SePh)2→2AgF with hg in py entry MR-4-351 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.00 mmol), and Hg (0.030 g, catalytic) were added and dissolved in pyridine ca. 20 mL.  

The next day AgF was added. After four days a yellow solution was filtered yielding an 

orange oil.   

Attempted synthesis: Th+ 1.75(SePh)2+0.25I2→1AgF with hg in py entry MR-4-364 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.546 g, 

1.75 mmol),  I2 (0.032 g, 0.25 mmol), and Hg (0.030 g, catalytic) were added and 
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dissolved in pyridine ca. 20 mL.  The next day AgF was added. After three days a green 

solution was filtered yielding orange blocks that were not crystalline. 

Attempted synthesis: Th+ cat (SePh)2+1.5(SPh)2+0.5I2→1AgF with hg in py entry MR-

4-370 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.050 g, 

catalytic), (SPh)2 (0.328 g, 1.50 mmol), I2 (0.064 g, 0.5 mmol), and Hg (0.030 g, 

catalytic) were added and dissolved in pyridine ca. 20 mL.  The next day AgF was added 

and the solution was heated to about 60 °C overnight. After three days an orange solution 

was filtered yielding orange oil. 

Attempted synthesis: Th+ 2 (SePh)2+2(Bipy)→2AgCl with hg in THF entry MR-4-380 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.00 mmol), 2,2’-bipyridine (0.312 g, 2.00 mmol), and Hg (0.030 g, catalytic) were added 

and dissolved in tetrahydrofuran ca. 20 mL.  Five days later AgF was added, and then 

two days later a red orange solution was filtered but the crystals formed did not diffract 

well. 

Attempted synthesis: Th+ 2 (SePh)2→1AgF with hg in py entry MR-4-391 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.00 mmol), and Hg (0.030 g, catalytic) were added and dissolved in pyridine ca. 20 mL.  

The next day AgF was added. After three days a yellow solution was filtered yielding 

orange oil. 

Synthesis of py7Th2F5(SC6F5)3 entry MR-4-392 



125 

 

 

 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SC6F5)2 (0.199 g, 

0.5 mmol), (SePh)2 (0.468 g, 1.50 mmol), and Hg (0.030 g, catalytic) were added and 

dissolved in pyridine ca. 20 mL.  The next day AgF2, then the following day the solution 

was filtered small orange crystals. 

Attempted synthesis: Th+2(SePh)2→[Cd+(SePh)2]→Se with hg in py entry MR-395 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.00 mmol), and Hg (0.030 g, catalytic) were added and dissolved in pyridine ca. 20 mL. 

In a separate oven dried flask with magnetic stir bar Cd (0.112 g, 1.00 mmol) and (SePh)2 

(0.312 g, 1.00 mmol) were dissolved in pyridine. Three days later another 0.5 mmol of 

Cd was added to the later reaction.  After five days the Th solution was filtered into the 

Cd solution. The next day elemental Se (0.118 g, 1.50 mmol) was added. The following 

day an orange solution was filtered yielding light orange powder. 

Reproduced as entry MR-5-424 with 2 Se and MR-5-425 with 2(SePh)2 in both flasks, 

results unchanged. 

Attempted synthesis: Th+2(SePh)2→[Zn+(SePh)2]→Se with hg in py entry MR-396 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.00 mmol), and Hg (0.030 g, catalytic) were added and dissolved in pyridine ca. 20 mL. 

In a separate oven dried flask with magnetic stir bar Zn (0.065 g, 1.00 mmol) and (SePh)2 

(0.312 g, 1.00 mmol) were dissolved in pyridine. Three days later another 0.5 mmol of 

(SePh)2 was added to the later reaction.  After five days the Th solution was filtered into 

the Zn solution. The next day elemental Se (0.118 g, 1.50 mmol) was added and stirred 
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for about 1 hour. Two days later the solution was heated to about 60 °C for a hot 

filtration. The yellow orange solution was filtered yielding light-yellow powder. 

Attempted synthesis: Th+2,2’:6’2” terpyridine+2(SeC6F5)2with hg in py entry MR-5-

422 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SeC6F5)2 (0.984 g, 

2.00 mmol), 2,2’:6’,2” terpyridine (0.233 g, 2.00 mmol), and Hg (0.030 g, catalytic) were 

added and dissolved in pyridine ca. 20 mL.  After three days the Th solution heated for an 

hour before pyridine was added. The next day the solution was hot filtered. Two days 

later the solution put in a -16 °C fridge. The orange solution yielded dark red orange 

powder. 

Synthesis of py6Th2I4(Se2)2 entry MR-435 

To an oven dried flask with magnetic stir bar I2 (0.252g, 1.00mmol), (SePh)2 (0.468 g, 

1.50 mmol), and Hg (0.100 g, 0.5 mmol) were added and dissolved in pyridine ca. 20 

mL.  After two days Th (0.23 g, 1.00 mmol) was added. Three days later elemental Se 

(0.158 g, 2.00 mmol) were add with some pyridine. Six days later the orange solution 

was filtered and layered with hexanes. 

Synthesis of Th6I6Se9 entry MR-436 

To an oven dried flask with magnetic stir bar Zn (0.033g, 0.50mmol), (SePh)2 (0.624 g, 

2.00 mmol), and I2 (0.126 g, 0.50 mmol) were added and dissolved in pyridine ca. 20 mL.  

After three days Th (0.23 g, 1.00 mmol) was added after two days of the metal not going 

into solution catalytic Hg was added. Six days later the orange solution was filtered and 

layered with hexanes. 
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Attempted synthesis: Th+2(SePh)2+2,2’Bipyridine→Se entry MR-5-443 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and Bipyridine (0.156 g, 1.00 mmol), and Hg (0.03 g, catalytic) were added 

and dissolved pyridine ca. 20 mL. After four days elemental Se (0.079 g, 1.00 mmol) was 

added. Three days later a red solution was filtered and layered with hexane ca. 11 mL. 

These tiny crystals yielded a new unit cell but were not suitable for a full analysis. 

Triclinic V=3200, A=13.65, B=14.7, C=17.68 

Synthesis of pyterpy2ThI3I-  entry MR-6-507 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.312 g, 

1.0 mmol), and I2 (0.252 g, 1.00 mmol), and Hg (0.03 g, catalytic) were added and 

dissolved pyridine ca. 20 mL. After three days elemental S (0.032 g, 1.00 mmol) and 

2,2’:6’,2” terpyridine (0.467 g, 2.00 mmol) was added. Two days later a red solution was 

filtered and layered with hexane ca. 20 mL yielding crystals.  

Attempted synthesis: U+1.5I2→2TMEDA entry MR-6-512 

To an oven dried flask with magnetic stir bar U (0.238 g, 1.00mmol) and I2 (0.378 g, 1.50 

mmol were added and dissolved ether ca. 20 mL. After six days the red-brown solution 

was dried, dissolved in toluene ca. 25 mL, and TMEDA (0.030 mL, 2.00 mmol) was 

added. The next day an orange solution was filtered and layered with hexane ca. 10 mL 

yielding solid that was amorphous glass not crystalline.  

Attempted synthesis: U+2(SePh)2→4(2,2’-bipyridine)→H2O entry MR-6-520 
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To an oven dried flask with magnetic stir bar U (0.238 g, 1.00mmol) and (SePh)2 (0.624 

g, 2.00 mmol were added and dissolved pyridine ca. 20 mL. After three days solution was 

dried, dissolved in THF ca. 25 mL, and bipyridine (0.625 mL, 4.00 mmol) was added. 

After three days, 1-2 drops of distilled H2O were added. Three days later the solution was 

hot filtered and slowly cooled before layering with hexanes ca. 15 mL. The dark brown 

plates appear to be 8-coordinate, U4O4 cubane with one bipy per each U and 4 bridging 

SePh. The U have terminal SePh and 2 of the U don’t have a terminal ligand, but instead 

have a link to an unknown bridging species, which is a tetrahedral dianion having 

electron density and geometry that so far best fits dimethyl-silane-diolato, but that Si 

could be anything within a couple of protons of Si. Furthermore, the C and O can be C, 

N, or O, I guess, as in H2PO4.  The data are not that good. Each of the bipy engages a 

nearby SePh for pi…pi, and the 2 other SePh engage an adjacent molecule for pi…pi. 

Also, there appears to be little or no lattice solvent. 

Attempted synthesis: U+2(SePh)2→1Hg+1Se entry MR-6-522 

To an oven dried flask with magnetic stir bar U (0.238 g, 1.00mmol) and (SePh)2 (0.624 

g, 2.00 mmol) were added and dissolved in pyridine ca. 20 mL. After three days mercury 

(0.200 mL, 1.00 mmol) and elemental Se (0.079 g, 1.00 mmol) was added. After five 

days, the dark was filtered and layered with hexanes. The resulting crystals did not 

diffract past 1.2 angstroms.  

Attempted synthesis: U+I2→0.5(SC6F5)2+2(2,2’-Bipyridine) entry MR-6-523 

To an oven dried flask with magnetic stir bar U (0.238 g, 1.00mmol) and I2 (0.378 g, 1.50 

mmol) were added and dissolved in THF ca. 20 mL before stirring in -2 °C. The next day 
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(SC6F5)2 (0.199 g, 0.5 mmol) and 2,2’-Bipyridine (0.312 g, 2.00 mmol) were added.  

After three days the dark red solution was filtered and layered with hexanes. The 

resulting orange crystals were covered in a black coating and not suitable for analysis.   

Attempted synthesis: U+2(SPy)2→1.5S entry MR-6-526 

To an oven dried flask with magnetic stir bar U (0.238 g, 1.00mmol) and (SPy)2 (0.431 g, 

2.00 mmol) were added and dissolved THF ca. 20 mL before stirring at 65 °C for about 2 

weeks. Elemental S (0.048 g, 1.50 mmol) was added. After five days, the brown-orange 

solution was filtered and layered with hexanes. The resulting crystals did not diffract 

sufficiently.  

Attempted synthesis: Th+2(SePh)2→2(2,2’-bipyridine)→H2O entry MR-6-541 

To an oven dried flask with magnetic stir bar Th (0.232 g, 1.00mmol), (SePh)2 (0.624 g, 

2.00 mmol), and Hg (0.025 g, catalytic) were added and dissolved pyridine ca. 20 mL. 

After two days solution was dried, dissolved in THF ca. 25 mL, and bipyridine (0.625 

mL, 4.00 mmol) was added and stirred for about 3 hrs. until water 1-2 drops of distilled 

water were added. After three days, the solution was hot filtered and slowly cooled before 

layering with hexanes ca. 15 mL. The precipitate was preserved and dissolved in py 

before being filtered and layered. This precipitate yielded crystals too small for analysis.  

Reproduced as entry MR-6-544, 1.5 bipy used but the crystals did not diffract enough. 

Attempted synthesis: Th+2(SPy)2→1S entry MR-6-549 

To an oven dried flask with magnetic stir bar Th (0.232 g, 1.00mmol) and (SPy)2 (0.431 

g, 2.00 mmol) were added and dissolved THF ca. 20 mL.  The solution was stirred for 
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five days at RT before heating at 65 °C for four days. Elemental S (0.032 g, 1.00 mmol) 

was added. After 1.5 weeks, the light green solution was filtered and layered with 

hexanes yielding lots of white powder.  

Attempted as entry MR-6-566 no S added, still powder and some solids that did not 

diffract, entry Mr-7-576 1(Spy)2 and 1(SPh)2 yielded lots of white powder, entry MR-7-

577 1(Spy)2 and 1(SPh)2 with Se, cubic solid that did not polarize light. 

Attempted synthesis: Th+1I2+1(SePh)2→2(2,2’-bipyridine) entry MR-6-557 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.312 g, 

1.00 mmol), I2 (0.252 g, 1.00 mmol), and Hg (0.030 g, catalytic) were added and 

dissolved in pyridine ca. 20 mL.  The next day Bipy (0.324 g, 2.00 mmol) was added. 

After five days a deep red-orange solution was filtered and layered yielding red oil. 

Attempted synthesis: Th+1.5I2+0.5(SePh)2→2(2,2’:6’,2”-terpyridine) entry MR-6-558 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.156 g, 

0.50 mmol), I2 (0.378 g, 1.50 mmol), and Hg (0.030 g, catalytic) were added and 

dissolved in pyridine ca. 20 mL.  The next day terpy (0.467 g, 2.00 mmol) was added. 

After three days a deep red-orange solution was filtered and layered yielding red oil. 

Attempted synthesis: Th+1.5(SePh)2+2,2’-bipyridine→ with hg in THF entry MR-7-

575 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.468 g, 

1.5 mmol), 2;2’-bipyridine (0.156 g, 1.00 mmol), and Hg (0.060 g, 0.30 mmol) were 

added and dissolved in THF ca. 20 mL.  After 10 days the solution was filtered, and the 
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red solution was layered with hexanes ca 5 mL.  Small crystals formed along with 

powder and oil, the material was sticky and not crystalline.  X-ray data not collected. 

Attempted synthesis: Th+1I2+1(SePh)2→2(2,2’:6’,2”-terpyridine)+S entry MR-7-584 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.312 g, 

1.00 mmol), I2 (0.252 g, 1.00 mmol), and Hg (0.030 g, catalytic) were added and 

dissolved in pyridine ca. 20 mL.  After four days terpy(0.467 g, 2.00 mmol) and 

elemental S(0.032 g, 1.00 mmol) was added. After three days a deep red-orange solution 

was hot filtered and slowly cooled before layering with hexane. The resulting solid was 

not crystalline.  

Attempted as entry MR-7-609 used (SPh)2 instead yielded deep amber oil. 

Attempted synthesis: Th+1I2+0.5(SePh)2+0.5(SC6F5)2+2(2,2’-Bipyridine) →Se entry 

MR-7-613 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.156 g, 

0500 mmol), I2 (0.252 g, 1.00 mmol), (SC6F5)2 (0.199 g, 0.5 mmol), 2,2’-bipyridine 

(0.312 g, 2.00 mmol), and Hg (0.030 g, catalytic) were added and dissolved in pyridine 

ca. 20 mL.  After two days elemental Se (0.079 g, 1.00 mmol) was added. After three 

days a dark orange solution was filtered and layered with hexanes. The solid was not 

crystalline.  

Attempted synthesis: Th+2(SePh)2→Se with bipy entry MR-7-632 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.00 mmol), and Hg (0.030 g, catalytic) were added and dissolved in pyridine ca. 20 mL. 
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The next day elemental Se (0.79 g, 1.00 mmol) was added.  In a separate flask 2,2’-

bipyridine (0.156 g, 1.00 mmol) was dissolved in pyridine before. The next day the Th 

solution was filtered and layered with the bipy solution and let settle for 10 days before 

layering with hexanes. Solid formed, but the material amorphous and not crystalline.  -ray 

data not collected. 

Attempted synthesis: Th+2(SePh)2→Se with bipy entry MR-7-632 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.00 mmol), and Hg (0.030 g, catalytic) were added and dissolved in pyridine ca. 20 mL. 

The next day elemental Se (0.79 g, 1.00 mmol) was added.  In a separate flask 2,2’-

bipyridine (0.156 g, 1.00 mmol) was dissolved in pyridine before. The next day the Th 

solution was filtered and layered with the bipy solution and let settle for 10 days before 

layering with hexanes. Solid formed, but the material amorphous and not crystalline.  X-

ray data not collected. 

Attempted synthesis: Th+ +1.5(SePh)2+0.5I2→Bipy with hg in py entry MR-7-642 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.468 g, 

1.50 mmol), I2 (0.064 g, 0.5 mmol), and Hg (0.030 g, catalytic) were added and dissolved 

in pyridine ca. 20 mL.  In a separate flask 2,2’-bipyridine (0.156 g, 1.00 mmol) was 

dissolved in THF. After three days the Th solution was filtered and layered with the bipy 

solution before stirring in -2 °C fridge overnight. After settling, the red solution was 

filtered and layered with hexanes yielding red oil. 

Attempted synthesis: 3Cu+3(SePh)2→Th+1.5(SePh)2+0.5(SC6F5)2+2Bipy→AgF2 entry 

MR-8-659 
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To an oven dried flask with magnetic stir bar Cu (0.191 g, 3.00 mmol), (SePh)2 (0.936 g, 

3.00 mmol) and Hg (0.025 g, catalytic) was added and dissolved in py. After four days 

Th (0.232 g, 1.00 mmol), (SePh)2 (0.468 g, 1.50 mmol), (SC6F5)2 (0.199 g, 0.50 mmol), 

and bipy (0.312 g, 2.00 mmol) was added to the orange solution. The next day AgF2 

(0.073 g, 0.500 mmol) was added to the dark red solution. The next day the solution was 

stopped and settled overnight before filtration. The filtrate was layered with hexanes 

yielding dark red oil. 

Attempted as entry MR-8-660 Cu and Th in first step with 5 mmol (SePh)2 and AgF2 in 

second step, resulted in dark red oil.  

Attempted synthesis: Th+2(SePh)2→1Se+0.25SeO2 with hg and py entry MR-8-664 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and Hg (0.016 g, catalytic) dissolved in pyridine ca. 20 mL.  After two days 

elemental Se (0.158 g, 2.00 mmol) and SeO2 (0.028 g, 0.25 mmol were added and the 

solution was heated to about 90 °C. After six days the solution was hot filtered, and the 

light orange solution was cooled before being layered with hexanes ca 20 mL.  A brown 

fudge like substance formed in the botted of the flask. 

Attempted synthesis: Th+Hg+4(SePh)2 + 2,2’-bipyridine→1Se with hg and py entry 

MR-8-666 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (1.25 g, 4.0 

mmol), 2,2’-bipyridine (0.156 g, 1.00 mmol), and Hg (0.200 g, 1.00 mmol) dissolved in 

pyridine ca. 20 mL.  The next day elemental Se (0.079 g, 1.00 mmol) was added. After 
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three days the solution was filtered, and the deep orange solution was layered with 

hexanes ca 20 mL.  A dark red oil formed. 

Synthesis of py3AgSiF6 · py3Ag entry MR-8-681 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SC6F5)2 (0.199 g, 

0.5 mmol), (SePh)2 (0.468 g, 1.50 mmol), 2,2’-bipyridine (0.324 g, 2.00 mmol), and Hg 

(0.030 g, catalytic) were added and dissolved in pyridine ca. 20 mL.  The next day AgF2 

(0.146 g, 1.00 mmol) then after three days the orange solution was filtered and layered 

yielding crystals. 

Attempted synthesis: Th+3(SeC6F5)2+0.5Hg→Se entry MR-8-683 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SC6F5)2 (1.48 g, 

3.0 mmol), and Hg (0.100 g, 0.5 mmol) were added and dissolved in pyridine ca. 20 mL.  

Three days later elemental Se (0.079 g, 1.00 mmol) was added and stirred overnight. 

After three days the bright red orange solution was filtered and layered yielding crystals. 

A unit cell was collected, but the sample was not good enough for a full data set.  

Attempted synthesis: 1Hg+5(SePh)2→2Th+2(2,2’=bipyridine)→Se with hg in py entry 

MR-8-711 

To an oven dried flask with magnetic stir bar Hg (0.200 g, 1.00mmol) and (SePh)2 (1.56 

g, 5.0 mmol) were dissolved in pyridine. The next day Th (0.464 g, 2.00 mmol) and 2,2’-

bipyridine (0.324 g, 2.00 mmol) were added to the pale-yellow solution. After three days 

elemental Se was added (0.079 g, 1.0 mmol). A red orange was filtered from black 

precipitate, was concentrated slightly, and was layered with hexane ca. 11 mL. Red oil 

formed.    
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Synthesis of bipy2ThSPh2(SC6F5)2 entry MR-8-717 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SPh)2 (0.437 g, 

2.00 mmol), (SC6F5)2 (0.199 g, 0.50 mmol), 2,2’-bipyridine(0.312 g, 2.00 mmol) and Hg 

(0.100 g, 0.5 mmol) were added and dissolved in pyridine ca. 20 mL.  After 10 days a 

deep red-orange solution was filtered and layered. IR and MP done around 140  

Attempted synthesis: Th+2ClSePh→2NaBipy entry MR-9-759 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), ClSePh (0.383 g, 

2.00 mmol and Hg (0.025 g, catalytic) were added and dissolved in pyridine ca. 20 mL. 

In a separate flask metallic Na (0.023 g, 1.00 mmol) and 2,2’-bipyridine (0.156 g, 1.00 

mmol) were dissolved in toluene ca. 20 mL.  After four days a red-orange  Th solution 

was filtered into the dark purple Nabipy solution and stirred overnight. The final black 

solution was filtered and layered yielding black amorphous material.   

Attempted synthesis: Cu+3(SePh)2→Th→Se entry MR-9-783 

To an oven dried flask with magnetic stir bar Cu (0.064g, 1.00mmol), (SePh)2 (0.936 g, 

3.00 mmol) were dissolved in pyridine ca. 20 mL. After three days Th(0.232 g, 1.00 

mmol) and Hg (0.025 g, catalytic) were added. After two days, elemental Se (0.079 g, 

1.00 mmol) and toluene ca. 10 mL were added and stirred for two days. The resulting 

yellow solution was filtered and layered yielding orange oil.  

Attempted synthesis: Th+3Cu+4.5(SePh)2+0.5(SC6F5)2→1.5AgF entry MR-9-785 

To an oven dried flask with magnetic stir bar Th (0.232 g, 1.00 mmol), Cu (0.191 g, 

3.00mmol), (SePh)2 (1.40 g, 4.50 mmol), (SC6F5)2 (0.199 g, 0.50 mmol), and Hg (0.100 
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g, 0.5 mmol) were dissolved in pyridine ca. 20 mL. After two days AgF (0.190 g, 1.50 

mmol) was added. After two days, the resulting solution was filtered and layered yielding 

orange oil. 

Reproduced with entry MR-9-809 dried after first step, dissolved in THF with AgF 

addition, orange oil 

Synthesis of Th2F5(SC6F5)3 entry MR-9-791 

To an oven dried flask with magnetic stir bar Th (0.232 g, 1.00 mmol), Cu (0.032 g, 

0.50mmol), (SePh)2 (1.25 g, 4.00 mmol), (SC6F5)2 (0.199 g, 0.50 mmol), and Hg (0.100 

g, 0.5 mmol) were dissolved in pyridine ca. 20 mL. After three days AgF (0.190 g, 1.50 

mmol) was added. After two days, the resulting orange-brown solution was filtered and 

layered.  

Attempted synthesis: Cu+(SePh)2→[Th+2(SePh)2]→1.5Se entry MR-9-792 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and Hg (0.060 g, 0.30 mmol) were added and dissolved in pyridine ca. 10 

mL. In a separate flask was added Cu (0.064 g, 1.00 mmol), Hg (0.0.25 g, catalytic), and 

(SePh)2 (0.312 g, 1.0 mmol) dissolved in pyridine ca. 10 mL.  After six days the Cu 

solution was filtered into the Th solution. The mixture was then dried and dissolved in 

THF before adding Se (0.118 g, 1.50 mmol). After 6 a yellow solution was filtered, 

concentrated slightly and layered with hexane ca. 15 mL. Orange oil formed.  

Attempted synthesis: Th+2(SePh)2→1CS2 entry MR-9-795 
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To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and Hg (0.060 g, 0.30 mmol) were added and dissolved in pyridine ca. 20 

mL. The next day CS2 (0.060 mL, 1.00 mmol) and stirred in about 2 °C. After one day an 

orange-brown solution was filtered, concentrated slightly and layered with hexane ca. 15 

mL. Dark red oil formed.  

Attempted synthesis: Th+2(SePh)2→1CS2 entry MR-9-810 

To an oven dried flask with magnetic stir bar Th (0.232g, 1.00mmol), (SePh)2 (0.624 g, 

2.0 mmol), and Hg (0.060 g, 0.30 mmol) were added and dissolved in pyridine ca. 20 

mL. The next day the solution was dried and dissolved in THF before CuF2 (0.102 g, 1.00 

mmol) was added and stirred in about 2 °C. After 1 a yellow solution was filtered, 

concentrated slightly and layered with hexane ca. 15 mL before putting in the freezer, -30 

°C. Yellow oil formed 

Attempted synthesis: 1Cd+3(SPh)2→Th→S with hg in py entry MR-9-842 

To an oven dried flask with magnetic stir bar Cd (0.112 g, 1.00mmol), Hg (0.025 g, 

catalytic), and (SePh)2 (0.936 g, 3.0 mmol) were dissolved in pyridine. The next day the 

solution was heated to about 65 °C for three days. The pale-yellow solution was cooled 

before Th (0.232 g, 1.00 mmol) and Hg (0.025 g, catalytic) were added and heated at the 

previous temperature overnight. After two days elemental S was added (0.048 g, 1.50 

mmol) and stirred for 30 min. A pale-yellow solution was filtered and layered with 

hexane ca. 20 mL. A significant amount of white powder was generated, and a solid 

pudding-like blob filled the bottom of the flask with a volume of about 15 mL. 

Synthesis of py4CdI2 entry MR-9-848 
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To an oven dried flask with magnetic stir bar Cd (0.112 g, 1.00mmol), I2 (0.126 g, 0.50 

mmol), Hg (0.013 g, catalytic), and (SePh)2 (0.624 g, 2.0 mmol) were dissolved in 

pyridine. The next day Th (0.232 g, 1.00 mmol) was added and stirred overnight. After 1-

day elemental Se was added (0.118 g, 1.50 mmol) was added. After three days bright 

yellow solution was filtered and layered with hexane ca. 20 mL.  

Attempted synthesis: Th + 2(SePh)2→Se→CuF2 entry MR856 

To an oven dried flask with magnetic stir bar Th (0.232 g, 1.00 mmol), (SePh)2 (1.40 g, 

4.50 mmol), and Hg (0.025 g, catalytic) were dissolved in pyridine ca. 20 mL. The next 

day elemental Se (0.079 g, 1.00 mmol). Three days later CuF2 (.101 g, 1.00 mmol) was 

added. After two days, the resulting solution was filtered and layered yielding orange 

powder. 

Synthesis of py8U3O2I8 entry MR859 

To an oven dried flask with magnetic stir bar U (0.238 g, 1.00 mmol), and I2 (0.380 g, 

1.50 mmol) were dissolved in ether ca. 20 mL and stirred at 2 °C. After two days the red 

solution and precipitate were dried and dissolved in py. The solution was heated and CuS 

(0.096 g, 1.00 mmol) was added. After four days the solution was settled overnight and 

then hot filtered. The reaction was slowly cooled over a two-day period. After four days 

the solution was concentrated slightly and layered with hexanes ca. 14 mL. Large brown 

crystals were recovered.  

Synthesis of py6U2I4S4 entry MR861 

To an oven dried flask with magnetic stir bar U (0.238 g, 1.00 mmol), and I2 (0.380 g, 

1.50 mmol) were dissolved in ether ca. 20 mL and stirred at 2 °C. After five days the 
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solution was dried and dissolved in py after S (0.096 g, 3.00 mmol) was added. After four 

days the solution was filtered and layered with hexanes yielding black cubes. IR: 2922 

(w), 2360 (bs), 1597 (s), 1462 (b), 1377 (s), 1261 (s), 1219 (s), 1151 (bs), 1098 (bs), 1066 

(s), 1037 (s), 1000 (s), 752 (s), 697 (s), 621 (s), 523 (s) cm-1. PXRD 

Attempted synthesis: U + 1.5I2→3Te entry MR862 

To an oven dried flask with magnetic stir bar U (0.238 g, 1.00 mmol), and I2 (0.380 g, 

1.50 mmol) were dissolved in ether ca. 20 mL and stirred at 2 °C. After two days the 

solution was dried and dissolved in py after Te (0.383 g, 3.00 mmol) was added. After 

one week the solution was filtered and layered with hexanes. Two large dark crystals 

were formed, but they did not diffract past 1.1 Å. 

Attempted synthesis: Th + I2 + (SePh)2 →1.5Te entry MR 868 

To an oven dried flask with magnetic stir bar Th (0.232 g, 1.00 mmol), (SePh)2 (0.312 g, 

1.00 mmol), I2 (0.252 g, 1.00 mmol), and Hg (0.020 g, catalytic) were dissolved in 

pyridine ca. 20 mL. The next day elemental Te (0.191 g, 1.50 mmol) was added. After 

four days, the resulting solution was filtered and layered yielding chunky dark orange 

powder. 

Synthesis of py4ThI4 entry MR 893 

To an oven dried flask with magnetic stir bar Hg (0.200 g, 1.00 mmol) and TePh2 (1.23g 

3.00 mmol) were dissolved in py, wrapped in foil, and stirred in 2 °C. The next day Th 

(0.232 g, 1.00 mmol) was added. After ten days one half mmol of both I2 and TePh2 were 

added. After one week the solution was filtered and layered.  
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Attempted synthesis: U + 2(SPh)2→1Pz + 1S entry MR895 

To an oven dried flask with magnetic stir bar U (0.238 g, 1.00 mmol), (SPh)2 (0.436 g, 

2.00 mmol), and I (0.010 g, catalytic) were dissolved in pyridine ca. 20 mL. After two 

days the solution was heated to about 65 °C for two days. After three days I2 (0.126 g, 

0.500 mmol) was added and 8 days after that (SPh)2 (0.109 g, 0.500 mmol) was added. 

Three days later Pyrazole (Pz) (0.068 g, 1.00 mmol) and elemental S (0.032 g, 1.00 

mmol) was added. The next day the solution was settled and after six days the dark 

solution was filtered and layered. An amorphous material was yielded that polarized light 

slightly but did not diffract.  

Synthesis of Th6I6Se9 entry MR897 

To an oven dried flask with magnetic stir bar Th (0.232 g, 1.00 mmol), (SePh)2 (0.312 g, 

1.00 mmol), I2 (0.252 g, 1.00 mmol), and Hg (0.200 g, 1.00 mmol) were dissolved in 

pyridine ca. 20 mL. The next day elemental Se (0.118 g, 1.50 mmol) was added. After 

one week, the resulting yellow solution was filtered and layered yielding yellow crystals.  

Reproduced as entry MR899 To an oven dried flask with magnetic stir bar Th (0.232 g, 

1.00 mmol), (SePh)2 (0.624 g, 2.00 mmol), and Hg (0.020 g, catalytic) were dissolved in 

pyridine ca. 20 mL. In a separate oven dried flask with magnetic stir bar Cu (0.063 g, 

1.00 mmol), (SePh)2 (0.156 g, 0.500 mmol), and I2 (0.126 g, 0.500 mmol) were dissolved 

in pyridine ca. 20 mL. After four days the Th solution was cannulaed into the Cu solution 

and stirred for three days before elemental Se (0.158 g, 2.00 mmol) was added. After 

three days the resulting orange solution was filtered and layered yielding yellow crystals. 

Synthesis of bipy6Fe2I4 entry MR906 
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To an oven dried flask with magnetic stir bar Th (0.232 g, 1.00 mmol), (SePh)2 (0.468 g, 

1.50 mmol), (SC6F5)2 (0.199 g, 0.500 mmol), Bipy (0.312 g, mmol), and Hg (0.020 g, 

catalytic) were dissolved in pyridine ca. 20 mL. After two days FeI2 (0.310 g, 1.00 mmol) 

was added. After one week the resulting raspberry-colored solution was filtered and 

layered yielding red crystals.  

 

 

 

  


