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 This dissertation describes synthetic investigations aimed to expand the fundamental 

chemistry of thorium.  Chapter 1 describes the radical reactivity of thorium-ligand bonds with 

the molecular radical 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO).  Organothorium bonds are 

found to be very reactive with TEMPO and reveal previously unobserved reaction pathways for 

thorium.  Chapter 2 discusses the isolation and characterization the first molecular complexes 

which contain thorium in the formal +2 oxidation state: [K(2.2.2-cryptand)]{[C5H3(SiMe3)2]3Th} 

and [K(18-crown-6)(THF)2]{[C5H3(SiMe3)2]3Th}.  Physical, spectroscopic, and theoretical 

studies of these new Th2+ ions conclude they the first examples of a [Rn]6d2 electronic ground 

state in an isolable metal complex of any kind.  The 6d2 configuration is what is expected for the 

radioactive fourth row transition metal ions such as Rf 
2+ and Db3+.  Chapters 3 and 4 describe the 

reactivity of the new Th2+ complexes, with comparisons to the analogous Th3+ compounds where 

appropriate.  Substrates investigated include H2, [Et3NH][BPh4], cyclooctatetraene, iodomethane, 

iodoethane, benzyl bromide, chlorbenzene, fluoropentane, and benzyl isocyanide.  Th2+ is shown 
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to affect both one- and two-electron reductions of substrates.  The isolation of new Th3+ 

complexes, including the first mixed-valent thorium complex and first hydride of Th3+, [K(18-

crown-6)(Et2O)]{[C5H3(SiMe3)2)2ThH2]}2, is described, as well as evidence for the in situ 

generation of a transient Th2+ complex with the (C5Me4H)3
3− ligand set.  Chapter 5 involves the 

synthesis and reactivity of the sterically-crowded Th3+ complex (C5Me5)3Th.  Other sterically-

crowded Th4+ complexes are also isolated and their reactivity is reported.  Substrates examined 

include iodomethane, diiodide, chlorobenzene, trimethylaluminum, dihydrogen, and carbon 

monoxide.  Investigations with carbon monoxide led to the formation of 

[(C5Me5)3Th(CO)][BPh4], the first room temperature stable carbonyl complex of thorium.  

Chapter 6 describes an initial investigation into the reactivity of the Th3+ complexes 

(C5Me4H)3Th and [C5H3(SiMe3)2]3Th with nitric oxide (NO).  Two structurally different 

bimetallic complexes are isolated, namely [(C5Me4H)2Th]2(µ-ONNO), and 

{[C5H3(SiMe3)2]2Th(µ-O)}2.  Chapter 7 describes the synthesis of the nitrile-solvated 

[(C5Me5)2Th(NCR)5][BPh4]2 (R = Me, Ph, tBu) complexes, which are the first examples of linear 

metallocenes of thorium containing cyclopentadienyl ligands.  Chapter 8 presents preliminary 

results on other synthetic attempts to isolate low-valent thorium compounds.  Evidence of 

transient low-valent species is described and factors leading to the instability are discussed. 
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Introduction 
!

!
Thorium, the 90th element on the periodic table, was first reported in 1829 after being 

discovered and identified in the mineral thorite (ThSiO4) by Jöns Jakob Berzelius and Hans 

Morten Thrane Esmark.1  The element was named by Berzelius after Thor, the Scandinavian god 

of thunder.  Thorium, which makes up about 0.0007% of the earth’s crust, is the 37th most 

abundant element in the earth’s crust, approximately 3-4 times as abundant as uranium and 

nearly as abundant as lead and molybdenum.1,2  Thorium is found in the ores of thorite, 

thorianite, and monazite; the latter being an important source of not only thorium, but also the 

rare earth elements lanthanum and cerium.  Thorium is also found in all uranium ores.3 

Naturally occurring thorium is almost exclusively 232Th which is radioactive and decays 

via alpha decay with a 14 billion year half-life.  Thorium can be used as a nuclear fuel, via 

capture of slow neutrons to form the fissile 233U.3  This technology, although known since the 

production of the first Liquid Fluoride Thorium Reactor (LFTR) at Oak Ridge National 

Laboratory in the 1960’s, has taken a back seat to reactors utilizing 235U as the fuel source even 

though it is thought that thorium has more energy potential than the earth’s entire supply of 

uranium, coal, and gas combined.1  Recently, thorium has received renewed and additional 

interest due to the anti-proliferation properties of the thorium fuel cycle and the shorter-lived 

highly-radioactive daughter products vs the uranium fuel cycle.4 

Besides fuel applications, thorium has several uses;  it can be used to make high-

temperature crucibles and lantern mantles, can be alloyed with tungsten for welding purposes, 

can be added to glass thus increasing the refractive index for use in optical instruments, is used in 

photoelectric cells and X-ray tubes, as a catalyst in the production of sulfuric acid in the 



! 2 

petroleum industry, and in the conversion of ammonia to nitric acid.1  Despite these uses, the 

demand for thorium is low due to environmental concerns related to its radioactivity. 

Thorium, having atomic number 90, has 90 protons and therefore 90 electrons, four of 

which are valence electrons.  The metallic ground state of thorium is [Rn]6d27s2, and the +4 

oxidation state is ubiquitous throughout thorium chemistry.  While is it known that the late 

actinides tend to be more like the lanthanides in that the +3 oxidation state is highly favored, 

higher oxidation states are more readily available to the early actinides,2 including thorium and 

uranium.  However, unlike uranium, which readily accesses the +3 to +6 oxidation states, 

thorium has the propensity for the +4 state.  There are only a few examples of the +3 state5-9 and 

as will be described in Chapter 2, the +2 oxidation state has only recently been identified for 

thorium.10 

A defining feature of f elements, which includes the lanthanides (Ln) and actinides (An), 

is that the valence electrons reside in f orbitals.  Due to poor shielding of the nucleus by the d 

electrons, the f orbitals are contracted and lie mostly within the noble gas core and therefore do 

not participate significantly in bonding.  This leads to mostly ionic interactions between f 

elements and ligands.  As seen in Figure 0.1, while the f orbitals of the lanthanides (as 

demonstrated with Nd3+) lie completely within the [Xe] core, the f orbitals of the actinides (as 

demonstrated with U3+) extend slightly further in space and do breach the [Rn] core, however 

slightly.   As a result of this is, both An and Ln form very polarized bonds.  Covalent character 

has been invoked in actinide chemistry, but the extent of this is still highly debated.11  

Nevertheless, subtle differences in the character of An bonding may be influenced by the An 

involved, the metal oxidation state, the orbitals in which the metal valence electrons reside, and 

the nature of the coordinated ligands.11  Variations in these parameters which effect An-ligand 
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bonding have implications in nuclear separations in nuclear fuel cycles as well as in the 

separation of thorium from the lanthanides with which it is commonly found in nature.  Progress 

in understanding these subtle differences may help advance nuclear fuel systems on one hand, 

and on the other, may help advance the mining process of lanthanide metals, which have become 

increasingly important in our technology-driven economy,12 via improved separation techniques. 

 

Figure 0.1.  Probability distribution of (a) the 4f orbitals and [Xe] core for Nd3+ and (b) the 5f 

orbitals and [Rn] core for U3+ as a function of radial distance.13   

 

The goal of the research described in this dissertation was to expand the fundamental 

knowledge of the chemistry of thorium with the hopes that this will help provide a basis for more 

applied work regarding thorium, as well as, through comparison, actinides and lanthanides in 

general.  Actinides and lanthanides in general are under-explored and therefore fundamental 

studies are still necessary.  While the limits of transition metal chemistry are much more defined, 

there are still very fundamental aspects of actinide chemistry, particularly with thorium, that 

have not been fully realized, as will be demonstrated throughout this dissertation.  It is believed 

that the best approach moving forward is to first expand the fundamental chemistry in order to 
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more thoroughly understand the limits of thorium, or uranium, or the lanthanides, and this will 

provide a better platform to engage in further applied studies of these elements.  It is also 

believed that, since the f elements differ so much from the transition metals, fundamental studies 

that compare An to An, An to Ln, and An/Ln to transition metals are valuable to all of metal 

chemistry.  In fact, the highly exploratory and fundamental nature of the studies presented in this 

dissertation aim to push the envelope with not only the currently accepted fundamental ideas 

about actinide chemistry, but also to help challenge the models which we have built that help us 

explain chemistry in general such as molecular orbital theory, crystal field theory, valence bond 

theory, and the aufbau principle.  These chemical models define a platform from which future 

discoveries can be made and a compass to guide us in our quest for discovery.  As such, it is 

essential to ensure the platform is as solid as possible and the limitations clearly understood.  

Identifying outliers to the models that explain chemistry as we currently understand it may help 

to advance our understanding of the chemistry landscape in general and help us to build better 

models.  

Dissertation Outline.  The research described in this dissertation spans several themes.  

In Chapter 1, the reactivity of thorium−ligand bonds with a molecular radical, 2,2,6,6-

tetramethylpiperidin-1-oxyl (TEMPO), in non-aqueous media is investigated in order to provide 

a basis for such reactivity as it pertains to nuclear fuel cycles and separations.  Nuclear decay can 

produce reactive molecular radicals in solution and the nature of the interactions of these radicals 

with metals and metal–ligand bonds is of interest as the ligands that are attached to a metal 

define the complex’s properties in solution.  In these studies TEMPO is used, since it is a stable 

organic radical that is readily available that can be a model for other highly-reactive radicals that 

may be generated in situ in nuclear fuel cycles.  TEMPO is found to be very reactive towards 
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organothorium complexes and many products are isolated which result from unorthodox reaction 

pathways.   

Chapter 2 discusses the isolation and characterization of [K(2.2.2-

cryptand)]{[C5H3(SiMe3)2]3Th} and [K(18-crown-6)(THF)2]{[C5H3(SiMe3)2]3Th}, the first 

molecular complexes which contain thorium in the +2 oxidation state.  This was a remarkable 

discovery since the +4 oxidation state is so prevalent throughout thorium chemistry, with only a 

few examples of Th3+ known.5-9  Physical, spectroscopic, and theoretical studies of these new 

Th2+ ions have concluded they contain a novel electronic ground state for a stable metal complex 

of any kind, namely [Rn]6d2.  Since this ground state has d character, it is transition metal-like 

and is an electronic state possible for superheavy transition metal ions such as Rf2+ and Db3+, 

which are highly unstable and therefore difficult to study. 

Chapter 3 begins the investigation into the reactivity of the newly discovered Th2+ 

complexes and their novel ground state.  Reactivity with hydrogen sources was examined, 

including the simplest molecule, H2, which led to the isolation multiple new types of complexes, 

including [K(18-crown-6)(Et2O)]{[C5H3(SiMe3)2)2ThH2]}2, the first example of a bimetallic 

Th3+ complex as well as the first example of a Th3+ hydride.  Evidence of a different Th2+ 

complex was obtained by the in situ reduction of (C5Me4H)3Th8 in the presence of H2, which 

formed two hydride complexes, namely (C5Me4H)3ThH and [K(2.2.2-cryptand)]{(C5Me4H)2[η5-

C5Me3H(CH2)-κC]ThH}, which were not generated by the reaction of Th3+ with H2. 

 Chapter 4 extends the investigation of the reactivity of Th2+ to other substrates including 

cyclooctatetraene, iodomethane, iodoethane, benzyl bromide, chlorbenzene, fluoropentane, and 

benzyl isocyanide.  The specific focus was to study the propensity of Th2+, which has two 

valence electrons, to participate in either one- or two-electron reductions of substrates.  Both 
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one- and two-electron reactions are observed.  Comparisons are made with the Th3+ complex 

[C5H3(SiMe3)2]3Th,5 which only contains one valence electron and thus can only engage in one-

electron reactions. 

Chapter 5 describes the synthesis and reactivity of the sterically-crowded Th3+ complex 

(C5Me5)3Th.  Other sterically-crowded Th4+ complexes are also isolated and their reactivity 

investigated.  Substrates examined include iodomethane, diiodide, chlorobenzene, 

trimethylaluminum, dihydrogen, and carbon monoxide.  Specifically, the ability of the thorium 

complexes to participate in sterically induced reduction reactions in which a sterically-crowded 

metal complex affects the reduction of a substrate without a change in metal oxidation state, is 

explored.  Many studies have previously been undertaken regarding sterically induced 

reduction,14-22 and the research presented in this Chapter will overturn the current 

generalizations23 of those studies.  Also described is the formation of [(C5Me5)3Th(CO)][BPh4], 

the first room temperature stable carbonyl complex of thorium.  

Chapter 6 details an initial investigation into the reactivity of the Th3+ complexes 

(C5Me4H)3Th8 and [C5H3(SiMe3)2]3Th5 with nitric oxide (NO).  Two structurally different 

bimetallic complexes are isolated, namely [(C5Me4H)2Th]2(µ-ONNO), which results from the 

reduction and coupling of two NO units to form the unusual (ONNO)2− ligand, and 

{[C5H3(SiMe3)2]2Th(µ-O)}2, which results from N–O bond cleavage.  Multiple unidentified 

thorium-containing products are also produced and discussed. 

Chapter 7 describes the synthesis, characterization, and reactivity of the nitrile-solvated 

[(C5Me5)2Th(NCR)5][BPh4]2 (R = Me, Ph, tBu) complexes, which are the first examples of linear 

metallocenes of thorium containing cyclopentadienyl ligands.  Linear metallocenes with 

cyclopentadienyl ligands are common with transition metals, but linear complexes with f 
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elements are usually only formed with cyclooctatetraenyl ligands.  This research extends the 

work of Ephritikhine, who isolated the first linear metallocenes of uranium with 

cyclopentadienyl ligands.24-27  

Chapter 8 discusses other synthetic attempts to isolate low-valent thorium compounds.  

While some evidence of the formation of transient low-valent complexes was observed, 

ultimately these trials did not lead to the isolation of such complexes.  Rationale behind the 

reactions attempted is explained and the structural and electronic factors which may cause 

instability in the desired products or prevent their formation are proposed. 
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CHAPTER 1 

Reactivity of Organothorium Complexes with TEMPO Radical 

 

Introduction* 

 The reactions of actinide complexes with radicals are of general interest since nuclear 

waste stream remediation chemistry involves radiolytically generated radical species.  The 

radical reactivity of actinides has been heavily studied in aqueous solution,1-5 but less attention 

has been paid to radical reactions in non-aqueous solution.  The actinide metallocenes,  

(C5Me5)2AnX2 (An = Th, U; X = halide, pseudo-halide, alkyl, etc.) offer a unique opportunity to 

study actinide radical chemistry in a well-defined coordination environment.  The 

bis(pentamethylcyclopentadienyl) ancillary ligand set provides stability, solubility, and 

crystallinity that usually allows reactivity to occur at the An−X bonds and often leads to 

crystalline products that can be characterized by X-ray crystallography.   

This Chapter describes reactions of thorium metallocenes with a commonly-used organic 

radical, 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO), to establish a baseline of reactivity for 

radicals with organoactinides.  Thorium was chosen since it has a very stable +4 oxidation state 

and the chemistry should be less complicated by redox reactions than that of uranium, which can 

be isolated in the +2, +3, +4, +5 and +6 oxidation states.  TEMPO has proven to be a valuable 

radical reagent in many applications in organic chemistry and biochemistry,6-11 and has been 

shown to bind to main group12,13 and s-block elements,14 as well as transition metals,15-26 in 

several coordination modes.  The use of TEMPO in f element chemistry is more limited and was 

found in only two reports in the literature.  A samarium TEMPO complex, [(η1-

                                                
*Portions of this chapter have been published:  Langeslay, R. R.; Walensky, J. R.; Ziller, J. W.; 
Evans, W. J. Inorg. Chem. 2014, 53, 8455. 
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ONC5H6Me4)2Sm(µ-η1:η2-ONC5H6Me4)]2, was synthesized from the reaction of TEMPO with 

(η5-C5Me5)3Sm27 and TEMPO delivers an oxo ligand to uranium in its reaction with 

U[N(SiMe3)2]3.28,29 

!

Results   

 (η5-C5Me5)2ThMe(η1-TEMPO), 1.  (η5-C5Me5)2ThMe2 reacts with two equiv of the 

2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) radical in toluene to cleave a Th−Me bond and 

form (η5-C5Me5)2ThMe(η1-TEMPO), 1, eq 1.1.  Reactions with only one equiv of TEMPO 

consume only half of the starting material and give the same products, but in half the yield.  

Heating 1 to 75 °C in the presence of excess TEMPO also gave only 1 as the product.  1H NMR 

spectroscopy revealed resonances consistent with 1-methoxy-2,2,6,6-tetramethylpipridine (Me–

TEMPO) as a byproduct. 

 

Complex 1 was definitively identified by X-ray crystallography, which revealed that it is 

an (η1-TEMPO)1− complex, Figure 1.1.  Obtaining suitable elemental analytical data on (η5-

C5Me5)2ThMe(TEMPO) and the other TEMPO complexes in this study was problematic.  At 

least two crystallizations and multiple analyses were necessary before elemental analytical data 

matching that of the expected calculated values were observed.  

Th
Me

Me
+ 2

toluene
Th

O N

Me

1

(1.1)
N
O
.

– Me-TEMPO
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Figure 1.1.  Thermal ellipsoid plot of (η5-C5Me5)2Th(Me)(η1-TEMPO), 1. Thermal ellipsoids 

are drawn at the 50% probability level and hydrogen atoms omitted for clarity. 

 

The metrical parameters of the [(η5-C5Me5)2ThMe]1+ part of complex 1, i.e., the 2.546 

and 2.578 Å Th−(η5-C5Me5 ring centroid) distances (Table 1.1) and the 2.519(2) Å Th−C(Me) Å 

length are slightly larger than the 2.518 Å Th−(C5Me5 ring centroid) and the 2.471(8) and 

2.478(9) Å Th−C(Me) Å distances in (η5-C5Me5)2ThMe2,30 which could reflect the larger size of 

the (TEMPO)1− anion versus Me1−.  Consistent with this, the 130.5° (C5Me5 ring 

centroid)−Th−(C5Me5 ring centroid) angle in 1 is smaller than the 133.9° analog in (η5-

C5Me5)2ThMe2.  The 2.131(1) Å Th−O(TEMPO) distance is similar to the 2.154(8) Å 

Th−O(diolate) distance in [(η5-C5Me5)2Th(µ-O2C2Me2]2.31  The 1.437(2) Å O−N distance in 1 is 

Th1 

O1 

N1 
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typical for a (TEMPO)1− anion, as are the two 108.9(1)° O−N−C angles.16,17,21,23,25,27  The sum of 

the angles around nitrogen, 336.4º, is consistent with a pyramidal geometry about the nitrogen in 

a fully reduced (TEMPO) 1− anion.16,17,21 

(η5-C5Me5)2Th(η1-C3H5)(η3-C3H5), 2, and (η5-C5Me5)2Th(η1-C3H5)(TEMPO), 3.  To 

allow examination of TEMPO reactions with a second example of (C5Me5)2ThR2 beyond R = 

Me, the allyl analog of (η5-C5Me5)2ThMe2, namely (η5-C5Me5)2Th(C3H5)2, 2, was synthesized 

from (η5-C5Me5)2ThBr2 and 2 equiv of (C3H5)MgBr, eq 1.2.  Crystals of 2 are isomorphous with 

the uranium analog32 and have the identical unusual solid state structure with one η1-allyl and 

one η3-allyl ligand, i.e. (η5-C5Me5)2Th(η1-C3H5)(η3-C3H5), Figure 1.2, in each of the two 

molecules in the unit cell.  The bond distances are slightly longer throughout the molecule 

compared to the uranium complex, which is consistent with the larger ionic radius of Th.33  If the 

η1/η3 structure observed for uranium is due to steric crowding that prevents an η3/η3 

coordination, this situation still exists with the larger thorium.  

 

(1.2)Th
Br

Br
Th

2

THF
2(C3H5)MgCl+ – 2MgClBr
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! !

Figure 1.2.  Thermal ellipsoid plot of (η5-C5Me5)2Th(η3-C3H5)(η1-C3H5), 2.  Thermal ellipsoids 

are drawn at the 50% probability level and hydrogen atoms omitted for clarity. 

 

(η5-C5Me5)2Th(η1-C3H5)(η3-C3H5), 2, reacts with TEMPO in a manner analogous to (η5-

C5Me5)2ThMe2, yielding (η5-C5Me5)2Th(η1-C3H5)(η1-TEMPO), 3, found by X-ray 

crystallography to contain both TEMPO and allyl ligands in an η1 coordination mode, eq 1.3, 

Figure 1.3.  The 1H NMR spectrum of 3 does not contain an η1-allyl pattern, which indicates that 

the ligand is fluxional in solution at room temperature.  No change in the spectrum was obsJenny 

Knudson Page 13 9/27/16erved down to −90 °C.   Like eq 1, reactions of 2 with 1 

equiv of TEMPO consume only half of the starting material and give the same products, but in 

half the yield.  

Th1 
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As shown in Table 1.1, the metrical parameters of the [(η5-C5Me5)2Th(η1-TEMPO)]1+ 

parts of 1 and 3 are quite similar.  Also, the 2.519(2) Å Th−Me distance in 1 is similar to the 

2.552(2) Å Th−C(η1-allyl) distance in 3.  The 130.6º (C5Me5 ring centroid)−Th−(C5Me5 ring 

centroid) angle in 3 is smaller than the 134.2º and 134.8º angles in 2.   

!!  

Figure 1.3.  Thermal ellipsoid plot of (C5Me5)2Th(η1-C3H5)(η1-TEMPO), 3.  Thermal ellipsoids 

are drawn at the 50% probability level and hydrogen atoms omitted for clarity. 
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(η5-C5Me5)2Th(η1-TEMPO)2, 4.  In contrast to the reactions of the methyl and allyl 

metallocenes that form the mono-TEMPO complexes 1 and 3, the hydride complex, [(η5-

C5Me5)2ThH2]2,34 generates the bis(TEMPO) metallocene, (η5-C5Me5)2Th(η1-TEMPO)2, 4, eq 

1.4, Figure 1.4.  Both (TEMPO)1− anions bind through oxygen in this product.  Gas bubbles are 

observed to form in solution during this reaction, which are presumably hydrogen since no 

evidence for an H–TEMPO35 analog of the R–TEMPO byproduct described above was observed 

by NMR spectroscopy.  Attempts to form 4 from 1 or 3 with excess TEMPO were unsuccessful 

as were reactions of 1 and 3 with hydrogen to generate a “(η5-C5Me5)2ThH(TEMPO)” complex 

that could be an intermediate on the way to 4.  Similarly, reactions of [(η5-C5Me5)2ThH2]2 with 

one equiv TEMPO per thorium center resulted in the formation of 4 in half the yield, while 

consuming only half of the starting material.  No evidence of the formation of a “(η5-

C5Me5)2ThH(TEMPO)” complex was observed.  The 1H NMR spectrum of 4 is complicated and 

the 13C NMR spectrum shows a doubling of TEMPO peaks suggesting there is some 

nonequivalence between the TEMPO moieties on the NMR time scale.  The 1H NMR spectrum 

was examined at higher temperature, but a simple spectrum was not obtainable within the 

temperature range accessible. 

 

The metrical parameters of 4 are presented in Table 1.1 for comparison.  The 2.625 and 

2.601 Å Th−(C5Me5 ring centroid) distances in 4 are larger than those in 1 and 3 reflecting the 

larger size of the (TEMPO)1− anion compared to Me1− and (allyl)1−.  The 126.3º (C5Me5 ring 

Th Th
H

H
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H

H

+ 4
toluene

N

4

(1.4)N
O
.
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centroid)−Th−(C5Me5 ring centroid) angle in 4 is smaller than the 130.0º angle in [(η5-

C5Me5)2ThH2]2, as well as the corresponding angles in 1, 2, and 3.  The 2.167(2) and 2.172(3) Å 

Th−O(TEMPO) distances in 4 are larger than the analogs in 1 and 3, while the 1.447(4) and 

1.440(4) Å O−N distances in 4 are quite similar.   The nitrogen atoms in both (TEMPO)1− 

ligands are pyramidal (Table 3) as in 1-3. 

                    
                           

Figure 1.4.  Thermal ellipsoid plot of (η5-C5Me5)2Th(η1-TEMPO)2, 4.  Thermal ellipsoids are 

drawn at the 50% probability level and hydrogen atoms omitted for clarity.  

 

(η5-C5Me5)2ThBr(η1-TEMPO), 5.  Although the methyl group in 1 did not react with 

extra TEMPO or hydrogen, it does react with 1 equiv of CuBr to form yet another variant of a 

Th1 

O2 
N2 

N1 O2 
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thorium metallocene TEMPO complex, (η5-C5Me5)2ThBr(η1-TEMPO), 5, eq 1.5.  Complex 5 

was characterized by X-ray crystallography, Figure 1.5, and has a structure similar to that of the 

methyl complex, 1, Table 3.  The 2.8311(2) Å Th–Br bond distance in 5 is longer than the 

2.800(2) Å distance in (η5-C5Me5)2ThBr2 presumably due to the larger size of the (TEMPO)1− 

ligand versus bromide.  

 

!  

Figure 1.5.  Thermal ellipsoid plot of (η5-C5Me5)2Th(Br)(η1-TEMPO), 5.  Thermal ellipsoids 

are drawn at the 50% probability level and hydrogen atoms omitted for clarity. 
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Table 1.1.  Selected Bond Distances (Å) and Angles (deg) for (η5-C5Me5)2Th(Me)(η1-

TEMPO), 1, (η5-C5Me5)2Th(η1-C3H5)(η1-TEMPO), 3, (η5-C5Me5)2Th(η1-TEMPO)2, 4, (η5-

C5Me5)2ThBr(η1-TEMPO), 5, (η5-C5Me4H)3Th(η1-TEMPO), 6, (η2-TEMPO)2ThBr2, 7, 

ThBr4(THF)2(η1-TEMPO), 8, and Th(η1-TEMPO)2(η2-TEMPO)2, 9.  

Complex Th–Cnt      Th–O   O–N  Th–O–N O–N–C C–N–C 

1   2.578 
  2.546 

2.131(1) 1.437(2) 161.4(1) 
108.9(1) 
108.9(1) 

118.6(1) 

3   2.548 
  2.577 

2.129(2) 1.448(2) 163.01(1) 
108.4(2) 
108.1(2) 

118.8(2) 

4   2.625 
  2.601 

2.167(2) 
2.172(3) 

1.447(4) 
1.440(4) 

157.2(2) 
155.8(2) 

109.1(3) 
109.3(3) 
108.7(3) 
109.6(3) 

117.7(3) 
 
117.1(3) 

5   2.567 
  2.535 

2.113(1) 1.444(2) 162.2(1) 
108.5(1) 
109.1(1) 

118.7(2) 

6 
  2.630 
  2.685 
  2.666 

2.179(2) 1.461(2) 158.6(1) 
110.2(2) 
110.4(2) 

116.4(2) 

7   N/A 
2.192(2) 
2.197(2) 

1.445(4) 
1.444(4) 

84.0(2) 
84.4(2) 

109.2(3) 
109.3(2) 
109.6(2) 
108.8(2) 

118.7(3) 
 

118.8(3) 

8   N/A 2.313(3) 1.291(5) 174.8(3) 
115.2(4) 
115.3(4) 

127.2(4) 

9   N/A 

2.267(2) 
2.245(2) 
2.173(2) 
2.166(2) 

1.445(3) 
1.450(3) 
1.447(3) 
1.444(3) 

85.8(1) 
88.3(1) 
160.8(2) 
165.8(2) 

108.8(2) 
107.0(3) 
108.3(2) 
108.3(3) 
109.1(2) 
109.2(2) 
108.2(2) 
108.4(2) 

117.1(2) 
 

117.5(2) 
 

118.1(2) 
 

117.6(3) 

 

(η5-C5Me4H)3Th(η1-TEMPO), 6.  The Th3+ complex (η5-C5Me4H)3Th was also treated 

with TEMPO and this leads to oxidation of the metal and formation of a Th4+ complex of the 
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(TEMPO)1− anion, (η5-C5Me4H)3Th(η1-TEMPO), 6, eq 1.6.  The product of the reaction again 

was definitively identified by X-ray crystallography, Figure 1.6.  The structure of 6 is similar to 

that of (η5-C5Me4H)3ThBr,36 but the 2.630-2.685 Å Th−(C5Me4H ring centroid) distances in 6 

are longer than the 2.567 Å distance in (η5-C5Me4H)3ThBr and the 112.4°–113.3° (C5Me4H ring 

centroid)–Th−(C5Me4H ring centroid) angles are smaller than the 117.7° angle in (η5-

C5Me4H)3ThBr.  These data are consistent with the larger size of the TEMPO ligand vs. bromide.   

 

!!  

Figure 1.6.  Thermal ellipsoid plot of (η5-C5Me4H)3Th(η1-TEMPO), 6.  Thermal ellipsoids are 

drawn at the 50% probability level and hydrogen atoms omitted for clarity. 
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  (TEMPO)2ThBr2, 7.  When (η5-C5Me5)2ThBr2 was treated with TEMPO as a control 

reaction, a new TEMPO complex was surprisingly isolated.  X-ray crystallography identified the 

product as (η2-TEMPO)2ThBr2, 7, Figure 1.7.  As shown in eq 1.7, both of the (C5Me5)1− ligands 

of the starting material were lost and (C5Me5)2, identified by NMR spectroscopy, was formed as 

a byproduct. 

 

The crystallographic data for 7 show that the (TEMPO)1− anions adopt a different binding 

mode in this thorium TEMPO complex, attaching through both oxygen and nitrogen.  Despite 

this different coordination mode of the TEMPO ligands in 7, the N−O distances as well as the 

O−N−C and C−N−C angles, which result in a pyramidal geometry about the nitrogens, are 

similar to those in 1, 3, 4, and 5, where the TEMPO ligands are bound η1.  The 2.192(2) and 

2.197(2) Å Th−O bond lengths in 7 are much shorter than the 2.499(4) and 2.504(4) Å Th−N 

distances and are slightly longer than the Th−O distances in 1, 3, 4, and 5.  The 2.8366(5) and 

2.8514(5) Å Th−Br distances in 7 are similar to the 2.8311(2) Å Th−Br distance in 5, which are 

both longer than the 2.800(2) Å distance in (C5Me5)2ThBr2, even though 7 is formally six-

coordinate while 5 and (η5-C5Me5)2ThBr2 are eight-coordinate.  This suggests that the two (η2-

TEMPO)1– ligands can occupy a coordination environment like two (C5Me5)1− ligands. !

Th
Br

Br + 2 toluene

– (C5Me5)2

Th

BrBr

O O

NN
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Figure 1.7.  Thermal ellipsoid plot of (η2-TEMPO)2ThBr2, 7.  Thermal ellipsoids are drawn at 

the 50% probability level and hydrogen atoms omitted for clarity. 

 

ThBr4(THF)2(η1-TEMPO), 8.  Given the surprising result in eq 1.7, a reaction was 

examined using ThBr4(THF)4 as the starting material and 1 equiv TEMPO.  Once again a 

reaction occurs and a new product of limited stability can be crystallized.  ThBr4(THF)2(η1-

TEMPO), 8, was isolated by crystallization from toluene and identified by X-ray 

crystallography, Figure 1.8, eq 1.8.  Reactions with 2 equiv of TEMPO also gave just 8 

(identified by X-ray crystallography).  The X-ray data showed that the structural features of the 

TEMPO unit in 8 are distinctively different from those in all of the complexes described above.  

The 115.2(4) and 115.3(4)º O−N−C angles are larger than the 108-109º angles in the other 

complexes and Th−O−N angle is almost linear:  174.8(3)º.  The sum of the angles around the 

nitrogen, 357.7º, indicates an almost completely planar geometry about the nitrogen.  These 

Th1 

O1 O2 

N1 N2 

Br2 Br1 
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features are consistent with coordination of TEMPO as a neutral radical,13-15,18,20,22,24 which is 

reasonable since Th5+ is not a viable oxidation state for thorium.  The 1.291(5) Å O−N distance 

in 8 is very similar to the 1.283(9) Å bond length in the structure of the isolated free radical.27  

This distance is shorter than those in the other complexes presented here, 1.437-1.461 Å, and this 

is consistent with a higher N−O bond order in the neutral TEMPO ligand in 8.  

 

 

Figure 1.8.  Thermal ellipsoid plot of ThBr4(THF)2(η1-TEMPO), 8.  Thermal ellipsoids are 

drawn at the 50% probability level.  A second identical molecule, solvent, and hydrogen atoms 

have been omitted for clarity. 
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Compound 8 has limited stability compared to the other thorium TEMPO complexes 

described above.  Removal of solvent via reduced pressure leads to some decomposition since 

the dried solids do not completely re-dissolve again in toluene.  The addition of THF also leads 

to decomposition.  Initially, it was visually observed that the addition of THF to a yellow toluene 

solution of 8 caused a color change to a more orange-colored solution, which would indicate the 

presence of free TEMPO caused by competition with the THF, but further examination of this 

phenomenon via UV-vis spectroscopy did not seem to corroborate this story.  While a change 

was seen in the electronic spectra, the data did not show that the addition of THF resulted in the 

conversion of 8 back to ThBr4(THF)4. 

The EPR spectrum of a toluene solution of 8 is distinctly different from that of free 

TEMPO, Figure 1.9.  In free TEMPO, the unpaired electron resides on the I = 1 nitrogen nucleus 

and this leads to the pattern shown.  While the main feature of the spectrum of 8 is also a three-

line pattern, a larger coupling constant (19 G for 8 vs 16 G for free TEMPO) is found for 8 and 

several other features that may be due to hyperfine interactions are present.  The origin of these 

extra features is unclear.  The main isotopes of thorium and oxygen, 232Th and 16O, respectively, 

contain I = 0 nuclei which would not cause hyperfine interactions.  79Br and 81Br, which 

combined constitute 100% of naturally-occurring bromine, contain I = 3/2 nuclei, and may be 

contributing to the extra features seen in 8.  It is also possible that free TEMPO is present in the 

solution of 8 due to dissociation.   
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Figure 1.9. EPR spectra of 8 (blue solid line) and free TEMPO (red dashed line) in toluene at 

room temperature. 

 

Th(η1-TEMPO)2(η2-TEMPO)2 9.  Considering the apparent stability of bromide 

ligands in TEMPO reactions, KC8 was employed to help facilitate their complete removal to 

make a per(TEMPO) thorium complex.  Both (η2-TEMPO)2ThBr2, 7, and ThBr4(THF)4 can be 

transformed into the per(TEMPO) complex Th(η1-TEMPO)2(η2-TEMPO)2, 9, eq 1.9.  The 

complex was identified by X-ray crystallography and found to contain two (η1-TEMPO)1− and 

two (η2-TEMPO)1− ligands, Figure 1.10.  Only one set of TEMPO 1H NMR resonances is 

observed at 298 K indicating that, in solution, fluxional processes are occurring to equilibrate all 

the TEMPO ligands. 
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!!  

Figure 1.10.  Thermal ellipsoid plot of Th(η1-TEMPO)2(η2-TEMPO)2, 9.  Thermal ellipsoids are 

drawn at the 50% probability level and hydrogen atoms omitted for clarity. 

 

The metrical parameters of each type of (TEMPO)1− ligand in 9 are similar to their 

analogs in the other thorium complexes described here with anionic TEMPO ligands.  Hence, the 

2.173(2) and 2.166(2) Å Th−O(η1-TEMPO) bond lengths in 9 are slightly shorter than the 

2.267(2) and 2.245(2) Å Th−O(η2-TEMPO) distances in 9.  It is interesting to note the structural 

similarities between 4 and 9, which differ only by substitution of two (C5Me5)1− ligands with two 

(η2-TEMPO)1− ligands.   The Th−O bond lengths for the η1-TEMPO ligands in each structure 

are almost identical, as are the N−O bond lengths.  The Th−O−N angles are slightly larger on the 

η1-TEMPO ligands in 9 than 4. 
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Discussion 

 TEMPO reacts readily with a variety of thorium metallocenes to form new thorium 

complexes of the (TEMPO)1− anion.  With the methyl and allyl complexes, (η5-C5Me5)2ThMe2 

and (η5-C5Me5)2Th(η1-C3H5)(η3-C3H5), a single Th–C bond is reactive and complexes 

containing just one (TEMPO)1− anion are formed, (η5-C5Me5)2ThMe(η1-TEMPO), 1, and (η5-

C5Me5)2Th(η1-C3H5)(η1-TEMPO), 2, respectively.  With the hydride complex, [(η5-

C5Me5)2ThH2]2, two (TEMPO)1− anions can be attached to the metal to form (η5-C5Me5)2Th(η1-

TEMPO)2.  With (η5-C5Me5)2ThBr2, the TEMPO reaction product, (η2-TEMPO)2ThBr2, 7, is no 

longer a metallocene, and further substitution is possible to access the per(TEMPO) complex 

Th(η1-TEMPO)2(η2-TEMPO)2, 9.  With thorium tetrabromide, the radical complex 

ThBr4(THF)2(η1-TEMPO), 8, is isolable. 

The metrical parameters for the complexes of anionic (TEMPO)1− are all similar, with the 

exception of the Th−O−N angle in the η2 cases, where the angle is much smaller than in the η1 

complexes.  The η2 coordination does not significantly change the Th−O and O−N bond lengths 

compared to the η1 complexes.  The structural features of the TEMPO ligand in 8 are 

significantly different than those in the (TEMPO)1− complexes.  In 8, the Th−O−N angle is larger 

and the TEMPO nitrogen has a planar geometry.  Both features are consistent with a neutral 

adduct. 

The detailed mechanisms of these reactions are unknown and several possibilities are 

reasonable.  One view is to consider the (Me)1−, (allyl)1−, and (H)1− ligands formally as 

reductants that can reduce TEMPO to (TEMPO)1− in equations 1, 3, and 4.  Precedent for 

reduction of TEMPO to (TEMPO)1– is shown by the reaction of the Th3+ complex (η5-

C5Me4H)3Th with TEMPO to form the Th4+ product, (η5-C5Me4H)3Th(η1-TEMPO), 6, eq 1.6.  



 
 

27 
 

Evidence by 1H NMR spectroscopy for Me–TEMPO and allyl–TEMPO byproducts is consistent 

with trapping of the second equiv of TEMPO (necessary for these reactions to go to completion) 

by radicals formed by a R1− → e1− + R reaction.   It is also possible that TEMPO coordinates to 

thorium as is observed in the radical complex of thorium tetrabromide, ThBr4(THF)4(η1-

TEMPO), 8, and then inner sphere electron abstraction and alkyl loss occurs.  In the reaction of 

[(η5-C5Me5)2ThH2]2, eq 1.4, the observation of a gaseous byproduct suggests that dihydrogen 

rather than H–TEMPO forms in this case.  Consistent with this observation, extra equivalents of 

TEMPO are not needed in eq 1.4.  This reaction could occur in several ways including pathways 

involving hydrogen atom abstraction by TEMPO and protonation of a thorium hydride by H-

TEMPO.  

The reaction of (η5-C5Me5)2ThBr2 with TEMPO to form (η2-TEMPO)2ThBr2, 7, and 

(C5Me5)2 can also be viewed as a redox reaction involving the (C5Me5)1− ! e1− + (C5Me5) half 

reaction.  Although (C5Me5)1− ligands are known to engage in this half reaction in sterically 

crowded complexes37-43 and form (C5Me5)2 as a byproduct, this type of reactivity is not common 

with f element metallocenes with normal bond distances.  In fact, one of the features of the 

(C5Me5)1− that makes it such a valuable ancillary ligand is that it is relatively inert.  Few routes 

exist to cleanly remove (C5Me5)1− and form new isolable complexes.44,45  The TEMPO reaction 

shown in eq 1.7 evidently provides this type of reactivity.   One possible explanation for this 

reaction is the coordination of a TEMPO radical to the thorium metal center, as observed in 8, 

which produces a sterically crowded molecule followed by sterically induced reduction.   

Given that only one methyl and one allyl ligand react in (η5-C5Me5)2ThMe2 and 2, 

respectively, whereas both hydrides react in [(η5-C5Me5)2ThH2]2, suggests that there may be 

some steric component to the reaction.  Coordination of the TEMPO radical to the thorium is 
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likely to be a prior requirement given the observed coordination of a TEMPO radical to thorium 

tetrabromide in the complex ThBr4(THF)4(η1-TEMPO), 8.  The structural data consistently show 

that the (TEMPO)1− anion is larger than methyl or allyl, so coordination of a second TEMPO 

radical to 1 and 3 would be sterically more difficult than coordination of the first equivalent of 

TEMPO.  This could explain the fact that 1 and 3 do not react further with TEMPO even though 

the (Me)1− and (allyl)1− ligands are capable of TEMPO reduction.  More evidence of this was 

observed as the sterically-saturated [(C5Me5)2Th(NCMe)5][BPh4]2 does not react with TEMPO, 

as described in Chapter 7.   

The TEMPO chemistry reported here shows that the TEMPO moiety can be a flexible 

ligand for coordinating thorium.  It can coordinate as an η1-ligand with steric bulk larger than 

(Me)1−, (allyl)1− and Br1− as shown by the structures of (η5-C5Me5)2Th(Me)(η1-TEMPO), 1,  (η5-

C5Me5)2Th(η1-TEMPO)2, 4, and (η5-C5Me5)2Th(Br)(η1-TEMPO), 5.  However, TEMPO can 

also coordinate as an η2-group that can effectively replace (η5-C5Me5)1−, as shown in (η2-

TEMPO)2ThBr2, 7, and Th(η1-TEMPO)2(η2-TEMPO)2, 9.  Given the inherent size of the 

(TEMPO)1− anion and its ability to bind η1 and η2, steric influences can be important in 

determining reaction outcomes.  Too few examples are presented here to make broad 

generalizations, but the utility of the flexibility of TEMPO should be examined further in the 

future.   

 

Conclusion 

The three previously described binding modes of TEMPO15 with transition and alkali 

metals, namely η1-monoanionic, η2-monoanionic, and η1-radical coordination, have all been 

observed with thorium.  The TEMPO radical can bind to thorium as a neutral radical, it can 
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replace anionic ligands such as methyl, allyl, hydride, and bromide, and it can formally take the 

place of the polydentate ligand (η5-C5Me5)1−.  It is a versatile ligand for thorium that can be used 

to change the coordination environment and remove (C5Me5)1− ligands.  Despite the radical 

nature of these reactions, reproducible reactions are observed with high yields in most cases. 

 

Experimental 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon 

or dinitrogen atmosphere.  Solvents were sparged with UHP argon and dried by passage through 

columns containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents 

(Cambridge Isotope Laboratories) were dried over NaK alloy, degassed by three freeze-pump-

thaw cycles, and vacuum transferred before use.  1H NMR spectra were recorded on Bruker 

DR400, GN500, or CRYO500 MHz spectrometers (13C NMR spectra on the 500 MHz 

spectrometer operating at 125 MHz) at 298 K unless otherwise stated and referenced internally to 

residual protio-solvent resonances.  IR samples were prepared as KBr pellets and analyzed using 

a Varian 1000 FT-IR Scimitar Series spectrometer.  Elemental analyses were conducted on a 

Perkin-Elmer 2400 Series II CHNS elemental analyzer.  ThBr4(THF)4,46
 (η5-C5Me5)2ThBr2,

47 

(η5-C5Me4H)3Th,36 [(η5-C5Me5)2ThH2]2,34 and KC8
48

 were prepared according to the literature. 

(η5-C5Me5)2ThMe2
34 was prepared in a procedure modified from the literature in which (η5-

C5Me5)2ThBr2 was used in lieu of the analogous dichloride complex, toluene was used instead of 

diethyl ether as a solvent, and the precursors were allowed to react for 3 d.  (CH2CHCH2)MgCl 

was purchased from Sigma Aldrich (2.0 M in THF) and was used as received.  TEMPO (98%, 

Sigma Aldrich) was sublimed before use. 
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(η5-C5Me5)2Th(Me)(η1-TEMPO), 1.  A red solution of TEMPO (110 mg, 0.704 mmol) 

in toluene (2 mL) was slowly added by pipette to a stirred pale yellow solution of (η5-

C5Me5)2ThMe2 (181 mg, 0.340 mmol) in toluene (18 mL).  The resulting orange-yellow solution 

was stirred for 12 h and dried under reduced pressure to yield a mixture of yellow and white 

solids.  1H NMR spectroscopy revealed the presence of 1-methoxy-2,2,6,6-tetramethylpipridine 

(Me-TEMPO)35 as a byproduct that could be separated upon crystallization.  Colorless X-ray 

quality crystals of 1 were grown from a hexane solution at −30 °C (140 mg, 60%).  1H NMR 

(C6D6):  δ 2.08 [s, 30H, C5Me5], 1.39 [m, 4H, ONC5H6Me4], 1.24 [m, 2H, ONC5H6Me4], 1.14 [s, 

12H, ONC5H6Me4], 0.43 [s, 3H, Th-Me].  13C{1H} NMR (C6D6):  δ 123.70 [C5Me5], 57.60, 

40.49, 31.62, 22.71, 17.01, 12.21 [C5Me5].  IR:  3711w, 2969s, 2926s, 2865s, 2727w, 1470m, 

1442m, 1378m, 1354m, 1262w, 1240w, 1181w, 1132m, 1104w, 1044w, 996m, 962s, 946m, 

876w, 794m, 682s, 640w.  Anal. Calcd for C30H51NOTh:  C, 53.48, H, 7.63, N, 2.08.  Found:  C, 

53.36, H, 7.44, N, 2.07.  

(η5-C5Me5)2Th(η1-C3H5)(η3-C3H5), 2.  C3H5MgCl (265 µL of a 2.0 M solution in THF, 

0.530 mmol) was slowly added over 5 min to a colorless solution of (η5-C5Me5)2ThBr2 (167 mg, 

0.252 mmol) in THF (10 mL).  The reaction mixture turned pale yellow upon addition.  After 

stirring for 25 min, the mixture was dried under reduced pressure to yield a mixture of yellow 

and white solids.  The mixture was then extracted with three 5 mL aliquots of hexane, which 

were combined, centrifuged, filtered, and dried under reduced pressure.  The extraction was 

repeated a second time to yield 2 as a yellow powder (117 mg, 80%).  Colorless X-ray quality 

crystals of 2 were grown from a hexane solution at −15 °C.  2 can also be crystallized from Et2O 

or from pentane at −30 °C.  1H NMR (C6D6):  δ 6.11 [quin, 1H, CH2CHCH2], 2.93 [d, 3JHH = 11 

Hz, 4H, CH2CHCH2], 1.85 [s, 30H, C5Me5].  13C{1H} NMR (C6D6):  δ 122.60 [C5Me5], 83.62 
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[CH2CHCH2], 75.35 [CH2CHCH2], 12.16 [C5Me5].  IR:  3060w, 2978m, 2906s, 2859s, 2728w, 

2362w, 1591s, 1510w, 1437m, 1380s, 1246w, 1211w, 1193w, 1019m, 960m, 936m, 809s, 712m, 

633w.  Anal. Calcd for C26H40Th:  C, 53.41, H, 6.90.  Found:  C, 52.73, H, 6.86. 

 (η5-C5Me5)2Th(η1-C3H5)(η1-TEMPO), 3.  A red solution of TEMPO (62 mg, 0.40 

mmol) in toluene (3 mL) was slowly added by pipette to a stirred pale yellow solution of 2 (113 

mg, 0.193 mmol) in toluene (10 mL).  The resulting orange solution was stirred for 12 h, by 

which time it had returned to a pale yellow color.  The solution was dried under reduced pressure 

to yield a tacky pale yellow solid.  1H NMR spectroscopy revealed the presence of 1-(2-propen-

1-yloxy)-2,2,6,6-tetramethylpiperidine (allyl–TEMPO) as a byproduct (δ 5.88 m, 5.29 d, 5.04 d, 

4.37 d, 1.49 m, 1.31 m, 1.23 s, 1.17 s),6 which was removed upon crystallization.  Colorless X-

ray quality crystals of 3 were grown from a hexane solution at −15 °C (71 mg, 52%).  3 can also 

be crystallized in pentane at −30 °C.  1H NMR (C6D6):  δ 6.67 [m, 1H, CH2CHCH2], 3.29 [d, 

3JHH = 12 Hz, 4H, CH2CHCH2], 2.08 [s, 30H, C5Me5], 1.38 [m, 4H, m-ONC5H6Me4], 1.23 [m, 

2H, p-ONC5H6Me4], 1.15 [s, 12H, ONC5H6Me4].  13C{1H} NMR:  (C6D6):  δ 124.33 [C5Me5], 

90.35 [CH2CHCH2], 78.74 [CH2CHCH2], 59.27, 40.30, 30.25, 17.14, 11.83 [C5Me5].  IR: 

3713w, 3072w, 2975s, 2926s, 2868s, 1596s, 1447s, 1398m, 1371m, 1357m, 1297w, 1261w, 

1238w, 1181w, 1131m, 1085w, 1026w, 993m, 960s, 942s, 836m, 793m, 681s, 640s, 554m.  

Anal. Calcd for C32H53NOTh: C, 54.92, H, 7.63, N, 2.00. Found C, 54.38, H, 7.52, N, 1.84. 

(η5-C5Me5)2Th(η1-TEMPO)2, 4.  A red solution of TEMPO (210 mg, 1.34 mmol) in 

toluene (4 mL) was slowly added by pipette to a stirred yellow solution of [(η5-C5Me5)2ThH2]2 

(328 mg, 0.325 mmol) in toluene (15 mL).  Visible gas evolution occurred in the resulting 

orange solution.  The solution was stirred for 12 h, at which point it had returned to a yellow 

color.  The solution was dried under reduced pressure to yield a yellow oil.  Colorless X-ray 
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quality crystals of 4⋅½toluene were grown from a toluene solution at −30 °C (224 mg of 

4⋅½toluene, 55%).  1H NMR (C6D6):  δ 2.27 [s, 30H, C5Me5], 1.49 [m], 1.40 [s], 1.25 [s], 1.11 

[s].  13C{1H} NMR: (C6D6):  δ 126.15 [C5Me5], 59.82, 59.46, 41.61, 41.53, 35.06, 34.58, 21.38, 

17.65, 13.18 [C5Me5].  IR:  2998s, 2969s, 2935s, 2872s, 2727m, 1606w, 1496m, 1471s, 1447s, 

1370s, 1356s, 1296w, 1261m, 1236m, 1211w, 1182m, 1132s, 1084m, 1045m, 993m, 954s, 927s, 

874m, 849w, 788s, 729s, 680s, 632s.  Anal. Calcd for C38H66N2O2Th•0.5C7H8:  C, 57.89, H, 

8.19, N, 3.25.  Found:  C, 57.79, H, 8.06, N, 3.36.  

(η5-C5Me5)2ThBr(η1-TEMPO), 5.  CuBr (25 mg, 0.17 mmol) was added to a stirred 

colorless solution of (η5-C5Me5)2Th(Me)(TEMPO), 1 (88 mg, 0.13 mmol), in toluene (8 mL).  

The mixture was stirred for 16 h and became dark, presumably from Cu metal formation.  The 

mixture was centrifuged and filtered to remove solids and the solvent was removed under 

reduced pressure to yield 5 as a white microcrystalline solid (90 mg, 93%).  Colorless X-ray 

quality crystals of 5 were grown from a toluene solution at −30 °C.  1H NMR (C6D6):  δ 2.17 [s, 

30H, C5Me5], 1.35-1.15 [m, ONC5H6Me4].  13C{1H} NMR (C6D6):  δ 126.26 [C5Me5], 61.00, 

59.50, 41.25, 40.68, 22.01, 17.78, 17.71, 21.75 [C5Me5], 21.45 [C5Me5].  IR:  2967s, 2932s, 

2910s, 2868s, 2728w, 1466m, 1441m, 1379s, 1357m, 1261w, 1239w, 1206w, 1180w, 1132m, 

1089w, 1057w, 1042w, 1023w, 990w, 957s, 942s, 876m, 795s, 728w, 683s, 642m.!!Anal. Calcd 

for C29H48BrNOTh:  C, 47.16, H, 6.65, N, 1.90.  Found:  C, 47.48, H, 6.55, N, 1.68. 

(η5-C5Me4H)3Th(η1-TEMPO), 6.  A red solution of TEMPO (28 mg, 0.18 mmol) in 

toluene (3 mL) was added dropwise via pipette to a stirred dark purple solution of (η5-

C5Me4H)3Th (106 mg, 0.178 mmol) in toluene (35 mL).  The solution, which was colorless by 

the end of the addition, was stirred for an additional 10 minutes before being dried under reduced 

pressure.  The resulting dull orange solid was extracted with hexane, centrifuged, filtered, and 
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dried under reduced pressure to yield a white solid (108 mg, 81%).  Colorless X-ray quality 

crystals of 6 were grown from a toluene solution at −25 °C.  1H NMR (C6D6):  δ 6.21 [s, 3H, 

C5Me4H], 2.25 [s, 18H, C5Me4H], 2.17 [s, 18H, C5Me4H], 1.43 [m, 4H, m-ONC5H6Me4], 1.36 

[m, 2H, p-ONC5H6Me4], 1.29 [s, 12H, ONC5H6Me4].  13C{1H} NMR (C6D6):  δ 125.57 

[C5Me4H], 122.55 [C5Me4H], 121.69 [C5Me4H], 59.67, 42.25, 32.54, 23.63, 17.40, 14.99 

[C5Me4H], 14.31 [C5Me4H], 13.12 [C5Me4H].  IR: 3649w, 2963s, 2918s, 2867s, 2725w, 1585w, 

1550w, 1481m, 1443s, 1380m, 1373m, 1360m, 1330w, 1261w, 1219w, 1181w, 1137m, 1089w, 

1020m, 916m, 875w, 781s, 675m, 632m, 598m.  Anal. Calcd for C36H57NOTh:  C, 57.51, H, 

7.64, N, 1.86. Found:  C, 57.59, H, 7.75, N, 1.83. 

(η2-TEMPO)2ThBr2, 7.  In a glovebox containing coordinating solvents such as THF, a 

red solution of TEMPO (95 mg, 0.61 mmol) in toluene (3 mL) was slowly added by pipette to a 

stirred colorless solution of (η5-C5Me5)2ThBr2 (200 mg, 0.302 mmol) in toluene (18 mL).  

Transient purple and maroon colors were sometimes observed in these reactions before the 

solution became yellow.  After 12 h, white insoluble material was sometimes observed and 

removed by filtration.  Removal of solvent from the filtrate gave yellow crystalline solid that was 

washed with hexane and dried under reduced pressure to yield 7 as a white powder (182 mg, 

85%).  Colorless X-ray quality crystals were grown from a hot toluene solution that was cooled 

to −15 °C (121 mg, 57%).  When this reaction was performed in a glovebox free of coordinating 

solvents, the reaction products were often more complicated and crystalline material was not 

always obtained in significant quantities.  1H NMR (C6D6):  δ 1.84 [s], 1.73 [s], 1.59 [s, 

ONC5H6Me4], 1.48-1.09 [m, ONC5H6Me4], 0.89 [s, ONC5H6Me4].  13C{1H} NMR (C6D6):  δ 

70.44, 62.96, 61.59, 60.98, 39.89, 38.70, 38.25, 32.01, 28.36 (broad), 22.78, 20.17, 17.70, 17.16.  

IR:  3008s, 2976s, 2941s, 2855s, 2756w, 2701w, 2663w, 1741w, 1604w, 1474s, 1467s, 1378s, 
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1360s, 1336w, 1303w, 1258m, 1245m, 1235m, 1214m, 1179m, 1131s, 1083m, 1060m, 1015s, 

972m, 924m, 884w, 784m, 735m.  Anal. Calcd for C18H36Br2N2O2Th:  C, 30.69, H, 5.15, N, 

3.98.  Found:  C, 30.58, H, 5.08, N, 3.66. 

ThBr4(THF)2(η1-TEMPO), 8.  Solid TEMPO (35 mg, 0.22 mmol) was slowly added to 

a concentrated colorless solution of ThBr4(THF)4 (197 mg, 0.225 mmol) in toluene (2.5 mL).  

The solution immediately turned yellow, and yellow precipitate started to form near the end of 

addition.  After 10 min, the mixture was filtered and the solvent volume was reduced under 

reduced pressure and placed at −30 °C.  This produced yellow X-ray quality crystals of 8⋅toluene 

(64 mg of 8⋅toluene, 40%).  IR:  2974s, 2946s, 2891m, 2878m, 1609w, 1457m, 1397w, 1383w, 

1366m, 1340s, 1240s, 1165w, 1121w, 1067w, 1038w, 1004s, 963w, 924w, 852s, 833s, 793w, 

733w, 668w, 643w.  Anal. Calcd for C17H34Br4O3NTh:  C, 23.96, H, 4.02, N, 1.64.  Found:  C, 

24.70, H, 4.01, N, 1.59. 

Th(η1-TEMPO)2(η2-TEMPO)2, 9, from (η2-TEMPO)2ThBr2, 7.!!A colorless solution 

of 7 (121 mg, 0.172 mmol) in THF (6 mL) and a red solution of TEMPO (54 mg, 0.35 mmol) in 

THF (2 mL) were chilled to −30 °C.  The solutions were removed from the freezer and 

immediately combined.  KC8 (46 mg, 0.34 mmol) was then slowly added to the mixture.  The 

mixture quickly turned dark with the formation of graphite.  The solution was stirred for 45 min 

before centrifugation.  The opalescent supernatant was then filtered repeatedly to remove 

particulates and the solution was dried under reduced pressure.  The product was then extracted 

with toluene (18 mL), filtered, and dried under reduced pressure to yield a white solid (127 mg, 

86%).  Colorless X-ray quality crystals of 9 were grown from a toluene solution at −25 °C.  1H 

NMR (C6D6):  δ 1.61 [m, 4H, m-ONC5H6Me4], 1.45 [s, 12H, ONC5H6Me4], 1.37 [m, 2H, p-

ONC5H6Me4].  13C{1H} NMR (C6D6, 298 K):  δ 60.81 [o-ONC5H6Me4], 40.56 [m-ONC5H6Me4], 
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22.00 [ONC5H6Me4], 18.02 [p-ONC5H6Me4].  IR:  3011s, 2966s, 2937s, 2870s, 2675w, 1468s, 

1371s, 1355s, 1300w, 1260m, 1242m, 1211m, 1180m, 1132s, 1083w, 1055w, 1043s, 1000s, 

964s, 944s, 926m, 876w, 792s, 716w, 677s, 631s.  Anal. Calcd for C36H72O4N4Th:  C, 50.45, H, 

8.47, N, 6.54.  Found:  C, 50.58, H, 8.51, N, 6.39. 

Th(η1-TEMPO)2(η2-TEMPO)2, 9, from ThBr4(THF)4.  Solid TEMPO (243 mg, 1.55 

mmol) was added to a stirred solution of ThBr4(THF)4 (332 mg, 0.379 mmol) in THF (10 mL).  

KC8 (222 mg, 1.64 mmol) was added over 3 minutes.  The mixture immediately turned black 

with the formation of graphite.  The mixture was stirred for 1 h before being centrifuged and 

filtered to remove black solids.  The solids were washed with 5 mL of THF followed by 5 mL of 

toluene.  Both washes were combined with the original pale yellow supernatant and dried under 

reduced pressure.  The resulting white and brown solid was extracted with toluene, filtered, and 

dried under reduced pressure to yield 9 as a white solid (0.270 g, 83%).  1H NMR spectroscopy 

confirmed the product as 9.  Colorless X-ray quality crystals of 9 were grown from a toluene 

solution at −30 ºC (173 mg, 53%). 

 X-ray Data Collection, Structure Determination, and Refinement.  Crystallographic 

details for compounds (η5-C5Me5)2Th(Me)(η1-TEMPO), 1, (η5-C5Me5)2Th(CH2CHCH2)2, 2, (η5-

C5Me5)2Th(CH2CHCH2)(η1-TEMPO), 3, (η5-C5Me5)2Th(η1-TEMPO)2, 4, (η5-

C5Me5)2Th(Br)(η1-TEMPO), 5, (η5-C5Me4H)3Th(η1-TEMPO), 6, (η2-TEMPO)2ThBr2, 7, 

ThBr4(THF)2(η1-TEMPO), 8, and Th(η1-TEMPO)2(η2-TEMPO)2, 9 are summarized in the text 

below and in Tables 1.2 and 1.3. 

X-ray Data Collection, Structure Solution and Refinement for 1.  A colorless crystal 

of approximate dimensions 0.09 x 0.18 x 0.23 mm was mounted on a glass fiber and transferred 

to a Bruker SMART APEX II diffractometer.  The APEX249 program package was used to 
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determine the unit-cell parameters and for data collection (20 sec/frame scan time for a sphere of 

diffraction data).  The raw frame data was processed using SAINT50 and SADABS51 to yield the 

reflection data file.  Subsequent calculations were carried out using the SHELXTL52 program.  

The diffraction symmetry was 2/m and the systematic absences were consistent with the 

monoclinic space group P21/c that was later determined to be correct.  The structure was solved 

by direct methods and refined on F2 by full-matrix least-squares techniques.  The analytical 

scattering factors53 for neutral atoms were used throughout the analysis.  Hydrogen atoms were 

located from a difference-Fourier map and refined (x,y,z and Uiso).  At convergence, wR2 = 

0.0374 and Goof = 1.023 for 502 variables refined against 7074 data (0.75Å), R1 = 0.0149 for 

those 6493 data with I > 2.0σ(I).  Details are given in Table 1.2. 

X-ray Data Collection, Structure Solution and Refinement for 2.  A colorless crystal 

of approximate dimensions 0.072 x 0.128 x 0.311 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX249 program package was 

used to determine the unit-cell parameters and for data collection (45 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT50 and SADABS51 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL52 

program.  The diffraction symmetry was 2/m and the systematic absences were consistent with 

the monoclinic space group P21/c that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.  The 

analytical scattering factors53 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were included using a riding model.  There were two molecules of the formula-unit 

present.  At convergence, wR2 = 0.0493 and Goof = 1.021 for 507 variables refined against 9696 

data (0.80Å), R1 = 0.0205 for those 8656 data with I > 2.0σ(I).  Details are given in Table 1.2.   
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X-ray Data Collection, Structure Solution and Refinement for 3.  A colorless crystal 

of approximate dimensions 0.224 x 0.309 x 0.362 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX249 program package was 

used to determine the unit-cell parameters and for data collection (10 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT50 and SADABS51 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL52 

program.  The diffraction symmetry was 2/m and the systematic absences were consistent with 

the monoclinic space group P21/n that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.  The 

analytical scattering factors53 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were either located from a difference-Fourier map and refined (x,y,z and Uiso) or were 

included using a riding model.  At convergence, wR2 = 0.0417 and Goof = 1.045 for 350 

variables refined against 6837 data (0.77Å), R1 = 0.0175 for those 6353 data with I > 2.0σ(I).  

Details are given in Table 1.2.   

X-ray Data Collection, Structure Solution and Refinement for 4.  A colorless crystal 

of approximate dimensions 0.290 x 0.185 x 0.123 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX249 program package was 

used to determine the unit-cell parameters and for data collection (30 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT50 and SADABS51 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL52 

program.  The diffraction symmetry was mmm and the systematic absences were consistent with 

the orthorhombic space group Pbca that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.  The 
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analytical scattering factors53 for neutral atoms were used throughout the analysis.  There was 

half a disordered toluene per formula unit.  Disorder in Th1 was modeled using multiple 

components with partial site-occupancy-factors.  The separation between Th1(90%) and 

Th1a(10%) was 0.446 Å.  Hydrogen atoms associated with the disordered toluene solvent were 

not included in the refinement.  The remaining hydrogen atoms were included using a riding 

model.  At convergence, wR2 = 0.0716 and Goof = 1.078 for 435 variables refined against 9657 

data (0.75Å), R1 = 0.0330 for those 7754 data with I > 2.0σ(I).  Details are given in Table 1.2. 

X-ray Data Collection, Structure Solution and Refinement for 5.  A colorless crystal 

of approximate dimensions 0.06 x 0.14 x 0.15 mm was mounted on a glass fiber and transferred 

to a Bruker SMART APEX II diffractometer.  The APEX249 program package was used to 

determine the unit-cell parameters and for data collection (25 sec/frame scan time for a sphere of 

diffraction data).  The raw frame data was processed using SAINT50 and SADABS51 to yield the 

reflection data file.  Subsequent calculations were carried out using the SHELXTL52 program.  

The diffraction symmetry was 2/m and the systematic absences were consistent with the 

monoclinic space group P21/c that was later determined to be correct.  The structure was solved 

using the coordinates of the methyl analogue and refined on F2 by full-matrix least-squares 

techniques.  The analytical scattering factors53 for neutral atoms were used throughout the 

analysis.  Hydrogen atoms were either located from a difference-Fourier map and refined (x,y,z 

and Uiso) or were included using a riding model.  At convergence, wR2 = 0.0381 and Goof = 

1.021 for 468 variables refined against 7062 data (0.75Å), R1 = 0.0156 for those 6401 data with 

I > 2.0σ(I).  Details are given in Table 1.3. 

X-ray Data Collection, Structure Solution and Refinement for 6.  A colorless crystal 

of approximate dimensions 0.150 x 0.348 x 0.478 mm was mounted on a glass fiber and 
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transferred to a Bruker SMART APEX II diffractometer.  The APEX249 program package was 

used to determine the unit-cell parameters and for data collection (10 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT50 and SADABS51 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL52 

program.  The diffraction symmetry was mmm and the systematic absences were consistent with 

the orthorhombic space group Pbca that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.  The 

analytical scattering factors53 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were included using a riding model.  At convergence, wR2 = 0.0407 and Goof = 1.023 for 

368 variables refined against 7631 data (0.76Å), R1 = 0.0188 for those 6396 data with I > 

2.0σ(I).  Details are given in Table 1.3. 

X-ray Data Collection, Structure Solution and Refinement for 7.  A colorless crystal 

of approximate dimensions 0.205 x 0.214 x 0.266 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX249 program package was 

used to determine the unit-cell parameters and for data collection (25 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT50 and SADABS51 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL52 

program.  The diffraction symmetry was 2/m and the systematic absences were consistent with 

the monoclinic space group P21/c that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.  The 

analytical scattering factors53 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were included using a riding model.  At convergence, wR2 = 0.0481 and Goof = 1.041 for 
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234 variables refined against 4720 data (0.80Å), R1 = 0.0206 for those 4164 data with I > 

2.0σ(I).  Details are given in Table 1.3.   

X-ray Data Collection, Structure Solution and Refinement for 8.  A yellow crystal of 

approximate dimensions 0.272 x 0.391 x 0.408 mm was mounted on a glass fiber and transferred 

to a Bruker SMART APEX II diffractometer.  The APEX249 program package was used to 

determine the unit-cell parameters and for data collection (10 sec/frame scan time for a sphere of 

diffraction data).  The raw frame data was processed using SAINT50 and SADABS51 to yield the 

reflection data file.  Subsequent calculations were carried out using the SHELXTL52 program.  

The diffraction symmetry was 2/m and the systematic absences were consistent with the 

monoclinic space group P21/c that was later determined to be correct.  The structure was solved 

by direct methods and refined on F2 by full-matrix least-squares techniques.  The analytical 

scattering factors53 for neutral atoms were used throughout the analysis.  Hydrogen atoms were 

included using a riding model.  There were two molecules of the formula-unit and two molecules 

of toluene solvent present.  Several carbon atoms were disordered and included using multiple 

components, partial site-occupancy factors and isotropic thermal parameters.  At convergence, 

wR2 = 0.0695 and Goof = 1.015for 562 variables refined against 13731 data (0.78Å), R1 = 

0.0318 for those 11241 data with I > 2.0σ(I).  Details are given in Table 1.3.  

X-ray Data Collection, Structure Solution and Refinement for 9.  A colorless crystal 

of approximate dimensions 0.189 x 0.230 x 0.303 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX249 program package was 

used to determine the unit-cell parameters and for data collection (10 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT50 and SADABS51 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL52 
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program.  The diffraction symmetry was mmm and the systematic absences were consistent with 

the orthorhombic space group P212121 that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.  The 

analytical scattering factors53 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were included using a riding model.  At convergence, wR2 = 0.0381 and Goof = 1.046 for 

422 variables refined against 9193 data (0.74Å), R1 = 0.0172 for those 8389 data with I > 

2.0σ(I).  The absolute structure was assigned by refinement of the Flack parameter.54  Details are 

given in Table 1.3. 

TABLE 1.2  X-ray Data and Collection Parameters for (η5-C5Me5)2Th(Me)(η1-TEMPO), 1, (η5-

C5Me5)2Th(η1-C3H5)(η3-C3H5), 2, (η5-C5Me5)2Th(η1-C3H5)(η1-TEMPO), 3, and (η5-

C5Me5)2Th(η1-TEMPO)2, 4. 

Compound 1 2 3 4 
Empirical 
Formula 

C30H51NOTh C26H40Th C32H53NOTh 
C38H66N2O2Th • 
½ (C7H8) 

Temperature (K) 103(2) 143(2) 143(2) 88(2) 
Crystal System Monoclinic Monoclinic Monoclinic Orthorhombic 
Space Group P21/c P21/c P21/n Pbca 

a (Å) 15.5819(7) 16.733(1) 16.830(1) 13.3034(7) 
b (Å) 11.1657(5) 17.651(1) 10.0546(6) 17.3503(9) 
c (Å) 17.3224(7) 17.077(1) 19.350(1) 33.922(2) 
α (deg) 90 90 90 90 
β (deg) 105.021(1) 109.9246(7) 112.4316(6) 90 
γ (deg) 90 90 90 90 

Volume (Å3) 2910.8(2) 4742.0(5) 3026.5(3) 7829.9(7) 
Z 4 8 4 8 

ρcalcd (Mg/m3) 1.537 1.638 1.536 1.461 
µ (mm−1) 5.143 6.297 4.950 3.844 

R1 (I > 2.0s(I))a 0.0149 0.0205 0.0199 0.0330 
wR2 (all data)a 0.0374 0.0493 0.0417 0.0716 

aDefinitions: R1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo
2 − Fc

2)2/Σw(Fo
2)2]1/2. 
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TABLE 1.3. X-ray Data and Collection Parameters for (η5-C5Me5)2ThBr(η1-TEMPO), 5, (η5-

C5Me4H)3Th(η1-TEMPO), 6, (η2-TEMPO)2ThBr2, 7, ThBr4(THF)2(η1-TEMPO), 8, and Th(η1-

TEMPO)2(η2-TEMPO)2, 9.   

Compound 5 6 7 8 9 
Empirical 
Formula 

C29H48BrNOTh 
 

C36H57NOTh 
 

C18H36Br2N2O2Th 
 

C24H42Br4N 
O3Th 

C36H72N4O4Th 
 

Temperature 
(K) 

103(2) 
 

88(2) 
 

173(2) 
 

143(2) 
 

143(2) 
 

Crystal 
System 

Monoclinic Orthorhombic Monoclinic Monoclinic Orthorhombic 

Space 
Group 

P21/c Pbca P21/c P21/c P212121 

a (Å) 15.5047(7) 18.790(1) 15.284(2) 23.373(2) 11.7106(6) 
b (Å) 11.0815(5) 18.064(1) 10.585(1) 22.786(2) 16.4966(9) 
c (Å) 17.4222(8) 18.853(1) 14.279(2) 11.7290(8) 19.989(1) 
α (deg) 90 90 90 90 90 
β (deg) 104.5528(5) 90 94.817(2) 92.9552(9) 90 
γ (deg) 90 90 90 90 90 
Volume 

(Å3) 
2897.4(2) 6399.2(8) 2301.9(5) 6238.2(7) 3861.5(4) 

Z 4 8 4 8 4 
ρcalcd 

(Mg/m3) 
1.693 1.561 2.032 2.011 1.474 

µ (mm−1) 6.546 4.688 9.963 
9.928 

 
3.902 

R1 (I > 
2.0s(I))a 

0.0156 0.0188 0.0206 0.0318 0.0172 

wR2 (all 
data)a 

0.0381 0.0407 0.0481 0.0695 0.0381 

aDefinitions: R1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo
2 − Fc

2)2/Σw(Fo
2)2]1/2 
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CHAPTER 2 

Identification of the +2 Oxidation State for Thorium in Crystalline Molecular 

Complexes of the {[C5H3(SiMe3)2]3Th}1− Anion 

 

Introduction* 

 One of the fundamental characteristics of any metal is the extent to which it loses 

electrons to form charged species in different formal oxidation states.  This ionization can 

occur in the gas phase to form short-lived species in a wide range of oxidation states, but 

the number of oxidation states available in solution in molecular metal complexes for 

productive chemistry is smaller.  Chemists have tested the limits of oxidation states of all 

the elements for over 100 years and the boundaries of oxidation states accessible in 

solution are well established.   

 Nevertheless, it was recently discovered that the +2 oxidation state is accessible in 

soluble molecular complexes for all the elements in the lanthanide series except 

promethium.1-4  Previously, it was thought that only the traditional six Ln2+ ions of Eu, 

Yb, Sm, Tm, Dy, and Nd were obtainable in solution on the basis of calculated reduction 

potentials5 and solid state chemistry.6-9  However, molecular Ln2+ complexes of La,1 Ce,1 

Y,2 Ho,3 Er,3 Pr,4 Gd,4 Tb,4 and Lu4 are isolable by potassium or potassium graphite 

reduction of the tris(cyclopentadienyl) complexes, Cp!!3Ln1 [Cp!! = C5H3(SiMe3)2] and 

Cp!3Ln2-4 (Cp! = C5H4SiMe3), eq 2.1.  Preliminary studies indicate that the new Ln2+ ions 

have 4f 
n5d1 electron configurations rather than the 4f 

n+1  configurations expected by 

adding one electron to a 4f 
n Ln3+ metal.1-4  This suggests that it is easier to add an electron 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*!Portions of this chapter have been published:  Langeslay, R. R.; Fieser, M. E.; Ziller, J. W.; 
Furche, F.; Evans, W. J. Chem. Sci. 2015, 6, 517.!
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to a 5d orbital in these trigonal tris(cyclopentadienyl) coordination environments than to 

the 4f shell.  Hence, for these complexes, the old calculated redox potentials based on 4f 
n 

+ e1−→ 4f 
n+1 processes would not apply.   

 

Following these discoveries, it became conceivable to try to extend this method to 

uranium, however it is well known that the redox chemistry of uranium is different from that of 

the rare earths.  Multiple oxidation states are known for uranium, i.e., +3, +4, +5, and +6, and the 

existence of U2+ in a soluble molecular complex had been pursued since at least 1980 without 

success.6  Despite these differences, an analogous synthesis was eventually attempted and the 

first fully characterizable +2 complex of uranium, [K(2.2.2-cryptand)][Cp'3U], was isolated 

according to eq 2.2.10 

 
 

Extension of this reductive approach to make a Th2+ analog could also be considered, but 

this seemed even more unlikely for several reasons.  Complexes of Th3+ are already difficult to 

obtain.  The Th4+/Th3+ redox potential is estimated to be between −3.0 and −3.82 V vs NHE11-13 

and a Th3+/Th2+ redox potential of −4.9 V vs NHE is in the literature.14  Reduction to metallic 
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thorium was predicted to be favored before formation of a Th2+ species.15  Many studies have 

been reported to find oxidation states lower than +4 for thorium,15-27 but only five Th3+ 

complexes have ever been structurally characterized,25-29 and three others identified without 

crystallographic data.18,20,30  Since Cp!3Th has not yet been synthesized and is unstable in 

solution as we will see in chapter 8, it is not a viable precursor.  However, since Cp!!3Th25 had 

been prepared by Lappert and co-workers in 1986, its reduction chemistry was examined and is 

described here. 

 

Results 

Cp!!3Th was originally prepared by the reduction of either Cp!!3ThCl or Cp!!2ThCl2 with 

Na(K) alloy.27  An analogous starting material, Cp!!3ThBr, was envisioned to be a better 

precursor to Cp!!3Th since the bromide would likely be more labile than the chloride and since 

the precursor to Cp!!3ThBr, namely ThBr4(THF)4,31 is easier to prepare from thorium metal than 

the precursor to the chloride complexes, namely ThCl4(DME)2.32  Thus, Cp!!3ThBr, 10, was 

prepared by the reaction of ThBr4(THF)4 with 3 equiv KCp!! in ether, eq 2.3.  Crystals of 10 

could be grown from hexane, but despite multiple attempts, the X-ray data were not of high 

enough quality for structure determination.  Further reaction of 10 with KC8 cleanly produced 

the desired Cp!!3Th complex, eq 2.4, which was also crystallized for X-ray analysis at low 

temperature for comparison to 11 and 12, since the original structure25 was collected at room 

temperature while 11 and 12 were collected at low temperatures.  

 
ThBr4(THF)4

+ 3 KCp''
– 3 KBr

Cp'' 3ThBr (2.3)
10
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Addition of potassium graphite to a dark blue solution of Cp!!3Th and 2.2.2-cryptand in 

THF immediately forms a green solution from which dichroic dark blue/red crystals of [K(2.2.2-

cryptand)][Cp!!3Th], 11, can be isolated and crystallographically characterized, Figure 2.1, eq 

2.5.  The analogous reaction with 18-crown-6 instead of 2.2.2-cryptand as the potassium chelator 

provides [K(18-crown-6)(THF)2][Cp!!3Th], 12, which was also crystallographically 

characterized, Figure 2.2, eq 2.5.  Elemental analysis was consistent with the structures 

determined crystallographically.  Both 11 and 12 are EPR silent and the 1H and 13C NMR spectra 

gave resonances in the diamagnetic region with a Me3Si 1H NMR resonance shifted about 0.4 

ppm from that of KCp!!.  Consistent with this, both 11 and 12 show no shift in Evans method 

magnetic susceptibility measurements.33-37  It should also be noted that these reductions can also 

be done with sodium metal, which is even less reducing than potassium. 

!
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Figure 2.1.  Molecular structure of [K(2.2.2-cryptand)][Cp!!3Th], 11.  Thermal ellipsoids are 

drawn at the 30% probability level and hydrogen atoms omitted for clarity. 

 

Figure 2.2.  Molecular structure of [K(18-crown-6)(THF)2][Cp!!3Th], 12.  Thermal ellipsoids are 

drawn at the 30% probability level and hydrogen atoms omitted for clarity. 
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The structures of the anions in 11 and 12 are very similar to the structure of Cp!!3Th.  All 

three structures have a trigonal planar arrangement of the three Cp!! ring centroids around 

thorium with a sum of (ring centroid)−Th−(ring centroid) angles of 360°, Table 2.1.  The 

structure of 11, however, is not isomorphous with the lanthanum complex of the same formula, 

[K(2.2.2-cryptand)][Cp!!3La].1   The average Th−(Cp!! ring centroid) distances of 2.521 Å in 11 

and 2.525 Å in 12 are very close to the 2.520 Å distance in Cp!!3Th, Table 2.1.  The small 

differences in the Th−(ring centroid) distances between the Th3+ precursor and the Th2+ 

complexes are similar to the small differences between the Cp'3Ln Ln3+ complexes and the 

(Cp'3Ln)1− complexes of all the new Ln2+ ions that appear to have 4f 
n5d1 ground states.2-4  

Similarly, the 2.521 Å U−(ring centroid) distance in the U2+ complex, [K(2.2.2-

cryptand)][Cp'3U], which appears to have a 5f 
 

36d1 ground state, is only slightly larger than the 

2.508 Å value in the U3+ analog,  Cp!3U.10 

 

Table 2.1. Thorium–(ring centroid) Distances (Å) and (ring centroid)–thorium–(ring centroid) 

Angles (º) for Cp!!3Th, [K(2.2.2-cryptand)][Cp!!3Th], 11, [K(18-crown-6)(THF)2][Cp!!3Th], 12, 

Cp!3U, and [K(2.2.2-cryptand)][Cp'3U]. 

Compound Th–(Cnt) (Å) (Cnt)–Th–(Cnt) (º) 

Cp!!3Th 2.520 120 
[K(2.2.2-cryptand)][Cp!!3Th], 11 2.521 120 

[K(18-crown-6)(THF)2][Cp!!3Th], 12 2.525 120 
Cp!3U 2.508 120 

[K(2.2.2-cryptand)][Cp'3U] 2.521 120 
 

The UV-vis spectra of 11 and 12 in THF, Figure 2.3, contain absorptions at 650 nm with 

extinction coefficients of 23,000 M−1 cm−1, that are significantly larger than those of Cp!!3Th, 
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5000 M−1 cm−1.  This is similar to the larger intensities observed for the +2 complexes, [K(2.2.2-

cryptand)][Cp'3Ln]2,3 and [K(2.2.2-cryptand)][Cp'3U],10 compared to their +3 analogs, Cp'3Ln 

and Cp'3U, respectively.  However, the absorptions of the Th2+ complexes are even more intense 

and the solutions look like ink. 

 

Figure 2.3.  UV-visible spectra for Cp!!3Th (green dotted line), [K(2.2.2-cryptand)][Cp!!3Th], 11 

(red solid line), and [K(18-crown-6)(THF)2][Cp!!3Th], 12 (blue dashed line).  

 

Density functional theory (DFT) using the TPSSh functional38 in collaboration with the 

Furche group was used to examine the (Cp!!3Th)1− anion in 11 and 12.   Calculations using 

scalar-relativistic effective core potentials39 and triple-zeta valence basis sets, def-TZVP, for 

thorium40 predicted trigonal planar structures for Cp!!3Th and (Cp!!3Th)1− that match the 

crystallographic data.  The calculated Th−Cp!!(centroid) lengths of 2.538 Å for Cp!!3Th and 

2.526 Å for (Cp!!3Th)1− are similar to the experimentally determined distances of 2.52 Å.  It is 
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interesting to note that the calculations for the Th3+ complex show a slightly longer metal ligand 

distance than for the Th2+ complex.  The calculations indicate a ground state of 6d2 for  

(Cp!!3Th)1− and a 6d1 ground state for Cp!!3Th; the latter is consistent with previous analyses of 

Cp!!3Th21,27 and [K(DME)2]{[C8H6(SitBuMe2)2]2Th}.26  Gas-phase studies of Th2+ indicate a 

ground state of 5f 
16d1, but the 6d2 configuration is just 63 cm−1 higher and the 5f 

17s1 is 2527 

cm−1 higher than the  ground state.41 

The 6d2 ground state is consistent with stabilization of a dz2 orbital by the trigonal ligand 

environment as found in DFT calculations on the (Cp!3Ln)1− complexes,2-4 (Cp!3U)1−,10 and noted 

earlier in the literature for tris(cyclopentadienyl) actinide complexes.21,27,42-44  Indeed, both the 

lowest unoccupied molecular orbital (LUMO) of Cp!!3Th and the highest occupied molecular 

orbital (HOMO) of (Cp!!3Th)1− have dz2 character, Figure 2.4. 

Figure 2.4.  Contour plots of (a) the LUMO of Cp!!3Th and (b) the HOMO of the (Cp!!3Th)1− 

anion in 3.  Contour value is 0.05. 

 

(a) (b) 
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Time-dependent density functional theory was used to simulate the UV-Vis spectrum for 

the (Cp!!3Th)1− anion as shown in Figure 2.5.  The maxima in the calculated spectrum are lower 

in energy than those observed experimentally, but this is often the case with such calculations.45  

Analysis of the calculated low energy peak shows that it arises from metal-to-metal transitions 

that have d→f and d→p character.  The high energy peaks arise from metal-to-ligand charge 

transfer transitions similar to those found in the spectral analysis of (Cp!3Ln)1− 2-4 and 

(Cp!3U)1−.10  However, the d→f transitions found for (Cp!!3Th)1− were not apparent in the 

analysis of the spectra of (Cp!3Ln)1− and (Cp!3U)1−.  

 

Figure 2.5.  Experimental (solid) and calculated (dotted) UV-visible spectra of [K(18-crown-

6)(THF)2][Cp!!3Th] in THF at 298 K, with pertinent theoretical excitations shown as vertical 

lines and theoretical extinction coefficients scaled down by a factor of 1.5. 

 

The rate of decomposition of [K(18-crown-6)(THF)2][Cp!!3Th], 11, at room temperature 

was studied by 1H NMR spectroscopy since monitoring by UV-vis spectroscopy is complicated 
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by the formation of highly colored Cp!!3Th, and ambient light seems to accelerate the 

decomposition (see below).  The rate of decomposition of 11 is much slower than that of the U2+ 

complex, [K(2.2.2-cryptand)][Cp!3U], which has a half life of 1.5 h in THF at room 

temperature.10  Complex 11 decomposed only 8% after 8 days at 298 °C and a sample kept in the 

dark showed even less decomposition, Figure 2.6.  This suggests that the Th2+ species are 

significantly more stable than the other newly discovered +2 ions.3,10 

 

Figure 2.6. Degradation of [K(18-crown-6)(THF)2][Cp!!3Th], 11, when kept in ambient light 

(blue diamonds) and in the dark (red squares) as monitored by the loss of the SiMe3 signal in the 

1H NMR spectrum. 

 

The identification of Cp!!3Th27 as the main product of the decomposition of 11 was 

achieved via EPR spectroscopy, as a decomposing sample gave an increasing EPR signal with a 

g-value identical to that of Cp!!3Th, Figure 2.7, and was also verified by X-ray crystallography.  
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This is presumably the case with 12 as well, as solutions of 12 also turn from dark green to dark 

blue upon decomposition.  While Cp!!3Th is the main decomposition product of 11 and 12, it is 

unclear what happens to the potassium and what other products are produced.  The 1H NMR 

decomposition studies did not show the generation of any significant amount of other 

diamagnetic species, including KCp!!, which is a common byproduct in reactions of 11 and 12 

with substrates.  Also, no other paramagnetic species besides Cp!!3Th are observed via EPR 

spectroscopy.   

 

Figure 2.7.  Room temperature EPR spectra of the decomposition of 11 showing an increase in 

signal for the 6d1 Th3+ complex, Cp!!3Th. 

 

The preliminary decomposition studies described above, as well as UV-vis studies that 

were conducted and are not shown here, do not fit well to zero, first, or second order kinetics 

over the entire time range investigated, and variability was seen from run to run in the UV data.  
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This could be due to a combination of issues such as the fact that 11 and 12 react with Teflon 

over time to produce Cp!!3Th and light seems to increase the decomposition.  The air-free 

apparatus used in these studies contained Teflon stopcocks and in most cases the samples were 

being subjected to variable light sources.  

Finally, the redox behavior of Cp!!3Th was examined by cyclic voltammetry in order to 

quantitate the Th3+/Th2+ reduction potential.  The cyclic voltammogram of Cp!!3Th was obtained 

as a THF solution containing 0.1 M [Bu4N][PF6] as the supporting electrolyte.  All potentials 

were referenced to [Cp2Fe]+/0 using an internal standard.  One partially reversible (ipa/ipc = 0.81) 

reduction was observed at −2.78 V vs Cp2Fe, which is assigned to the Th3+/Th2+ redox couple, 

Figure 2.8.  This value converts to −2.38 V vs SHE when the 0.400 V vs SHE value for 

[Cp2Fe]+/0 is applied.70  In addition, a non-reversible oxidative event was observed at −1.30 V, vs 

Cp2Fe, (not shown) presumably corresponding to the Th4+/Th3+ redox couple. 

 

Figure 2.8.  Cyclic voltammogram of 1.0 M Cp!!3Th in a THF solution containing 0.1 M 

[Bu4N][PF6] as the supporting electrolyte.  Data were collected using a Pt working electrode at a 

scan rate of 200 mV/s. 
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Discussion  

Tris(cyclopentadienyl)Th(III) Complexes.  In order to discuss the formation and 

electronic structure of the new Th2+ complexes described above, it is necessary to first consider 

the collection of physical and theoretical data on the known Th3+ complexes.  In all of the 

crystallographically-characterized Th3+ complexes,26-29 the physical characterization is consistent 

with a single electron residing in a dz2 orbital.  Paramagnetic species are observed that display 

isotropic EPR signals at room temperature with g values near 1.9, which are said to only be 

consistent with a 6d1 ground state.21  Theoretical studies of 

[K(DME)2]{[C8H6(SitBuMe2)2]2Th}26 and (C5Me5)2[iPrNC(Me)NiPr]Th29 are consistent with 

this.! ! Since the Th2+ complexes described above contain (Cp!!!3)3− ligand environments, the 

molecular orbital discussion presented below will be limited to the related Th3+ complexes that 

also contain tris(cyclopentadienyl) ligand sets.  It is worth repeating, however, that all of the 

known Th3+ complexes have been described as having the same ground state, i.e. [Rn]6d1.  

 Tris(η5-cyclopentadienyl) metal complexes, which are common for the f elements but are 

extremely rare in transition metal chemistry, can be described as having C3v or pseudo-D3h 

symmetry (C3v will be used here for simplicity), with respect to the metal–(ring centroid) vectors 

which form a trigonal plane about the metal center.  The theoretical groundwork for the bonding 

in Cp3M complexes, and rationale for the population of d orbitals in some complexes, has been 

laid out, first by Lauher and Hoffman in a 1976 paper on bent metallocenes,46 and in numerous 

subsequent papers.42,44,47-49  These studies are the basis of the orbital discussion below.  In the 

tris(η5-cyclopentadienyl) ligand environment, the d orbitals split into a 2 over 2 over 1 pattern as 

shown in Figure 2.9, with the e sets being antibonding and the a1 (6dz2) orbital being essentially 
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non-bonding and having the lowest energy.  It is this orbital that becomes singly occupied in 

Th3+ complexes. 

 

Figure 2.9.  Crystal field splitting of the d orbitals in Cp3M complexes in C3v symmetry. 

  

While all the data suggest that Th3+ complexes have 6d1 ground states, the atomic spectra 

for Th3+ ions indicate, as would be expected for an f element, that the 5f orbitals are lower in 

energy than the 6d orbitals, specifically 9193 cm−1 lower.41,50  A comprehensive molecular 

orbital diagram is presented in Figure 2.10 which combines the analysis by Bursten et al. for 

Cp3An bonding42,47 with atomic spectral data for Th3+.41,50 
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Figure 2.10.  MO diagram for Cp3Th adapted and expanded from Bursten et al.,47 with atomic 

spectral dataa,41,50 incorporated for the Th3+ ion. 

 

In Figure 2.10, the unpaired electron has been placed in the dz2 (a1) orbital to match the 

physical data for Cpx
3Th complexes.  If the MO diagram is drawn in this manner, the implication 
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in independent particle models, non-aufbau behavior is observed in nearly one-third of the 

transition metal and f element ground states, including thorium metal, where the predicted 

ground state is [Rn]7s25f2 and the experimental ground state is [Rn]7s26d2.51  Stable molecular 

compounds such as the ferricenium cation can also contain non-aufbau ground states.52  

Photoelectron spectroscopy has also demonstrated non-aufbau behavior in metal phthalocyanines 

and metalloporphyrins with unpaired electrons.  In these cases the photoionization of the metal 

complexes resulted in the loss of lower-lying ligand-based, and not higher-lying, metal-based, 

electrons.53-55  These assignments were later challenged computationally, however.56  In the case 

of Th3+ complexes, the electronic spectra show intense absorptions in the visible region.  

Theoretical studies have indicated that these absorptions result from Laporte allowed d→f 

transitions,26,57 indicating that the dz2 (a1) HOMO is actually lower in energy than the empty f 

orbitals, casting doubt on the correctness of the MO picture as drawn in figure 2.10.  

It was later determined by Kaltsoyannis and Bursten that the discrepancy was due to 

relativistic effects.  When relativistic effects, which become more important with very heavy 

atoms,58 were added to the theoretical calculations for Cp3Th, the contraction of the s and p core 

orbitals caused a destabilization of the 5f and 6d orbitals, with the 5f being destabilized to a 

greater extent than the 6d, and resulting in a new model where the dz2 orbital is lower in energy 

than the nonbonding 5f orbitals.  In this new model, the theoretical analysis qualitatively matches 

the physical analysis. 

Further analysis by Bursten et al. comparing the energy levels of the 6dz2 orbital in the 

tris(cyclopentadienyl) ligand environment to the f orbitals for a series of Cp3An (An = Th, Pa, U, 

Np, Pu) complexes indicates that the 6dz2 orbital is lowest in energy for thorium and increases in 

energy as the An series is traversed, Figure 2.11.47  This analysis is also consistent with a 6d1 
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assignment for Th3+.  The fact that U2+ is now known and has been shown to adopt both 5f 
36d1 

10,59 and 5f 
4 60 configurations based on differences in the ligand field lends credence to Figure 

2.11 in that the 5f and 6d orbitals are even closer in energy for U than for Th.  

 

Figure 2.11.  Partial MO diagrams for Cp3An, extracted from Bursten et al.47  

 

 Th(II) Complexes.  Further reduction of the 6d1 Th3+ complex Cp!!3Th to form 11 and 12 

results in the pairing of the 6d1 electron to form 6d2 products.  The 6d2 configuration is supported 

by the diamagnetic NMR spectra of 11 and 12 along with the theoretical calculations.  

Apparently, the dz2 orbital is low enough in energy that upon reduction from Th3+ to Th2+, the 

energy required to pair the 6d electron (ca. 20,000 cm−1)47 is less than the difference between the 
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complexes have 6d1 ground states, with the 6dz2 orbitals being lower in energy than the 5f 

orbitals. 

The isolation of the Th2+ ion in (Cp!!3Th)1− is likely further aided by the stabilization of 

the potassium counter-cation by the 18-crown-6 and 2.2.2-cryptand ligands.  This was also 

observed with U2+ in the (Cp!3U)1− anion10 and in the (Cp!3Ln)1− complexes of the new Ln2+ 

ions.2-4  In the absence of these potassium-stabilizing chelates, isolation of Th2+ appears to be 

more difficult as described in a 2001 paper by Lappert and co-workers on the formation of 

Cp!!3Th by Na-K reduction of Cp!!3ThCl.27  In that paper, Lappert reports that treatment of 

Cp!!3ThCl with excess Na(K) alloy caused the initially blue solution (presumably Cp!!3Th) to 

change to dark green.  They isolated a diamagnetic green compound they postulated to be 

“[K(THF)x][ThCp!!3] and/or ThCp!!2(THF)x” but they could not characterize it or obtain 

reproducible analytical results.27  Hence, the (Cp!!3Th)1− anion was probably generated over 10 

years ago, but could not be isolated in pure form as a simple [K(THF)x]1+  salt.  It has also been 

discovered in the literature that the ground state for Th2+ was correctly predicted in 1949 to be 

6d2!61 

In hindsight, the isolation of Th2+ might not be so surprising and thorium may have been 

a good actinide candidate for the +2 state all along.  Although there are very few examples of 

Th3+, the data described above for Th3+ complexes combined with the molecular orbital trends 

predicted for the Cp3An series in Figure 2.11 appear to paint a picture that leaves thorium as 

most likely isolable An2+ ion with a 6d2 configuration.  While U2+ is known, and in the 

tris(cyclopentadienyl) ligand environment it has a mixed 5f 
36d1 configuration,10,59 it is currently 

unclear what the implications of this difference, as compared to 6d2 thorium, may be.  It will be 

interesting to see if future studies allow for the isolation of [Cpx
3An]1− (where An = Pa, Np, Pu) 
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complexes, and if so, what ground state configurations these complexes will have.  Hopefully the 

work demonstrated here will provoke such investigations. 

 

Conclusion 

  In summary, although it is difficult to obtain Th3+ complexes, further reduction is still 

possible with thorium:  the +2 oxidation state of this metal is also obtainable in soluble 

molecular complexes.  Adding the identification of Th2+ to the list of recently discovered new f 

element +2 ions, U2+, La2+, Ce2+, Pr2+, Gd2+, Tb2+, Ho2+, Y2+, Er2+, and Lu2+ is more evidence that 

the oxidation state diversity for the f elements is still increasing.  Stabilization of higher-lying d 

orbitals by the ligand field appears to be a key factor in isolating these new ions and provides a 

new option in expanding the oxidation state chemistry of these elements.  This approach should 

be pursued further as attempts are made to synthesize soluble molecular complexes of +1 ions of 

these metals.   

 

Experimental 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon 

atmosphere.  Solvents were sparged with UHP argon and dried by passage through columns 

containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents were dried over 

NaK alloy, degassed by three freeze-pump-thaw cycles, and vacuum transferred before use.  1H 

NMR spectra were recorded on Bruker GN500 or CRYO500 MHz spectrometers (13C NMR 

spectra on the 500 MHz spectrometer operating at 125 MHz) at 298 K unless otherwise stated 

and referenced internally to residual protio-solvent resonances.  IR samples were prepared as 
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KBr pellets and analyzed using a Varian 1000 FT-IR Scimitar Series spectrometer.  Elemental 

analyses were conducted on a Perkin-Elmer 2400 Series II CHNS elemental analyzer.  

Electrochemical data were collected on a Parstat 2273 Advanced Electrochemical System 

(Princeton Applied Research) using a platinum working electrode, platinum wire counter 

electrode, and silver wire reference electrode.  Electrochemical experiments were conducted at 

ambient temperature in a glovebox containing an argon atmosphere.  Solutions for 

electrochemical analysis were 1.0 mM in analyte and contained 0.1 M [Bu4N][PF6] as the 

supporting electrolyte.  All potentials were referenced to the [Cp2Fe]+/0 couple using ferrocene as 

an internal standard.   ThBr4(THF)4,31 KC8,62
 and K[C5H4(SiMe3)]63

 (KCp!) were prepared 

according to the literature.  K[C5H3(SiMe3)2] (KCp!!) was prepared from KCp! in an analogous 

procedure to the preparation of KCp! from KCp.63  Ferrocene was sublimed before use. 

[C5H3(SiMe3)2]3ThBr, 10.  Solid K[C5H3(SiMe3)2] (1.120 g, 4.506 mmol) was added to 

a stirred colorless solution of ThBr4(THF)4 (1.197 g, 1.273 mmol) in Et2O (100 mL).  After 24 h, 

the solvent was removed from the white slurry under reduced pressure and the white solids were 

extracted with hexane (40 mL).  The extract was concentrated to 6 mL, heated and stirred to 

dissolve all solids, and placed at −30 ºC for 24 h.  This yielded colorless crystals of 10 that were 

analyzed by X-ray crystallography.  However, a suitable model for the crystallographic data has 

not been obtainable.  A second crop of crystals was obtained and combined with the first (0.819 

g, 60%).  1H NMR (C6D6):  δ 6.90 [m, 3H, C5H3(SiMe3)], 0.44 [s, 54H, C5H3(SiMe3)].  13C NMR 

(C6D6):  δ 136.22 [C5H3(SiMe3)], 130.09 [C5H3(SiMe3)], 128.37 [C5H3(SiMe3)], 1.45 

[C5H3(SiMe3)].  IR:  3051w, 2953m, 2896m, 1440w, 1405w, 1318w, 1247s, 1203w, 1083s, 

1057w, 924s, 834s, 791s, 753s, 689m, 637m, 613m cm-1.  Anal.  Calcd for C33H63BrSi6Th:  C, 

42.15, H, 6.57.  Found:  C, 41.83, H, 6.87.  
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[C5H3(SiMe3)2]3Th.  This is a variation of the literature preparation using a bromide 

precursor instead of a chloride precursor.27  When KC8 (0.127 g, 0.940 mmol) was slowly tapped 

into a stirred colorless solution of [C5H3(SiMe3)2]3ThBr, 10, (0.516 g, 0.549 mmol) in THF (10 

mL), the solution immediately turned dark blue.  The mixture was stirred for 1 h before being 

centrifuged and filtered to remove graphite, KBr, and excess KC8.  The solids were washed twice 

with 5 mL of THF, the wash solutions were filtered and combined with the initial filtrate, and 

solvent was removed under reduced pressure to yield dark blue solids.  The solids were extracted 

with hexane (18 mL) and the solution was dried under reduced pressure to yield 

[C5H3(SiMe3)2]3Th as a dark blue solid (0.419 g, 0.487 mmol, 89%).  The complex was 

identified by X-ray crystallography.4 

[K(2.2.2-cryptand)]{[C5H3(SiMe3)2]3Th}, 11.  2.2.2-Cryptand (92 mg, 0.24 mmol) was 

added to a stirred dark blue solution of [C5H3(SiMe3)2]3Th (210 mg, 0.244 mmol) in THF (7 

mL).  KC8 (50 mg, 0.37 mmol) was added to the reaction vessel and the mixture was stirred for 4 

min.  The mixture was centrifuged and filtered to remove graphite and excess KC8.  The solids 

were washed with THF (5 mL) and the resulting aqua green solution was filtered and combined 

with the initial green filtrate.  Solvent was removed under reduced pressure to yield dichroic dark 

blue/red solids.  The product was washed with hexane (5 mL) to remove any unreacted starting 

material and dried to yield 11 (231 mg, 74%) as a dark green/black solid.  Dichroic dark blue/red 

X-ray quality crystals were grown from a cold Et2O solution (3 mL) of 11 (231 mg) layered with 

cold hexane (17 mL) at −30 ºC.  1H NMR (THF-d8):  δ 4.44 [s, 6H, C5H3(SiMe3)2] 3.59 [s, 12H, 

OCH2CH2O], 3.55 [t, 3JHH = 5 Hz, 12H, NCH2CH2O], 2.57 [t, 3JHH = 5 Hz, 12H, NCH2CH2O], 

0.21 [s 54H, C5H3(SiMe3)].  13C{1H} NMR (THF-d8):  δ 115.54 [C5H3(SiMe3)2], 71.32 

[OCH2CH2O], 68.45 [NCH2CH2O], 54.75 [NCH2CH2O], 2.38 [C5H3(SiMe3)2].  IR:  3051w, 
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3035w, 3014w, 2949m, 2889m, 2814m, 1476w, 1460w, 1445w, 1418w, 1397w, 1361m, 1298w, 

1238m, 1174m, 1134m, 1107s, 1075s, 952m, 934m, 911m, 829s, 785m, 746m, 675w, 627m 

cm−1.  Anal. Calcd for C51H99KN2O6Si6Th:  C, 48.01, H, 7.82, N, 2.20.  Found C, 47.81, H, 8.18, 

N, 2.21. 

[K(18-crown-6)(THF)2]{[C5H3(SiMe3)2]3Th}, 12.  Complex 12 was obtained by 

following an analogous procedure to that for compound 11 but with 18-crown-6 (35 mg, 0.13 

mmol) instead of 2.2.2-cryptand and a solution of [C5H3(SiMe3)2]3Th (113 mg, 0.130 mmol) in 

THF (7 mL) and KC8 (27 mg, 0.20 mmol).  This generated 12 (124 mg, 81%) as dichroic dark 

blue/red X-ray quality crystals.  1H NMR (THF-d8):  δ 4.58 [s, 6H, C5H3(SiMe3)2], 3.61 [s, 24H, 

C12H24O6], 0.33 [s, 54H, C5H3(SiMe3)2].  13C{1H} NMR (THF-d8):  δ 115.61 [C5H3(SiMe3)2], 

71.15 [OCH2CH2O], 2.28 [C5H3(SiMe3)2].  IR:  3052w, 2951m, 2894m. 2363w, 2338w, 1638w, 

1473w, 1453w, 1397m, 1352m, 1308w, 1283w, 1242s, 1167m, 1110s, 1075s, 1055m, 964m, 

913m, 831s, 786m, 750w, 714w, 687w cm−1.  Anal. Calcd for C43H83KO6Si6Th:  C, 46.44, H, 

7.54.  Found:  C, 46.27, H, 7.79. 

X-ray Data Collection, Structure Determination, and Refinement.  Crystallographic 

details for compounds Cp!!3Th, [K(2.2.2-cryptand)][(C5H3(SiMe3)2)3Th], 11, and [K(18-crown-

6)(THF)2][(C5H3(SiMe3)2)3Th], 12 are summarized in the text below and in Table 2.2. 

X-ray Data Collection, Structure Solution and Refinement for Cp! !3Th.  A purple 

crystal of approximate dimensions 0.136 x 0.219 x 0.344 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX264 program package was 

used to determine the unit-cell parameters and for data collection (15 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT65 and SADABS66 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL67 
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program.  The diffraction symmetry was 2/m and the systematic absences were consistent with 

the monoclinic space group P21/c that was later determined to be correct.  The structure was 

solved using the coordinates of the room temperature data set24 and refined on F2 by full-matrix 

least-squares techniques.  The analytical scattering factors68 for neutral atoms were used 

throughout the analysis.  Hydrogen atoms were included using a riding model.  At convergence, 

wR2 = 0.0478 and Goof = 1.038 for 379 variables refined against 9378 data (0.78Å), R1 = 

0.0208 for those _ data with I > 2.0σ(I).  Details are given in Table 2.2. 

X-ray Data Collection, Structure Solution and Refinement for 11.  A red crystal of 

approximate dimensions 0.307 x 0.138 x 0.056 mm was mounted on a glass fiber and transferred 

to a Bruker SMART APEX II diffractometer.  The APEX269 program package was used to 

determine the unit-cell parameters and for data collection (60 sec/frame scan time for a sphere of 

diffraction data).  The raw frame data was processed using SAINT65 and SADABS66 to yield the 

reflection data file.  Subsequent calculations were carried out using the SHELXTL67 program.  

There were no systematic absences nor any diffraction symmetry other than the Friedel 

condition.  The centrosymmetric triclinic space group P  was assigned and later determined to 

be correct.  The structure was solved by direct methods and refined on F2 by full-matrix least-

squares techniques.  The analytical scattering factors68 for neutral atoms were used throughout 

the analysis. Hydrogen atoms were included using a riding model.  At convergence, wR2 = 

0.0621 and Goof = 1.010 for 622 variables refined against 15230 data (0.74 Å), R1 = 0.0287 for 

those 13490 data with I > 2.0σ(I).  Details are given in Table 2.2. 

X-ray Data Collection, Structure Solution and Refinement for 12.  A red crystal of 

approximate dimensions 0.262 x 0.255 x 0.254 mm was mounted in a cryo loop and transferred 

to a Bruker SMART APEX II diffractometer.  The APEX269 program package was used to 

1



! 68 

determine the unit-cell parameters and for data collection (20 sec/frame scan time for a sphere of 

diffraction data).  The raw frame data was processed using SAINT65 and SADABS66 to yield the 

reflection data file.  Subsequent calculations were carried out using the SHELXTL67 program.  

The diffraction symmetry was 2/m and the systematic absences were consistent with the 

monoclinic space group P21/n that was later determined to be correct.  The structure was solved 

by direct methods and refined on F2 by full-matrix least-squares techniques.  The analytical 

scattering factors68 for neutral atoms were used throughout the analysis.  C(33) and C(52) were 

disordered and included using multiple components with partial site-occupancy factors.  

Hydrogen atoms were included using a riding model.  At convergence, wR2 = 0.0976 and Goof 

= 1.100 for 632 variables refined against 14108 data (0.80 Å), R1 = 0.0384 for those 11825 data 

with I > 2.0σ(I).  Details are given in Table 2.2. 
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TABLE 2.2 X-ray Data and Collection Parameters for Cp!!3Th, [K(2.2.2-

cryptand)][(C5H3(SiMe3)2)3Th], 11, and [K(18-crown-6)(THF)2][(C5H3(SiMe3)2)3Th], 12. 

 
Compound Cp! !3Th 11 12 
Empirical 
Formula 

C33H63Si6Th C51H99KN2O6Si6Th C53H103KO8Si6Th 

Temperature 
(K) 

133(2) 138(2) 133(2) 

Crystal System Monoclinic Triclinic Monoclinic 
Space Group P21/c P  P21/n 

a (Å) 17.5470(10) 12.1595(8) 17.1884(16) 
b (Å) 13.6955(8) 12.7622(8) 18.0161(16) 
c (Å) 19.1293(11) 22.2587(14) 22.654(2) 
α (deg) 90 100.9296(8) 90 
β (deg) 112.5954(7) 104.4481(8) 99.6558(11) 
γ (deg) 90 95.5814(8) 90 

Volume (Å3) 4244.2(4) 3246.0(4) 6915.8(11) 
Z 4 2 4 

ρcalcd (Mg/m3) 1.347 1.305 1.256 
µ (mm−1) 3.702 2.513 2.362 
R1 (I > 
2.0s(I))a 

0.0208 0.0287 0.0384 

wR2 (all data)a 0.0478 0.0621 0.0976 
a Definitions: R1 = S||Fo| − |Fc||/S|Fo|, wR2 = [Sw(Fo

2 − Fc
2)2/Sw(Fo

2)2]1/2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1
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CHAPTER 3 

Expanding Thorium Hydride Chemistry Through Th2+  

Including the Synthesis of a Mixed-Valent Th4+/Th3+ Hydride Complex  

 

Introduction* 

 One of the fundamental aspects of the chemistry of any element is its chemistry with the 

simplest element, hydrogen.  Although the first molecular example of a thorium hydride complex 

was made in 1978,1 eq 3.1, and was characterized by neutron diffraction,2 few other  

crystallographically-characterizable thorium hydrides have been reported subsequently.  Only 

three monometallic examples, (C5Me5)3ThH,3 (C5H3
tBu2-1,3)3ThH,4 and (C5H2

tBu3-

1,2,4)2ThH[N(p-tolyl)(SiH2Ph)],5 and three polymetallic examples, {[Me2Si(C5Me4)2]Th(µ-

H)2}2,6 (2,6-tBu2C6H3O)6Th3(µ2-H)4(µ3-H)2,7,8 and (C5Me4H)4[µ-η1:η5-C5Me3H(CH2)]2Th4(µ-

H)4(µ3-H)4,9 are in the literature.  All involve 5f 
06d0 Th4+, the predominant oxidation state of this 

metal.  The lack of Th3+ hydrides is not unexpected since there are only five crystallographically-

characterized examples of any type of Th3+ complex.9-13 

As described in Chapter 2, the first molecular complexes of a Th2+ ion, [K(2.2.2-

cryptand)][Cp!!3Th], 11 [Cp!! = C5H3(SiMe3)2-1,3] and [K(18-crown-6)(THF)2][Cp!!3Th],14 12 

were synthesized by reduction of the first crystallographically-characterized Th3+ complex, 

Cp!!3Th,11 with KC8, eq 3.2.  Structural, spectroscopic, magnetic, and density functional theory 

                                                
* Portions of this chapter have been published: Langeslay, R. R.; Fieser, M. E.; Ziller, J. W.; 
Furche, F.; Evans, W. J. J. Am. Chem. Soc., 2016, 138, 4036. 
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analysis suggested this ion was the first example of a 6d2 ion, the electron configuration expected 

for ions of the fourth row transition metal superheavy elements like Rf 
2+ and Db3+.14  This new 

oxidation state for thorium and this unique electron configuration provided opportunities to 

explore new aspects of f element and transition metal chemistry in the same species.  This 

Chapter addresses the reactivity of Th2+ with hydrogen.   

 

An additional aspect of the chemistry of Th2+ is that it is the first thorium complex 

capable of a two-electron metal-based reduction from a single metal center, as will be described 

in Chapter 4.14  Redox active ligands have been used with Th4+ complexes to enable reduction 

chemistry,15-18 but prior examples of metal-based reductions were limited to one-electron 

processes because thorium chemistry was previously limited to only the +3 and +4 oxidation 

states.  The results in this Chapter will show that Th2+ opens up a new avenue to develop thorium 

hydride chemistry by expanding the number of Th4+ hydrides and providing the first Th3+ 

hydrides in mixed-valent Th3+/Th4+ complexes.  Comparisons are also made between Th3+ and 

Th4+ with (C5Me5)1–, (C5Me4H)1–, and [C5H3(SiMe3)2]1– ligands, with evidence of the possible in 

situ generation of an additional highly reactive Th2+ complex. 
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Results 

A Th4+ Hydride from Th2+.  A dark green THF solution of the 6d2 Th2+ complex, [K(18-

crown-6)(THF)2][Cp!!3Th], 12, reacted with a slurry of excess white [Et3NH][BPh4] to form a 

solution with a blue color characteristic of Th3+.  Blue and white solids were isolated from the 

reaction and characterized by X-ray crystallography as Cp!!3Th11 (55% yield) and Cp!!3ThH, 13 

(30% yield), respectively, eq 3.3, Figure 3.1. 

 

The 1H NMR spectrum of 13 contains a resonance at 12.6 ppm that is similar to the 15.4 

ppm value for (C5Me5)3ThH3 and the 12.95 ppm shift for (C5H3
tBu2-1,3)3ThH.4  Attempts to 

prepare the deuterium analogue of 2 by reaction with [Et3ND][BPh4] gave an analogous product, 

but a deuteride resonance was not observed in the 2H NMR spectrum.  The 1H spectrum 

contained a resonance at 12.6 ppm that suggested that hydride/deuteride exchange had occurred 

as is common with actinide hydride species.19-21  The 2H NMR experiments were not helpful in 

identifying at what site the exchange was occurring, but this is difficult since a large excess of 

deuterium was not used.  A reaction of 2 with CCl4 was examined to determine if HCCl3 would 

form and confirm the presence of a hydride ligand according to this classic test reaction for metal 

hydrides.  However no reaction was observed even with excess CCl4.  This may be due to steric 

protection of the hydride ligand by the trimethylsilyl groups.  Space filling models of the 

complex are consistent with this, Figure 3.2.  
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Figure 3.1.  Molecular structure of Cp!!3ThH, 13.  Thermal ellipsoids are drawn at the 50% 

probability level.  Hydrogen atoms, except the two disordered hydride positions, H1 and H1!, are 

omitted for clarity. 

 

 

Figure 3.2.  Space filling models of compounds [C5H3(SiMe3)2]3ThH, 13, and (C5Me4H)3ThH, 

17. 
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Structure of Cp! !3ThH, 13.  The three Cp!! ring centroids form a trigonal plane around 

the Th4+ ion with 120° (ring centroid)–Th–(ring centroid) angles.  Similar angles are found with 

the only other monometallic thorium hydride complexes,  (C5Me5)3ThH,3 (C5H3
tBu2-1,3)3ThH,4 

and (C5H2
tBu3)2Th(H)[N(p-tolyl)SiH2Ph].5  The hydride ligand in 13 is disordered on either side 

of the trigonal plane as is also observed in (C5Me5)3ThH3 and (C5H3
tBu2-1,3)3ThH.4  The 2.54 Å 

Th–(ring centroid) distance in 13 is similar to the 2.56 Å distance in Cp!!3ThCl22 and to the 2.52 

Å distances found in both the Th2+ complex, 12, and its Th3+ precursor, Cp!!3Th.11   This is 

consistent with previous analyses of Th2+, Th3+, and Th4+ complexes that show that Th–(ring 

centroid) distances do not change greatly when electrons are added to dz2 orbitals.14,23-27  

Comparisons with the 2.58 and 2.61 Å Th–(ring centroid) distances in (C5H3
tBu2-1,3)3ThH4 and 

(C5Me5)3ThH,3 respectively, show that tris(cyclopentadienyl)thorium hydride complexes can 

exist with a range of metal ligand distances.    

A Mixed-Valent Th3+/Th4+ Hydride from Th2+.  The Th2+ complex [K(18-crown-

6)][Cp!!3Th], 12, was treated with H2 to determine if a Th3+ hydride complex such as “[K(18-

crown-6)][Cp!!3ThH]” would form in analogy to the complex formed by reaction of the U2+ 

complex, [K(2.2.2-cryptand)][Cp3!U] (Cp! = C5H4SiMe3), with H2,25 eq 3.4.  However, the Th2+ 

complex does not react analogously.  Instead, 12 reacts with 1! atm of H2 in THF at 0 ºC within 

 

minutes to form the Cp!!3Th (35% yield) and the bimetallic complex, [K(18-crown-

6)(Et2O)][Cp′′2Th(µ-H)3ThHCp′′2], 14 (35% yield), eq 3.5, identified by X-ray crystallography, 

SiMe3

U

SiMe3

Me3Si
+ H2

II

K(2.2.2-cryptand) SiMe3

U

SiMe3

Me3Si
III
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Figure 3.3.  Complex 12 also reacts in the solid state with H2 at 60 psi over several hours to form 

14.28  The reaction of CCl4 with 14 was found to produce CHCl3, but the simple chloride product 

that may have formed, Cp!!2ThCl2,
29 was not observed. 

 

 

Figure 3.3.  Molecular structure of [K(18-crown-6)(Et2O)][Cp′′2Th(µ-H)3ThHCp′′2], 14.  

Thermal ellipsoids are drawn at the 50% probability level.  Hydrogen atoms, except H1-

H4, as well as co-crystallized Et2O and disorder about the potassium-bound Et2O, are 

omitted for clarity.  
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Structure of [K(18-crown-6)Et2O][Cp′′2Th(µ-H)3ThHCp′′2], 14.  The crystallographic 

data show that the [Cp′′2Th(µ-H)3ThHCp′′2]1− anion in 14 contains two bent metallocene units 

with the four cyclopentadienyl ring centroids in a roughly tetrahedral arrangement.  The dihedral 

angle between the planes defined by the two ring centroids and the metal of each metallocene 

unit is 58.6°, but these two planes do not intersect along the Th···Th vector because 14 is not as 

symmetrical as many (C5R5)2M[bridging ligand(s)]M(C5R5)2 compounds in the literature.30-35  

Four hydride ligands were located between the two metallocenes, three in bridging positions and 

one terminal hydride, H4, attached to Th1.  Charge balance in the [Cp′′2Th(µ-H)3ThHCp′′2]1− 

anion requires this is to be a mixed-valent Th3+/Th4+ complex, an assignment that is supported by 

spectroscopic and theoretical data described later. 

Identifying Th3+ vs Th4+ from the thorium–(Cp!! ring centroid) distances in 14 is 

complicated because these distances do not change much with oxidation state and because the 

formally nine-coordinate Th2 has two different distances, 2.583 and 2.536 Å.  The former 

distance is similar to the 2.589 and 2.583 Å distances for formally ten-coordinate Th1, which is 

bound by the terminal hydride.  The 2.536 Å distance, on the other hand, is what might be 

expected based on the 0.04 Å difference in Shannon ionic radius for ten-coordinate Th4+ vs nine-

coordinate Th4+.36   

The 3.6622(1) Å Th···Th distance is much smaller than the 4.007(8) Å distance in the 

bis(pentamethylcyclopentadienyl) Th4+ hydride dimer containing two bridging hydrides, namely 

[(C5Me5)2ThH(µ-H)]2, eq 3.1.20  The distance is very close to the 3.632 Å distance in 

{[(CH3)2Si(C5Me4)2]Th(µ-H)2}2,
6 which contains four bridging hydrides and two Th4+ centers.  It 

is also close to the 3.59 Å distance between thorium atoms in thorium metal.2 
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Table 3.1.  Comparison of Th−(ring centroid) Distances in Structurally Similar Thorium 

Compounds in Varying Oxidation States. 

 

 

 

 

 

 

 

 

  

 

A Mixed-Valent Th3+/Th4+ Hydride from Reduction of a Bimetallic Th4+ Hydride:    

[K(18-crown-6)(THF)][(C5Me5)2ThH2]2, 15.  The existence of the mixed-valent tetrahydride, 

14, raised the possibility that a similar complex could be made by reduction of the first isolated 

thorium hydride, [(C5Me5)2ThH(µ-H)]2,1,39 if a change from [C5H3(SiMe3)2]1− to (C5Me5)1− was 

not too big a perturbation.  Since Th3+ complexes are traditionally difficult to synthesize, it 

seemed possible that reduction of this compound had never been considered.  Addition of KC8 to 

a THF solution of colorless [(C5Me5)2ThH2]2 in the presence of 18-crown-6 immediately 

generates a dark blue color characteristic of Th3+.  Crystals of the product, 15, were isolated from 

this reaction, however the quality of multiple samples of the crystals was not high enough to 

provide structural data by X-ray crystallography, eq 3.6.   Similar crystallographic problems 

were encountered with crystals formed in the presence of 2.2.2-cryptand.  Elemental analysis 

Compound 
Metal 
Oxid. 
State 

M-Cnt 
(Å) (ave) 

[C5H3(SiMe3)2]3ThCl37 +4 2.565 
[C5H3(SiMe3)2]3Th11 +3 2.520 

[K(2.2.2-cryptand)]{[C5H3(SiMe3)2]3Th}, 1114 +2 2.521 
[K(18-crown-6)(THF)2]{[C5H3(SiMe3)2]3Th}, 1214 +2 2.525 

(C5Me4H)3ThBr9  +4 2.576 
(C5Me4H)3Th9 +3 2.551 

(C5Me5)2[iPrNC(Me)NiPr]Th(Me)38 +4 2.591 
(C5Me5)2[iPrNC(Me)NiPr]Th3 +3 2.543 

[C5H3(SiMe2
tBu)2]3ThCl37 +4 2.581 

[C5H3(SiMe2
tBu)2]3Th10 +3 2.533 
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was consistent with the formula of [K(18-crown-6)(THF)][(C5Me5)2ThH2]2 for 15, analogous to 

14, and other data on 15 also parallel those of 14 as described below.  Compound 15 reacts with 

CCl4 in C6D6 and the filtered product showed 1H NMR signals consistent with CHCl3 as well as 

several resonances in the C5Me5 region, but not the resonance of (C5Me5)2ThCl2.29  Only one 

THF molecule is assumed to be coordinated to the potassium in 15 based on elemental analysis 

and in analogy to the cation in 14. 

Spectroscopy of 14 and 15.  The IR spectra of 14 and 15 show absorptions in the area 

expected for terminal/bridging actinide hydrides, i.e. ≈1300-1500 cm–1 for terminal and ≈1100-

1300 cm–1 for bridging asymmetrical stretches,40 but deuterium experiments did not result in 

conclusive assignments.  In all cases, the IR spectrum of the deuterated analogue matched 

exactly that of the hydride product, even when reactions were done in the solid state and infrared 

spectra were obtained directly on the resulting solid without any contact with solvent.  This is 

consistent with the H/D exchange, which has been a common problem in molecular actinide 

hydride chemistry.20,19,21  NMR spectroscopy was not helpful in resolving this matter, as the 

paramagnetism of 14 and 15 prevented the identification of the hydride/deuteride resonances in 

both cases. 

The room temperature EPR spectra of 14 and 15 in THF show isotropic signals with g = 

1.89 and 1.88, respectively.  These values are similar to those of the other five Th3+ compounds 

that have been crystallographically-characterized: Cp!!3Th (1.91),10,11,41 [C5H3(SiMe2
tBu)2]3Th 

(1.91),10 (C5Me4H)3Th (1.92),9  [K(DME)2]{[C8H6(SiMe2
tBu)2-1,4]2Th} (1.92),12 and 

IVTh
H

H
Th

H

H
IV + KC8

+ 18-crown-6

[K(18-crown-6)(THF)][(C5Me5)2ThH2]2

15

(3.6)
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(C5Me5)2[iPrNC(Me)NiPr]Th (1.87)13 and are consistent with a 6d1 ground state.  The linewidths 

of ca. 300 G for 14 and 15 at room temperature lie between the ca. 200 and 500 G values for 

(C5Me4H)3Th9 and (C5Me5)2[iPrNC(Me)NiPr]Th,13 respectively.  The spectra at 77 K in THF 

show rhombic signals with g = 1.98, 1.94, and 1.76 for 14 and g = 1.97, 1.91, 1.77 for 15, Figure 

3.4.  No hyperfine coupling is observed in either case.  In contrast, axial or pseudoaxial signals 

are observed at low temperature and in the solid state for the monometallic species Cp!!3Th, 

[C5H3(SiMe2
tBu)2]3Th, and [K(DME)2]{[C8H6(SiMe2

tBu)2-1,4]2Th}. 

 

Figure 3.4.  EPR spectra of [K(18-crown-6)(Et2O)][Cp!!2ThH2]2, 14 (red, solid), and [K(18-

crown-6)(THF)][(C5Me5)2ThH2]2, 15 (blue, dashed), in THF, at (a) room temperature and (b) 77 

K.  

 

The optical spectra of both complexes 14 and 15 display features similar to the known 

Th3+ complex Cp!!3Th10,11,41 with intense absorptions in the 500-650 nm range, Figure 3.5.  

Complexes 14 and 15 have extinction coefficients of 3000 and 2500 M−1 cm−1, respectively, 

which are about half that of Cp!!3Th.  Assignments are presented below in the theory section. 
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Figure 3.5.  Optical spectra of [K(18-crown-6)(Et2O)][Cp′′2Th(µ-H)3ThHCp′′2], 14, (red, solid), 

[K(18-crown-6)(THF)][(C5Me5)2ThH2]2, 15, (blue, dashed), and Cp!!3Th (green, dotted) 

solutions in THF. 

 

Density Functional Theory (DFT) Analysis of 14.  DFT calculations on the anion of 14, 

[Cp′′2Th(µ-H)3ThHCp′′2]1−, in collaboration with the Furche group reveal a structural minimum 

that agrees very well with the crystallographic data.  The HOMO and LUMO, Figure 3.6, are 

both metal-based d orbitals, localized on the thorium metal center without a terminal hydride, 

which is Th2 in the crystal structure, Figure 3.3.  NPA calculations on the anion give a 0.69 d 

orbital and 0.86 overall spin density at the Th2 metal center, while the NPA calculations describe 

no d orbital spin density at the Th1 metal center to which the terminal hydride is attached.  This 

matches the formal assignment of nine-coordinate Th2 being Th3+ and ten-coordinate Th1 being 

Th4+. The localization of the metal electron in a dz2 orbital is consistent with experimental data 

on other known Th3+ complexes9-13 and previous calculations of a hypothetical Th3+/Th3+ hydride 

dimer of the formula [(C5H5)2Th(µ-H)]2.15   
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Figure 3.6.  Molecular orbital plots of (a) the 263a orbital (HOMO) and (b) the 263b orbital 

(LUMO) of the anion in 14, [Cp′′2Th(µ-H)3ThHCp′′2]1−,  using a contour value of 0.05.  The 

metal center on the left is Th2 and the metal center on the right is Th1.   

 

TDDFT calculations were performed to simulate the UV-vis spectrum of the anion in 14.  

The overall shape of the experimental spectrum is well matched in the simulated spectrum, 

Figure 3.7, but the energies of the excitations are predicted to be lower in energy than what is 

observed experimentally.  This observation was also seen in the simulated spectrum of the anion 

of 11 and 1214 and is often seen in these calculations.42  The two broad, low energy absorptions 

are primarily metal-to-metal transitions containing d→f character, while the higher energy 

absorptions are a combination of metal-to-metal and metal-to-ligand transitions. This is very 

similar to the analysis of the simulated UV-vis spectrum of the anion of 11 and 12 (Chapter 2). 

(a) (b) 
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Figure 3.7. Experimental (solid) and calculated (dotted) UV-visible spectra of [K(18-crown-

6)Et2O] [Cp′′2Th(µ-H)3ThHCp′′2], 14, in THF at 298 K, with pertinent theoretical excitations 

shown as vertical lines and theoretical extinction coefficients scaled down by a factor of 1.5. 

 

Calculations were carried out on the possible product of reducing the monoanion of 14 by 

one electron to form the dianion, [Cp′′2Th(H)(µ-H)3ThCp′′2]2−.  Although it was anticipated that 

reduction of 14 would reduce the Th4+ metal center, Th1, to make a Th3+/Th3+ bimetallic 

complex, the LUMO of the anion of 14 suggested that reduction of the Th3+ metal center, Th2, 

was more likely.  Indeed, in the structural minimum for the "[Cp′′2Th(H)(µ-H)3ThCp′′2]2−" 

dianion, the Th2+/Th4+ singlet state was found to be the ground state with the triplet state being 

approximately 2100 cm−1 (6 kcal/mol) higher in energy than the singlet state.  The HOMO of the 

singlet state is a doubly occupied orbital localized on the Th2 metal center, Figure 3.8a.  NPA 

calculations support the description of the singlet ground state as a Th2+/Th4+ bimetallic complex 

with no evidence for a Th–Th bond.  Since semi-local DFT has a tendency to over-delocalize 

electrons,43 the prediction of a Th2+/Th4+ compound by the present calculations is significant.   
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Figure 3.8.  Molecular orbital plots of (a) the doubly occupied 263a orbital (HOMO) of the 

singlet state and (b) the singly occupied 264a (HOMO) and 263a (HOMO-1) orbitals of the 

triplet state of the dianion, [Cp′′2Th(H)(µ-H)3ThCp′′2]2−, using a contour value of 0.05.  The 

metal center on the left is Th2 and the metal center on the right is Th1.  

 

Calculations of the higher-lying triplet state reveal two singly occupied molecular orbitals 

(SOMOs):  the higher orbital (HOMO) is spread across both metals and the ligands, while the 

lower orbital is localized on the Th2 metal center, Figure 3.8b.  NPA calculations show increased 

spin density on both Th1 and Th2, providing further support that the triplet state cannot be 

described as a simple Th3+/Th3+ bimetallic species. 

Redox Chemistry of 14 and 15.  Experimental attempts to reduce 3 and 4 further to 

make the dianion described above have not been successful.  Only transient species have been 

generated.  No diamagnetic products have been observed and EPR measurements suggest the 

formation of organic radicals. 

Attempts were also made to oxidize 14 and 15 to form the corresponding Th4+/Th4+ 

dimers with several oxidizing agents.  AgBPh4 gave the cleanest results in both cases.  Oxidation 

of 15 forms the expected [(C5Me5)2ThH2]2 complex,1,39 while oxidation of 14 forms a 
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tris(cyclopentadienyl) monometallic complex, Cp!!3ThH, 13, as the major product.  Reactions of 

14 and 15 with CuBr, CuI, and AgI also form the products described above but as mixtures with 

several other unidentified products. 

Since the Th4+/Th4+ dimer of the formula [Cp!!2ThH2]2 did not form by oxidation of 14, 

as was possible with the oxidation of 15 to form [(C5Me5)2ThH2]2, and due to the difficulty in 

removing the [K(18-crown-6)][Cp!!] byproduct in eq. 3.5, it was decided to try to synthesize 

[Cp!!2ThH2]2 by another route.  A synthesis analogous to that of [(C5Me5)2ThH2]2 in eq 3.1 

would require Cp!!2ThMe2 which was not known.  As with (C5Me5)2ThMe2,20 which can be 

made from the reaction of (C5Me5)2ThBr2
44 with MeLi, it was envisioned that Cp!!2ThMe2 would 

best be prepared through an analogous reaction of the also unknown Cp!!2ThBr2 complex with 

MeLi.  The existence of Cp!!2ThCl2
29 and the previous isolation of [(C5Me5)2ThH2]2

1,39 via this 

same route, made this path seem logical. 

Initially, due to convenience, reactions were pursued in which two equiv of KCp!! were 

reacted with ThBr4(THF)4, but in every case these reactions resulted in a mixture of products.  

Since bis(cyclopentadienyl) actinide metallocenes are best formed from Grignard reagents while 

potassium salts are better for the formation of tris(cyclopentadienyl) actinide complexes, 

Cp!!MgCl(THF) was prepared.  Once isolated, the reaction of two equiv Cp!!MgCl(THF) with 

ThBr4(THF)4 in refluxing toluene lead to the formation of Cp!!2ThBr2, 16, eq 3.7.  On several 

occasions, 16 was crystallized from  toluene, but the resulting crystals reacted with the mounting 

oil used for X-ray analysis, turned cloudy, and structural data were not obtained.  Compound 16 

was then crystallized from Et2O and surprisingly, these crystals did not react with the oil.  X-ray 

analysis revealed the structure in Figure 3.9. 
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Figure 3.9. Thermal ellipsoid plot of Cp!!2ThBr2, 16.  Thermal ellipsoids are drawn at the 50% 

probability level.  Hydrogen atoms, as well as co-crystallized solvent are omitted for clarity. 

  

Complex 16 was then reacted with MeLi according to eq 3.8, and a complex presumed to 

be Cp!!2ThMe2 was cleanly generated.  This product is an oil, however, and crystals suitable for 

ThBr4(THF)4
+  2 Cp''MgCl

–  2 BrMgCl

SiMe3
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Me3Si
Me3Si

SiMe3

Br

Br

16

(3.7)

Th1 

Br1 

Br1!!

Si1!

Si1!!

Si2!

Si2!!



  89 
 

X-ray diffraction have been elusive.  Elemental analysis has also been problematic due to its oily 

nature.  1H spectroscopy is consistent with this assignment, however. 

 

  Surprisingly, the complex presumed to be Cp!!2ThMe2 does not react with H2 gas, even at 

pressures up to 80 psi.  This is very unusual since both (C5Me5)2ThMe2 and (C5Me4H)2ThMe2 

react with H2, although they form very different complexes, [(C5Me5)2ThH2]2
1,39 and  

(C5Me4H)4[µ-η5-C5Me3H(CH2)-κC]2Th4(µ-H)4-(µ3-H)4,9 respectively. 

Tetramethylcyclopentadienyl Th4+ Hydrides From Reduction of Th3+.  Since the 

tetramethylcyclopentadienyl ligand can be viewed as intermediate between [C5H3(SiMe3)2]1− and 

(C5Me5)1− both sterically and electronically, it seemed possible that (C5Me4H)1− analogs of 14 

and 15 could also be accessible.  However, as stated above, the reaction of (C5Me4H)2ThMe2 

with H2 does not produce a dimer of formula [(C5Me4H)2ThH2]2, as in the (C5Me5)1− case in eq 

3.1 above.  Instead, the tetramethylcyclopentadienyl reaction forms an octa-hydride cluster 

containing four thorium atoms and metalated tuck-over45-50 ligands, [µ-η1:η5-C5Me3H(CH2)]2−, 

namely (C5Me4H)4[µ-η1:η5-C5Me3H(CH2)]2Th4(µ-H)4(µ3-H)4, as well as the ligand redistribution 

product, (C5Me4H)3ThMe.9  The synthesis of an analog of 14 according to eq 3.5 would require 

the existence of the Th2+ complex, [(C5Me4H)3Th]1−.  Although such a species has not yet been 

isolated, it is possible that this could be generated in situ according to eq 3.2.   

To test these ideas, a dark purple THF solution of (C5Me4H)3Th9 was treated with KC8 

under 1 atm of H2 in the presence of 2.2.2-cryptand at −78 °C.  Upon warming to −45 ºC the 

SiMe3

Th
Me3Si
Me3Si

SiMe3

Br

Br

16

+  2 MeLi
–  2 LiBr

"Cp" 2ThMe2" (3.8)
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solution turned dark blue, not the green color of 12, and when allowed to warm slightly above 

−45 ºC the color turned pale yellow.  Two Th4+ hydride products were isolated from the reaction:  

(C5Me4H)3ThH, 17, Figure 3.10, as the major product, and 

[K(2.2.2.cryptand)]{(C5Me4H)2[η1:η5-C5Me3H(CH2)]ThH}, 18, Fig 3.11, eq 3.9.  The 

predominant product, 17, is an analog of Cp!!3ThH, 13, above, and of the previously reported 

(C5Me5)3ThH.3  The minor product contains a ligand in which C−H bond activation has occurred 

with one of the methyl groups of a (η5-C5Me4H)1− ligand to make a (η1:η5-CH2C5Me3H)2− 

dianion which binds to a single metal as a “tuck-in”51 rather than “tuck-over”45-50 ligand.  The 

only other example of a tuck-in complex with a tetramethylcyclopentadienyl ligand with any 

metal is {η5-C5HMe2[CH2CH(tBu)CH=CHCH(tBu)CH2]}[η3:η4-C5HMe2(CH2)2]Ti, which is 

described as a Ti2+ η3-allyl-cyclopentadienyl η4 -diene complex.52 

 Complex 17 could be isolated from the mixture in 80% yield by extraction into toluene 

followed by drying under reduced pressure.  The toluene-insoluble material could be dried to an 

orange oil containing 18, [K(2.2.2-cryptand)][C5Me4H], and other unidentified (C5Me4H)-

containing products that could not be readily separated on a preparative scale.  The presence of 

hydride ligands in 17 and 18 was confirmed by 1H NMR spectroscopy.  The resonances at 15.3 

ppm for 17 and 19.83 ppm for 18 are both shifted further downfield from the 12.6 ppm value of 

13.  When the reaction was carried out with deuterium, resonances could again be seen at 15.3 

for 17 and 19.8 ppm for 18 in both the 1H and 2H NMR for the terminal hydride/deuteride, 

Th

H

+ Th

H

K(2.2.2-cryptand)

Th

H2, KC8
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– 45 C

– K(crypt)Cptet (7)

5 6 
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indicating H/D exchange.19,31,32  Once again, 2H NMR experiments were not helpful in 

determining with which species the exchange was occurring.  Complex 17 reacts with CCl4 in 

C6D6 to form CHCl3 and (C5Me4H)3ThCl, 19, which was confirmed by 1H NMR spectroscopy on 

a sample independently prepared from ThCl4(DME)2 and KC5Me4H. 

$

Figure 3.10.  Molecular structure of (C5Me4H)3ThH, 17.  Thermal ellipsoids are drawn at 

the 50% probability level.   Hydrogen atoms, except H1 and H1!, are omitted for clarity. 

Th1 

H1 H1!!
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Figure 3.11.  Molecular structure of [K(2.2.2-cryptand)]{(C5Me4H)2[η1:η5-

C5Me3H(CH2)]ThH}, 18.  Thermal ellipsoids are drawn at the 50% probability level.  

Hydrogen atoms, except H1, as well as co-crystallized THF, are omitted for clarity. 

 

Control experiments were run in order to see if complexes 17 or 18 could be formed in 

the presence of some, but not all, of the reactants in eq 3.9.  The reaction of (C5Me4H)3Th with 1 

atm of H2 in THF does produce NMR signals consistent with the generation of a small amount of 

17 after 15 h, but too many other products are formed to make this a useful route to 17.  

Interestingly, in a reaction of (C5Me4H)3Th with KC8 and H2 without 2.2.2-cryptand, the initially 

purple solution never turns blue, as with the reaction described in eq 3.9, and there is no evidence 

for the formation of any thorium hydride complexes.  Complex 18 is one of many products 

formed when (C5Me4H)3Th is treated with KC8 in the presence of 2.2.2-cryptand, as identified 

by the 19.83 ppm hydride resonance in the 1H NMR spectrum.  This reaction produces a 
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transient green solution, possibly [K(2.2.2-cryptand)][(C5Me4H)3Th], that quickly turns pale 

yellow.  

Structure of (C5Me4H)3ThH, 17.  Complex 17 has a structure, Figure 3.10, similar to 

that of Cp!!3ThH, 13, (C5Me5)3ThH,3 and (C5H3
tBu2)3ThH.4   The three C5Me4H ring centroids 

define a plane around thorium and the hydride ligand is disordered on either side.  The 2.562 Å 

Th−(C5Me4H ring centroid) distance in 17 are similar to the 2.54, 2.58 and 2.61 Å distances in 

13, (C5H3
tBu2)3ThH,4 and (C5Me5)3ThH,3 respectively, and all have 120° (C5Me4H ring 

centroid)−Th−(C5Me4H ring centroid) angles. 

Structure of [K(2.2.2.cryptand)]{(C5Me4H)2[η1:η5-C5Me3H(CH2)]ThH}, 18.  

Complex 18 is also a (C5R5)3ThH complex like 13 and 17 except that one ring is a chelate.  This 

creates some asymmetry in the structure and the 117.7°, 118.6°, and 123.6° (ring 

centroid)−Th−(ring centroid) angles are not exactly 120°.  However, they sum to 359.9° and the 

Th metal center is only 0.0684 Å out of the plane of the three ring centroids.  The 2.523 Å Th–

(η5–ring centroid) distance for the chelating [η1:η5-C5Me3H(CH2)]2− cyclopentadienyl ligand in 

18 is substantially shorter than the 2.614 and 2.637 Å distances for the other two rings.  This 

shorter bond length is consistent with this ligand carrying a formal −2 charge compared to −1 for 

the other cyclopentadienyl ligands.  In comparison, the Th−(ring centroid) distances in 

(C5Me4H)4[µ-η1:η5-C5Me3H(CH2)]2Th4(µ-H)4(µ3-H), which has two formally nine-coordinate 

and two formally eleven-coordinate metal centers, range from 2.526-2.568 Å, with the smallest 

distances for the monoanionic (C5Me4H)1− ligands on the nine-coordinate thorium atoms.  The 

C6 carbon atom of the methylene group derived from a methyl group by C−H activation in 18 

shows a displacement of 0.649 Å from the plane formed by the five carbons of the Cp ring. 
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Discussion 

The overall conversion of the 6d2 Th2+ reagent, [K(18-crown-6)(THF)2][Cp!!3Th], 12, to 

the Th4+ hydride, Cp!!3ThH, 13, involves a net two-electron transformation of H1+ to H1−.  Direct 

protonation of 12 by [Et3NH][BPh4] to form KBPh4 and 13 is conceivable, but the presence of 

the Th3+ byproduct, Cp!!3Th, indicates that one-electron reaction pathways from 12 are operative 

in this reaction.  Although the reaction pathway is not known, some possibilities can be 

considered less likely.  A one-electron reduction of [Et3NH][BPh4] by 12 could form KBPh4, the 

observed Cp!!3Th, and H2, but examination of the reaction of 12 with H2 shows that it forms the 

bimetallic mixed-valent complex, [K(18-crown-6)(Et2O)][Cp!!2ThH2]2, 14, and not 13.  Complex 

13 could form from 14 by oxidation with AgBPh4, but this is unlikely in the reducing 

environment of eq 3.4.  Since Cp!!3Th does not react with either H2 or [Et3NH][BPh4], this can 

also be ruled out as a route to 13. 

 The pathway of the reaction of the Th2+ complex, 12, with H2 to form mixed-valent 14, 

eq 3.5, is also unclear.  The net reaction of 12 to 14 involves a four-electron reduction of two 

molecules of H2 to form the four hydride ligands in 14.  The Th4+ and Th3+ ions in 14 formally 

arise from a net three-electron oxidation of two Th2+ ions.   Observation of the Th3+ byproduct, 

Cp!!3Th, again suggests one electron pathways are present and this redox reaction could provide 

the fourth reducing equivalent needed in the net reaction.  If divalent 12 initially reduced H2 to a 

Th4+ dihydride and it formed a dimer, [Cp!!2ThH2]2, analogous to the known [(C5Me5)2ThH(µ-

H)]2,1,54 reduction by another equivalent of 12 could form the mixed-valent 14 with the Cp!!3Th 

byproduct.  In such a scenario, the Th2+ complex is formally acting as both a one- and two-

electron reductant.   

Compounds 14 and 15 are the first known mixed-valent molecular compounds of 
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thorium.  This is a consequence of the rare nature of any oxidation state other than +4 for this 

metal.  Since this complex appears to have localized oxidation states, the Robin-Day 

classification55 would be Type I.  The 6d1 Th3+ center in 14 can be compared with those in the 

five other crystallographically-characterized Th3+ complexes, Cp!!3Th,10,11,41 

[C5H3(SiMe2
tBu)2]3Th,10 (C5Me4H)3Th,9  [K(DME)2]{[C8H6(SiMe2

tBu)2-1,4]2Th},12 and 

(C5Me5)2[iPrNC(Me)NiPr]Th.13   In each of the latter five compounds, the polydentate ligands 

provide a coordination environment such that a dz2 orbital can be populated.  The DFT 

calculations on 14 also show a dz2-like orbital as the HOMO on the Th3+ center, Th2, Figure 3.6a.  

Hence, it appears that the [Cp!!2(µ-H3)]5− ligand set in 14 can also provide a suitable coordination 

environment for this electron configuration.   

 The reactions of the new thorium hydrides with AgBPh4 emphasize the differences 

conferred by the ancillary cyclopentadienyl ligands. Oxidation of 15 forms the 

bis(cyclopentadienyl) dimer [(C5Me5)2ThH(µ-H)]2
1,54 while the oxidation of 14 forms the 

tris(cyclopentadienyl) monomer, Cp!!3ThH.  This is consistent with the plethora of known 

bis(pentamethylcyclopentadienyl) actinide complexes and the crowded nature of the tris 

complexes, (C5Me5)3M.3,56-60  It is interesting that, while the Th3+/Th4+ Cp!!-ligated complex, 14, 

is an isolable complex, the Th4+/Th4+ analogue is not isolated by oxidation of 14, as is the case 

with the oxidation of 15.  It is also interesting that the Th4+/Th4+ dimer could not be synthesized 

from the proposed Cp!!2ThMe2 product.  Since a crystal structure was not obtained for 

Cp!!2ThMe2, it is possible that this complex has been misidentified.  However, the 1H NMR 

spectrum is consistent with Cp!!2ThMe2.  It is possible that the proposed methyl product contains 

bridging methyl groups which would be less reactive towards hydrogenolysis with H2.  However 

a reaction, even if slow, would still be expected.  The inability to form the Th4+/Th4+ dimer in 
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this manner may be an indication of an innate instability of the complex due to some steric or 

electronic effects. 

 The fact that 17 and 18 can form from reactions of (C5Me4H)3Th with H2 in the presence 

of potassium and a chelate indicate that this reaction could be going through a transient Th2+ 

intermediate.  Although potassium has a reduction potential, −2.9 V vs SHE, that is more 

negative than that of H2, −2.25 V (vs SHE), potassium alone has not been shown to reduce H2.  

The fact that 17 and 18 are not formed when the chelate is omitted suggests that this reaction 

requires a combination of potassium and thorium that could involve Th2+.  The formation of trace 

amounts of 18 upon reduction of (C5Me4H)3Th with KC8 in the presence of a chelate and without 

H2 present is consistent with the intermediacy of reduced thorium species. 

 

Conclusion 

Investigation of the reactivity of the first example of a 6d2 Th2+ complex, [K(18-crown-

6)(THF)2][Cp!!3Th], 12, with hydrogen led to the first example of a mixed-valent Th3+/Th4+, 

[K(18-crown-6)(Et2O)][Cp!!2ThH2]2, 14.  Complex 12 has also provided the first synthetic 

pathway to the bis(trimethylsilyl)cyclopentadienyl hydride, Cp!!3ThH 13.  Exploration of 

analogous chemistry with (C5Me5)1− and (C5Me4H)1− complexes led to another example of a 

mixed-valent complex [K(18-crown-6)(THF)][(C5Me5)2ThH]2, 15, and the first thorium complex 

with a tuck-in tetramethylcyclopentadienyl dianion, [K(2.2.2-cryptand)]{(C5Me4H)2[η1:η5-

C5Me3H(CH2)]ThH}, 18.  Isolation of (C5Me4H)3ThH, 17, along with 13 means that 

tris(cyclopentadienyl)thorium hydrides are now known with (C5Me5)1−,3 (C5Me4H)1−, 

(C5H3
tBu2)1−,4 and [C5H3(SiMe3)2]1− ligands. 
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Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon 

atmosphere.  Solvents were sparged with UHP argon and dried by passage through columns 

containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents were dried over 

sodium benzophenone ketyl, degassed by three freeze-pump-thaw cycles, and vacuum 

transferred before use. 1H, 13C{1H}, and 29Si NMR spectra were recorded on Bruker GN500 or 

CRYO500 spectrometers operating at 500 and 125 MHz, respectively, at 298 K unless otherwise 

noted.  1H and 13C{1H} NMR spectra were referenced internally to residual protio-solvent 

resonances and 29Si NMR spectra were referenced externally to SiMe4.  EPR spectra were 

collected using X-band frequency (9.3-9.8 GHz) on a Bruker EMX spectrometer equipped with 

an ER041XG microwave bridge.  The magnetic field was calibrated with 2,2-diphenyl-1-

picrylhydrazyl (DPPH) (g = 2.0036).  IR samples were prepared as KBr pellets and analyzed 

using a Jasco 4700 FT-IR spectrometer.  Elemental analyses were conducted on a Perkin-Elmer 

2400 Series II CHNS elemental analyzer. [K(18-crown-6)(THF)2][Cp!!3Th]14 [(C5Me5)2ThH2]2,20 

(C5Me4H)3Th,9 [Et3NH][BPh4],54 ThCl4(DME)2,61 AgBPh4,62 and KC8
63 were prepared according 

to the literature.  18-Crown-6 (abbreviated 18c6 in equations) (Aldrich) was sublimed before use 

and 2.2.2-cryptand (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane, Aldrich), CuI 

(Aldrich), and CuBr (Aldrich) were placed under vacuum (10–3 torr) for 12 h before use.  H2 

(Praxair) and D2 (Aldrich) were used as received.  

Cp! !3ThH, 13.  In an argon-containing glovebox, a dark green THF solution (18 mL) of 

[K(18-crown-6)(THF)2][Cp!!3Th], 12 (202 mg, 0.154 mmol), was added dropwise over 15 min to 

a stirred THF (2 mL) slurry of [Et3NH][BPh4] (263 mg, 0.618 mmol).  The resulting blue 
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solution was dried under reduced pressure to yield blue and white solids.  The mixture was 

extracted into hexane, filtered, and dried under reduced pressure to yield blue and white solids.  

The solids were dissolved in a minimal amount of hexane and stored at –30 ºC for four days 

producing blue crystals of Cp!!3Th (73 mg, 55%) identified by X-ray crystallography.  The 

colorless mother liquor was transferred to a new vessel and dried under reduced pressure to yield 

13 as a white solid (41 mg, 31%).  X-ray quality crystals were grown from a pentane solution at 

–30 ºC.  1H NMR (C6D6):  δ 12.60 [s, 1H, Th-H], 6.32 [m, 6H, C5H3(SiMe3)2], 5.88 [s, 3H, 

C5H3(SiMe3)2], 0.46 [s, 54H, C5H3(SiMe3)2].  13C{1H} NMR (C6D6):  δ 130.38 [C5H3(SiMe3)2], 

128.35 [C5H3(SiMe3)2], 123.52 [C5H3(SiMe3)2], 1.73 [C5H3(SiMe3)2].  29Si NMR (C6D6):  δ 

−8.16 [C5H3(SiMe3)2].  IR:  3082w, 3053w, 2951s, 2893m, 1995w, 1636w, 1464m, 1402m, 

1358w, 1319w, 1243s, 1206m, 1079s, 1056w, 919s, 828s, 789s, 750s, 687m, 638m, 620m.  

Anal.  Calcd for C33H64Si6Th:  C, 46.01, H, 7.49.  Found:  C, 44.66, H, 7.86.  Low carbon values 

were obtained even after multiple analysis attempts using different batches of material that had 

been recrystallized several times. This may be due is to the high silicon content in 13, as 

observed in other systems.27 

Solid-gas Preparation of [K(18-crown-6)(Et2O)][Cp! !2ThH2]2, 14.  In an argon-

containing glovebox, crystals of 12 (648 mg, 0.496 mmol) were crushed to a powder and placed 

into a Fischer-Porter high-pressure apparatus.  The vessel was sealed and attached to a high-

pressure gas line.  The pressure in the vessel was reduced to half an atmosphere and then charged 

with H2 (60 psi).  After 16 h, the vessel was evacuated and returned to an argon-containing 

glovebox.  Washing the dark solids with hexane (20 mL) removed blue Cp!!3Th (155 mg, 0.180 

mmol), which was identified by X-ray crystallography.  The remaining purple solids were then 

extracted with a minimal amount of cold Et2O, filtered to remove K(18-crown-6)Cp!!, and dried 
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under reduced pressure to a purple oil.  The oil was extracted twice more in the same manner and 

dried under reduced pressure to produce 14 as a purple oil pure by elemental analysis (316 mg, 

57%).  X-ray quality crystals were grown by pentane vapor diffusion into a concentrated Et2O 

solution of 14 at –15 ºC.  EPR (THF, room temperature):  giso = 1.89,  (THF, 77 K):  g = 1.98, 

1.94, 1.76.  UV-vis (THF) λmax nm (ε, M–1cm–1):  330 (2500 shoulder), 530 (2300), 670 (3100).  

IR:  3036w, 3035w, 2953m, 2900m, 1475w, 1456w, 1442w, 1406w, 1353m, 1288m, 1249m, 

1229w, 1114s, 1082m, 963m, 925m, 836s, 779w, 753m, 685w, 639w, 632w, 480w cm−1.  Anal.  

Calcd for C60H122KO7Si8Th2:  C, 42.81, H, 7.30.  Found:  C, 42.58, H, 7.09.  

Solution Preparation of [K(18-crown-6)(Et2O)][Cp! !2ThH2]2, 14.  In an argon-

containing glovebox, crystals of 12 (145 mg, 0.111 mmol) were placed in a Schlenk flask 

containing a stir bar, dissolved in THF (9 mL), fitted with greaseless Teflon high vacuum adapter 

and removed from the glovebox.  The flask was attached to a high vacuum line, chilled to 0 ºC, 

and evacuated to the solvent pressure three times before the addition of 1 atm H2.  The initially 

dark green solution was stirred at 0 ºC for 10 minutes during which time it turned dark blue.  The 

solution was stirred for an additional 10 minutes at room temperature, dried under reduced 

pressure, and brought into an argon-containing glovebox.  The resulting oily solids were washed 

extensively with hexane to remove Cp!!3Th which left behind purple oily material.  The purple 

oil was extracted into a minimal amount of cold Et2O several times to remove a K(18-crown-

6)Cp!! impurity.  The resulting solution was dried under reduced pressure to yield 14 as a purple 

oil (63 mg, 86%) as identified by X-ray crystallography and elemental analysis (after 

crystallization, which form a solid material). 

[K(18-crown-6)(THF)][(C5Me5)2ThH2]2, 15.  In an argon-containing glovebox, KC8 (19 

mg, 0.14 mmol) was added to a stirred colorless THF solution (5 mL) containing 
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[(C5Me5)2ThH2]2 (92 mg, 0.091 mmol) and 18-crown-6 (25 mg, 0.094 mmol).  The solution 

immediately turned dark blue and was stirred for 5 min before being centrifuged to remove black 

insolubles (presumably graphite) and filtered.  The graphite was washed twice with 4 mL of THF 

and the supernatants were combined and dried under reduced pressure to yield blue solids.  The 

solids were washed with hexane (5 mL) and dried under reduced pressure to yield 15 (102 mg, 

80%) as a blue solid.  Single crystals were grown by pentane vapor diffusion into a concentrated 

THF solution of 15 at –15 ºC, but were not of sufficient quality to obtain useful structural 

information by X-ray crystallography.  EPR (THF, room temperature):  giso = 1.88,  (THF, 77 K):  

g = 1.97, 1.91, 1.77.  UV-vis (THF) λmax nm (ε, M–1cm–1):  370 (1200 shoulder), 580 (2100 

shoulder), 640 (2500).  IR:  2970m, 2903s, 2890s, 1453w, 1353w, 1252w, 1108s, 962w, 843w, 

717w cm−1. Anal.  Calcd for C56H98KO7Th2:  C, 48.51, H, 7.12.  Found:  C, 48.82, H, 7.05.   

Cp! !MgCl(THF).  While Cp!!MgCl is known,64 this was not realized at the time of this 

preparation, so this reagent was prepared by a different synthetic route.  The products is 

hypothesized to be the THF adduct since the 1H NMR displays resonances for THF that are 

slightly shifted from free THF.  In an argon-containing glovebox, chlorotrimethylsilane (3.34 g, 

0.0301 mol) was added to a stirred slurry of KCp! (5.317 g, 0.0301 mol) in Et2O (100 mL) and 

was stirred for 12 h.  The resulting slurry was filtered and the solids were washed with toluene.  

The liquid filtrate [presumably C5H4(SiMe3)2] was collected (120 mL) and divided into two 60 

mL fractions.  A 75% yield was assumed on the basis of many past preparations of this complex 

in our lab, which would equate to 2.38 g (0.0113 mol) C5H4(SiMe3)2 in the 60 mL aliquot.  The 

60 mL aliquot was diluted with 30 mL toluene and placed in a 100 mL addition funnel which 

was then placed on top of a 500 mL Schlenk flask containing a 2 M solution (5.65 mL, 0.0113 

mol) of (CH3)2CHMgCl in Et2O.  The entire apparatus removed from the glovebox, attached to a 
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Schlenk line, the toluene/Et2O solution was added from the addition funnel to the Schlenk flask 

and the mixture was allowed to react at 100 ºC with stirring for 3 h before being dried under 

reduced pressure.  The apparatus was then brought back into the glovebox and THF (100 mL) 

was added to dissolve the product.  This mixture was stirred for 12 h before being filtered with a 

fine frit.  The filtrate was dried under reduced pressure to yield beige solids.  These were washed 

twice with hexane (10 mL then 20 mL) and dried under reduced pressure to yield 

Cp!!MgCl(THF) as a beige solid (3.8 g, 97%).  1H NMR (C6D6):  δ 6.72 [s, 1H, C5H3(SiMe3)2], 

6.67 [s, 2H, C5H3(SiMe3)2], 3.69 [m, 4H, C4H8O], 1.34 [m, 4H, C4H8O], 0.42 [s, 18H, 

C5H3(SiMe3)2]. 

Cp! !2ThBr2, 16.  In an argon-containing glovebox, solid Cp!!MgCl(THF) (362 mg, 1.06 

mmol) and ThBr4(THF)4 (464 mg, 0.530 mmol) were added to a 100 mL Schlenk flask along 

with toluene (80 mL).  The flask was removed from the glovebox and attached to a Schlenk line.  

Vacuum was applied to the mixture several times to the vapor pressure of the solvent before the 

flask was again sealed and heated to 100 ºC for 2 d.  The resulting mixture was dried under 

reduced pressure and brought back into an argon-containing glovebox where it was washed with 

hexane and again dried under reduced pressure.  The resulting white solids were extracted into 

toluene (90 mL), filtered, and dried to yield Cp!!2ThBr2 as a white solid (380 mg, 88%).  On 

several attempts, X-ray quality crystals of 16 were grown from a toluene solution at −30 ºC, but 

these crystals immediately turned cloudy upon addition of the mounting oil for the diffraction 

studies.  When crystals were grown from an Et2O solution at −30 ºC, they did not seem to react 

with the mounting oil, and the crystal structure of 16 was obtained.  1H NMR (C6D6):  δ 7.48 [m, 

2H, C5H3(SiMe3)2], 6.94 [m, 4H, C5H3(SiMe3)2], 0.38 [s, 36H, C5H3(SiMe3)2].  13C{1H} NMR 

(C6D6):  δ 140.7 [C5H3(SiMe3)2], 140.6 [C5H3(SiMe3)2], 0.41 [C5H3(SiMe3)2]. 
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Reaction of Cp! !2ThBr2, 16 with MeLi.  Solid LiMe (11.5 mg, 0.523 mmol) was added 

to a stirred colorless solution of 16 (106 mg, 0.131 mmol) in toluene (15 mL).  The white slurry 

was stirred for 2 d at which point it became a pale yellow slurry. This was centrifuged and 

filtered and the supernatant was dried under reduced pressure to yield a yellow oil.  The oil was 

extracted into hexane, filtered to remove insoluble material, and dried under reduced pressure to 

yield a yellow oil postulated to be Cp!!2ThMe2 (45 mg, 50%) as determined by NMR 

spectroscopy.  Crystalline material has been elusive.  1H NMR (C6D6):  δ 6.64 [m, 6H, 

C5H3(SiMe3)2], 0.31 [s, 36H, C5H3(SiMe3)2], 0.19 [s, 6H, Th–Me]. 

(C5Me4H)3ThH, 17, and [K(2.2.2-cryptand)]{(C5Me4H)2[η5-C5Me3H(CH2)-κC]ThH}, 

18.   In an argon-containing glovebox, solid (C5Me4H)3Th (103 mg, 0.173 mmol), KC8 (35 mg, 

0.26 mmol), and 2.2.2-cryptand (65 mg, 0.173 mmol) were placed in a high vacuum greaseless 

Teflon-sealable Schlenk flask with a stir bar and attached to a high vacuum line.  THF (20 mL) 

was condensed onto the solids at 77 K.  H2 (1 atm) was introduced and the mixture was allowed 

to warm to −45 ºC.  The initially dark purple solution turned dark blue and was allowed to mix 

for one hour at −45 ºC before being allowed to warm to room temperature.  This caused the color 

to change to pale yellow.  After an additional 30 min, the mixture was dried under reduced 

pressure, brought into an argon-containing glovebox, and extracted into THF (20 mL). The 

solution was filtered and dried under reduced pressure to yield oily yellow-orange solids that 

were extracted with toluene (40 mL) leaving an orange oil (see below).  The toluene extracts 

were filtered and dried under reduced pressure to yield 17 as pale yellow solids (82 mg, 80%).  

X-ray quality crystals of 17 were grown from THF at −30 ºC.  1H NMR (C6D6):  δ 15.34 [s, 1H, 

Th-H], 5.22 [s, 3H, C5Me4H], 2.34 [s, 18H, C5Me4H], 2.05 [s, 18H, C5Me4H].  13C{1H} NMR 

(C6D6):  δ 125.02 [C5Me4H], 121.63 [br, C5Me4H], 118.45 [C5Me4H], 14.16 [C5Me4H], 12.56 
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[C5Me4H].  IR:  3089w, 2957m, 2945m, 2897s, 2853s, 2720w, 1550w, 1483w, 1480w, 1429m, 

1402m, 1367m, 1360m, 1325w, 1170w, 1140w, 1102w, 1065w, 1020m, 997s, 782s, 629w, 

611m, 586m cm−1.  Anal. Calcd for C27H40Th:  C, 54.35, H, 6.76.  Found:  C, 54.22, H, 6.93.  

The toluene extraction left behind an orange oil, from which X-ray quality crystals of 18 were 

grown by pentane vapor diffusion into a 1 mL THF solution of the oil at −30 ºC.  This process 

also produces crystals of [K(2.2.2-cryptand)][C5Me4H] and other products that could not be 

separated.   

(C5Me4H)3ThCl, 19.  This complex was made by a variation of the literature method that 

used LiC5Me4H.53  In an argon-containing glovebox, ThCl4(DME)2 (44 mg, 0.079 mmol) was 

dissolved in toluene (10 mL) and solid KC5Me4H was added with mixing.  The white slurry was 

stirred for 18 h before being centrifuged and filtered to remove white insoluble material.  The 

colorless supernatant was dried under reduced pressure to yield (C5Me4H)3ThCl53 as a white 

crystalline solid (45 mg 90%).  Purification was achieved by crystallization from toluene at −30 

ºC which yielded colorless crystals (30 mg, 60%).  1H NMR (C6D6):  δ 5.72 [s, 3H, C5Me4H], 

2.13 [s, 18H, C5Me4H], 2.06 [s, 18H, C5Me4H].  13C{1H} NMR (C6D6):  δ 129.24 [C5Me4H], 

119.98 [C5Me4H], 13.22 [C5Me4H], 12.91 [C5Me4H].  IR:  2976m, 2936m, 2903s, 2860s, 2723w, 

1560w, 1485w, 1432w,  1381m, 1368m, 1322w, 1243w, 1140w, 1071w, 1015w, 971w, 933w, 

822w, 792m, 787s, 730w, 696w, 601w.  Anal.  Calcd for C27H39ClTh:  C, 51.39, H, 6.23.  

Found:  C, 51.54, H, 6.58.  

 X-ray Data Collection, Structure Determination, and Refinement.  Crystallographic 

details for compounds Cp′′3ThH, 13, [K(18-crown-6)(Et2O)][Cp′′2ThH2]2, 14, Cp!!2ThBr2, 16, 

(C5Me4H)3ThH, 17, and [K(2.2.2-cryptand)]{(C5Me4H)2[µ-η1:η5-C5Me3H(CH2)]ThH}, 18, are 

summarized in the text below in in Table 3.2. 
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X-ray Data Collection, Structure Solution and Refinement for 13.  A colorless crystal 

of approximate dimensions 0.092 x 0.260 x 0.277 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX265 program package was 

used to determine the unit-cell parameters and for data collection (20 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT66 and SADABS67 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL68 

program.  The diffraction symmetry was 2/m and the systematic absences were consistent with 

the monoclinic space group P21/c that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.  The 

analytical scattering factors69 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were either located from a difference-Fourier map and refined (x,y,z and Uiso) or were 

included using a riding model (mixed refinement).  The hydride was disordered and refined 

(x,y,z and Uiso) using two components (H1/H2) with partial site-occupancy-factors (0.54/0.46).  

At convergence, wR2 = 0.0522 and Goof = 1.031 for 599 variables refined against 8718 data 

(0.80Å), R1 = 0.0225 for those 7519 data with I > 2.0σ(I).  Details are given in Table 3.2. 

X-ray Data Collection, Structure Solution and Refinement for 14.  A purple crystal of 

approximate dimensions 0.374 x 0.322 x 0.228 mm was mounted on a glass fiber and transferred 

to a Bruker SMART APEX II diffractometer.  The APEX265 program package was used to 

determine the unit-cell parameters and for data collection (15 sec/frame scan time for a sphere of 

diffraction data).  The raw frame data was processed using SAINT66 and SADABS70 to yield the 

reflection data file.  Subsequent calculations were carried out using the SHELXTL71 program.  

There were no systematic absences nor any diffraction symmetry other than the Friedel 

condition.  The centrosymmetric triclinic space group P1  was assigned and later determined to 
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be correct.  The structure was solved by direct methods and refined on F2 by full-matrix least-

squares techniques.  The analytical scattering factors69 for neutral atoms were used throughout 

the analysis.  There was half a diethyl ether molecule of solvation present in the asymmetric unit.  

O(7), O(8), C(55), C(56), C(57), C(58), C(59), C(60), C(61), C(62), C(63), and C(64) were 

disordered and included using multiple components with partial site-occupancy-factors.  H(1), 

H(2), H(3), and H(4) were located from a difference-Fourier map and refined (x,y,z and Uiso). All 

other hydrogen atoms were included using a riding model.  At convergence, wR2 = 0.0432 and 

Goof = 1.033 for 847 variables refined against 20299 data (0.73 Å), R1 = 0.0191 for those 18533 

data with I > 2.0σ(I).  Details are given in Table 3.2. 

X-ray Data Collection, Structure Solution and Refinement for 16.  A colorless crystal 

of approximate dimensions 0.192 x 0.261 x 0.265 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX21 program package was 

used to determine the unit-cell parameters and for data collection (15 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT2 and SADABS3 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL4 

program.  The diffraction symmetry was 2/m and the systematic absences were consistent with 

the monoclinic space groups Cc and C2/c.  It was later determined that space group C2/c was 

correct.  The structure was solved by direct methods and refined on F2 by full-matrix least-

squares techniques.  The analytical scattering factors5 for neutral atoms were used throughout the 

analysis.  Hydrogen atoms were located from a difference-Fourier map and refined (x,y,z and 

Uiso).  The molecule was located on a two-fold rotation axis.  At convergence, wR2 = 0.0335 and 

Goof = 1.062 for 216 variables refined against 4066 data (0.73Å), R1 = 0.0139 for those 3925 

data with I > 2.0σ(I).  Details are given in Table 3.2. 
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X-ray Data Collection, Structure Solution and Refinement for 17.  A yellow crystal 

of approximate dimensions 0.393 x 0.392 x 0.160 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX265 program package was 

used to determine the unit-cell parameters and for data collection (10 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT66 and SADABS70 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL71 

program.  Thee systematic absences were consistent with the hexagonal space groups R3 and R 3

.  The centrosymmetric space group R 3  was assigned and later determined to be correct.  The 

structure was solved by direct methods and refined on F2 by full-matrix least-squares techniques.  

The analytical scattering factors69 for neutral atoms were used throughout the analysis.  The 

molecule was located on a three-fold rotation axis.  H(1) was disordered and included using 

multiple components with partial site-occupancy-factors.  All other hydrogen atoms were 

included using a riding model.  At convergence, wR2 = 0.0315 and Goof = 1.076 for 93 

variables refined against 2041 data (0.73 Å), R1 = 0.0142 for those 1757 data with I > 2.0σ(I).  

Details are given in Table 3.2. 

X-ray Data Collection, Structure Solution and Refinement for 18.  An orange crystal 

of approximate dimensions 0.122 x 0.164 x 0.317 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX265 program package was 

used to determine the unit-cell parameters and for data collection (20 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT66 and SADABS70 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL71 

program.  There were no systematic absences nor any diffraction symmetry other than the 

Friedel condition.  The centrosymmetric triclinic space group P1  was assigned and later 
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determined to be correct.  The structure was solved by direct methods and refined on F2 by full-

matrix least-squares techniques.  The analytical scattering factors69 for neutral atoms were used 

throughout the analysis. Hydride atom H(1) was located from a difference-Fourier map and 

refined (x,y,z and Uiso). The remaining hydrogen atoms were included using a riding model.  

There was one molecule of tetrahydrofuran solvent present.  At convergence, wR2 = 0.0877 and 

Goof = 1.068 for 556 variables refined against 12387 data (0.73Å), R1 = 0.0358 for those 11333 

data with I > 2.0σ(I).  Details are given in Table 3.2. 

Computational Details.  DFT calculations were carried out on the anion of [K(18-

crown-6)(Et2O)][Cp′′2ThH2]2, as well as the potential reduction product {[Cp′′2ThH2]2}2− using 

the hybrid meta-generalized gradient approximation functional TPSSh.72  Scalar-relativistic 

effective core potentials (ECPs)73 and triple-zeta valence basis sets, def-TZVP,74 with the two 

tight g functions removed, were used for Th.  All calculations were performed using the 

Turbomole quantum chemistry software.75  Time-dependent DFT (TDDFT) calculations76 were 

also performed to simulate the UV−vis spectrum for {[Cp′′2ThH2]2}1−.  
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Table 3.2. X-ray Data and Collection Parameters for [C5H3(SiMe3)2]3ThH, 13, [K(18-crown-

6)(Et2O)]{[C5H3(SiMe3)2]2ThH2}2, 14, Cp!!2ThBr2, 16, (C5Me4H)3ThH, 17, and [K(2.2.2-

cryptand)]{(C5Me4H)2[η5-C5Me3H(CH2)-κC]ThH}, 18. 

 

aDefinitions: R1 = S||Fo| − |Fc||/S|Fo|, wR2 = [Sw(Fo
2 − Fc

2)2/Sw(Fo
2)2]1/2 

 

 

Compound 13 14 16 17 18 

Empirical 
Formula 

C33H64Si6Th 
C60H122K 
O7Si8Th2 • 
½(C4H10O) 

C22H42Br2 

Si4Th 
C27H40Th 

C45H75KN2 

O6Th • 
(C4H8O) 

Temperature 
(K) 

133(2) 88(2) 138(2) 88(2) 88(2) 

Crystal 
System 

Monoclinic Triclinic Monoclinic Trigonal Triclinic 

Space 
Group 

P21/c P  C2/c R  P  

a (Å) 17.4022(10) 13.1226(6) 26.8102(17) 15.8189(7) 12.0864(5) 
b (Å) 13.7426(8) 16.1953(7) 7.1763(5) 15.8189(7) 14.4795(6) 
c (Å) 19.3267(11) 19.4312(8) 20.3743(13) 16.2473(7) 16.9216(7) 
α (deg) 90 93.5030(5) 90 90 107.4361(5) 
β (Å) 112.7469(7) 93.5208(5) 125.9181(6) 90 102.8451(5) 
γ (deg) 90 95.9729(5) 90 120 109.2232(5) 
Volume 

(Å3) 
4262.5(4) 4089.9(3) 3174.6(4) 3521.0(3) 2492.68(18) 

Z 4 2 4 6 2 
ρcalcd 

(Mg/m3) 
1.342 1.397 1.696 1.688 1.443 

µ (mm−1) 3.686 3.842 7.373 6.362 3.124 
R1 (I > 
2.0s(I))a 0.0225 0.0191 0.0139 0.0142 0.0358 

wR2 (all 
data)a 

0.0522 0.0432 0.0335 0.0315 0.0877 
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CHAPTER 4 

An Investigation and Comparison of Th2+ and Th3+ Reactivity 

 

Introduction* 

The isolation via eq 4.1 of [K(18-crown-6)(THF)2][Cp!!3Th], 12 [Cp!! = C5H3(SiMe3)2-

1,3], the first molecular complex containing thorium in the formal +2 oxidation state, which!

 

contains the unique [Rn]6d2 electron configuration, presents a rare opportunity to study the redox 

reactivity of an f element that contains two d electrons.  As stated in Chapter 3, previous metal-

based reactivity with thorium has been limited to one-electron processes as only Th3+ and Th4+ 

were known.  The investigation in Chapter 3 led to examples of both one- and two-electron 

reductions by Th2+.  This Chapter extends the reactivity investigation of Th2+ to substrates such 

as cyclooctatetraene, iodomethane, iodoethane, benzyl bromide, chlorobenzene, fluoropentane, 

and benzyl isocyanide, including comparisons to Th3+ where appropriate.   

 

 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*!Portions of this chapter have been published;  Langeslay. R. R.; Fieser, M. E.; Ziller, J. W.; 
Furche, F.; Evans, W. J. Chem. Sci. 2015, 6, 517.!

(4.1)

SiMe3

Th

SiMe3

Me3Si
SiMe3

Me3Si

SiMe3

II

K(18c6)(THF)2

12

SiMe3

Th

SiMe3

Me3Si
SiMe3

Me3Si

SiMe3

III
+ KC8

– graphite
+ 18-crown-6



! 113 

Results 

 The (Cp!!3Th)1− anion in 12 displays net two-electron reduction chemistry in its 

reaction with 1,3,5,7-cyclooctatetraene (C8H8).  The Th4+ complex Cp!!2Th(C8H8), 20, is 

formed as shown in eq 4.2 and was characterized by X-ray crystallography, Figure 4.1.  

The reactivity described in eq 4.2 is unique to Th2+ as the Th3+ complex, Cp!!3Th, does 

not react with C8H8.  

 

 The (C8H8)2− ring in 20, like that of (C5Me4H)2U(C8H8),1 displays considerable 

distortion from the normal planar geometry with several atoms 0.095 Å out of the best 

plane of the eight carbon atoms.  This is also reflected by a large range of Th−C(C8H8) 

distances:  2.736(4) to 2.841(4) Å.  This 0.105 Å range is similar to the 0.123 Å range in 

(C5Me4H)2U(C8H8).1  Complex 20 contains only one crystallographically unique 

cyclopentadienyl ligand.  The 2.611 Å Th−(C5 ring centroid) distance is much longer than 

the 2.520, 2.521, and 2.525 Å distances in Cp!!3Th, [K(2.2.2-cryptand)][Cp!!3Th], 11, and 

12, respectively.  This is in the range of the sterically-crowded (C5Me5)3Th complexes 

described in Chapter 5 which contain abnormally long Th–(ring centroid) distances.  The 

2.106 Å Th–(C8 ring centroid) distance in 20 is longer than the 2.058 Å  distance for the 

terminal (C8H8)2− ligand in  [(C5Me5)(C8H8)Th]2(C8H8),2 which is also consistent with 

greater steric crowding in 20. 

+ C8H8

– [K(18c6)][Cp"] (4.2)
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!
Figure 4.1.  Thermal ellipsoid plot of Cp!!2Th(C8H8), 20.  Thermal ellipsoids are drawn at the 

50% probability level and hydrogen atoms omitted for clarity.  Th−C(C8H8) distances: Th−C12, 

2.815(4); Th−C13, 2.841(4); Th−C14, 2.769(3); Th−C15, 2.736(4) Å.   

 

 The reaction in eq 4.2 involves a net two-electron process involving the half reactions 

Th2+ → Th4+ + 2e− and C8H8 + 2e− → (C8H8)2−.  Two-electron processes are unusual for actinides 

and unprecedented for thorium.  For transition metals, a common type of two-electron process is 

oxidative addition, which is an important reaction in catalytic cycles.  Since 12 can do two-

electron chemistry, its reactivity with oxidative addition substrates was examined.  

 To test this idea, the Th2+ complex [K(18-crown-6)(THF)2][Cp!!3Th], 12, was reacted 

with iodomethane (MeI) to determine if an oxidative addition product such as [K(18-crown-

6)(THF)2][Cp!!3Th(Me)(I)] could be generated, which would involve the oxidation of thorium 

Th1 

Si1 

Si2 

Si2!! Si1!! 

C15 
C15! 

C14 

C14! 

C13! 

C13 

C12 

C12! 
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from Th2+ to Th4+ and the reduction of MeI by two electrons to form anionic Me− and I− ligands.  

Cp!!2Th(Me)(I) is another possible reaction product that could form by loss of KCp", as observed 

in eq 4.2.  The reaction does not proceed in this manner, however.  Instead, the reaction produces 

two Th4+ complexes, Cp!!3ThMe, 21, and Cp!!3ThI, 22, in an approximate 2:3 ratio, eq 4.3. 

   

In this reaction, the Th2+ ions in 12 are oxidized by two electrons, but only one anionic 

ligand is added to each metal center.  This is facilitated by the loss of the potassium cation, in the 

form of a white hexane-insoluble byproduct formulated as [K(18-crown-6)][I] on the basis of its 

1H NMR spectrum in THF-d8.  The spectrum displayed resonances only for 18-crown-6;  no 

[K(18-crown-6)][Cp!!] was observed.  Furthermore, the calculated yield of this byproduct, 

assuming it is [K(18-crown-6)][I] is 88%.  The calculated yield of the hexane-soluble fraction, 

which contains only 21 and 22 in a 2:3 ratio as determined by 1H NMR spectroscopy, is 100%. 

Complex 21 could be selectively crystallized from a toluene solution containing 21 and 

22 and was crystallographically-characterized, Figure 4.2.  The methyl group is not disordered 

about the metal center and the three rings bend back to accommodate the new ligand.  This 

results in a distorted tetrahedral geometry with respect to the ring centroids.  The (ring centroid)–

Th–(ring centroid) angles are 117.4, 117.7, and 118.8º.  This type of structure is common with 

tris(tetramethylcyclopentadienyl) complexes (C5Me4H)3UX (X = NO,3 CO,4,5 CNC6H4-p-OMe,5 

THF,6 Cl,7 and I8), but differs from structures of most (C5Me5)3MX complexes in which the X 
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ligand is disordered about the metal center and the (ring centroid)–Th–(ring centroid) angles are 

rigorously 120º (Chapter 5).  

The 2.576 Å average Th−(ring centroid) distance in 21 is longer than the 2.525 and 2.520 

Å distances in 12 and Cp!!3Th, respectively, owing to the more crowded nature of 21, which 

contains a fourth ligand bound to the metal center.  The 2.509(3) Å Th−Me distance in 21 is 

slightly longer than the 2.471(8) and 2.478(9) Å distances in (C5Me5)2ThMe2,9 but significantly 

shorter than the 2.676(15) Å distance in the highly crowded (C5Me5)3ThMe, 25 (Chapter 5).! 

  

Figure 4.2.  Thermal ellipsoid plot of Cp!!3ThMe, 21.  Thermal ellipsoids are drawn at the 50% 

probability level and hydrogen atoms omitted for clarity.  !

 

 Interestingly, Cp!!3Th also reacts with iodomethane to cleanly generate 21 and 22 in an 

approximate 1:3 ratio, eq 4.4. The 1H NMR spectrum of the product mixture showed the 

presence of the same two Cp!!-containing complexes as in eq 4.3.  While 21 was confirmed by 
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X-ray crystallography and it was assumed that the second product was 22, crystallographic data 

on this second product was elusive.  In order to prove the formation of 22, other tactics were 

employed:  complex 22 could also be made in analogy to the reaction of ThBr4(THF)4 with 

KCp!! (Chapter 2) by the reaction of ThI4(Et2O)2 with 3 equiv KCp!!, and by reacting either pure 

21, or mixtures of 21 and 22, with iodotrimethylsilane. 

 

The tris(tetramethylcyclopentadienyl) Th3+ complex (C5Me4H)3Th was also treated with 

MeI to compare reactivity with that in eq 4.4.  The results were analogous;  two Th4+ complexes, 

namely the known (C5Me4H)3ThMe10 and the previously unknown (C5Me4H)3ThI, 23, were 

formed in a 1:2 ratio, eq 4.5.  A parallel reaction is also described in Chapter 5 with the reaction 

of (C5Me5)3Th, 27, with MeI, which forms both (C5Me5)3ThMe, 25, and (C5Me5)3ThI, 28.  As 

above, the methyl products (C5Me4H)3ThMe and (C5Me5)3ThMe, 25, could be converted to the 

iodide products (C5Me4H)3ThI, 23, and (C5Me5)3ThI, 28, respectively, with iodotrimethylsilane, 

lending credence to the identification of 23 as (C5Me4H)3ThI. 

!
! !
! Since the reactions in eqs 4.3 – 4.5 result in the addition of both the alkyl and halide 

moieties to the thorium centers, albeit not to the same center, it was of interest to examine the 

effects of using reagents with bulkier alkyl groups.  It was also of interest to determine if the 
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alkyl–X bond activation could be extended to substrates containing other halogens such as Br, 

Cl, and F, which contain C−X bonds of increasing strength. 

 First, a small perturbation was applied and iodoethane was substituted for iodomethane.  

It was of interest to see if steric factors would allow the formation a thorium-ethyl complex, and 

whether the (Cp!!3)3− ligand set could prevent, or hinder, β-hydrogen elimination.  Only Cp!!3Th 

was used in this examination.  When iodoethane was added to a stirred dark blue solution of 

Cp!!3Th in methylcyclohexane, an immediate color change was observed to form a colorless 

solution.  1H and 13C NMR spectroscopy revealed the isolated material was a 1:3:10 mixture of 

Cp!!-containing products.  Initially this reaction was done and the NMR spectrum was obtained 

in methylcyclohexane since the products were predicted to be 22 and Cp!!3Th(C2H5), and metal-

ethyl compounds have been shown to react with benzene and toluene.11  However, in an attempt 

to identify the products by NMR spectroscopy, the 1H NMR spectrum was attempted in C6D6 

and this resulted in the identification of two of the three products as Cp!!3ThI, 22, and Cp!!3ThH, 

13.  The third product had similar 1H resonances to that of Cp!!3ThMe, 21, and is proposed to be 

“Cp!!3Th(C2H5)” since an ethyl, and not methyl, reagent was used.  Although the ethyl protons 

were not directly identified, there are several signals that could be attributed to these protons. 

The ratio of 13:“Cp!!3Th(C2H5)”:22 was 1:3:10. 

 If “Cp!!3Th(C2H5)” did form, it is reasonable that this complex would β-hydrogen 

eliminate to yield 13, which explains the presence of 13 in the reaction mixture.  Interestingly, 

the ratio of products did not change over 24 h when a small amount of toluene was added to a 

C7D14 solution of the mixture and also when a C6D6 solution of the mixture was allowed to sit at 

room temperature for 12 days.  If “Cp!!3Th(C2H5)” is produced in this reaction, then it appears 

that it may be stable to β-hydrogen elimination as well as unreactive with benzene and toluene.  
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This stabilization would likely come from the steric protection of the ethyl ligand by the (Cp!!3)3− 

ligand set, which was also demonstrated in Chapter 3 by the non-reactivity of Cp!!3ThH, 13, with 

CCl4.  More investigation is needed before definitive conclusions can be made. 

 For the next experiments, a reagent containing both a larger alkyl group and different 

halogen was used.  Benzyl bromide (BnBr) was reacted separately with both complex 12 and 

Cp!!3Th.  In both cases, the sole thorium-containing product was Cp!!3ThBr,10 as identified by 1H 

NMR spectroscopy, with no observation of a benzyl-containing thorium species or Cp!!2ThBr2, 

16, eq 4.6.  In the case of the reaction of 12 with BnBr, a significant amount of [K(18-crown-

6)][Cp!!] was also observed.  In both cases, extra resonances were also observed in the aromatic 

region that could be due to a coupled bibenzyl byproduct. 

 

 Next, reactions with chlorobenzene were attempted to see if activation of the C−Cl bond 

could be achieved.  Indeed this was the case for both Th2+ and Th3+ as both 12 and Cp!!3Th react 

with PhCl to produce Cp!!3ThCl,12 as identified by 1H NMR spectroscopy, eq 4.7.   Again, a 

significant amount of [K(18-crown-6)][Cp!!] was also observed in the reaction involving Th2+, 

and in both cases extra resonances in the aromatic region were observed that could be due to a 

coupled biphenyl byproduct.  No evidence for the formation of Cp!!2ThCl2
13 was observed in 

either case.  It is currently unclear whether the phenyl product Cp!!3Th(phenyl) was formed, but 

this is unlikely considering no evidence was seen for the formation of Cp!!3Th(benzyl) in eq 4.6. 

In a separate reaction, it was found that Cp!!3ThBr did not react with PhLi. 

[K(18c6)(THF)2][Cp'' 3Th], 12 
or

[Cp'' 3Th]

SiMe3

Th

SiMe3

Me3Si
SiMe3

Me3Si

SiMe3

IV

Br

+ BnBr

– other products
(4.6)
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 An investigation into Th2+ and Th3+ reactivity with alkyl fluorides was also undertaken. 

However, due to the fact that Cp!!3ThF and Cp!!2ThF2 are unknown, the results have thus far 

been less clear and require further investigation.  Both 12 and Cp!!3Th react with fluoropentane 

to yield diamagnetic products.  As with eqs 4.3, 4.6, and 4.7, the Th2+ reaction also yields [K(18-

crown-6)][Cp!!].  Small amounts of Cp!!3ThH, 13, are also produced in both the Th2+ and Th3+ 

reactions indicating the possibility that the Th–alkyl product had formed and some amount was 

subsequently transformed to 13 via β-hydrogen elimination.  Two other resonances were 

observed at 0.44 and 0.41 ppm consistent with thorium-ligated Cp!! products.  It is possible that 

these two products are Cp!!3ThF and Cp!!2ThF2, but this needs verification.  The reaction of 

Cp!!3Th with AgPF6 also produces a 1H NMR spectrum containing both resonances, with the 

peak at 0.41 ppm being the major product.  It was envisioned that this reaction would be a facile 

route to Cp!!3ThF.  Surprisingly, the reaction of 12 with CeF4 led to the formation of Cp!!3ThH, 

13, as the major product. 

 In contrast to all the reactions described above which involve the oxidation of Th2+ and 

Th3+ to Th4+ and the addition of only one ligand to the metal center, the reaction of 12 with one 

equiv of benzyl isocyanide (BnNC) led to a product which appears to maintain the Cp!!3Th core 

and the potassium cation, but which also contains two CN− ligands, namely [K(18-crown-

6)(THF)][Cp!!3Th(CN)2], 24, eq 4.8.  The 1H NMR spectrum of the crude reaction mixture 

producing 24 appears to show two Cp!!-containing complexes, with one being 

SiMe3

Th

SiMe3

Me3Si
SiMe3

Me3Si

SiMe3

IV

Cl

+ PhCl

– other products

[K(18c6)(THF)2][Cp'' 3Th], 12 
or

[Cp'' 3Th]

(4.7)
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[K(18-crown-6)][Cp!!].  X-ray data was collected twice on crystals of this complex, and in both 

cases there was severe disorder about the Cp!! rings.  This may be an issue with the selection of 

the space group, which is somewhat ambiguous.  A preliminary structure of two units of 24 is 

shown in Figure 4.3, but it must be noted that the structure is not well-defined and is shown for 

connectivity-only.  Complex 24 seems to form linear chains that are connected by disordered 

THF molecules bridging the potassium cations.  Complex 24 contains 3-fold symmetry along the 

z-axis, and it is possible that this symmetry is contributing to the disorder issue.   

Due to these problems, a new approach was taken.  Th2+ was synthesized with sodium 

and 15-crown-5, and then reacted with BnNC.  It was thought that since the 15-crown-5 does not 

contain 3-fold symmetry, this modification may help alleviate the disorder issue.  However, no 

crystals were obtained from this reaction.  The preliminary data seem to indicate that the cyanide 

ligands are bound to the thorium through the carbon atoms, as is common with CN−.  The 

structure of 24 indicates that this reaction includes C−N activation, as only the cyanide moieties, 

and not the benzyl groups, are located in the product. 

+ BnNC

SiMe3

Th

SiMe3

Me3Si
SiMe3

Me3Si

SiMe3

II

K(18c6)(THF)2

12

C

IV
Th Cp"

Cp"

Cp"

N

C

N

K(18c6)(THF)

24

(4.8)
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Figure 4.3.  Preliminary thermal ellipsoid plot of two units of [K(18-crown-

6)(THF)][Cp!!3Th(CN)2], 24, showing a disordered THF that seems to facilitate the linear 

polymer structure.  The atoms are not labeled since this structure is preliminary, however the 

atoms are color-coded: thorium = magenta, carbon = black, nitrogen = blue, oxygen = red, 

silicon = green.  The silyl methyl groups, as well as disorder about the Cp rings, and all hydrogen 

atoms have been omitted for clarity. 

!
!
Discussion  

Reaction with C8H8.  The reaction of 12 to form Cp!!2Th(C8H8), 20, involves a net two-

electron oxidation of thorium and a two-electron reduction of C8H8.  This reaction produces only 

20 and the expected byproduct [K(18-crown-6)][Cp!!], with no evidence found for a bimetallic 

product containing a bridging (C8H8)2− unit which might form from one-electron processes.  

Also, the fact that Cp!!3Th does not react with C8H8 indicates that this reaction is specific to Th2+.  

It is possible that loss of the [K(18-crown-6)][Cp!!] byproduct from 12 gives a highly reactive 

bis(cyclopentadienyl) species that can accomplish the reduction.  Since Cp!!3Th does not contain 

potassium and cannot lose KCp", this tris(cyclopentadienyl) complex may be sterically inhibited 

from forming 20.  In comparison, two equiv of the U2+ complex [K(2.2.2-cryptand)][Cp!!3U], 
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which contain a 5f 
36d1 ground state (as opposed to the 6d2 ground state for 12), react with C8H8 

by both one- and two-electron processes to form both the U3+ complex Cp!!3U and the U4+ 

complex (C8H8)2U.15  This difference in reactivity between thorium and uranium may be due to 

the different ground state configurations.  Alternatively, the difference may be due to a 

difference in the stabilities of thorocene vs uranocene.  

Reactions with Alkyl Halides.  The reaction products in eqs 4.3-4.7 result from one-

electron processes, both with Th2+ and with Th3+.  This is interesting since the main thorium-

containing products are analogous and Th2+ must be oxidized by two-electrons while Th3+ is 

oxidized by one-electron.  The Th3+ reactions likely proceed via single-electron halogen atom 

abstraction oxidative addition yielding R!, as previously determined for U3+ reactions with 

RX.16-19  In the cases where R = Me or Et, the generated R! can react further with another equiv 

of Th3+ to form the thorium alkyl product, and both Cp!!3ThX and Cp!!3ThR are observed, 

Scheme 4.1.  However, when R is larger, as with R = benzyl or phenyl, steric factors imposed by 

the (Cp!!3)3− ligand set prevent R! from reaching the metal center.  As a result, it reacts by 

coupling to another R! to form organic byproducts and no Cp!!3ThR products are observed. 

 

 

Scheme 4.1.  Proposed reaction mechanism of Cp!!3Th with RX. 

 

 The reactivity of Th2+ with RX is more complicated.  As with the formation of 20, the 

reactions of 12 with benzyl bromide, chlorobenzene and fluoropentane result in the formation of 

[K(18-crown-6)][Cp!!] as a byproduct, even though all of the thorium-containing products are 

still ligated by three Cp!! ligands.  This indicates that ligand rearrangement or more complex 

Cp'' 3Th + RX Cp'' 3ThX + Cp'' 3Th+ R Cp'' 3ThRCp'' 3ThX +
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processes are occurring.  Interestingly, reactions of 12 with iodomethane and iodoethane do not 

form [K(18-crown-6)][Cp!!] byproducts.  While the reaction products of 12 with iodoethane are 

still unclear, it can be reasonably concluded that the fate of the potassium in the reaction of 12 

with iodomethane is in the formation of [K(18-crown-6)][I].  Since the reaction of 12 with 

iodomethane also produces Cp!!3ThMe, 21, and Cp!!3ThI, 22, in a 2:3 ratio, excess iodide is 

being trapped in these products.  This is likely facilitated by the use of excess iodomethane 

reagent as well as the possible formation of ethane, which could occur by the coupling of two 

CH3 radicals.  Reactions with 1 equiv of iodomethane should be attempted to see how this effects 

the products.  The dichotomy of reactions of 12 which produce [K(18-crown-6)][Cp!!] vs [K(18-

crown-6)][I] may be influenced by the size of the R group, or the identity of the X group. 

It is not surprising that reactions of 12 with alkyl halides do not form isolable one-

electron oxidation products such as [K(18-crown-6)][Cp!!3ThX] or [K(18-crown-6)][Cp!!3ThR] 

which would contain Th3+.  All known Th3+ complexes have been described as having a 6d1 

ground state with the electron residing in a dz2 orbital.10,20-25  Theoretical studies have indicated 

that the stabilization of the non-bonding dz2 orbital, which seems to be a requirement for the 

formation of Th3+, or Th2+, is due to the trigonal planar arrangement of the three 

cyclopentadienyl ligands.  The coordination of an extra ligand to the metal would donate into the 

dz2 orbital and raise its energy.26,27  High energy complexes such as [K(18-crown-6)][Cp!!3ThX] 

or [K(18-crown-6)][Cp!!3ThR], if formed, would likely react further to produce the observed 

[K(18-crown-6)][Cp!!] byproduct, so these may be intermediates in some of these systems. 

 As with the reactivity of Th2+ described in Chapter 3, the reactivity of Th2+ in this 

Chapter has indicated that both one- and two-electron processes are possible.  In comparison, U3+ 

complexes have been shown to undergo very similar one-electron oxidative addition reactions 
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resulting in U4+ products.16,19,28,29  For example, the U3+ complex (C5Me5)2UCl reacts with 

multiple RCl reagents to form both (C5Me5)2UCl2 and (C5Me5)2UCl(R).16,19  It has also been 

shown that the U2+ complexes participate in one-electron reactions:  [K(2.2.2-cryptand)][Cp!!3U] 

and [K(2.2.2-cryptand)][Cp!3U] (Cp! = C5H4SiMe3) both react with H2 to form the U3+ products 

[K(2.2.2-cryptand)][Cp!!3UH] and [K(2.2.2-cryptand)][Cp!3UH], respectively.15,30  [K(2.2.2-

cryptand)][Cp!!3U] also reacts with PhSiH3 to form [K(2.2.2-cryptand)][Cp!!3UH].15  Unlike the 

Th2+ reactions where the one-electron reduction of a substrate is accompanied by the two-

electron oxidation of the metal and loss of [K(18-crown-6)][Cp!!], the U2+ reactivity results in the 

metal center being oxidized by only one electron, and the potassium cation is retained in the 

product.  For uranium, this is likely due to lack of an electron in a dz2 orbital in the resulting 5f 
3 

U3+ complexes.  When comparing Th3+ vs U3+, both species react in a more straightforward 

manner, and affect one-electron reductions of substrates while the metal center is concomitantly 

oxidized by one-electron. 

Further studies are needed to better characterize and understand the reactions detailed in 

this Chapter.  The Th-ethyl complex would be interesting if it is indeed formed since it seems to 

display low reactivity.  As such, the reaction of Cp!!3ThBr with LiEt should be investigated as a 

better route to form more pure “Cp!!3Th(Et)”.  The reactions with alkyl fluorides also need more 

investigation to understand if the reactivity is analogous to the alkyl iodide, bromide, and 

chloride reactions.  A better X-ray structure of complex 24 needs to be obtained, and reactions 

with other isocyanides are warranted.  
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Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon 

atmosphere.  Solvents were sparged with UHP argon and dried by passage through columns 

containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents were dried over 

NaK alloy, degassed by three freeze-pump-thaw cycles, and vacuum transferred before use.  1H 

and 13C{1H} NMR spectra were recorded on Bruker GN500 or CRYO500 spectrometers 

operating at 500 and 125 MHz, respectively, at 298 K unless otherwise noted, and were 

referenced internally to residual protio-solvent resonances.  IR samples were prepared as KBr 

pellets and analyzed using a Varian 1000 FT-IR Scimitar Series spectrometer.  Elemental 

analyses were conducted on a Perkin-Elmer 2400 Series II CHNS elemental analyzer. 

(C5Me4H)3Th10 and Cp!!3Th,20,21 were prepared according to literature procedures.  MeI, PhCl, 

BnBr, C5H11F, and TMS-I were dried with molecular sieves and degassed by three freeze-pump-

thaw cycles before use. 

(C5H3(SiMe3)2)2Th(C8H8), 20.  Cyclooctatetraene (25 µL, 0.22 mmol) was added to a 

stirred dark green solution of 3 (147 mg, 0.112 mmol) in THF (8 mL).  The solution was stirred 

overnight, by which time it had turned yellow.  The solution was dried under vacuum to yield a 

yellow solid which was then extracted into 20 mL of hexane, the hexane filtered and dried under 

reduced pressure to yield 4 as a yellow solid (71 mg, 75%).  Yellow X-ray quality crystals were 

grown from a pentane solution at −35 ºC.  1H NMR (C6D6):  δ 6.79 [t, 4JHH = 2 Hz, 2H, 

C5H3(SiMe3)2], 6.40 [s, 8H, C8H8], 6.27 [d, 3JHH = 2 Hz, 4H, C5H3(SiMe3)2], 0.33 [s, 36H, 

C5H3(SiMe3)2].  13C{1H} NMR (C6D6):  δ 132.09 [C5H3(SiMe3)2], 131.75 [C5H3(SiMe3)2], 

128.36 [C5H3(SiMe3)2], 100.62 (C8H8), 1.20 [C5H3(SiMe3)2].  IR:  3088w, 3043w, 2956m, 
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2895w, 1442w, 1401w, 1323w, 1244s, 1211w, 1084s, 923m, 832s, 754m, 719s, 691m, 638m, 

620m cm−1.  Anal. Calcd for C30H50Si4Th:  C, 47.72, H, 6.67.  Found:  C, 47.36, H, 6.63.   

Reaction of [K(18-crown-6)(THF)2][Cp! !3Th], 12 with MeI.  MeI (1 drop) was added 

to a stirred dark green solution of 12 (83 mg, 0.064 mmol) in THF (10 mL) causing an 

immediate color change to colorless and forming a white precipitate.  The mixture was stirred for 

5 min before being dried under reduced pressure to yield a white solid which was then extracted 

into hexane, filtered, and the filtrate dried under reduced pressure to yield a white solid (61 mg).  

1H NMR spectroscopy of the hexane-insoluble material (24 mg) showed only resonances for 18-

crown-6 suggesting that this material was [K(18-crown-6)][I].  1H NMR spectroscopy of the 

hexane soluble material revealed the product was a 2:3 ratio of Cp!!3ThMe, 21, and Cp!!3ThI, 22.  

1H NMR of 21 (C6D6):  δ 6.65 [s, 6H, C5H3(SiMe3)2], 6.56 [m, 3H, C5H3(SiMe3)2], 1.03 [s, 3H, 

Th−Me], 0.41 [s, 54H, C5H3(SiMe3)2].  1H NMR of 22 (C6D6):  δ 7.05 [s, 3H, C5H3(SiMe3)2],  

6.94 [s, 6H, C5H3(SiMe3)2], 0.44 [s, 54H, C5H3(SiMe3)2].  1H NMR of 22 (C7D14):  δ 7.77 [s, 3H, 

C5H3(SiMe3)2], 7.67 [s, 6H, C5H3(SiMe3)2], 1.24 [s, 54H, C5H3(SiMe3)2].  13C{1H} of 22 

(C7D14):  δ 138.93 [C5H3(SiMe3)2], 131.12 [C5H3(SiMe3)2], 1.93 [C5H3(SiMe3)2]. 

Reaction of Cp! !3Th with MeI.  Methyl iodide (2 drops) was added to a stirred dark 

blue solution of Cp!!3Th (25 mg, 0.029 mmol) in toluene (5 mL) causing an immediate color 

change to pale yellow.  The solution was stirred for 5 min before being filtered and the filtrate 

dried under reduced pressure to yield off-white solids (29 mg).  1H NMR spectroscopy revealed 

the product was a 3:10 ratio of Cp!!3ThMe, 21, and Cp!!3ThI, 22. 

Reaction of (C5Me4H)3Th with MeI.  Methyl iodide (1 drop) was added to a stirred dark 

purple solution of (C5Me4H)3Th (29 mg, 0.048 mmol) causing an immediate color change to pale 

yellow.  The solution was stirred for 5 min before being dried under reduced pressure to yield 
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pale yellow solids which were washed with hexane (3 mL) and the solids dried under reduced 

pressure to yield white solids (21 mg).  1H NMR spectroscopy revealed the product was a 5:11 

ratio of (C5Me4H)3ThMe,10 and a second product postulated to be (C5Me4H)3ThI, 23.  1H NMR 

for (C5Me4H)3ThMe (C6D6):  δ 5.72 [s, 3H, C5Me4H], 2.10 [s, 18H, C5Me4H], 2.09 [s, 18H, 

C5Me4H], 0.26 [s, 3H, Th–Me].  13C{1H} NMR for (C5Me4H)3ThMe (C6D6):  δ 129.70 

[C5Me4H], 120.06 [C5Me4H], 54.46 [Th−Me],13.38 [C5Me4H], 13.18 [C5Me4H].  1H NMR for 

(C5Me4H)3ThI, 23,  (C6D6):  δ 5.70 [s, 3H, C5Me4H], 2.14 [s, 18H, C5Me4H], 2.13 [s, 18H, 

C5Me4H].  13C{1H} NMR for (C5Me4H)3ThI, 23,  (C6D6):  δ 130.13 [C5Me4H], 120.20 [C5Me4H], 

14.02 [C5Me4H], 13.81 [C5Me4H]. 

Reaction of a mixture of Cp! !3ThMe, 21, and  Cp! !3ThI, 22, with 

iodotrimethylsilane.  Iodotrimethylsilane (3 drops) was added to a stirred colorless solution 

containing a mixture of Cp!!3ThMe, 21, and  Cp!!3ThI, 22.  The solution was stirred overnight 

before being filtered and the filtrate dried under reduced pressure to yield 22 (26 mg) as a white 

solid as identified by 1H NMR spectroscopy. 

Reaction of (C5Me4H)3ThMe with iodotrimethylsilane.  Iodotrimethylsilane (3 drops) 

was added to a stirred colorless solution containing a 1:2.2 mixture of (C5Me4H)3ThMe,10 and 

(C5Me4H)3ThI, 23, (21 mg) in toluene (10 mL).  The solution was stirred overnight before being 

filtered and the filtrate dried under reduced pressure to yield an off-white solid (19 mg).  1H 

NMR spectroscopy of the white solid showed that no (C5Me4H)3ThMe remained, and all the 

material had been converted to 23. 

Synthesis of “ThI4(Et2O)2”.  This preparation is an adaptation of a literature procedure 

for the synthesis of ThBr4(THF)4,31 except using I2 instead of Br2 and Et2O instead of THF.  In 

an argon-containing glovebox, thorium metal (340 mg, 1.47 mmol) was added to a 200 mL 
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Schlenk flask along with 100 mL Et2O and a stir bar.  The flask was sealed, removed from the 

glovebox, attached to a high vacuum Schlenk line, and cooled to −78 ºC.  Under a flow of N2, 

solid I2 (372 mg, 2.93 mmol), which had previously been sublimed and stored free of moisture 

and oxygen, was added.  The solution was stirred for 12 h while it slowly warmed to room 

temperature.  The flask was then sonicated for 30 min and allowed to stir for 24 h more.  The 

resulting white slurry was filtered and the filtrate dried under reduced pressure to yield white 

solids which were extracted into Et2O, filtered, and the filtrate again dried under reduced 

pressure to yield white solids formulated as ThI4(Et2O)2.  The product mass was never obtained.  

Crystals could be grown from Et2O solutions at −30 ºC, however, on multiple occasions, the 

crystals reacted with the mounting oil, and X-ray data was not obtained. 

 Cp! !3ThI, 22, from “ThI4(Et2O)2” and KCp! ! .  KCp!! (105 mg, 0.422 mmol) was added 

to a stirred colorless solution of ThI4(Et2O)2 (125 mg, 0.141 mmol) in Et2O (10 mL).  The 

resulting white slurry was stirred for 12 h before being dried under reduced pressure, extracted 

into hexane (15 mL), and the hexane dried under reduced pressure to yield 22 as a white solid 

(120 mg, 90%), as determined by 1H NMR spectroscopy. 

Reaction of Cp! !3Th with Ethyl iodide.  Ethyl iodide (1 drop) was added to a stirred 

dark blue solution of Cp!!3Th (43 mg, 0.050 mmol) in methylcyclohexane (3 mL) causing an 

immediate color change to colorless.  The solution was stirred for 5 min before being dried under 

reduced pressure to yield a white solid.  1H NMR spectroscopy revealed the product as a mixture 

with a 9:2 ratio of Cp!!3ThI, 22, and another Cp!!-containing product with similar resonances to 

Cp!!3ThMe, 21.  1H NMR for the non-iodide product (C6D6):  δ 6.94 [s, 3H, C5H3(SiMe3)2],  6.71 

[m, 6H, C5H3(SiMe3)2],  0.40 [s, 54H, C5H3(SiMe3)2].  (C7D14):  7.57  [s, 3H, C5H3(SiMe3)2] 7.42 
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[s, 6H, C5H3(SiMe3)2], 1.19 [s, 54H, C5H3(SiMe3)2].  13C{1H} (C7H14):  135.19 [C5H3(SiMe3)2], 

127.32 [C5H3(SiMe3)2], 54.05 [“Th-Ethyl”], 1.19 [C5H3(SiMe3)2]. 

Reaction of [K(18-crown-6)(THF)2][Cp! !3Th], 12, with BnBr.  Benzylbromide (2 

drops) was added to a stirred dark green solution of [K(18-crown-6)(THF)2][Cp!!3Th], 12, (33 

mg, 0.025 mmol) in THF (3 mL) causing an immediate color change to orange.  The solution 

was stirred for 4 min before being dried under reduced pressure to yield an orange oily 

substance.  1H NMR spectroscopy revealed Cp!!3ThBr, 10, to be the main product, along with a 

large amount of [k(18-crown-6)][Cp!!]. 

Reaction of Cp! !3Th with BnBr.  Benzylbromide (2 drops) was added to a stirred dark 

green solution of Cp!!3Th (32 mg, 0.037 mmol) in THF (3 mL) causing an immediate color 

change to orange.  The solution was stirred for 4 min before being dried under reduced pressure 

to yield an orange oil.  1H NMR spectroscopy revealed Cp!!3ThBr, 10, as the only Cp!!-

containing product. 

Reaction of [K(18-crown-6)(THF)2][Cp! !3Th], 12 with PhCl.  Chlorobenzene (2 

drops) was added to a stirred dark green solution of [K(18-crown-6)(THF)2][Cp!!3Th], 12, (90 

mg, 0.069 mmol) in THF (2 mL), which caused an immediate color change to brown.  The 

solution was stirred for 20 min before being dried under reduced pressure to yield a 

brown/orange oil (100 mg).  1H NMR spectroscopy revealed ta mixture containing [K(18-crown-

6][Cp!!] as the main product, along with Cp!!3ThCl12 and two other unknown Cp!!-containing 

products. 

Reaction of Cp! !3Th with PhCl.  Chlorobenzene (2 drops) was added to a stirred dark 

blue solution of Cp!!3Th (37 mg, 0.043 mmol) in THF (2 mL), which caused an immediate color 

change to brown.  The solution was stirred for 20 min before being dried under reduced pressure 
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to yield white solids with red oil (40 mg).  1H NMR spectroscopy revealed the mixture to contain 

Cp!!3ThCl12 as the major product, along with two other unknown Cp!!-containing products. 

Reaction of [K(18-crown-6)(THF)2][Cp! !3Th], 12 with C5H11F.  Fluoropentane (11 

drops) was added to a stirred dark green solution of [K(18-crown-6)(THF)2][Cp!!3Th], 12, (21 

mg, 0.016 mmol) in THF (4 mL).  After a few seconds the solution became colorless and was 

stirred for 10 min before being dried under reduced pressure to yield white oily solids (22 mg).  

1H NMR spectroscopy revealed the mixture to contain {K(18-crown-6)][Cp!!] as the main 

product, along with a small amount of Cp!!3ThH, 13, C5H4(SiMe3)2, and one other Cp!!-

containing product with cyclopentadienyl resonances at 0.41 ppm. 

Reaction of Cp! !3Th with C5H11F.  Fluoropentane (9 drops) was added to a stirred dark 

blue solution of Cp!!3Th (30 mg, 0.035 mmol) in THF (4 mL).  After a few seconds the solution 

became colorless and was stirred for 10 min before being dried under reduced pressure to yield 

white solids (33 mg).  1H NMR spectroscopy revealed the mixture to contain a small amount of 

Cp!!3ThH, 13, C5H4(SiMe3)2, and two other Cp!!-containing products with cyclopentadienyl 

resonances at 7.03, 6.90 and 0.44 ppm (major), and 7.26, 6.98, and 0.41 ppm (minor). 

Reaction of Cp! !3Th with AgPF6.  AgPF6 (29 mg, 0.11 mmol) as added to a stirred dark 

blue solution of Cp!!3Th (98 mg, 0.11 mmol) in toluene (8 mL) causing an immediate color 

change to green followed by brown.  The solution was stirred for 1 h before being filtered and 

the brown filtrate dried under reduced pressure to yield a brown oil which was extracted into 

hexane and dried under reduced pressure to yield a brown oil (100 mg).  1H NMR spectroscopy 

revealed the that the mixture was composed of approximately 90% of a product with 

cyclopentadienyl resonances at 7.26, 6.98, and 0.41 ppm, and about 10% of a product with 

resonances at 7.03, 6.90 and 0.44.  A small amount of C5H4(SiMe3)2 was also detected. 
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Reaction of [K(18-crown-6)(THF)2][Cp! !3Th], 12 with CeF4.  CeF4 powder (7 mg, 

0.03 mmol) was added to a stirred dark green solution of [K(18-crown-6)(THF)2][Cp!!3Th], 12, 

(32 mg, 0.024 mmol) in THF (10 mL) containing a glass stir bar.  The solution was stirred 

overnight, by which time it turned to a blue color, before being filtered and dried under reduced 

pressure to yield blue and white solids which were extracted with hexane.  The hexane was dried 

under reduced pressure to yield pale blue solids (7 mg) which contained Cp!!3ThH, 13, as the 

main product by 1H NMR spectroscopy.  The blue color likely resulted from some amount of 

Cp!!3Th.  The white solids that were left behind during the extraction (19 mg) were analyzed by 

1H NMR spectroscopy and found to be [K(18-crown-6)][Cp!!]. 

Reaction of 12 with benzyl isocyanide.  Benzyl isocyanide (9 µl, 0.08 mmol) was added 

to a stirred dark green solution of 12 (100 mg, 0.0765 mmol) in THF (4 mL) causing an 

immediate color change to dark red.  The solution was dried under reduced pressure to yield a 

red oil which was washed with Et2O, and dried to yield a red oil (97 mg).  1H NMR spectroscopy 

revealed the that the product was a mixture containing a 2:3 ratio of [K(18-crown-

6)(THF)][Cp!!3Th(CN)2], 24, and [K(18-crown-6)][Cp!!].  Colorless crystals of 24 were grown 

from a Et2O solution of the red oil at −30 ºC.  On numerous attempts, the X-ray data resulted in 

an ambiguous space group and contained many disordered atoms.  1H NMR for 24 (C6D6):  δ 

6.98 [m, 3H, C5H3(SiMe3)2], 6.88 [m, 6H, C5H3(SiMe3)2], 3.08 [s, 24H, C12H24O6], 0.45 [s br, 

C5H3(SiMe3)2]. 

X-ray Data Collection, Structure Determination, and Refinement.  Crystallographic 

details for compounds Cp!!2Th(C8H8), 20, and Cp!!3ThMe, 21, are summarized in the text below 

in in Table 4.1. 



! 133 

X-ray Data Collection, Structure Solution and Refinement for Cp! !2Th(C8H8), 20.  A 

yellow crystal of approximate dimensions 0.168 x 0.217 x 0.300 mm was mounted on a glass 

fiber and transferred to a Bruker SMART APEX II diffractometer.  The APEX232 program 

package was used to determine the unit-cell parameters and for data collection (20 sec/frame 

scan time for a sphere of diffraction data).  The raw frame data was processed using SAINT33 

and SADABS34 to yield the reflection data file.  Subsequent calculations were carried out using 

the SHELXTL35 program.  The diffraction symmetry was 2/m and the systematic absences were 

consistent with the monoclinic space groups Cc and C2/c.  It was later determined that space 

group C2/c was correct.  The structure was solved by direct methods and refined on F2 by full-

matrix least-squares techniques.  The analytical scattering factors36 for neutral atoms were used 

throughout the analysis.  Hydrogen atoms were included using a riding model.  The molecule 

was located on a two-fold rotation axis.  At convergence, wR2 = 0.0586 and Goof = 1.399 for 

165 variables refined against 3882 data (0.74Å), R1 = 0.0261 for those 3882 data with I > 

2.0σ(I).  Details are given in Table 4.1. 

X-ray Data Collection, Structure Solution and Refinement for Cp! !3ThMe, 21.  A 

colorless crystal of approximate dimensions 0.187 x 0.214 x 0.350 mm was mounted on a glass 

fiber and transferred to a Bruker SMART APEX II diffractometer.  The APEX232 program 

package and CELL_NOW37 were used to determine the unit-cell parameters.  Data was collected 

using 15 sec/frame scan times for a sphere of diffraction data.  The raw frame data was processed 

using SAINT33 and TWINABS38 to yield the reflection data file.  Subsequent calculations were 

carried out using the SHELXTL35 program.  The diffraction symmetry was 2/m and the 

systematic absences were consistent with the monoclinic space group P21/n that was later 

determined to be correct.  The structure was solved by direct methods and refined on F2 by full-
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matrix least-squares techniques.  The analytical scattering factors36 for neutral atoms were used 

throughout the analysis.  Hydrogen atoms were included using a riding model.  At convergence, 

wR2 = 0.0546 and Goof = 1.020 for 390 variables refined against 11723 data (0.76Å), R1 = 

0.0241 for those 10350 data with I > 2.0σ(I).  The structure was refined as a two-component 

twin.  Details are given in Table 4.1. 

 
Table 4.1. X-ray Data and Collection Parameters for Cp′′3ThH, 20, and Cp!!3ThMe, 21.   
 

 

 

 

 

 

 

 

 

 

 

 

aDefinitions: R1 = S||Fo| − |Fc||/S|Fo|, wR2 = [Sw(Fo
2 − Fc

2)2/Sw(Fo
2)2]1/2!

!
 
 
 
 
 
 
 

Compound 20 21 
Empirical Formula C30H50Si4Th C34H66Si6Th 
Temperature (K) 133(2) 88(2) 
Crystal System Monoclinic Monoclinic 
Space Group C2/c P21/n 

a (Å) 20.2007(16) 13.1505(7) 
b (Å) 8.1694(6) 19.1059(10) 
c (Å) 19.9544(15) 17.7942(9) 
α (deg) 90 90 
β (Å) 91.3531(9) 91.0084(7) 
γ (deg) 90 90 

Volume (Å3) 3292.1(4) 4470.1(4) 
Z 4 4 

ρcalcd (Mg/m3) 1.523 1.301 
µ (mm−1) 4.692 3.516 

R1 (I > 2.0s(I))a 0.0261 0.0241 
wR2 (all data)a 0.0586 0.0546 
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CHAPTER 5 

Synthesis, Structure, and Reactivity of the Sterically-Crowded Th3+ Complex (C5Me5)3Th 

Including the Formation of the Thorium Carbonyl, [(C5Me5)3Th(CO)][BPh4]!

 

Introduction 

 Although thorium and uranium are only separated by one element in the periodic table 

and both are more heavily investigated than the other more radioactive actinides, the chemistry 

of thorium is less developed compared to that of uranium.  Where there may be scores of 

uranium complexes of different types, there are often comparatively few thorium examples.  This 

is due in part to the limited number of accessible oxidation states of thorium.  Th3+ is such a 

strong reductant1-3 that it is difficult to access4 while Th2+ has only recently been identified.5  

Consequently, Th4+ is the predominant oxidation state.  An example of the limited number of Th 

vs U compounds can be found with the [(C5Me5)3]3− ligand environment.  Although there are 

seven examples with uranium:  (C5Me5)3U,6 (C5Me5)3U(CO),7 (C5Me5)3U(N2),8 

(C5Me5)3U(NCR),9 and (C5Me5)3UX10 (X = F, Cl, Me), there is only one example with thorium, 

(C5Me5)3ThH.11  This Chapter addresses the deficiency in thorium chemistry compared to 

uranium with the tris(pentamethylcyclopentadienyl) ligand environment and shows that several 

thorium complexes can be obtained with this ligand set that display their own unique chemistry. 

 With estimates of generic Th4+/Th3+ reduction potentials of −3.0 and −3.8 V vs NHE,1-3 it 

perhaps was not surprising that it took until 1986 to obtain the first crystallographic 

characterization of a Th3+ complex, Cp!!3Th [Cp!! = C5H3(SiMe3)2-1,3].12  The difficulty in 

accessing Th3+ is exemplified by the fact that only five additional structures of complexes of 

Th3+ have been subsequently reported over the past 30 years, [C5H3(SiMe2
tBu)2]3Th,13 
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(C5Me4H)3Th,14 [K(DME)2]{[C8H6(SitBuMe2)2]2Th},15 (C5Me5)2[iPrNC(Me)NiPr]Th,16 and 

[K(18-crown-6)(Et2O)][Cp!!2Th(µ-H)3ThHCp!!2], 14 (Chapter 3).17   

 An interesting variation of the tris(cyclopentadienyl) complexes listed above is 

(C5Me5)3Th.  Such a complex would combine the high reactivity of Th3+ with the unusual 

reactivity conferred by the steric crowding of three pentamethylcyclopentadienyl rings.  For 

many years it was thought impossible to synthesize (C5Me5)3M complexes since the cone angle 

of the C5Me5 ligand was believed to be 142°.  Thus three (C5Me5)1− ligands would not fit around 

a metal center.18  The synthesis of (C5Me5)3Sm19 showed that, despite this presumption,  this 

class of crowded complexes could be made and many (C5Me5)3M complexes, where M = U,6 

La,20 Ce,21 Pr,21 Nd,22 Sm,19 Y,23 and Gd,23 have subsequently been prepared.  The steric 

crowding in (C5Me5)3M complexes forces the C5Me5 rings to be placed at unusually long 

distances from the metal which reduces the cone angle.  The long distances confer unusual 

reactivity to the (C5Me5)1− ligands.  They can act as alkyl ligands via eq 5.1, participating in 

olefin polymerization, CO insertion chemistry, and hydrogenolysis.  They also can effect 

reduction as shown in eq 5.2, a reaction termed sterically induced reduction (SIR).24  Hence, 

(C5Me5)3Th, if it could be synthesized, could react in a variety of ways including possible multi-

electron reductions stemming from the combination of SIR with the Th4+/Th3+ redox couple.  

M M (5.1)

M M +    e (5.2)+    1/2 (C5Me5)
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Similar multi-electron reductions originating from the combination of SIR and metal-based 

electrons have been reported from the analogous uranium complex, (C5Me5)3U.25 

Since (C5Me5)3U is known, and thorium is larger than uranium, it should be sterically 

possible for (C5Me5)3Th to exist, but the difficulty in accessing Th3+ made this a challenge.  In 

addition, it was uncertain if the highly reducing Th3+ could co-exist with three strongly electron 

donating (C5Me5)1− ligands.  Previous attempts to make any type of thorium complex with three 

pentamethylcyclopentadienyl ligands provided only one example, (C5Me5)3ThH,11 and it was 

unusual in that it did not react according to eqs 5.1 and 5.2.    

One conceivable route to the synthesis of (C5Me5)3Th involved the reduction of a cation 

such as [(C5Me5)3Th][BPh4] or [(C5Me5)3Th(THF)][BPh4].  These cations could be accessible by 

protonolysis of the methyl group in (C5Me5)3ThMe, if that compound could be synthesized.  

Previous attempts to make (C5Me5)3ThMe by reacting KC5Me5 with the known cation 

[(C5Me5)2ThMe][BPh4],26 synthesized from (C5Me5)2ThMe2,27 were unsuccessful.11  Reported 

here are conditions that allow the successful preparation of (C5Me5)3ThMe and the subsequent 

synthesis of (C5Me5)3Th.  Preliminary studies of the reactivity of (C5Me5)3Th are also reported.  

In addition, the first room temperature stable thorium carbonyl complex, which is also the first 

An4+ carbonyl, has been isolated by reaction of CO with the cationic precursor 

[(C5Me5)3Th][BPh4]. 

 

Results 

 (C5Me5)3ThMe, 25.  The reaction of multiply-recrystallized (C5Me5)2ThMe2 with 

[Et3NH][BPh4] provides samples of the known [(C5Me5)2ThMe][BPh4] complex26 suitable for 

reaction with KC5Me5 to make (C5Me5)3ThMe, 25, according to eq 5.3.  Complex 25 can be 
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obtained in >70% yield and displays an unexceptional 1H NMR spectrum in C6D6 with 

resonances at 2.00 and 0.40 ppm in a 45:3 ratio.  Complex 25 is surprisingly stable in solution, as 

crystals can be formed from heating a toluene solution to 90 ºC for 1 h followed by cooling to 

−30 ºC. 

 

Complex 25 crystallizes in the same P63/m space group as (C5Me5)3ThH,11 (C5Me5)3UX 

(X = F,10, Cl,10 Me28), and (C5Me5)3Ln (Ln = La,20 Ce,21 Pr,21 Nd,22 Sm19, Y,23 Gd23), Figure 5.1.  

The (ring centroid)–Th–(ring centroid) angles in 25 are rigorously 120º, and, like other known 

(C5Me5)3AnX structures,10,11 the methyl ligand is disordered above and below the plane defined 

by the metal and the three ring centroids.  The 2.620 Å Th–(ring centroid) distance in 25 is 

nearly identical to the 2.613 Å distance in the only other thorium analog, (C5Me5)3ThH.  The 

analogous 2.518 Å distance in (C5Me5)2ThMe2
27 is evidence of the more crowded nature of 

(C5Me5)3ThMe vs complexes with only two (C5Me5)1− groups.  The 2.676(15) Å Th–Me 

distance in 25 is also much longer than the 2.471(8) and 2.478(9) Å distances in 

(C5Me5)2ThMe2
27 demonstrating the steric crowding in 25.  The displacements of the three 

unique methyl carbon atoms (C4, C5 and C6) out of the plane of the cyclopentadienyl ring are 

0.490, 0.327, and 0.234 Å, respectively, with the former being greater than the 0.48 Å minimum 

value previously observed for complexes that undergo unusual reactivity like the alkyl reactivity 

and sterically induced reduction shown in eqs 5.1 and 5.2.24 

Th

Me

+ KC5Me5

– KBPh4
(5.3)

25

[(C5Me5)2ThMe][BPh4]
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Figure 5.1.  Molecular structure of (C5Me5)3ThMe, 25, with the disorder in the methyl carbon, 

C7, shown.  Thermal ellipsoids are drawn at the 50% level and hydrogen atoms omitted for 

clarity. 

  

[(C5Me5)3Th][BPh4], 26.  A colorless toluene solution of 25 reacts with [Et3NH][BPh4] 

over 15 h to form [(C5Me5)3Th][BPh4], 26, as a salmon-colored solid in 90% yield, eq 5.4.  

Although 26 is insoluble in non-polar solvents, its 1H NMR spectrum was obtainable in C6D5Cl.  

Resonances for C5Me5 and BPh4 are observed in the appropriate ratio.  

 

C4 

C5 

C6 

Th1 

C7 C7!!

+ [Et3NH][BPh4]

– CH4
Th

Me

25

– Et3N

Th (5.4)

26

BPh4



 142 

Dissolution of 26 in THF caused an immediate color change of the salmon-colored solids 

to form a colorless solution of the THF adduct, [(C5Me5)3Th(THF)][BPh4], 26-THF, which was 

identified by X-ray crystallography, Figure 5.2, and characterized by 1H and 13C NMR 

spectroscopy in C4D8O.  Complex 26 can also be synthesized by protonation of the hydride 

ligand in (C5Me5)3ThH with [Et3NH][BPh4], which can be converted back to (C5Me5)3ThH with 

KH, Scheme 5.1. 

 

Scheme 5.1.  Interconversion reactions between (C5Me5)3ThH and [(C5Me5)3Th][BPh4], 26. 

 

 Unlike 25 and all the other (C5Me5)3MX and (C5Me5)3ML examples crystallographically 

characterized to date, the neutral THF ligand in 26-THF is not disordered about the metal center 

and the three rings bend back to accommodate this larger ligand.  The sum of (ring centroid)–

Th–(ring centroid) angles around thorium in 26-THF is 353.9º.  It is the first 

tris(pentamethylcyclopentadienyl) metal complex of any kind that adopts a structure similar to 

the tris(tetramethylcyclopentadienyl) complexes (C5Me4H)3UX (X = NO,29 CO,30,31 CNC6H4-p-

OMe,31 THF,8 Cl,32 and I33) which have distorted tetrahedral structures in which the sum of the 

(ring centroid)–M–(ring centroid) angles is significantly less than 360º.  Unlike 25 and 

(C5Me5)3ThH, whose Th–(ring centroid) distances (2.620 and 2.613 Å, respectively) are all 

identical due to symmetry, 26-THF has three unique Th–(ring centroid) distances:  2.599, 2.635, 

and 2.626 Å.  Like 25 and (C5Me5)3ThH, however, the 1H NMR spectrum of 26-THF shows 

+ KH
– [K][BPh4]

+ [Et3NH][BPh4]

– Et3N
Th

H

– H2 Th

26

BPh4
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only one resonance for the (C5Me5)1− methyl groups. The signals for the bound THF are 

indistinguishable from free THF, suggesting fast exchange is occurring.  The 2.520(2) Å Th–O 

distance is within the 2.455(4)–2.628 range of less crowded [(C5Me5)2ThMe(THF)]1+ 18  and 

[(C5Me5)2ThMe(THF)2]1+ 31  complexes.  

 

Figure 5.2. Molecular structure of the cationic component of [(C5Me5)3Th(THF)][BPh4], 26-

THF. Thermal ellipsoids are drawn at the 50% probability level.  Hydrogen atoms, the [BPh4]1−
 

anion, and co-crystallized THF have been omitted for clarity. 

 

Due to the asymmetry of 26-THF, all 15 methyl groups have unique displacements out of 

the planes of the cyclopentadienyl rings.  Three of the methyl groups, C17, C19, and C29, have 

unusually large displacements of 0.570, 0.591, and 0.520 Å, respectively, that are greater than 

C7 

C17 

C19 

C29 

Th1 
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the 0.48 Å minimum value observed for complexes that undergo the unusual cyclopentadienyl 

reactions shown in eqs 5.1 and 5.2.24  Interestingly, the three methyl groups showing maximum 

displacement are not spread evenly over the three cyclopentadienyl rings as is seen in all other 

(C5Me5)3MX and (C5Me5)3ML complexes where the sum of the (ring centroid)–Th–(ring 

centroid) is 358-360°.  Instead, two methyl groups on one cyclopentadienyl ring, C17 and C19, 

and one on a second ring, C29, have the largest displacements.  The third cyclopentadienyl ring 

has a maximum methyl displacement of 0.442 Å (C7). 

(C5Me5)3Th.  Addition of potassium graphite to a colorless THF solution of 26-THF or a 

benzene slurry of 26 causes a rapid color change to dark purple and generates the Th3+ complex 

(C5Me5)3Th, 27, Scheme 5.2.  Surprisingly, this complex was stable enough to be identified by 

X-ray crystallography, Figure 5.3.  

 

Scheme 5.2.  Formation of (C5Me5)3Th, 27. 

 

Samples of (C5Me5)3Th, 27, were often found to be contaminated with (C5Me5)3ThH 

which is consistent with the reactivity of 27 described below.  This hydride contaminant can be 

removed from impure samples of 27 by treatment with [Et3NH][BPh4] in a reaction similar to eq 

5.4.  The pure 27 can be extracted with toluene from [(C5Me5)3Th][BPh4], 26.  This purification 

method is possible because [Et3NH][BPh4] does not react with 27.  In this regard, (C5Me5)3Th 

differs from (C5Me5)3Ln complexes which react with [Et3NH][BPh4] to form 

[(C5Me5)2Ln][BPh4] products.21 

BPh4

+ KC8, C6H6

– [K][BPh4]Th

27

– graphite

Th
+ KC8, THF

– [K][BPh4]
– graphite
– THF

Th

BPh4

THF

26-THF26
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Figure 5.3.  Molecular structure of (C5Me5)3Th, 27.  Thermal ellipsoids are drawn at the 50% 

probability level and hydrogen atoms omitted for clarity. 

 

Spectroscopic Analysis of (C5Me5)3Th, 27.  Complex 27 shows an isotropic EPR signal 

at room temperature, Figure 5.4, with giso = 1.88, which is consistent with a thorium-based 

radical and a 6d1 ground state.13-17  The line shape and the giso value are similar to those of other 

known monometallic Th3+ complexes: 1.916 for [K(DME)2]{Th[η8-C8H6(SiMe2
tBu)2-1,4]2},15 

1.910 for both [C5H3(SiMe2
tBu)2-1,3]3Th13 and [C5H3(SiMe3)2]3Th,13 1.871 for 

(C5Me5)2Th[iPrNC(Me)NiPr],16 and 1.92 for (C5Me4H)3Th.14  The mixed-valent bimetallic 

hydride complexes [K(18-crown-6)(Et2O)]{[C5H3(SiMe3)2]2ThH2}2, 14, and [K(18-crown-

6)(THF)][(C5Me5)2ThH2]2, 15, (Chapter 3) also have similar line shapes and giso values of 1.89 

Th1 

C4 

C4!! 

C4!!!! 
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and 1.88, respectively, at room temperature.  At 77 K, complex 27 displays an axial EPR signal 

with g|| = 1.97 and g⊥ = 1.85, Figure 5.4, which is also consistent with the monomeric examples 

above, but differs from the rhombic signals displayed at low temperatures for the bimetallic 

species, 14 and 15.  

 
Figure 5.4.  EPR spectra of (C5Me5)3Th, 27, in toluene at room temperature with giso = 1.88 

(left) and at 77 K with g|| = 1.97 and g⊥ = 1.85 (right). 

 

The optical spectrum for (C5Me5)3Th is similar to that of Cp!!3Th in that each contains 

three maxima between 450-650 nm.  (C5Me5)3Th has a much larger extinction coefficient of 

9500 M−1cm−1 (λmax = 539 nm) vs 5100 M−1cm−1 (λmax = 654 nm) for Cp!!3Th, Figure 5.5.  In 

comparison, the tetramethylcyclopentadienyl Th3+ complex (C5Me4H)3Th, which is structurally 

more similar to 3 than Cp!!3Th, is reported to have an extinction coefficient of 7100 mol−1cm−1 at 

λmax = 522 nm.  The strong absorptions in the visible region for Th3+ complexes have been 

attributed in the past to transitions from a 6d1 ground state to higher lying f orbitals.15,16   
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Figure 5.5.  UV-visible spectra of (C5Me5)3Th, 27 (black solid line) in toluene and Cp!!3Th13 

(blue dotted line) in THF. 

 

 Complex 27 crystallizes in the same P63/m space group as 25 and all the other 

(C5Me5)3M complexes listed above.  Like those complexes, it has three rigorously 120º (ring 

centroid)–Th–(ring centroid) angles.  The 2.607 Å Th–(ring centroid) distance of 27 is similar to 

the 2.620 Å distance of 25, the 2.620 Å average distance in 26-THF, and the 2.613 Å distance in 

(C5Me5)3ThH.  The similarity in distances parallels the trend with other Th3+ d1 complexes vs 

their Th4+ analogues, as seen in Table 5.1.  It has previously been observed that adding an 

electron to an f element in a d orbital has much less effect on bond distances than adding an 

electron to an f orbital (Chapter 2).5,34-37  However, it is also seen that the 2.581 Å U–(ring 

centroid) distance of 5f 
3 (C5Me5)3U6 is only slightly longer than the 2.560 and 2.551 Å distances 

in the 5f 
2 (C5Me5)3UCF and (C5Me5)3UCl complexes, respectively.  The 2.607 Å Th–(ring 

centroid) distance of 27 is significantly longer than those in the other tris(cyclopentadienyl) Th3+  

complexes:  2.53, 2.52, and 2.55 Å for Cp!!3Th,13 [C5H3(SiMe2
tBu)2-1,3]3Th,13 and 
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(C5Me4H)3Th,14 respectively, which is consistent with the greater steric crowding expected for 

three (C5Me5)1− rings.  The maximum methyl displacement out of the plane of the 

cyclopentadienyl ring, C4, in 27 is 0.518 Å.  This is greater than the 0.48 Å minimum value 

observed for complexes that undergo unusual reactivity like the alkyl reactivity and sterically 

induced reduction shown in eqs 5.1 and 5.2.24 

 

Table 5.1.  Comparison of Th−(ring centroid) Distances in (C5Me5)3ThMe, 25, 

[(C5Me5)3Th(THF)][BPh4], 26-THF, and (C5Me5)3Th, 27, and Structurally Similar Thorium 

Compounds in Varying Oxidation States.  

 

 

 

 

 

 

 

 

 

 

 

(C5Me5)3Th Reactivity.  Although the new tris(pentamethylcyclopentadienyl)thorium 

complexes, 25-27, have the steric crowding necessary to show unusual C5Me5 reactivity as 

shown in eqs 5.1 and 5.2, it must be noted that this reactivity was not observed with 

Compound 
Metal 
Oxid. 
State 

M-Cnt 
(Å) (ave) 

(C5Me5)3ThH11 
 
 

+4 

 

2.613 

 
(C5Me5)3ThMe, 25 

 
 

+4 

 

2.620 

 
[(C5Me5)3Th(THF)][BPh4], 26-THF +4 

 

2.620 

 
(C5Me5)3Th, 27 +3 

 

2.607 

 [C5H3(SiMe3)2]3ThCl38 +4 2.565 
[C5H3(SiMe3)2]3Th12 +3 2.520 

[K(2.2.2-cryptand)]{[C5H3(SiMe3)2]3Th}5 +2 2.521 
[K(18-crown-6)(THF)2]{[C5H3(SiMe3)2]3Th}5 +2 2.525 

(C5Me4H)3ThBr14 +4 2.576 
(C5Me4H)3Th14 +3 2.551 

(C5Me5)2[iPrNC(Me)NiPr]Th(Me)39 +4 2.591 
(C5Me5)2[iPrNC(Me)NiPr]Th16 +3 2.543 

[C5H3(SiMe2
tBu)2]3ThCl38 +4 2.581 

[C5H3(SiMe2
tBu)2]3Th13 +3 2.533 
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(C5Me5)3ThH.11  Hence, this sterically crowded hydride did not reduce 1,3,5,7-cyclooctatetrane 

(C8H8) or PhX (X = Cl, Br, I), substrates that had been observed to react with other (C5Me5)3M 

complexes.10,21,25  For example, (C5Me5)3U reacts as a formal three-electron reductant with C8H8 

to produce the dimeric {[(C5Me5)(C8H8)U]2(C8H8)}25 and also as a two-electron reductant with 

excess PhCl to form (C5Me5)2UCl2.10  Like (C5Me5)3ThH, neither 25 nor 26 react with PhCl or 

C8H8.  Hence, the observed crowding does not confer reactivity on these new Th4+ complexes.  

The Th3+
 complex (C5Me5)3Th, 27, does display reactivity, however, and is described below.   

Reactivity with MeI.  Complex 27 reacts with MeI to form not only the halide, 

(C5Me5)3ThI, 28, but also the methyl complex, (C5Me5)3ThMe, 25, in a 2:3 mixture, respectively, 

eq 5.5.  Complex 28 could be obtained as a pure compound by reaction of the mixture of 25 and 

28 with Me3SiI and was identified by 1H and 13C NMR, as well as by elemental analysis.  

Complex 28 can also be made from reaction of Me3SiI with both pure 25 and (C5Me5)3ThH.  The 

MeI reduction reaction, eq 5.5, is consistent with Th3+ reactivity, but no sterically induced 

reduction is observed according to eq 5.2 since the products retain the three (C5Me5)1− ligands.  

No evidence for a bis(pentamethylcyclopentadienyl) complex such as (C5Me5)2Th(Me)I was 

observed by NMR spectroscopy.   

 

Reactivity with I2.  Complex 28 can also be cleanly generated by reaction of 27 with 

elemental iodine, eq 5.6, and isolated in a 70% yield as identified by 1H NMR spectroscopy.  No 

evidence for the formation of (C5Me5)2ThI2
40 was observed by NMR spectroscopy.  The 

reduction of I2 by the insoluble Th3+ complex, (C5H5)3Th, has been previously reported.41  

Th + MeI Th

Me

25

Th

I

28

(5.5)+

27

2



 150 

Complex 28 shows remarkable stability for such a crowded complex;  in contrast to 

(C5Me5)3UBr and (C5Me5)3UI, which decompose in 2 min at 60 ºC and 3 h at room temperature, 

respectively,10 (C5Me5)3ThI does not show any decomposition in C6D6 at 65 ºC for 24 h. 

 

Reactivity with PhCl.  Complex 27 was also treated with PhCl to test whether 

(C5Me5)3ThCl would form via a metal-based one-electron process, or if (C5Me5)2ThCl2 would 

form with excess PhCl via sterically induced reduction in an analogous reaction to that of 

(C5Me5)3U with PhCl:  one equiv of PhCl reacts quickly with (C5Me5)3U to form (C5Me5)3UCl 

and two equiv of PhCl react over several days to form (C5Me5)2UCl2.10  Complex 27 reacts 

immediately with PhCl to produce a diamagnetic product which displays a 1H NMR resonance 

for (C5Me5)1−
 at 2.08 ppm and is postulated to be (C5Me5)3ThCl, eq 5.7.  No evidence for the 

formation of (C5Me5)2ThCl2
27 was observed, even after mixing for several days with excess 

PhCl.  When the product of eq 5.7 was treated with Me3SiI, it cleanly formed (C5Me5)3ThI, 28, 

in 80% yield.  This is chemical evidence for formulating the eq 5.7 product as (C5Me5)3ThCl.  As 

mentioned above, (C5Me5)3ThH and 25 react similarly with Me3SiI to form (C5Me5)3ThI, but no 

reaction of 25 with Me3SiCl is observed over 24 h. 

 

Th + 1/2 (I2) Th

I

27

(5.6)

28

Th + PhCl Th

Cl

27

(5.7)
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Reactivity with Al2Me6.  (C5Me5)3Th reacts with Al2Me6 to form (C5Me5)3ThMe, 25, in 

75% yield, as determined by 1H and 13C NMR spectroscopy, according to eq 5.8.  Grey 

insoluble material, which appears to be aluminum metal, is also formed.  Reduction of Al2Me6 

compounds by organometallic complexes to form M-Me products along with aluminum metal 

has been previously observed in reactions that have been shown to go through M-(AlMe4) 

intermediates.42,43  However no Th-(AlMe4) complexes were isolated or observed in this 

reaction.  The thorium reaction differs from the reaction of (C5Me5)3Sm with Al2Me6 which 

forms [(C5Me5)2Sm]2[µ-Me)2Al(C5Me5)Me]2.44 

  

 Formation of (C5Me5)3ThH.  The reaction of 27 with C8H8 is more unusual in that 

(C5Me5)3ThH is the product.  The identity of (C5Me5)3ThH as a product was confirmed by NMR 

spectroscopy and by X-ray crystallography.  (C5Me5)3ThH is also formed from 27 by reaction 

with PhN=NPh, but no reactions were observed between (C5Me5)3Th and 1,5-cyclooctadiene, 

anthracene, 1,4-dihydroanthracene, benzene, toluene, stilbene, PhC≡CPh, THF, or 

HOC6H3(tBu2-2,6)Me-4.  No byproducts of the reactions of 27 with C8H8 and PhN=NPh were 

observed by 1H NMR that would provide any clue as to the source of the hydride.  When the 

reactions were run in deuterated solvents, the hydride (C5Me5)3ThH was observed and not the 

deuterium analog.  The facile formation of (C5Me5)3ThH from 27 described here is consistent 

with the formation of the hydride as an impurity in the synthesis of 27.  There are evidently non-

obvious sources of (C5Me5)3ThH from 27.  Complicated thorium hydride chemistry, including 

Th + Al2Me6 Th

Me

25

(5.8)

27

– Al
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the formation of the structurally similar Cp!!3ThH, 13, as a unpredicted reaction product, has 

been observed previously (Chapter 3).17 

The hydride product, (C5Me5)3ThH, can also be obtained from the reaction of 

(C5Me5)3Th with H2 in C6D6.  The initially purple solution turned completely colorless after 34 

days at room temperature under 1 atm H2, and (C5Me5)3ThH as identified by 1H NMR 

spectroscopy, eq 5.9, and collected in an 86% yield.  This reaction displays unusual kinetics as 

 

monitored by 1H NMR spectroscopy.  Although the final yield is high, only about 1/3 of this 

forms in the first 19 days. The rate increases as the reaction proceeds such that the remaining 2/3 

of the yield comes in the last 15 days, Figure 5.6.  This result is surprising since (C5Me4H)3Th 

did not react appreciably with H2 before decomposition (Chapter 3),17  Hence it appears that 

(C5Me5)3Th is more stable in solution than (C5Me4H)3Th, but (C5Me5)3Th is more reactive with 

H2 than (C5Me4H)3Th.  (C5Me5)3ThMe, 25, was also treated with H2 in an attempt to form 

(C5Me5)3ThH by hydrogenolysis, but no reaction was observed in C6D6 over 4 days. 

Since all the reactivity observed for 27 was due to the Th3+/Th4+ redox couple, and not 

SIR, another approach was applied:  complex 27 was treated with 2 equiv of the Th3+ complex 

Cp!!3Th in order to determine if ligand rearrangement would occur to form a less sterically-

crowded complex such as (C5Me5)2ThCp!!, or (C5Me5)ThCp!!2.  This was not the case, however, 

and no reaction was observed after stirring the mixture in THF at room temperature for 24 h or 

after heating the reaction to 55 ºC for 15 min.  After these procedures, the separate species were 

Th + 1/2 (H2)
Th

H

27

(5.9)
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identified visually since 27 is purple and Cp!!3Th is blue.  Crystals of Cp!!3Th were also grown 

from the post-reaction mixture. 

 

Figure 5.6.  Plot showing the formation of (C5Me5)3ThH with time from the reaction of 

(C5Me5)3Th, 27, with H2 gas as measured by the increasing standardized area under the (C5Me5) 

resonance in the 1H NMR spectra. 

 

Isolation of a Thorium Carbonyl Complex.  The fact that [(C5Me5)3Th][BPh4], 26,  

forms the base adduct [(C5Me5)3Th(THF)][BPh4], 26-THF, raised the possibility that 26 could 

react with CO to form a cationic analog of (C5Me5)3U(CO),7  namely, [(C5Me5)3Th(CO)][BPh4], 

29, as shown in eq 5.10.  The only thorium carbonyl complexes in the literature are Th(CO),  

Th(CO)2 and Th(CO)6 which were generated in matrix isolation studies at cryogenic 

temperatures and identified by IR spectroscopy.45,46   
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When solid 26 was treated with 60 psi of CO in a solvent-free reaction,47 the initially 

salmon-colored solid turned pale orange.  IR spectroscopy of a KBr pellet of the solids revealed 

an absorption at 2131 cm−1.  A similar reaction with 13CO resulted in an identical color change 

and an IR spectrum containing an absorption at 2083 cm−1 (calculated: 2084 cm−1), Figure 5.7.  

1H NMR spectroscopy revealed that the solid state reaction gave a mixture, so the reaction was 

examined in solution.  

 

Figure 5.7.  Infrared spectra of KBr pellets containing the products of solid/gas reactions of 

[(C5Me5)3Th][BPh4], 2, with 12CO (blue) and 13CO (purple). 
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When 1 atm of CO gas was added to a solution of 26 in C6D5Cl, the color changed from 

orange to golden yellow, Figure 5.8, and a new (C5Me5)1− 1H NMR resonance was observed at 

1.75 ppm (vs 1.85 ppm for 26).  The (C5Me5)1− resonances in the 13C{1H} NMR spectrum also 

shifted and a broad resonance at 200.4 ppm attributable to a carbonyl ligand was observed when 

a sample was prepared from 13CO (13CO in C6D5Cl resonates at 184.4 ppm).  The fact that only

 

Figure 5.8.  C6D5Cl solutions of [(C5Me5)3Th][BPh4], 2, without (left, orange) and with (right, 

yellow) 1 atm of CO gas. 

 

 one 13CO resonance is observed when 26 was charged with excess CO indicated that exchange 

was occurring.  To investigate this, variable temperature NMR studies were carried out.  

However no de-coalescence was observed down to −40 ºC.  IR spectroscopy of the solution 

revealed an absorption at 2141 cm−1 consistent with a CO stretch.  A similar reaction with 13CO 

resulted in an identical color change and an IR spectrum containing an absorption at 2094 cm−1 

(calculated: 2094 cm−1), Figure 5.9.  This is all consistent with formation of 

[(C5Me5)3Th(CO)][BPh4], 29, eq 5.10. 

[(C5Me5)3Th][BPh4] 
in C6D5Cl 

[(C5Me5)3Th][BPh4] 
+ CO(g) 

in C6D5Cl 
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Figure 5.9.  Infrared spectra of chlorobenzene solutions of [(C5Me5)3Th(THF)][BPh4], 5, formed 

with 12CO (blue) and 13CO (purple). 

 

When a THF solution of 26-THF was charged with 1 atm of CO, the (C5Me5)1− 1H NMR 

resonance shifted from 2.19 ppm to 2.01 ppm suggesting that CO could compete for the thorium 

center even in the presence of neat THF.  The 13C{1H} NMR spectrum of 26-THF charged with 

13CO in C4D8O showed a CO resonance shifted to 185.13 ppm.  Complex 29 decomposes when 

exposed to vacuum, as determined by 1H NMR, IR, and UV-visible spectroscopy, however, no 

decomposition was seen for at least 24 h after the CO atmosphere was cleared from the 

headspace of a C6D5Cl solution of 29. 

 

Discussion 

 (C5Me5)3Th, 27.  Despite the difficulty in accessing Th3+ complexes and the potential 

problem that three electron-donating (C5Me5)1− groups might add too much electron density to 
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such a reducing ion, it has been possible to synthesize and crystallographically characterize 

(C5Me5)3Th, 27, Figure 5.3.  The complex is surprisingly stable considering the reactivity of Th3+ 

complexes and (C5Me5)3M complexes in general.  Although the methyl displacements in the 

(C5Me5)1− rings in 27 are in the range of those complexes that participate in sterically induced 

reduction and (η1-C5Me5) alkyl reactivity, eqs 5.1 and 5.2,24 no such reactivity was observed.  In 

this sense, (C5Me5)3Th is more like (C5Me5)3ThH which displays surprisingly little reactivity.11   

(C5Me5)3M complexes generally react to relieve the steric crowding imposed by the three 

pentamethylcyclopentadienyl rings.  In contrast, (C5Me5)3Th reacts to give products that are 

more crowded in that they retain all three rings and have an extra ligand.  Hence, 27 reacts with 

(a) MeI to form (C5Me5)3ThI, 28, and (C5Me5)3ThMe, 25, eq 5.5, (b) I2 to form (C5Me5)3ThI, 28, 

eq 5.6, (c) PhCl to form a product consistent with (C5Me5)3ThCl, eq 5.7, (d) Al2Me3 to form 

(C5Me5)3ThMe, 25, eq. 5.8, and (e) H2 to form (C5Me5)3ThH, eq 5.9!  Comparable reactions with 

other (C5Me5)3M complexes typically make complexes containing [(C5Me5)2M]n+ units that are 

less sterically crowded.  (C5Me5)3U does react with PhCl to make (C5Me5)3UCl, so the uranium 

and thorium complexes are analogous in that sense, but (C5Me5)3UCl goes on to react further 

with PhCl to form (C5Me5)2UCl2,10 which is not the case with thorium.  

All of the (C5Me5)3Th reactions listed above involve reduction by Th3+ rather than any 

(C5Me5)1− related reactions.  Consistent with this, 27 does not engage in other η1-(C5Me5) alkyl 

reactions typical for (C5Me5)3M complexes.  For example, it does not ring-open THF as observed 

for (C5Me5)3U8 and the lanthanide analogs21 and it does not polymerize ethylene like the 

(C5Me5)3M complexes (M = U,6 Ce,21 Pr,21 Nd,21 Sm21).  It is also surprising that (C5Me5)3Th 

does not react with [Et3NH][BPh4] like (C5Me5)3Ln21 since it could do so both by protonolysis of 

a (C5Me5)1− ligand and by reduction from Th3+. 
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The ability of (C5Me5)3Th, 27, to react with H2 to form (C5Me5)3ThH, while in our hands 

(C5Me5)3U does not react with H2 under analogous conditions, speaks to the more highly 

reducing nature of Th3+ vs. U3+.  The formation of (C5Me5)3ThH from reactions of 27 with C8H8 

and PhN=NPh is very unusual, and the origin of the hydride in these reactions is not known.  In 

comparison, (C5Me5)3U reacts with C8H8 by a combination of sterically induced reduction and 

the U3+/U4+ redox couple to form the cyclooctatetraenyl complex, [(C5Me5)(C8H8)U]2(C8H8).25 

The thorium analog, [(C5Me5)(C8H8)Th]2(C8H8) is known from the reaction of [(C5Me5)2ThH2]2 

with C8H8.48  

  (C5Me5)3ThMe, 25, and (C5Me5)3ThI, 28.  Complexes 25 and 28 are only the second 

and third (C5Me5)3ThX complexes isolated and like the X = H complex, they are not very 

reactive.  Previously, (C5Me5)3ThH was the only exception of a complex with methyl 

displacements from the Cp ring planes larger than the 0.48 Å distance that did not participate in 

sterically induced reduction and η1-(C5Me5) reactions.  Complex 25 is now another 

crystallographically-characterized example with a 0.49 Å displacement and no such reactivity.  

Although 28 has not been structurally characterized, it appears to fit with this group of crowded 

organothorium complexes that are surprisingly unreactive.  This cannot be due to the higher +4 

charge on the metal (since most other (C5Me5)3M complexes are found in the +3 oxidation state) 

because (C5Me5)3UX (X = Cl, Br, I) complexes undergo sterically induced reduction.  Since no 

sterically induced reactivity is also found for (C5Me5)3Th, this seems to be a thorium-based 

phenomenon.  Both (C5Me5)3ThH and (C5Me5)3ThMe react with Me3SiI to make (C5Me5)3ThI, 

and both form [(C5Me5)3Th][BPh4], 26, when treated with [Et3NH][BPh4], but no other reactivity 

has been observed. 
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  [(C5Me5)3Th][BPh4], 26, and [(C5Me5)3Th(THF)][BPh4], 26-THF.  Complex 26 and 

26-THF are the first cationic (C5Me5)3M complexes ever isolated.  26-THF is also the most 

structurally unusual complex in this study since it is the first (C5Me5)3M complex of any kind 

that does not have a trigonal planar arrangement of cyclopentadienyl rings around the metal with 

(ring centroid)–M–(ring centroid) angles that sum to around 360°.  Since THF has a bigger 

profile near the metal than the other ligands in (C5Me5)3ML and (C5Me5)3MX complexes (L = 

CO, N2, CNR; X = H, F, Cl, Br, Me), it is reasonable that this would be the system to distort 

toward tetrahedral, but the structure was unexpected.  The complex is also unusual in that it 

contains two methyl displacements, 0.57 and 0.59 Å, that are larger than any previously observed 

(0.54 Å was the previous largest).  Moreover, these two are found in the same ring.  In all 

previously studied (C5Me5)3M complexes, only a single methyl in each ring had a large 

displacement.  Despite these large displacements in 26-THF and a third large value of 0.52 Å in 

another ring, the complex displays no unusual (C5Me5)1−
 reactivity, as it also does not react with 

PhCl or C8H8.  Complex 26-THF is further unusual in that most (C5Me5)3M complexes ring-

open THF;  no THF adducts have previously been observed.  

Correlation of Methyl Displacement with Reactivity in (C5Me5)3Th, (C5Me5)3ThX, 

and (C5Me5)3ThL Complexes.  The previous survey of (C5Me5)3M complexes showed that all 

compounds with a methyl displacement from the cyclopentadienyl ring greater than 0.48 Å 

showed unusual reactivity except (C5Me5)3ThH.  This correlation must now be rewritten since 

there are three more structurally-characterized "exceptions": (C5Me5)3ThMe, 25, 

[(C5Me5)3Th(THF)][BPh4], 26-THF, and (C5Me5)3Th, 27, and two more likely exceptions 

[(C5Me5)3Th][BPh4], 26, and (C5Me5)3ThI, 28.  It is clear that this criterion alone is not sufficient 
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to predict reactivity.  The reactivity of the (C5Me5)3M series is more complicated than previously 

thought. 

[(C5Me5)3Th(CO)][BPh4], 29.  The formation of 29 is also surprising.  It is the first room 

temperature stable thorium carbonyl complex, and the first An4+ carbonyl complex.  Previously, 

evidence for thorium carbonyl moieties has only been obtained from infrared studies of thorium 

atoms ablated into CO/Ne matrices at 4-7 K.45,46  The νCO of 2131 cm−1 and 2141 cm−1 for 29 as 

a KBr pellet and in solution, respectively, are only slightly lower than the 2145 cm−1 value for 

gaseous CO.49  They are significantly higher than the corresponding KBr pellet values of 1922, 

1969, and 1880 cm−1 for uranium carbonyl complexes (C5Me5)3U(CO),7 [C5H4SiMe3]3U(CO)49 

and (C5Me4H)3U(CO),30,31 respectively.  However, the values for 29 are similar to the 2150 cm−1 

value for the cationic tris(cyclopentadienyl) d0 Zr4+ complex, [(C5H5)3Zr(CO)][BPh4].66 

 It has been proposed that the lowering of the νCO for known (C5R5)3U(CO) complexes is 

due to backbonding from the metal 5f orbitals to the π* orbitals of the CO ligand.31,50,51 

However, a subsequent theoretical study suggested that the backbonding arises from ligand-

based molecular orbitals, i.e. the molecular orbital responsible for back-bonding is (C5R5)–U 

bonding in nature and has more ligand than metal character.52  The spectroscopic 

characterization of complex 29 is consistent with the latter theory.   

If the lowered νCO in the uranium complexes were due to back-bonding directly from the 

5f valence orbitals, then it would be expected that complex 29, with its 5f06d0 configuration, 

would have no back-bonding and the νCO values would be greater than 2143 cm−1.  An increase 

in νCO (vs free CO) is expected for metal carbonyl complexes in which back-bonding does not 

occur since the σ bonding orbital for the M!CO interaction is anti-bonding with respect to the 

C–O bond.67  Such complexes have been observed with main group elements68-73 and closed 
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shell d8 and d10 transition metal compounds.74-77  Since cationic metal carbonyl complexes have 

been shown to display higher νCO than corresponding neutral species,67,75,76 the cationic nature of 

29 should also contribute to frequencies higher than free CO if no back bonding was present.  

Hence, the data on 29 match the model in which back-bonding arises from filled (C5R5)–M 

bonding orbitals rather than from the 5f valence electrons.  

The higher 2131 cm−1 νco stretching frequency of [(C5Me5)3Th(CO)]1+, 29, vs. 1922 cm−1 

for the structurally-analogous (C5Me5)3U(CO)7 is reasonable since 29 is cationic and has a 

formal +4 charge on the metal compared to +3 in the neutral (C5Me5)3U(CO).  This would lead 

to more σ donation in 29.  It can also be argued that the higher charge of the metal in 29 

stabilizes the (C5R5)–M bonding orbitals such that the interaction with the CO π* orbitals is 

diminished thus leading to less back-bonding.  A theoretical study comparing (C5Me5)3U(CO) 

and [(C5Me5)3U(CO)]+ predicted a similar shift to higher νCO in the U4+ complex.50  The 13C 

NMR data for complex 29 also supports this theory as the CO resonance occurs at 200.4 ppm, 

which is shifted downfield from free CO (184.4 ppm in C6D5Cl).  Such downfield shifts have 

been attributed to back-bonding of electron density to the CO, and complexes displaying upfield 

NMR shifts are those where CO→M σ interactions predominate.67,76 

 

Conclusion 

 Several new tris(pentamethylcyclopentadienyl) thorium complexes have been isolated, 

including a complex of the highly reactive Th3+ ion, that expand the boundaries of both 

(C5Me5)3M chemistry and Th3+ chemistry.  (C5Me5)3ThMe, 25, [(C5Me5)3Th(THF)][BPh4], 26-

THF, and (C5Me5)3Th, 27, all have sterically crowded coordination environments defined by X-

ray crystallography, yet they do not participate in the reactions characteristic of (C5Me5)3M 
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complexes. [(C5Me5)3Th][BPh4], 26, and (C5Me5)3ThI, 28, also fail to have high reactivity such 

that this appears to be characteristic of tris(pentamethylcyclopentadienyl) complexes of thorium. 

[(C5Me5)3Th(THF)][BPh4], 26-THF, is the first (C5Me5)3M complex of any kind that adopts a 

distorted tetrahedral structure rather than the trigonal planar arrangement of rings found in all 

other examples and does not ring-open THF.  The cationic [(C5Me5)3Th][BPh4], 26, has allowed 

the isolation of the first molecular example of a thorium carbonyl complex, 

[(C5Me5)3Th(CO)][BPh4], 29, a compound stable at room temperature.  These complexes are 

more examples that the chemistry of thorium can be very different from that of uranium and the 

lanthanides, even in analogous systems that were thought to be well-defined.  It is therefore 

important to continue to explore the chemistry of thorium and make such comparisons, as the 

anomalies and differences may provide clues to help us better understand f element chemistry in 

general. 

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk, high vacuum line, and glovebox techniques 

under an argon atmosphere.  Solvents were sparged with UHP argon and dried by passage 

through columns containing Q-5 and molecular sieves prior to use.  C6D6 and C4H8O were dried 

over sodium benzophenone ketyl, degassed by three freeze-pump-thaw cycles, and vacuum 

transferred before use. C6D5Cl and C6H5Cl were dried with molecular sieves and degassed by 

three freeze-pump-thaw cycles before use.  1H, and 13C{1H} NMR spectra were recorded on 

Bruker GN500 or CRYO500 spectrometers operating at 500 and 125 MHz, respectively, at 298 

K unless otherwise noted.  1H and 13C{1H} NMR spectra were referenced internally to residual 
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protio-solvent resonances.  EPR spectra were collected using X-band frequency (9.3-9.8 GHz) 

on a Bruker EMX spectrometer equipped with an ER041XG microwave bridge.  The magnetic 

field was calibrated with 2,2-diphenyl-1-picrylhydrazyl (DPPH) (g = 2.0036).  IR samples were 

prepared as KBr pellets, or in solution where noted, and analyzed using a Jasco 4700 FT-IR 

spectrometer.  Electronic spectra were collected on a Cary50 UV-vis specrometer.  Elemental 

analyses were conducted on a Perkin-Elmer 2400 Series II CHNS elemental analyzer.  

(C5Me5)2ThMe2,27 [Et3NH][BPh4],53 and KC8
54  were prepared according to literature 

procedures.  K(C5Me5) was prepared in an adaptation of a literature procedure55 using 

KN(SiMe3)2 instead of KH.  KN(SiMe3)2 (Aldrich) was dissolved in toluene, centrifuged, and the 

supernatant dried under reduced pressure before use.  H2 (Praxair), 12CO (Praxair, 99.99%,), and 

13CO (Aldrich, < 5 atom % 18O, 99 atom % 13C) were used as received.  MeI and C8H8 were 

dried over molecular sieves and degassed by three freeze-pump-thaw cycles.  PhN=NPH was 

placed under vacuum for 12 h before use.  KH (Aldrich, dispersion in mineral oil) was washed 

with hexane in an argon-containing glovebox to remove mineral oil before use.  Al2Me6 

(Aldrich, 2.0 M solution in hexanes) was used as received. 

[(C5Me5)2ThMe][BPh4].  Note that this synthesis requires extreme purity of the starting 

materials. (C5Me5)2ThMe2 was recrystallized four times before use.  In an adaptation of a 

literature procedure,26 solid [Et3NH][BPh4] (58 mg, 0.14 mmol) was added to a stirred colorless 

solution of (C5Me5)2ThMe2 (75 mg, 0.14 mmol) in benzene (15 mL).  The white slurry was 

stirred for 2.5 h during which time it became transparent.  Toluene (3 mL) was added and the 

solvent was removed under reduced pressure to yield an off-white solid. Hexane (10 mL) was 

added and the mixture was stirred for 20 minutes.  The slurry was centrifuged and the solids 
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were collected and dried under reduced pressure to yield [(C5Me5)2ThMe][BPh4] as an off-white 

solid (121 mg, 95%).  1H NMR (C6D6):17  δ 1.61 [s, 30H, C5Me5], 0.41 [s, 3H, Th-Me], 

(C5Me5)3ThMe, 25.  Solid KC5Me5 (84 mg, 0.48 mmol) was added to a stirred solution 

of [(C5Me5)2ThMe][BPh4] (207 mg, 0.240 mmol) in toluene (20 mL).  The off-white slurry was 

stirred for 2 d and turned dull yellow.  The mixture was centrifuged and the supernatant was 

filtered to yield a pale yellow solution, which was dried under reduced pressure to yield white 

and yellow solids.  The yellow component was removed by washing these solids with cold 

pentane and the remaining solids were dried under reduced pressure to yield 25 as a white solid. 

X-ray quality crystals were grown from a hot toluene solution cooled to −30 ºC (90 mg, 58%).  

1H NMR (C6D6):  δ 2.00 [s, 45H, C5Me5], 0.40 [s, 3H, Th-Me].  13C{1H} NMR (C6D6):  δ 123.95 

[C5Me5], 56.36 [Th-Me], 12.90 [C5Me5]. NMR assignments were confirmed with an HMQC 

experiment.  IR: 2969s, 2926s, 2891s, 2850s, 2715m, 1481m, 1431s, 1404m, 1379s, 1364m, 

1105m, 1046w, 1013m, 945w, 806w, 727w, 793w, 609m, 591m, 545w, 504m cm−1.  Anal. Calcd 

for C31H48Th:  C, 57.04; H, 7.41.  Found:  C, 57.18; H, 7.43. 

 [(C5Me5)3Th][BPh4], 26 and [(C5Me5)3Th(THF)][BPh4], 26-THF.  In a glovebox free 

of coordinating solvents, solid [Et3NH][BPh4] (29 mg, 0.068 mmol) was added to a stirred 

colorless solution of 25 (46 mg, 0.070 mmol) in toluene (20 mL).  The white slurry began to turn 

pink after 20 min and was stirred for 15 h during which time the color became more intense.  The 

mixture was centrifuged, the solids washed with toluene and dried under reduced pressure to 

yield 26 as an analytically pure salmon-colored solid (60 mg, 90%).  1H NMR (C6D5Cl):  δ 7.97 

[m, 8H, o-BPh4], 7.24 [t, 3JHH = 7 Hz, 8H, m-BPh4], 7.10, [t, 3JHH = 7 Hz, 4H, p-BPh4], 1.85 [s, 

45H, C5Me5].  13C{1H} NMR (C6D5Cl):  δ 137.07 [o-BPh4], 133.88 [C5Me5] 126.00 [m-BPh4], 

122.05 [p-BPh4], 12.96 [C5Me5].  IR:  3055m, 3034m, 2999m, 2878m, 2962m, 2911m, 2965m, 
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2853m, 1591w, 1478m, 1442m, 1377w, 1260w, 1240w, 1184w, 1153w, 1062w, 1042w, 1030w, 

843w, 742s, 733s, 710s, 706s, 611w, 601m cm−1.  Anal. Calcd for C54H65BTh:  C, 67.78; H, 

6.85.  Found:  C, 67.87; H, 6.87.  In a glovebox containing coordinating solvents, X-ray quality 

crystals of the THF adduct, 26-THF, were obtained by pentane vapor diffusion into a 

concentrated THF solution of 26-THF at −15 ºC.  1H NMR (C4D8O):  δ 7.30 [m, 8H, o-BPh4], 

6.87 [t, 3JHH =  7 Hz,  8H, m-BPh4], 6.72 [t, 3JHH = 7 Hz, 4H, p-BPh4], 2.19 [s, 45H, C5Me5].  

13C{1H} NMR (C4D8O):  δ 136.99 [o-BPh4], 133.29 [m-BPh4], 125.56 [p-BPh4], 121.68 

[C5Me5], 13.77 [C5Me5].  NMR Assignments were confirmed with HMQC experiments. 

Synthesis of [(C5Me5)3Th][BPh4], 26, from (C5Me5)3ThH.  Solid [Et3NH][BPh4] (6 mg, 

0.01 mmol) was added to a stirred colorless solution of (C5Me5)3ThH (10 mg, 0.016 mmol) in 

toluene (10 mL).  After the resulting white slurry was stirred for 6 h, it became a pink slurry.  

The mixture was centrifuged and the solids were washed with toluene.  The solids were dried to 

yield 26 as a salmon-colored powder (12 mg, 80%) identified by 1H NMR spectroscopy. 

  (C5Me5)3Th, 27.  Solid 26 (60 mg, 0.063 mmol) was dissolved in THF (20 mL) and KC8 

(13 mg, 0.096 mmol) was added.  The pale yellow solution immediately turned dark purple.  The 

solution was allowed to react for 20 min before being filtered and dried under reduced pressure 

to yield purple and white solids.  The purple solids were extracted into toluene, filtered, and 

dried under reduced pressure to yield 27 as a purple solid.  Blue X-ray quality crystals were 

grown from a toluene solution at −35 ºC (22 mg 61%).  EPR (toluene, room temperature) giso = 

1.88;  (toluene, 77 K) g||  = 1.97, g⊥ = 1.85.  UV-vis (toluene) λmax nm (ε, M–1cm–1):  391 (1700), 

440 (1100 shoulder), 530 (9500), 569 (4700), 640 (3900).  IR:  2967s, 2898s, 2851s, 1500w, 

1434s, 1374s, 1359m, 1014m, 800w, 728s cm−1.  Anal. Calcd for C30H45Th:  C, 56.50; H, 7.11.  

Found:  C, 55.98; H, 6.75.   
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Alternative Synthesis of 27.  KC8 (35 mg, 0.26 mmol) was added to a slurry of 26 (97 mg, 

0.099 mmol) in benzene (15 mL).  The mixture quickly turned purple and was stirred for 3 h 

before being centrifuged and the supernatant filtered.  The solids were washed three times with 

toluene (3 mL each), centrifuged, filtered, and the supernatants combined and dried under 

reduced pressure to yield 27 as a purple solid.  Crystals were grown from a toluene solution at 

−30 ºC (31 mg, 49%) 

(C5Me5)3ThI, 28.  Trimethylsilyliodide (8 drops) was added to a stirred colorless solution of 

25 (106 mg, 0.162 mmol) in toluene (18 mL).  The solution was stirred for 12 h before being 

filtered and dried under reduced pressure.  The solids were washed with cold pentane, the 

pentane was pipetted away from the solids, and the remainder was dried under reduced pressure 

to yield 28 as a white crystalline solid (95 mg, 77%)  Crystals of 28 grown from toluene at −30 

ºC , but were not suitable for X-ray diffraction were.  1H NMR (C6D6):  δ 2.13 [s, 45H, C5Me5].  

13C{1H} NMR (C6D6):  δ 128.20 [C5Me5], 14.29 [C5Me5].  IR:  2966s, 2926s, 2900s, 2853s, 

1484w, 1431m, 1378m, 1364w, 1107w, 1013w, 728m cm−1.  Anal. Calcd for 

C30H45ITh"1.5(C7H8):  C, 53.88; H, 6.36.  Found:  C, 53.74; H, 6.90.  

Reaction of (C5Me5)3Th, 27, with Iodomethane.  Excess iodomethane (one drop) was 

added to a stirred purple solution of 27 (12 mg, 0.019 mmol).  The solution immediately became 

colorless and was stirred for 15 min before being filtered and dried under reduced pressure to 

yield a white solid (11 mg).  The solid contained an approximate 2:3 mixture of 25 and 28 as the 

only organothorium products identifiable by 1H and 13C NMR spectroscopy.  This corresponds to 

0.006 mmol of 25 and 0.009 mmol of 28 with an overall yield of 75% based on thorium. 

Crystallization in toluene at −30 ºC gave a 1:1 mixture of 25 and 28 based on 1H NMR 
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spectroscopy.  X-ray analysis of the crystals also revealed a mixture of 25 and 28, but the data 

were not of high enough quality to determine the relative amounts of each compound. 

Reaction of (C5Me5)3Th, 27, with I2.  Elemental iodine (2.5 mg, 0.020 mmol) was added 

to a stirred purple solution of 27 (11 mg, 0.017 mmol) in toluene (5 mL) and within seconds the 

purple solution faded to colorless.  The reaction was stirred for 5 min before being filtered and 

dried under reduced pressure to yield (C5Me5)3ThI, 28, as a white solid (9 mg, 70%), as 

identified by 1H NMR spectroscopy. 

Reaction of (C5Me5)3Th, 27, with PhCl.  In a J-Young NMR tube, PhCl (16 mg, 0.14 

mmol) was added to a purple solution of 27 (7 mg, 0.011 mmol) in C6D6 (0.7 mL).  Upon 

mixing, the solution immediately became pale yellow.  1H NMR spectroscopy was performed 

after 20 min and confirmed that a reaction had taken place as a new (C5Me5) resonance was 

observed at 2.08 ppm.  The solution was mixed periodically for 3 d while being monitored by 1H 

NMR spectroscopy.  No further changes in the NMR spectra were observed during that time.  

After 3 d, the solution was filtered and dried under reduced pressure to yield what was 

presumably (C5Me5)3ThCl as a white solid (7 mg, 95%).  1H NMR (C6D6):  δ 2.08 [s, 45H, 

C5Me5].  13C{1H} NMR (C6D6):  127.50 [C5Me5], 13.26 [C5Me5]. When this white solid was 

treated with iodotrimethylsilane, 28 was obtained cleanly in 80% yield similar to the reaction of 

(C5Me5)3ThMe with iodotrimethylsilane described above. 

Synthesis of (C5Me5)3ThH from [(C5Me5)3Th][BPh4], 26, and KH.  Potassium hydride 

(6 mg, 0.2 mmol) was added to a pink slurry of 26 (10 mg, 0.010 mmol) in toluene (15 mL).  

After the mixture was stirred for 12 h the resulting white slurry was centrifuged and filtered. The 

supernatant was dried under reduced pressure to yield (C5Me5)3ThH as a white solid (6 mg, 92%) 

as determined by 1H NMR spectroscopy. 
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Reaction of (C5Me5)3Th, 27, with H2.  In an argon-containing glovebox, solid 27 (7 mg, 

0.01 mmol) was dissolved in C6D6 (0.6 mL) and transferred to a J-Young NMR tube.  The tube 

was sealed, removed from the glovebox, and attached to a high vacuum Schlenk line.  The 

solution was degassed with one freeze-pump-thaw cycle, and H2 (1 atm) was added.  1H NMR 

spectroscopy was then used to monitor the formation of the known (C5Me5)3ThH product.  After 

34 d, the solution had turned from purple to colorless, indicating the reaction had reached 

completion.  The 1H NMR spectra showed only the formation of (C5Me5)3ThH during this time, 

with no other discernable decomposition products.  The sample was brought back into an argon-

containing glovebox and dried under reduced pressure to yield (C5Me5)3ThH as a white solid (6 

mg, 86%). 

Reaction of (C5Me5)3Th, 27, with C8H8.  In an argon-containing glovebox, solid 27 (9 

mg, 0.01 mmol) was dissolved in C6D6 (0.6 mL).  C8H8 (one drop) was added to the stirred 

solution, which immediately turned from purple to pale yellow. Analysis by 1H NMR 

spectroscopy revealed only the presence of (C5Me5)3ThH and unreacted C8H8.  No hydride peak 

was observed in the 2H NMR spectrum.  The solution was brought back into an argon-containing 

glovebox, dried under reduced pressure, washed briefly with cold pentane, and dried again under 

reduced pressure to yield (C5Me5)3ThH as a white solid (8 mg, 78%). 

Reaction of (C5Me5)3Th, 27, with PhN=NPh.  Solid 27 (8 mg, 0.01 mmol) was 

dissolved in toluene (8 mL) to form a purple solution.  PhN=NPh (3 mg, 0.01 mmol) was added 

to the stirred solution, which was allowed to react for 1 h.  The resulting pale yellow hazy 

solution was centrifuged, filtered, and dried under reduced pressure to yield pale yellow solids 

that were quickly washed with cold pentane and dried under reduced pressure to yield 

(C5Me5)3ThH (7 mg, 88%) as identified by 1H and 13C{1H} NMR spectroscopy. 
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Reaction of (C5Me5)3Th, 27, with Al2Me6.  Al2Me6 (1 drop) was added to a stirred 

purple solution of 27 (12 mg, 0.019 mmol) in toluene (5 mL).  The purple solution immediately 

turned colorless and grey solids (presumably aluminum metal) formed.  The mixture was stirred 

for 5 min before being centrifuged and filtered.  The colorless supernatant was dried under 

reduced pressure to yield (C5Me5)3ThMe, 25, as a white solid (9 mg, 75%), as identified by 1H 

and 13C{1H} NMR spectroscopy. 

Reaction of 26 with 13CO in C6D5Cl.  In an argon-containing glovebox, 26 (28 mg, 

0.023 mmol) was dissolved in C6D5Cl (0.7 mL) in a J-Young NMR tube, which was then sealed, 

removed from the glovebox, and attached to a high-vacuum Schlenk line.  The solution was 

degassed with one freeze-pump-thaw cycle and CO (1 atm) was added.  A color change from 

orange to golden yellow was observed within minutes with agitation.  An analogous procedure 

was employed when using 12CO.  1H NMR (C6D5Cl):  δ 7.95 [m, 8H, o-BPh4], 7.23 [t, 3JHH =  7 

Hz,  8H, m-BPh4], 7.08 [t, 3JHH =  7 Hz,  4H, p-BPh4], 1.75 [s, 45H, C5Me5].  13C{1H} NMR 

(C6D5Cl):  δ 200.34 [Th–CO], 137.10 [BPh4], 129.25 [C5Me5], 125.96 [BPh4], 122.04 [BPh4], 

12.65 [C5Me5].  NMR Assignments were confirmed with an HMQC experiment. 

Reaction of 26-THF with 13CO in C4D8O.  In an argon-containing glovebox, 26 (4 mg, 

0.003 mmol) was dissolved in C4D8O (0.7 mL) in a J-Young NMR tube to form 26-THF, which 

was then sealed, removed from the glovebox, and attached to a high-vacuum Schlenk line.  The 

solution was freeze-pump-thawed once and CO (1 atm) was added.  A color change from 

colorless to golden yellow was observed within minutes with agitation.  An analogous procedure 

was employed when using 12CO.  1H NMR (C4D8O):  δ 7.29 [m, 8H, o-BPh4], 6.85 [t, 3JHH =  7 

Hz,  8H, m-BPh4], 6.70 [t, 3JHH =  7 Hz,  4H, p-BPh4], 2.01 [s, 45H, C5Me5].   
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 X-ray Data Collection, Structure Determination, and Refinement.  Crystallographic 

details for compounds, (C5Me5)3ThMe, 25, [(C5Me5)3Th(THF)][BPh4], 26-THF, and 

(C5Me5)3Th, 27, are summarized in the text below and in Table 5.2. 

X-ray Data Collection, Structure Solution and Refinement for 25.  A colorless crystal 

of approximate dimensions 0.033 x 0.124 x 0.130 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX256 program package was 

used to determine the unit-cell parameters and for data collection (40 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT57 and SADABS58 to 

yield the reflection data file.  The systematic absences were consistent with the hexagonal space 

groups P63 and P63/m and P6322  The centrosymmetric space group P63/m was assigned and 

later determined to be correct.  The structure was solved by direct methods and refined on F2 by 

full-matrix least-squares techniques.59  The analytical scattering factors60 for neutral atoms were 

used throughout the analysis. Hydrogen atoms were included using a riding model.  The 

molecule was located on a site of  symmetry resulting in disorder of methyl carbon C(7).  

Partial site-occupancy-factors were employed to account for the disordered atom.  At 

convergence, wR2 = 0.0840 and Goof = 1.178 for 58 variables refined against 962 data (0.80 Å), 

R1 = 0.0333 for those 815 data with I > 2.0σ(I).  Details are given in Table 5.2. 

X-ray Data Collection, Structure Solution and Refinement for 26-THF.  A colorless 

crystal of approximate dimensions 0.121 x 0.177 x 0.312 mm was mounted in a cryoloop and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX261 program package was 

used to determine the unit-cell parameters and for data collection (35 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT57 and SADABS62 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL63 

6
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program.  The diffraction symmetry was 2/m and the systematic absences were consistent with 

the monoclinic space group P21/n that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.  The 

analytical scattering factors60 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were included using a riding model.  At convergence, wR2 = 0.0576 and Goof = 1.039 for 

565 variables refined against 12822 data (0.74Å), R1 = 0.0254 for those 10832 data with I > 

2.0σ(I).  There were several high residuals present in the final difference-Fourier map.  It was 

determined that the solvent was a disordered tetrahydrofuran molecule, however, attempts to 

model the disorder were not successful.  The SQUEEZE64 routine in the PLATON65 program 

package was used to account for the electrons in the solvent accessible void.  The empirical 

formula included the contribution of the THF solvent.  Details are given in Table 5.2. 

X-ray Data Collection, Structure Solution and Refinement for 27.  A blue crystal of 

approximate dimensions 0.058 x 0.176 x 0.270 mm was mounted in a cryo-loop and transferred 

to a Bruker SMART APEX II diffractometer.  The APEX261 program package was used to 

determine the unit-cell parameters and for data collection (15 sec/frame scan time for a sphere of 

diffraction data).  The raw frame data was processed using SAINT57 and SADABS58 to yield the 

reflection data file.  The systematic absences were consistent with the hexagonal space groups 

P63 and P63/m and P6322  The centrosymmetric space group P63/m was assigned and later 

determined to be correct.  The structure was solved using the metal coordinates of the samarium 

analogue19 and refined on F2 by full-matrix least-squares techniques.59  The analytical scattering 

factors60 for neutral atoms were used throughout the analysis.  The molecule was located on a 

site of  symmetry (Z = 2).  Hydrogen atoms were located from a difference-Fourier map and 

refined (x,y,z and fixed Uiso)  At convergence, wR2 = 0.0333 and Goof = 1.117 for 75 variables 

6
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refined against 1217 data (0.73 Å), R1 = 0.0130 for those 1131 data with I > 2.0σ(I).  Details are 

given in Table 5.2. 

 

TABLE 5.2.  X-ray Data and Collection Parameters for (C5Me5)3ThMe, 25, 

[(C5Me5)3Th(THF)][BPh4], 26-THF, and (C5Me5)3Th, 27. 

Compound 25 26-THF 27 
Empirical 
Formula  

C31H48Th 
C58H73BOTh • 

C4H8O 
C30H45Th 

Temperature 
(K) 

143(2)  133(2) 88(2) 

Crystal System Hexagonal Monoclinic Hexagonal 
Space Group P63/m P21/n P63/m 

a (Å) 10.0524(9) 14.0198(9) 10.017(2) 
b (Å) 10.0524(9) 12.6245(8) 10.017(2) 
c (Å) 15.4433(15) 29.5965(19) 15.418(3) 
α  (deg) 90 90 90 
β  (deg) 90 92.0068(9) 90 
γ  (deg) 120 90 120 

Volume (Å3) 1351.5(3) 5235.2(6) 1339.6(6) 
Z 2 4 2 

ρcalcd (Mg/m3) 1.604 1.397 1.581 
µ  (mm−1) 5.533 2.891 5.580 

R1 (I > 2.0s(I))a 0.0333 0.0254 0.0130 
wR2 (all data)a 0.0840 0.0576 0.0333 

aDefinitions: R1 = S||Fo| − |Fc||/S|Fo|, wR2 = [Sw(Fo
2 − Fc

2)2/Sw(Fo
2)2]1/2. 
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CHAPTER 6 

Reactivity of Trivalent Thorium Compounds with Nitric Oxide 

 

Introduction 

This Chapter describes initial investigations into the reactivity of Th3+ complexes with 

nitric oxide (NO).  NO is a very important small molecule and scientists continue to be baffled 

by its many diverse properties and functions.1  Although NO is a toxic gas and a component of 

atmospheric pollution,2 it also plays vital roles in human biology relating to blood pressure, 

nerve impulses, and immune systems.3-10  Not only is NO a prevalent component of our chemical 

and biological world, it also receives considerable attention due to its diverse chemical 

properties.  The radical nature of neutral NO allows for both its oxidation to form (NO)1+ and its 

reduction to (NO)1−.11  NO is also known to form a loosely-bound dimer of the formula N2O2 at 

low temperatures,12-16 which has been extensively studied, and both NO and N2O2 have been 

shown to disproportionate to form nitrous oxide (N2O) and nitrogen dioxide (NO2),17 which are 

also important greenhouse gas species.18,19 

While the reactivity of NO has been studied extensively in environmental and biological 

systems, as well as with transition metals, less is known about its reactivity with f elements.  

Recently, the isolation of the first f element nitrosyl complex, namely (C5Me4H)3U(NO), was 

achieved via eq. 6.1.20  (C5Me4H)3U(NO) is an interesting complex, both structurally and 

electronically.  It contains a 180º U–N–O angle typical for (NO)1+ compounds, but a 1.231(5) Å 

N=O bond length typical for (NO)1−, combined with a 2.013(4) U–N distance similar to U=N 

distances in uranium imido complexes.  Spectroscopic, magnetic and theoretical characterization 

led to the assignment of a U4+ metal center with an anionic (NO)1−.  
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Reactions of NO with thorium were pursued for several reasons.  First, the NO radical is 

electronically very similar to that of TEMPO, and as described in Chapter 1, organometallic 

complexes of thorium can display unexpected reactivity with TEMPO.  It was therefore of 

interest to extend the investigation to this smaller, but similar reagent.  Secondly, it was of 

interest, in general, to study small molecule activation with Th3+ and Th2+ since there is so little 

precedence for this in the literature.  Finally, since (C5Me4H)3U(NO) is such a unique compound, 

it was of interest to see if a thorium analogue, which would have less oxidation state ambiguity, 

could be prepared for comparison.  Alternatively, if the reaction of the 6d1 (C5Me4H)3Th starting 

material with NO proceeded differently than the reaction of the 5f 
3 (C5Me4H)3U in eq 6.1, this 

would be interesting as well, and may provide more clues to the nature of the rare 6d1 ground 

state. 

 

Results  

Several reactions between (C5Me4H)3Th and NO were examined.  Table 1 summarizes 

the results.    

 

 

 

 

 

U + NO U

NO

(6.1)
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Table 6.1.  Reaction Conditions and 1H NMR Results for Reactions of (C5Me4H)3Th with NO. 

 

The initial attempt to form and isolate (C5Me4H)3Th(NO) was carried out according to 

the procedure which produced (C5Me4H)3U(NO), eq 6.1.21  One equiv of NO gas was condensed 

into a flask containing a frozen solution of (C5Me4H)3Th.  The solution was allowed to thaw in 

an isopropanol/dry ice bath at –78 ºC and was stirred at this temperature for 30 min with no 

visible color change.  The cold bath was then removed and the solution allowed to warm to room 

temperature causing a color change within 10 min to orange.  The 1H NMR spectrum of the 

crude mixture displayed four peaks in the aliphatic region at 2.26, 2.19, 2.05, and 2.02 ppm, 

indicating the presence of two (C5Me4H)-containing products (each C5Me4H ligand contains two 

unique methyl groups).  The spectrum also contained two singlets in the aromatic region that 

correspond to the ring protons for the two products at 6.06 and 5.72 ppm, Table 6.1.  Crystals 

were grown from a toluene solution of the mixture, and the X-ray data revealed a monometallic 

compound containing three C5Me4H ligands.  The data also contained other electron density 

peaks near the metal center that may correspond to a disordered nitrosyl ligand, but the data were 

Trial Equiv of 
NO(g) 

Conditions 

1H NMR 
Aromatic Peaks 

(ppm) 

1H NMR     
Aliphatic Peaks 

(ppm) 

1 1 
–78 ºC, 30 min 

Warm to r.t. 
6.06 
5.72 

2.26, 2.19 
2.046, 2.02 

2 1 

–78 ºC, 30 min 
–45 ºC, 90 min 
–20 ºC, 60 min 

Warm to r.t. 

6.06 
5.72 
5.22 

2.26, 2.19 
2.046, 2.02 
2.34, 2.051 

3 0.5 
–78 ºC, 30 min 

Warm to r.t. 

6.06 
5.95 
5.72 

2.26, 2.19 
2.13, 2.09 
2.046, 2.02 
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not of high enough quality to identify the atoms or to model the disorder.  The crystal system and 

space group did not match that of (C5Me4H)3U(NO), however. 

The reaction was attempted again, only this time with slightly different conditions.  One 

equiv of NO gas was again condensed into a flask containing a frozen solution of (C5Me4H)3Th, 

which was again allowed to thaw in an isopropanol/dry ice bath at –78 ºC and allowed to stir at 

this temperature for 30 min.  This time however, the solution was then placed in an 

acetonitrile/dry ice bath at –45 ºC and stirred at this temperature for 90 min (with no visible color 

change) before being placed in a ice/NaCl slush at –20 ºC and stirred for 60 min.  During this 

time, the slush warmed to –10 ºC, but still no color change was observed.  Finally, the slush bath 

was removed and the solution turned orange within 10 min.  The 1H NMR spectrum of the crude 

mixture displayed six resonances in the aliphatic region at 2.34, 2.26, 2.19, 2.051, 2.046, and 

2.02 ppm, which may correspond to three (C5Me4H)-containing products.  Two of the products 

were identical to those observed in the initial trial above.  The peaks at 2.051 and 2.046 ppm 

were not completely resolved from one another.  The spectrum also contained three singlets in 

the aromatic region at 6.06, 5.72, and 5.22 ppm, corresponding to the three products, Table 6.1.  

For the third attempt, only 0.5 equiv of NO gas was used in order to determine if this deficient 

amount would still consume all of the starting material (which would be readily observed by a 

color change from dark purple to orange).  The reaction is described in eq 6.2, and 

lead to the isolation of [(C5Me4H)3Th]2(µ-ONNO), 30, Figure 6.1.  Following the procedure used 

in the first attempt, the frozen solution was allowed to thaw in an isopropanol/dry ice bath at –78 

Th2
+ 0.5 NO Other 

Products (6.2)Th O
N N

O Th +

30
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ºC and was stirred at this temperature for 30 min before the bath was removed and the solution 

allowed to warm to room temperature causing a color change within 10 min to orange.  The 1H 

NMR spectrum of the crude mixture displayed six resonances in the aliphatic region at 2.26, 

2.19. 2.13, 2.09, 2.046, and 2.02 ppm, corresponding to three (C5Me4H)-containing products, 

with signals for the ring protons at 6.06, 5.95, and 5.72 ppm, Table 6.1.  The peaks at 5.95, 2.13, 

and 2.09 ppm were not observed in the reactions above with 1 equiv of NO, and are postulated to 

correspond to complex 30.  Eq 6.2 is not balanced with respect to NO, but since crystals of 30 

were obtained from this reaction and since other products are also produced, the reaction is 

displayed here as such. 

 

Figure 6.1.  Thermal ellipsoid plot of [(C5Me4H)3Th]2(µ-ONNO), 30.  Thermal ellipsoids are 

drawn at the 30% probability level with solvent molecules, hydrogen atoms, and disorder about 

the (ONNO)2– unit removed for clarity. 

 

Th1 
Th1!  O1 

O2!  

N1 N2!  
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The structure of complex 30 contains two Th4+ units which each retain the three 

cyclopentadienyl ligands of the (C5Me4H)3Th starting material, and are bridged by a cis-

hyponitrite, (ONNO)2−, unit, which is disordered in the structure.  The 2.595 Å average Th−(ring 

centroid) distance in 30 is slightly longer than the 2.551 Å distance in (C5Me4H)3Th.21  This is 

reasonable since Th4+ and Th3+ complexes typically have similar bond distances, but 30 has an 

additional ligand.  The presence of the (ONNO)2− ligand forces the C5Me4H ligands to bend 

back, breaking the planarity of the three ring centroids in (C5Me4H)3Th.  This gives a 116.4º avg 

(ring centroid)–Th−(ring centroid) angle as is common with Cp""3MX and (C5Me4H)3MX 

complexes, but rare in (C5Me5)3ThX complexes which typically have 120° angles (Chapters 4 

and 5). 

Structurally-characterized metal-hyponitrite species are rare and can display several 

different geometries and binding modes including cis and trans geometries, with coordination to 

one, two, and four metal centers.22  Structurally characterized examples of metal-bound cis-

hyponitrite complexes are limited to Na2N2O2,23  LnM(η2-ONNO) (M = Ni, Pt, Ln = PPh3, 

PPh2Me, dppe, dppf) (dppe = 1,2-bis(diphenylphosphino)ethane, dppf = 1,1"-

bis(diphenylphosphino)ferrocene,17,24 and [(NH3)5CoN(O)NOCo(NH3)5]Br2(NO3)2!2.5H2O,25 

while examples of metal bound trans-hyponitrite complexes are limited to [(Ph)3E]2(µ-ONNO) 

(E = Ge,26 Sn,27 Pb26), [Ru2(CO)4(µ-H)(µ-PtBu2)(µ-dppm)(µ-η2-ONNO)] (dppm = 

Ph2PCH2PPh2),28 [(OEP)Fe]2(µ-ONNO),22 {[(Me3Si)2N]2Y}4(µ3-ONNO)2(THF)2,29 and 

Co4(NO)8(NO2)2(N2O2).30   

The structure of the cis-hyponitrite ligand that bridges the metal center is unprecedented 

in two ways:  complex 30 is the first hyponitrite compound of an actinide and the first bimetallic 

cis-µ-O,O-hyponitrite compound with any metal.  Most cis-hyponitrite species are monometallic, 
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such as LnM(η2-ONNO) (M = Ni, Pt, Ln = PPh3, PPh2Me, dppe, dppf),17,24 and the only 

bimetallic cis-hyponitrite, [(NH3)5CoN(O)NOCo(NH3)5]Br2(NO3)2!2.5H2O,25 contains a µ-N,O-

hyponitrite unit.  The 1.30(2) N1=N2" Å distance in 30 is consistent with a double bond, and is 

slightly longer than the ca. 1.25 Å distances in the other examples above.  Interestingly, the 

1.23(2) and 1.38(2) Å O1−N1 and O2"−N2" distances, respectively, differ considerably, as do the 

2.34(1) and 2.16(1) Å Th1−O1 and Th1"−O2" distances, respectively.  This gives a long Th–O 

short O–N pattern for Th1 and a short Th–O long O–N pattern for Th1'. 

Since the reaction in eq 6.2 produced such an interesting result, it was decided to try the 

analogous reaction with a different tris(cyclopentadienyl) thorium starting material, namely, 

Cp""3Th [Cp"" = C5H3(SiMe3)2-1,3].  In this case, the reaction with 1 equiv of NO does proceed at 

–78 ºC over 1 h, eq. 6.3, to produce another dimeric product, [Cp""2Th(µ-O)]2, 31, Figure 6.2, 

which contains bridging oxide units instead of (ONNO)2−.  The 1H NMR spectrum of the 

reaction mixture displays one main Cp""-containing product (presumably 31), with several other 

less intense resonances that could also correspond to Cp""-containing products, including a peak 

at –0.03 ppm for C5H4(SiMe3)2.  The source of the proton needed to transform [C5H3(SiMe3)2]1– 

to C5H4(SiMe3)2 is unclear at this time. 

 

SiMe3

Th
Me3Si
Me3Si

SiMe3

O

O

SiMe3

Th

SiMe3

Me3Si
SiMe3

Me3Si

SiMe3

2 + NO

Me3Si

Th
SiMe3
SiMe3

Me3Si

(6.3)

31
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Figure 6.2.  Thermal ellipsoid plot of [Cp""2Th(µ-O)]2, 31.  Thermal ellipsoids are drawn at the 

50% probability level and hydrogen atoms omitted for clarity. 

 

[Cp""2Th(µ-O)]2, 31, crystallizes in the P21/n space group and is isomorphous with the 

uranium analogue [Cp""2U(µ-O)]2.31  The 2.577 and 2.1680(12) Å Th−(ring centroid) and Th–O  

distances, respectively, in 31 are similar to the 2.547 and 2.163(5) Å avg distances (corrected for 

the 0.05 Å difference in ionic radii for 8-coordinate Th4+ vs U4+ according to Shannon32) in 

[Cp""2U(µ-O)]2.  Each thorium center in 31 displays a distorted tetrahedral geometry with respect 

to the ring centroids and the four Cp"" ligands are eclipsed with respect to each other. 

Th1 Th1!! 

O1 

O1!! 

Si1 

Si2 

Si1!! 

Si2!! 

Si3 

Si4 

Si4!! 

Si3!! 
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Discussion 

[(C5Me4H)3Th]2(µ-ONNO), 30.  The mechanism for the formation of complex 30 is 

uncertain.  The formation of hyponitrite complexes of transition metals has been proposed to 

proceed both by metal-induced reductive coupling of two NO units17,28 and by attack of a free 

NO molecule on a metal-bound NO species.29,33,34  Since the reaction in eq 6.2 was done at low 

temperatures, it is also possible that the reaction proceeds through the initial formation of the 

neutral (NO)2 dimer followed by its reduction by 2 electrons, as has been speculated as a 

possible route to hyponitrite complexes.17  This mechanism would account for the cis geometry 

of the hyponitrite group:  many investigations into the (NO)2 dimer have resulted in the 

consensus that the structure displays a cis-(ONNO) geometry that is ca. 2 kcal/mol lower in 

energy than NO + NO.13-16  Another possibility that has not been discussed in the literature is the 

initial formation of a highly reactive oxygen-bound (NO)− species followed by N−N bond 

formation.  While nitrosyl ligands are almost exclusively found to bind to metal centers through 

the nitrogen, the initial formation of an oxygen-bound intermediate in this case may be possible 

due to the oxophilic nature of actinides. 

Since the reaction in eq 6.2 has not been fully characterized, and several other products 

can be generated depending on reaction conditions, a more thorough investigation is warranted in 

order to determine which species are formed and to better understand the conditions that lead to 

each product.  It was initially postulated that the reaction with 1 equiv of NO would generate 

(C5Me4H)3Th(NO), and the formation of this product cannot be ruled out at present.  It is also 

possible that this reaction can form [(C5Me4H)3Th]2(µ-O) or [(C5Me4H)2Th(µ-O)]2, similar to 

[Cp""2Th(µ-O)]2, 31.  It has been shown that (ONNO)2− complexes can disproportionate releasing 

N2O gas by themolysis,17 which could lead to a bridging oxide complex.  It has also been shown 
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that further reaction of (ONNO)2− complexes with NO can liberate N2O and form nitrite, (NO)2−, 

and that more N2O is released when the reactions are allowed to proceed longer at lower 

temperatures.33  Therefore a nitrite complex of thorium is also possible, as is the possibility that 

this type of reactivity may be contributing to the temperature-dependence of the reaction in eq 

6.2, even though only 1 equiv or less of NO was used.  N2O liberation from metal hyponitrite 

complexes with concomitant formation of metal chloride complexes has been achieved via 

reaction with electrophiles such as HCl or chlorotrimethylsilane.24  The reaction of 30 with 

chlorotrimethylsilane may yield (C5Me4H)3ThCl, 19 (Chapter 3).  (ONNO)2− complexes have 

also been shown to decompose photochemically,17 which should also be investigated with 30.   

[Cp" "2Th(µ-O)]2, 31.  The fact that the reaction with Cp""3Th, eq 6.3, proceeds at −78 ºC, 

while the reactions with (C5Me4H)3Th do not, is puzzling.  The [(C5Me4H)3]3− ligand set should 

be more electron-donating towards the already reducing metal center than [Cp""3]3−, making it 

more reactive.  This is demonstrated in the observation that Cp""3Th seems to be much more 

thermally stable than (C5Me4H)3Th.  However, Cp""3Th may be more sterically accessible. 

The formation of bridging oxides from reactions of lanthanides35 and actinides36,37 with 

NO gas has previously been observed, and has been attributed to the highly oxidizing nature of 

NO combined with the highly oxophilic nature of the metals.35-37  Transition metals have also 

been shown to react similarly:  the zirconium species Cp2Zr(PMe3)2 (Cp = C5H5) reacts with both 

NO and N2O to produce bridging oxide species, a result occurring from the formal reduction of 

NO to N2, via O−N bond activation.38  Bridging oxide species tend to be of low energy and 

stable.  As such, complex 31 is likely the thermodynamic product of the reaction in eq 6.3. 

However it may be possible that other species, such as a bimetallic hyponitrite complex of the 
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formula [Cp""3Th]2(µ-ONNO), analogous to 30, are initially formed and then decompose to 31.  

Reactions at temperatures below −78 ºC may be considered to probe this question.  

 

Conclusion 

 Two different products,  [(C5Me4H)3Th]2(µ-ONNO), 30, and [Cp""2Th(µ-O)]2, 31, were 

isolated from reactions of two structurally and electronically similar Th3+ precursors, 

(C5Me4H)3Th and Cp""3Th, respectively, with NO gas.  Complex 30 is the result of the reduction 

and coupling of two NO units, via one of several possible routes as described above, to form the 

unusual (ONNO)2− ligand, while complex 31 is the result of N−O bond cleavage.  While 

different types of complexes were isolated in the two reactions, it is possible that these reactions 

proceed through the same mechanism.  If this is the case, then it may be possible isolate species 

such as (Cp""3Th)2(µ-ONNO) and [(C5Me4H)2Th(µ-O)]2 by adjusting the reaction conditions.  

However, steric factors relating to the substituents on the cyclopentadienyl ligands might be 

influencing the product formation.  Additionally, the formation of Cp""3Th(NO) and 

(C5Me4H)3Th(NO) cannot be ruled out.  Clearly, more investigation is needed to better 

understand these initial results. 

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon 

atmosphere.  Solvents were sparged with UHP argon and dried by passage through columns 

containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents were dried over 

sodium benzophenone ketyl, degassed by three freeze-pump-thaw cycles, and vacuum 
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transferred before use. 1H NMR spectra were recorded on a Bruker GN500 spectrometer 

operating at 500 MHz at 298 K unless otherwise noted and referenced internally to residual 

protio-solvent resonances.  Cp""3Th39 and (C5Me4H)3Th21 were prepared according to the 

literature.  Nitric oxide (NO) (Aldrich, 98.5%) was passed through U traps at −78 ºC to remove 

moisture impurities before use.  

[(C5Me4H)3Th]2(µ-ONNO), 30.  In an argon-containing glovebox, (C5Me4H)3Th (93 

mg, 0.16 mmol) was dissolved in toluene (25 mL) and added to a Schlenk flask with a greaseless 

stopcock and a stir bar.  The flask was removed from the glovebox and attached to a high 

vacuum Schlenk line.  NO gas (0.5 equiv) was condensed into the flask at 77 K.  The solution 

was allowed to thaw in an isopropanol/dry ice bath at −78 ºC.  After 30 min, the cold bath was 

removed and the mixture was allowed to stir.  After 4 min, the solution became orange/yellow, 

and stirred for 30 min total before being dried under reduced pressure to yield orange and white 

solids.  The solids were extracted into toluene, and the toluene filtered and dried under reduced 

pressure to yield orange and white solids (84 mg).  X-ray quality crystals of 30 were grown from 

a methylcyclohexane solution at −30 ºC.  1H NMR data is described in the Results section above. 

[Cp" "2Th(µ-O)]2, 31.  In an argon-containing glovebox, Cp""3Th (111 mg, 0.129 mmol) 

was dissolved in hexane (15 mL) and added to a Schlenk flask with a greaseless stopcock and a 

stir bar.  The flask was removed from the glovebox and attached to a high vacuum Schlenk line.  

NO gas (1 equiv) was condensed into the flask at 77 K.  The solution was allowed to thaw in an 

isopropanol/dry ice bath at −78 ºC and was stirred at this temperature for 1 h which caused a 

color change to pale yellow.  The cold bath was removed and the solution was stirred for 30 min 

longer as the solution warmed to room temperature.  The mixture was then dried to yield white 

solids with yellow/orange oil.  The flask was brought back into an argon-containing glovebox 
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and the crude mixture was extracted into hexane (20 mL).  The hexane was filtered and dried 

under reduced pressure to yield a pale yellow oily material (100 mg).  X-ray quality crystals of 

31 were grown from a methylcyclohexane solution at −30 ºC.  1H NMR (C6D6):  δ 6.86 [m, 8H, 

C5H3(SiMe3)2], 6.67 [s, 4H, C5H3(SiMe3)2], 0.39 [s, 54H, C5H3(SiMe3)2].  Resonances for 

C5H4(SiMe3)2 were also observed at δ 6.75 [m, C5H4(SiMe3)2], 6.43 [m, C5H4(SiMe3)2], and 

−0.03 [s, C5H4(SiMe3)2]. 

X-ray Data Collection, Structure Solution and Refinement for 30.  A colorless crystal 

of approximate dimensions 0.048 x 0.085 x 0.440 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX240 program package was 

used to determine the unit-cell parameters and for data collection (40 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT41 and SADABS42 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL43 

program.  There were no systematic absences nor any diffraction symmetry other than the 

Friedel condition.  The centrosymmetric triclinic space group P  was assigned and later 

determined to be correct.  The structure was solved by direct methods and refined on F2 by full-

matrix least-squares techniques.  The analytical scattering factors44 for neutral atoms were used 

throughout the analysis.  Hydrogen atoms were included using a riding model.  The molecule 

was a dimmer and located about an inversion center.  There were two molecules of 

methylcyclohexane solvent present per dimeric formula-unit.  The solvent was disordered and 

included using multiple components with partial site-occupancy-factors.  The O-N-N-O unit was 

disordered and included as above.  At convergence, wR2 = 0.0786 and Goof = 1.019 for 340 

variables refined against 7430 data (0.75 Å), R1 = 0.0364 for those 6300 data with I > 2.0σ(I).  

Details are given in Table 6.2. 

1



! 189 

X-ray Data Collection, Structure Solution and Refinement for 31.  A colorless crystal 

of approximate dimensions 0.211 x 0.223 x 0.256 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX245 program package was 

used to determine the unit-cell parameters and for data collection (20 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT41 and SADABS46 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL47 

program.  The diffraction symmetry was 2/m and the systematic absences were consistent with 

the monoclinic space group P21/n that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.  The 

analytical scattering factors44 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were located from a difference-Fourier map and refined (x,y,z and Uiso).  The molecule 

was located about an inversion center.  At convergence, wR2 = 0.0350 and Goof = 1.049 for 421 

variables refined against 7478 data (0.73Å), R1 = 0.0150 for those 7000 data with I > 2.0σ(I).  

Details are given in Table 6.2. 

 

 

 

 

 

 

 

 

 



! 190 

Table 6.2.  X-ray Data and Collection Parameters for![(C5Me4H)3Th]2(µ-ONNO), 30, and 

[Cp""2Th(µ-O)]2, 31. 

 

 

 

 

 

 

 

 

 

 

 

 

aDefinitions: R1 = S||Fo| − |Fc||/S|Fo|, wR2 = [Sw(Fo
2 − Fc

2)2/Sw(Fo
2)2]1/2 
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!! !! !!
Compound 30 31 

Empirical Formula 
C54H78N2O2Th2

• 2(C7H14) 
C44H84O2Si8Th2 

Temperature (K) 143(2) 93(2) 
Crystal System Triclinic Monoclinic 
Space Group P  P21/n 

a (Å) 9.6567(10) 11.9865(5) 
b (Å) 12.5705(13) 15.9646(6) 
c (Å) 13.6659(14) 15.5578(6) 
α (deg) 77.9007(12) 90 
β (deg) 76.9613(12) 100.9457(4) 
γ (deg) 83.3760(12) 90 

Volume (Å3) 1576.2(3) 2923.0(2) 
Z 1 2 

ρcalcd (Mg/m3) 1.525 1.516 
µ (mm−1) 4.755 5.276 

R1 (I > 2.0s(I))a 0.0364 0.0150 
wR2 (all data)a 0.0786 0.0350 

1
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CHAPTER 7 

Synthesis and Characterization of the Linear Thorium Metallocenes, 

[(C5Me5)2Th(NCR)5][BPh4]2  

 

Introduction 

The discovery of ferrocene, (C5H5)2Fe, in 1951,1 and subsequent characterization of the 

complex as having a “sandwich” structure in which the two cyclopentadienyl ligands bind η5 on 

each side of the iron center,2-4 was an amazing discovery that invigorated the interest in 

organometallic chemistry.  Since then, many analogous complexes containing other transition 

metals, including Co,5 Ni,5 Cr,6 Ru,7 and Os,8 and others have been synthesized and 

characterized, as well as analogous complexes containing substituted cyclopentadienyl ligands.9  

All of these complexes feature two rings that are planar and parallel to each other, and the 

names, ferrocene, cobaltocene, nickelocene, etc., became synonymous with this type of structure.  

For f elements, the case is somewhat different.  Linear metallocenes have been prepared 

for Th,10 Pa,11 U,12 Np,11,13 Pu,11,13 and Ce,14 but these complexes contain two η8-

cyclooctatetraenyl ligands, as opposed to η5-cyclopentadienyl ligands.  These compounds were 

dubbed thorocene, protactinocene, uranocene, etc.  All f element complexes containing two η5-

cyclopentadienyl ligands had bent metallocene structures, even compounds such as 

(C5Me5)2Sm15,16 and (C5Me5)2Eu,16 which do not contain any other ligands and would be 

predicted to be linear on the basis of steric and electrostatic considerations.17 

One of the breakthroughs in organometallic actinide chemistry was the demonstration by 

Ephritikhine and coworkers that uranium would form linear metallocenes containing 

cyclopentadienyl ligands, [(C5Me5)2U(NCMe)5][X]2 [X = I−, (OTf)−, (BPh4)−],18,19 Scheme 1, 
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and [NEt4]3[(C5Me5)2U(CN)5],20 Scheme 2.  In Scheme 2, the linear penta-cyanide complex is in 

equilibrium with the bent tri-cyanide complex.  This work showed that linear structures could be 

isolated for U4+ and U5+, but not for U3+.18,21  It was subsequently shown that Ln3+ complexes 

adopted only bent geometries under similar conditions.22 

!

Scheme 1. Formation of [(C5Me5)2U(NCMe)5][X]2 [X = I−, (OTf)−, (BPh4)−].18,19  

 

!

Scheme 2.  Formation of [NEt4]3[(C5Me5)2U(CN)5].20 

 

The [(C5Me5)2U(NCMe)5]2+ complexes of Ephritikhine are intriguing compounds since 

they are dications and the metal is protected above and below by the rings and by five strong 

field ligands in the equatorial plane.  It was predicted that similar complexes could be isolated 

with thorium, since some of the analogous thorium precursors are known and since thorium is 

most often found in the +4 oxidation state.  It was also thought that such complexes, if isolable, 

would be interesting precursors to study reactivity.  For example, could TEMPO displace the 
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(C5Me5)1− ligands in a linear metallocene as well as it could in the bent metallocenes described in 

Chapter 1?  It was also of interest whether complexes containing dicationic thorium could be 

isolated without the presence of nitriles.  Dicationic thorium species containing labile outer-

sphere anionic ligands could lead to reactivity that may allow for the isolation of novel Th4+, 

Th3+, and Th2+ complexes.  One specific target was a material that could provide a better route to 

the sterically-crowded complex (C5Me5)3Th, 27 (Chapter 5).  Linear metallocenes containing 

cyclopentadienyl ligands with other substituents were also of interest.  The investigations 

presented in this Chapter are aimed at answering these questions.  

 

Results 

Initially, the isolation of a dicationic compound of thorium with the general formula 

[(C5R5)2Th][BPh4]2 was investigated without the use of nitriles.  The attempted synthesis of 

[(C5Me5)2Th][BPh4]2 as carried out by reaction of (C5Me5)2Th(C3H5)2, 2, with 2 equiv 

[Et3NH][BPh4] in benzene.  However, a different product was isolated, namely 

[(C5Me5)2Th(C6H5)(THF)][BPh4], 32, which contained a phenyl group and only one (BPh4)− 

unit, according to eq 7.1.  The structure was determined after exposing the product to THF, thus 

forming the THF adduct, 32, and crystallizing from toluene, as shown in Figure 7.1. 

!
Compound 32 is not the only product formed by this reaction and may not be generated 

in all cases.  Further examinations into this reaction, along with the analogous reaction using 

+ 2 [Et3NH][BPh4]
1) toluene

− 2 C3H6

2) THF Th

32

O

− 2 Et3N
− BPh3

(7.1)

BPh4

Th

2
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(C5Me5)2ThMe2 as the starting material, are needed to fully understand the pathways of this 

reaction.  However, the isolation of 32 demonstrates that a dicationic thorium species may be 

difficult to obtain in the presence of (BPh4)− units, which have been shown in the past to display 

non-innocent behavior.23  (BPh4)− is likely the source of the phenyl ligand in 32.  

!

Figure 7.1.  Thermal ellipsoid plot of the cation of [(C5Me5)2Th(C6H5)(THF)][BPh4], 32.  

Thermal ellipsoids are drawn at the 50% probability level and hydrogen atoms, co-crystallized 

solvent, and (BPh4)− anion omitted for clarity. 

 

Complex 32 is only the third example of a crystallographically-characterized Th–phenyl 

complex, with the other two being [Li(DME)3]2[Th(C6H5)6]24 and [Li(THF)(12-crown-

4)]2[Th(C6H5)6].24  The crystal structure of 32 contains two independent 

[(C5Me5)2Th(C6H5)(THF)][BPh4] units which display similar metrical parameters.  In unit 1, the 

2.507 Å Th–(ring centroid) distances are equivalent, as are the 135.6º (ring centroid)–Th–(ring 

centroid) angles.  In unit 2, the Th–(ring centroid) distances are 2.516 and 2.507 Å, and the (ring 

centroid)–Th–(ring centroid) angle is 137.1º.  These values are similar to the corresponding 

Th1 O1 

C21 

C22 

C26 
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2.518 Å distance and the 133.9º angle in (C5Me5)2ThMe2, Table 7.1.  The 2.412(5) Å ave Th–

Cipso(C6H5) bond length in 32 is shorter than the 2.589(3) and 2.603(3) average values for 

[Li(DME)3]2[Th(C6H5)6] and [Li(THF)(12-crown-4)]2[Th(C6H5)6], respectively, and is likely due 

to the less-crowded nature of 32. 

As with [Li(THF)(12-crown-4)]2[Th(C6H5)6],24 the crystal structure of 32 shows the 

presence of Th...H–Cortho agostic interations;  the phenyl group is tipped to the side such that the 

difference between the Th–Cipso–Cortho bond angles [in the case of 32 this is (Th1−C21−C22) − 

(Th1−C21−C26)] is 48º, which is even larger than the 37º maximum value in [Li(THF)(12-

crown-4)]2[Th(C6H5)6].  These values are much greater than the 4º difference in 

[Li(DME)3]2[Th(C6H5)6], which does not contain agostic interactions in the solid state.24 

In contrast to eq 7.1, the bent metallocene, (C5Me5)2ThMe2, reacts in toluene with two 

equiv of [Et3NH][BPh4] in the presence of excess acetonitrile (MeCN) to form 

[(C5Me5)2Th(NCMe)5][BPh4]2, 33, eq 7.2, which could be characterized by 1H and 13C{1H} 

NMR spectroscopy, elemental analysis, and X-ray crystallography, Figure 7.2.  A similar 

product, [(C5Me5)2Th(NCPh)5][BPh4]2, 34, could be isolated when benzonitrile (PhCN) was used 

in place of MeCN, eq 7.2, and was characterized analogously to 33, Figure 7.3.  A third complex 

was generated according to eq 7.2 using tBuCN, postulated as [(C5Me5)2Th(NCtBu)5][BPh4]2, 35.   

However, the crystal structure of this complex has not yet been obtainable.  1H NMR 

spectroscopy is consistent with the identification of 33 as [(C5Me5)2Th(NCtBu)5][BPh4]2. 

!

ThRCN
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RCN
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Me
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R = Me (33), Ph (34), tBu (35)

+ 2 [Et3NH][BPh4]
NCR

− 2 CH4
− 2 Et3N
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Figure 7.2.  Thermal ellipsoid plots of the cation of [(C5Me5)2Th(NCMe)5][BPh4]2, 33, in 

overhead (top) and side-on (bottom) orientations.  Thermal ellipsoids are drawn at the 50% 

probability level and hydrogen atoms, co-crystallized solvent, and BPh4
− anions omitted for 

clarity. 
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Figure 7.3.  Thermal ellipsoid plots of the cation of [(C5Me5)2Th(NCPh)5][BPh4]2, 34,  in 

overhead (top) and side-on (bottom) orientations.  Thermal ellipsoids are drawn at the 50% 

probability level and hydrogen atoms, co-crystallized solvent, and (BPh4)− anions omitted for 

clarity. 
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Both 33 and 34 contain formally 11-coordinate thorium centers with two 

cyclopentadienyl ligands opposite and parallel to each other with 179.1º and 178.4º (ring 

centroid)–Th–(ring centroid) angles, respectively.  The dihedral angles between the two ring 

planes are 0.39º and 0.66º, respectively.  These angles are similar to the 178.0-179.9º and 0.5-

2.8º ranges, respectively, observed for uranium complexes containing the 

[(C5Me5)2U(NCMe)5]2+ unit.18  The rings are nearly eclipsed with the average dihedral angle 

between the planes containing the methyl, the ring carbon it is attached to, and the thorium center 

being 2.68º for 34, and a surprisingly larger value of 9.31º for 33.  In both 33 and 34, the nitriles 

are staggered with respect to the (C5Me5) methyl groups, minimizing steric interactions.  

The 2.598 and 2.602 Å average Th–(ring centroid) distances for 33 and 34, respectively, 

are longer than the 2.518 Å distance in the bent metallocene starting material, (C5Me5)2ThMe2, 

and are evidence of the more crowded nature of 33 and 34 vs common bent metallocenes, Table 

7.1.  The Shannon radii for 8 and 11 coordinate Th4+ are 1.05 and 1.18 Å, respectively.25  In fact, 

the Th–(ring centroid) distances for 33 and 34 are closer to the 2.620 Å values of (C5Me5)3ThMe, 

25, and [(C5Me5)3Th(THF)][BPh4], 26-THF, (Chapter 5) which have unusually long Th–(ring 

centroid) distances.  Unlike the complexes described in Chapter 5, however, the methyl 

displacements of 0.187-0.247 Å for 33 and 0.200-0.239 Å for 34 out of the plane of the 

cyclopentadienyl ring are well below the 0.48 Å minimum value observed for complexes that 

undergo the unusual η1-alkyl reactivity and sterically induced reduction.26  Surprisingly, the 

2.592(3) and 2.580(2) Å average Th–N distances for 33 and 34, respectively, are much shorter 

than the 2.802(3) Å distance in the only crystallographically-characterized example of a neutral 

thorium complex with an acetonitrile adduct, (MesDABMe)(MesDABMe2)ThI(NCMe), {(MesDABMe) 
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= [MesNC(Me)=C(Me)NMes], (MesDABMe2) = [MesN=C(Me)C(Me)2NMes],  Mes = 2,4,6-

trimethylphenyl}.27  There are no crystallographically-characterized examples of thorium 

benzonitrile complexes in the literature. 

!

Table 7.1.  Comparison of Selected Bond Distances (Å) and Angles (º) for 

[(C5Me5)2Th(NCMe)5][BPh4]2, 33, [(C5Me5)2Th(NCPh)5][BPh4]2, 34 and Other Selected 

Compounds. 

Complex 
M–(Cnt)  
(ave) (Å) 

M–N (ave) 
(Å) 

Cnt−M−Cnt 
       (ave) (º) 

[(C5Me5)2Th(NCMe)5][BPh4]2, 33 2.598 2.592(3) 179.1 
[(C5Me5)2Th(NCPh)5][BPh4]2, 34 2.602 2.580(2) 178.4 

[(C5Me5)2U(NCMe)5][BPh4]2 2.574a 2.550(3)a 178.6 
(C5Me5)3ThMe, 25 2.620 -- 120.0 

[(C5Me5)3Th(THF)][BPh4], 26-THF 2.620 -- 118.0 
[(C5Me5)2Th(C6H5)(THF)][BPh4], 32 2.509 -- 136.4 

(C5Me5)2ThMe2 2.518 -- 133.9 
a Adjusted for the 0.04 Å difference in atomic radii for 12-coordinate Th4+ vs U4+ 25 

 

Although the structure of 33 is similar to that of the uranium analogue 

[(C5Me5)2U(NCMe)5][BPh4]2, they are not isomorphous, as the unit cells do not match.  This is 

likely due to the orientations of the (BPh4)− anions.  In fact, two different orientations and unit 

cells have been obtained simply by changing the crystallization temperature for 33.  Preliminary 

data on crystals obtained at −15 ºC, 33-cold, Figure 7.4, differ from that of 33 crystallized at 

room temperature.  It is also interesting to note that the (C5Me5)1− rings seem more perfectly 

eclipsed in the room temperature structure. 
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Figure 7.4.  Thermal ellipsoid plots of 33 and 33-cold showing different spatial arrangements 

when crystallized at room temperature (33, top) and −15 ºC (33-cold, bottom).  Thermal 

ellipsoids are drawn at the 25% probability level and hydrogen atoms and co-crystallized solvent 

omitted for clarity. 
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Two C≡N stretching frequencies, 2306 and 2275 cm−1, are observed in the IR spectrum 

for the MeCN units bound to the metal center in complex 33 and are similar to the 2269 and 

2262 cm−1 values for [(C5Me5)2U(NCMe)5][BPh4]2.18  These absorptions are higher in energy 

than the 2254 cm−1 value of free MeCN, which is consistent with the ligand acting as a σ-donor 

to the metal center.18,22  The IR spectrum of 34 contains one feature corresponding to the C≡N 

stretch at 2237 cm−1, which is also higher energy than the 2231 cm−1 value of free PhCN.22  

Complex 35 displays one C≡N stretch at 2253 cm−1, which is also higher energy than the 2235 

cm−1 value of free tBuCN.22 

The reactivity of 33 was investigated and found to be quite limited.  Like 

[(C5Me5)2U(NCMe)5][BPh4]2, a solution of 33 is stable to air for at least 24 hr.  Complex 33 does 

not react with the TEMPO radical (2,2,6,6-tetramethylpiperidin-1-oxyl) like the many complexes 

in Chapter 1.  In fact, 33 is the first actinide complex that doesn’t react with TEMPO in my 

hands.  Attempts to generate a complex such as [(C5Me5)3Th(NCMe)][BPh4] from the reaction of 

33 with KC5Me5, as well as the attempted reduction of 33 with KC8 to form a Th3+ product, were 

also unsuccessful.  33 was also found to be unreactive with 2,2"-bipyridine.  Complex 33 does 

react, however, with excess NO gas over a 12 h period, and also with water, to form unidentified 

products that do not contain cyclopentadienyl ligands identifiable by 1H NMR spectroscopy.   

Since linear metallocenes were successfully isolated with the [(C5Me5)2Th]2+ system, it 

was also of interest to see if other analogues could be made which contained different 

cyclopentadienyl ligands for comparison.  Since the related (C5Me4H)2ThMe2
28 is known, a 

reaction analogous to eq 7.1 was attempted using this tetramethylcyclopentadienyl species 

instead of the pentamethylcyclopentadienyl complex.  The product that was isolated from this 

reaction surprisingly did not contain thorium, and instead was a magnesium complex, 
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[Mg(NCMe)6][BPh4]2, Figure 7.5.  The X-ray data was of low quality and is being displayed to 

show the connectivity only.  The generation of this product was likely due to residual magnesium 

in (C5Me4H)2ThMe2 which was carried over from the synthesis of its precursor, 

(C5Me4H)2ThBr2, which is made from ThBr4(THF)4 and (C5Me4H)MgCl.28  It is clear that a 

large amount of magnesium was present in the (C5Me4H)2ThMe2 starting material, as enough 

[Mg(NCMe)6][BPh4]2 was generated (mass not collected) to make it seem as if this were the sole 

thorium product.  This was a reoccurring problem in my hands. 

!
Figure 7.5.  Thermal ellipsoid plot of [Mg(NCMe)6][BPh4]2.  Thermal ellipsoids are drawn at 

the 30% probability level and hydrogen atoms and co-crystallized solvent omitted for clarity. 

 

Concurrent with the investigation of (C5Me4H)1− above, an attempt was also made to 

form a linear metallocene from the proposed Cp""2ThMe2 complex described in Chapter 2.  This 

reaction yielded a large amount of white product that displayed the same 1H NMR spectrum as 

[Mg(NCMe)6][BPh4]2.  Apparently, there was a Mg contamination issue in this case too. 

Due to the repeated problems with magnesium contamination in (C5Me4H)2ThMe2 and 

Cp""2ThMe2, a different approach was taken.  It was postulated that perhaps linear metallocenes 
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could be generated by the protonation of a cyclopentadienyl ligand in tris(cyclopentadienyl) 

thorium complexes.  It was discovered, however, that tris(cyclopentadienyl) Th3+ complexes 

react with MeCN, so it was necessary to instead prepare Th4+ analogues.  Since 

[(C5Me5)3Th][BPh4], 26, is now known (Chapter 5), and [(C5Me4H)3Th][BPh4],28 

[(C5H4Me)3Th][BPh4],29 and {[C5H4(SiMe3)]3Th}[BPh4]29 are in the literature, the targets 

became the known [(C5Me4H)3Th][BPh4] and the unknown [Cp""3Th][BPh4], 36.  These two 

complexes were successfully prepared via oxidation of the respective tris(cyclopentadienyl) 

complexes with AgBPh4, eqs 7.3 and 7.4.  Crystal structures of these two complexes have not yet 

been obtained.  Although elemental analysis data was not obtained for 36, 1H, 13C, and 29Si NMR 

spectroscopic data were consistent with the identification of 36 as [Cp""3Th][BPh4].  Further 

evidence was obtained with the reaction of 36 with KH, which formed Cp""3ThH, 13, along with 

several other products including an unidentified thorium hydride complex.  This reaction 

parallels the formation of (C5Me5)3ThH from the reaction of [(C5Me5)3Th][BPh4], 26, with KH 

(Chapter 5).  

!

!
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! [Cp""3Th][BPh4], 36, reacts with [Et3NH][BPh4] very slowly.  When 36 was stirred in a 

1:1 THF/MeCN mixture at room temperature for 12 d, the 1H NMR spectrum of the product 

indicated an almost complete disappearance of the Cp"" resonance for 36 at 0.37 ppm and the 

presence of a new resonance at 0.29 ppm along with a large signal at –0.03 ppm corresponding 

to C5H4(SiMe3)2 and a signal at 1.90 ppm which could arise due to coordinated MeCN.  This is 

consistent with the formation of a product such as {[C5H3(SiMe3)2]2Th(NCMe)5}[BPh4]2 in 

analogy to 33, 34, and 35.  Integration of the peaks revealed an excess of (BPh4)−, which 

indicated that [Et3NH][BPh4] was also present.  This was confirmed by X-ray crystallography 

when a crystal of [Et3NH][BPh4] was grown from a THF solution of the product mixture.  The 

presence of excess [Et3NH][BPh4] indicates that decomposition of 36 may have occurred during 

the long reaction time.  The reaction was repeated using an elevated temperature.  However, after 

reacting for 24 h at 70 ºC, the 1H NMR spectrum indicated the reaction was only ca. 2/3 

complete and many impurities had also formed.  

 

Discussion 

The work presented in this Chapter demonstrates that linear metallocenes containing 

cyclopentadienyl ligands can be isolated with thorium.  Complexes 

[(C5Me5)2Th(NCMe)5][BPh4]2, 33, and [(C5Me5)2Th(NCPh)5][BPh4]2, 34, both contain thorium 

in the +4 oxidation state, which is consistent with the conclusions of previous studies that U4+ 

and U5+ can form linear structures, while U3+ and Ln3+ cannot.  The stability of 33 to air, as well 

as its relatively low reactivity are likely due to steric saturation at the metal center, as both 33 

and 34 have formally 11-coordinate metal centers.  The high coordination number is also likely 

the cause of the elongated Th–(ring centroid) distances in 33 and 34. 
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Even though 33 contains labile, outer-sphere anions, reduction to Th3+ was not observed.  

This could be due to the fact that 33, due to it being insoluble in less-polar solvents, was reduced 

in MeCN.  MeCN is reactive with KC8.  Alternatively, reduction to Th3+ may be prevented by 

the geometry of 33.  Specifically, the five nitriles bound in the equatorial girdle likely would not 

stabilize the dz2 orbital, which seems to be a requirement for isolating low-valent thorium 

compounds.  However, it has been shown that reduction of complexes containing metal-bound 

solvent molecules can cause the release of the solvent species if necessary, as seen with the 

reduction of [(C5Me5)3Th(THF)][BPh4] to form (C5Me5)3Th (Chapter 5).  If the reduction of 33 

caused the loss of bound acetonitrile from the thorium center, perhaps the resulting complex 

would not have satisfactory steric protection and would decompose.  Unlike 33, which is only 

soluble in MeCN and pyridine, the benzonitrile and tert-butylnitrile analogues, 34 and 35, 

respectively, are soluble in THF, and may be better candidates for reduction if THF is used as the 

solvent.  Complex 33 was also found to be unreactive with KC5Me5 and therefore does not seem 

to be a good precursor to sterically-crowded (C5Me5)3ThL complexes.  This is also likely due to 

the five nitriles bound to the thorium.  It is not likely that complexes 34 or 35 are good 

precursors to (C5Me5)3ThL complexes either, due to the same steric factors. 

 

Conclusion 

 While the first three examples of linear metallocenes of thorium have been described in 

this Chapter, more work is needed to expand this investigation.  Unfortunately, the isolated 

complexes have not yet been shown to be good precursors to any new complexes.  This is likely 

due to the steric protection of the metal center by the ligands.  It will be interesting to see if 

similar complexes can be formed with (C5Me4H)1− or [C5H3(SiMe3)2]1− ligands, and whether 
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these complexes also display linear, sandwich-type structures like complexes 33 and 34, which 

contain (C5Me5)1− ligands.  

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk and high vacuum line and glovebox techniques 

under an argon atmosphere.  Solvents were sparged with UHP argon and dried by passage 

through columns containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents 

were dried over sodium benzophenone ketyl, degassed by three freeze-pump-thaw cycles, and 

vacuum transferred before use. 1H, 13C{1H}, and 29Si NMR spectra were recorded on Bruker 

GN500 or CRYO500 spectrometers operating at 500, 125, and 99.2 MHz, respectively, at 298 K 

unless otherwise noted.  1H and 13C{1H} NMR spectra were referenced internally to residual 

protio-solvent resonances and 29Si NMR spectra were referenced externally to SiMe4.  IR 

samples were prepared as KBr pellets and analyzed using a Jasco 4700 FT-IR spectrometer.  

Elemental analyses were conducted on a Perkin-Elmer 2400 Series II CHNS elemental analyzer.   

(C5Me5)2ThMe2,30 (C5Me4H)2ThMe2,28 (C5Me5)2Th(C3H5)2, 2,31 and [Et3NH][BPh4],32 were 

prepared according to the literature.  PhCN (Aldrich) and tBuCN (Aldrich) were dried over mol 

sieves and degassed by three freeze-pump-thaw cycles before use. 

[(C5Me5)2Th(C6H5)(THF)][BPh4], 32.  In a glovebox containing non-coordinating 

solvents, [Et3NH][BPh4] (28 mg, 0.066 mmol) was added to a stirred pale yellow solution of 

(C5Me5)2Th(C3H5)2, 2, (19 mg, 0.032 mmol) in benzene (1.5 mL).  The resulting pale yellow 

slurry was stirred overnight before being filtered, spiked with toluene, and dried under reduced 

pressure.  The resulting material was washed with hexane before being dried again under 
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reduced pressure.! ! 1H NMR (C6D6):  δ 8.19 [s br, 5H, C6H5] 1.46 [s, 30H, C5Me5].  A C5Me5-

containing impurity was also observed at 1.79 ppm.  Initial attempts at growing crystals in 

toluene were unsuccessful, but after bringing the sample into a glovebox containing coordinating 

solvents, dissolving in THF (and thus forming the THF adduct), then drying under reduced 

pressure, X-ray quality crystals of 32 were grown from toluene at –30 ºC.!

[(C5Me5)2Th(NCMe)5][BPh4]2, 33.  (C5Me5)2ThMe2 (607 mg, 1.24 mmol) was dissolved 

in toluene (8 mL) to form a pale yellow solution to which acetonitrile (3 mL) was added causing 

the solution to turn cloudy.  Solid [Et3NH][BPh4] (975 mg, 2.29 mmol) was added to the reaction 

mixture causing the solution to become transparent again.  The solution was stirred for 45 

minutes before being dried under reduced pressure to yield pale yellow solids which where 

washed with THF (4x10 mL) and dried to yield 33 as a white solid (711 mg, 46%).  X-ray 

quality crystals of 33 were grown from vapor diffusion of an Et2O solution into a concentrated 

MeCN solution of 33 room temperature.  1H NMR (MeCN-d3):  δ 7.30 [m, 16H, o-BPh4], 7.02 

[t, 3JHH = 7 Hz, 16H, m-BPh4], 6.87 [t, 3JHH = 7 Hz, 8H, p-BPh4], 2.00 [s, 30H, C5Me5], 1.97 [s, 

15H, MeCN].  13C{1H}  NMR (MeCN-d3):  δ 136.7 [o-BPh4], 127.5 [C5Me5], 126.6 [m-BPh4], 

122.8 [p-BPh4], 13.3 [C5Me5].  No 13C signals were observed for the bound acetonitrile moieties 

due to exchange with the solvent.  IR:  3345w, 3219w, 3191w, 3159w, 3125w, 3060s, 2989s, 

2920s, 2728w, 2306m, 2275s, 2184w, 1945w, 1882w, 1822w, 1763, 1639w, 1588m, 1487s, 

1435s, 1370m, 1274w, 1190w, 1152w, 1073m, 1040m, 939w, 915w, 852m, 741s, 712s, 616m 

cm–1.  Anal. Calcd for C78H85B2N5Th:  C, 69.59; H, 6.36; N, 5.20.  Found:  C, 69.64; H, 6.56; N, 

5.04. 

[(C5Me5)2Th(NCPh)5][BPh4]2, 34.  (C5Me5)2ThMe2 (120 mg, 0.225 mmol) was 

dissolved in toluene (5 mL) to form a pale yellow solution to which benzonitrile (3 mL) was 
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added causing the solution to turn orange.  Solid [Et3NH][BPh4] (192 mg, 0.451 mmol) was 

added to the reaction mixture causing the solution to become pale yellow again.  The solution 

was stirred for 5 h before removing the toluene under educed pressure to yield a benzonitrile 

(which is not readily removed under reduced pressure) solution, to which hexane (100 mL) was 

added causing the product to separate from the solution as a yellow oil.  The yellow oil was 

dissolved in THF (18 mL), and dried under reduced pressure to yield 34 as a yellow solid (205 

mg, 55%).  Yellow needles suitable for X-ray diffraction were obtained via vapor diffusion of 

pentane into a concentrated THF solution of 34 at room temperature.  1H NMR (MeCN-d3):  δ 

7.73 [d, 3JHH = 8 Hz, 10H, o-NCPh], 7.68 [t, 3JHH = 8 Hz, 5H, p-NCPh], 7.54 [t, 3JHH = 8 Hz, 

10H, m-NCPh], 7.29 [m, 16H, o-BPh4], 7.00 [t, 3JHH = 7 Hz, 16H, m-BPh4], 6.85 [t, 3JHH = 7 Hz, 

8H, p-BPh4], 1.99 [s, 30H, C5Me5].  13C{1H} NMR (MeCN-d3):  δ 136.7 [o-BPh4], 134.0 

[NCPh], 133.2 [NCPh], 130.3 [NCPh], 127.4 [C5Me5], 126.6 [m-BPh4], 122.8 [p-BPh4], 113.0 

[NCPh], 13.3 [C5Me5].  IR:  3052m, 3034m, 2996m, 2980m, 2964m, 2922m, 2862m, 2237s, 

1591m, 1579m, 1480m, 1446m, 1426m, 1262w, 1175w, 1062w, 1030w, 1022w, 998w, 839w, 

755m, 731m, 704s, 680m, 611m, 556m cm–1.  Anal. Calcd for C103H95B2N5Th!1.5(THF):  C, 

74.19; H, 6.11; N, 3.87.  Found:  C, 73.85; H, 5.66; N, 4.13. 

[(C5Me5)2Th(NCtBu)5][BPh4]2, 35.  (C5Me5)2ThMe2 (109 mg, 0.205 mmol) was 

dissolved in toluene (5 mL) and tert-butylnitrile (tBuCN) (2 mL) was added.  [Et3NH][BPh4] 

(174 mg, 0.409 mmol) was then slowly added to the stirred solution.  The solution remained 

transparent until ca. ½ of the [Et3NH][BPh4] was added, then became cloudy upon the addition 

of the rest.  In order to get all the material in solution, MeCN (2 mL) was added, and the solution 

turned transparent again.  The solution was allowed to stir for 90 min before being dried under 

reduced pressure to yield yellow solids (of which the mass was not recorded).  The solids were 
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soluble in THF but not toluene, indicating the product was neither (C5Me5)2ThMe2 nor the 

MeCN product [(C5Me5)2Th(NCMe)5][BPh4]2, 33.  Crystals of 35 were grown both from 

diffusion of pentane vapor into a THF solution of 35 at room temperature, and also from a THF 

solution layered with Et2O at –15 ºC, but neither were of high enough quality to obtain structural 

data.  1H NMR (THF-d8):  δ 7.29 [m, 16H, o-BPh4], 6.86 [t, 3JHH = 7 Hz, 16H, m-BPh4], 6.72 [t, 

3JHH = 7 Hz, 8H, p-BPh4], 2.00 [s, 30H, C5Me5], 1.56 [s, 45H, tBuCN].  IR:  3210w, 3131w, 

3053s, 3034m, 2990m, 2980s, 2927m, 2863m, 2253m, 1579m, 1476s, 1457s, 1427s, 1388w, 

1370w, 1261w, 1231w, 1181w, 1150w, 1064w, 1031m, 842w, 741s, 732s, 704s, 623w, 613m, 

604m cm–1. 

 [Cp" "3Th][BPh4], 36.  Solid Cp""3Th (47 mg, 0.055 mmol) was dissolved in THF (4 mL) 

and chilled to −30 ºC.  AgBPh4 (27 mg, 0.063 mmol) was added and the resulting black slurry 

was stirred at room temperature for 1 h.  The slurry was centrifuged, and filtered.  The pellet was 

washed once with THF (4 mL), and the filtered solution was added to the original colorless 

supernatant and dried under reduced pressure to yield white oily solids which were washed with 

hexane and dried to yield [Cp""3Th][BPh4] as a white oily solid (44 mg, 0.037 mmol).  1H NMR 

(THF-d8):  δ 7.30 [m, 8H, o-BPh4] 7.25 [s, 3H, C5H3(SiMe3)2], 7.05 [m, 6H, C5H3(SiMe3)2], 6.86 

[t, 3JHH = 7 Hz, 8H, m-BPh4], 6.71 [t, 3JHH = 7 Hz, 4H, p-BPh4].  13C{1H} NMR (THF-d8):  δ 

143.2 [C5H3(SiMe3)2], 139.6 [C5H3(SiMe3)2], 137.0 [o-BPh4], 134.9 [C5H3(SiMe3)2], 125.9 [m-

BPh4], 121.6 [p-BPh4], 1.33 [C5H3(SiMe3)2].  29Si (THF-d8):  δ −6.72 [C5H3(SiMe3)2].   

Reaction of [Cp" "3Th][BPh4], 36 with [Et3NH]BPh4].  [Cp""3Th][BPh4], 36, (72 mg, 

0.061 mmol) and [Et3NH]BPh4] (26 mg, 0.061 mmol) were combined and dissolved in a 

combination of MeCN (4 mL) and THF (4 mL) to form a colorless solution.  The solution was 

stirred at room temperature for 12 days before being dried under reduced pressure to yield white 
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solids with yellow oily material (of which the mass was not obtained).  The 1H NMR spectrum in 

THF-d8 revealed the peak at 0.37 was almost completely gone, and a new SiMe3 resonance 

appeared at 0.29 ppm.  A peak was also observed at – 0.03 ppm corresponding to C5H4(SiMe3)2.  

The resonances for BPh4 and for MeCN integrated to too many protons.  X-ray quality crystals 

of [Et3NH]BPh4] were grown from heating a THF solution and cooling to room temperature.  It 

is possible that the extra [Et3NH]BPh4] came from decomposition of the starting material or 

product during the long reaction time. 

[(C5Me4H)3Th][BPh4].28  Solid (C5Me4H)3Th Th (58 mg, 0.097 mmol) was dissolved in 

THF (5 mL) and chilled to −30 ºC.  AgBPh4 (44 mg, 0.0.106 mmol) was added and the resulting 

black slurry was stirred at room temperature for 2 h.  The slurry was centrifuged, and filtered.  

The pale orange supernatant was concentrated under reduced pressure to 1 mL.  Hexane (15 mL) 

was added to crash out white solids which were collected and dried under reduced pressure to 

yield  [(C5Me4H)3Th][BPh4] as an off-white solid (41 mg, 46%).  1H NMR (THF-d8):  δ 7.30 [m, 

8H, o-BPh4], 6.87 [t, 3JHH = 7 Hz, 8H, m-BPh4], 6.73 [t, 3JHH = 7 Hz, 4H, p-BPh4], 6.30 [s, 3H, 

C5Me5H], 2.21 [s, 18H, C5Me5H], 2.12 [s, 18H, C5Me5H].   

 X-ray Data Collection, Structure Determination, and Refinement.  Crystallographic 

details for compounds [(C5Me5)2Th(C6H5)(THF)][BPh4], 32, [(C5Me5)2Th(NCMe)5][BPh4]2, 33 

and [(C5Me5)2Th(NCPh)5][BPh4]2, 34 are summarized in the text below and in Table 7.2. 

X-ray Data Collection, Structure Solution and Refinement for 32.  A colorless crystal 

of approximate dimensions 0.110 x 0.145 x 0.219 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX233 program package was 

used to determine the unit-cell parameters and for data collection (120 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT34 and SADABS35 to 
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yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL36 

program.  There were no systematic absences nor any diffraction symmetry other than the 

Friedel condition.  The centrosymmetric triclinic space group P1  was assigned and later 

determined to be correct.  The structure was solved by direct methods and refined on F2 by full-

matrix least-squares techniques.  The analytical scattering factors37 for neutral atoms were used 

throughout the analysis.  Hydrogen atoms were included using a riding model.  There were two 

molecules of the formula-unit present (Z = 4).  There were also two and one-half molecules of 

toluene solvent present per formula-unit.  The half-molecule solvents were located about 

inversion centers.  At convergence, wR2 = 0.1076 and Goof = 1.035 for 1337 variables refined 

against 25960 data (0.78Å), R1 = 0.0429 for those 19492 data with I > 2.0σ(I).  Details are given 

in Table 7.2. 

X-ray Data Collection, Structure Solution and Refinement for 33.  A colorless crystal 

of approximate dimensions 0.086 x 0.321 x 0.429 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX238 program package was 

used to determine the unit-cell parameters and for data collection (30 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT39 and SADABS40 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL41 

program.  There were no systematic absences nor any diffraction symmetry other than the 

Friedel condition.  The centrosymmetric triclinic space group P  was assigned and later 

determined to be correct.  The structure was solved by direct methods and refined on F2 by full-

matrix least-squares techniques.  The analytical scattering factors37 for neutral atoms were used 

throughout the analysis.  Hydrogen atoms were included using a riding model.  There were three 

molecules of acetonitrile solvent and one-half molecule of hexane solvent present.  The hexane 

1



! 214 

was located about an inversion center.  The solvents were refined using isotropic thermal 

parameters due to high thermal motion.  Carbon atoms C(58), C(59) and C(60) were disordered 

and included using multiple components, partial site-occupancy-factors and isotropic thermal 

parameters.  At convergence, wR2 = 0.0779 and Goof = 1.071 for 842 variables refined against 

19278 data (0.73Å), R1 = 0.0330 for those 17901 data with I > 2.0σ(I).  Details are given in 

Table 7.2. 

X-ray Data Collection, Structure Solution and Refinement for 34.  A yellow crystal 

of approximate dimensions 0.070 x 0.222 x 0.442 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX238 program package was 

used to determine the unit-cell parameters and for data collection (40 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT39 and SADABS40 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL41 

program.  There were no systematic absences nor any diffraction symmetry other than the 

Friedel condition.  The centrosymmetric triclinic space group P  was assigned and later 

determined to be correct.  The structure was solved by direct methods and refined on F2 by full-

matrix least-squares techniques.  The analytical scattering factors37 for neutral atoms were used 

throughout the analysis.  Hydrogen atoms were included using a riding model.  At convergence, 

wR2 = 0.0801 and Goof = 1.081 for 1010 variables refined against 23753 data (0.73Å), R1 = 

0.0349 for those 21209 data with I > 2.0σ(I).  There were several high residuals present in the 

final difference-Fourier map.  Three tertahydrofuran solvent molecules were identified.   

Refinement of the solvents resulted in poor geometries and higher-than-acceptable thermal 

parameters.  Restrained refinement did not produce a better model.  It was decided to complete 

1
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the refinement using the SQUEEZE42 routine to account for the solvent contributions.  Details 

are given in Table 7.2. 

 

!
TABLE 7.2.  X-ray Data and Collection Parameters for [(C5Me5)2Th(C6H5)(THF)][BPh4], 32, 

[(C5Me5)2Th(NCMe)5][BPh4]2, 33, and [(C5Me5)2Th(NCPh)5][BPh4]2, 34.  

Compound 32 33 34 
Empirical 
Formula  

C54H63BOTh•2.5(C7H8) C87H101B2N8Th C103H95B2N5Th 

Temperature 
(K) 

88(2) 133(2) 88(2) 

Crystal 
System 

Triclinic Triclinic Triclinic 

Space Group P1 P  P  
a (Å) 15.7795(11) 9.3728(4) 9.4734(4) 
b (Å) 17.1913(12) 18.0456(7) 20.0458(9) 
c (Å) 23.3021(16) 24.2143(10) 26.0053(11) 
α (deg) 84.3575(9) 92.6310(5) 98.7599(6) 
β (deg) 81.1822(9) 100.7768(5) 91.6509(6) 
γ (deg) 72.3591(8) 104.2950(5) 101.1373(6) 

Volume (Å3) 5943.7(7) 3880.5(3) 4780.3(4) 
Z 4 2 2 

ρcalcd (Mg/m3) 1.342 1.294 1.151 
µ (mm−1) 2.551 1.971 1.605 
R1 (I > 
2.0s(I))a 

0.0429 0.0330 0.0349 

wR2 (all 
data)a 

0.1076 0.0779 0.0801 
aDefinitions: R1 = S||Fo| − |Fc||/S|Fo|, wR2 = [Sw(Fo

2 − Fc
2)2/Sw(Fo

2)2]1/2. 

!
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CHAPTER 8 

Alternative Synthetic Approaches to Low-Valent Thorium Complexes 

 

Introduction 

 
 As described in Chapters 2-5, the isolation of molecular complexes of thorium in 

oxidation states lower than +4 has been very challenging.  Previous reports of low-valent 

thorium compounds were limited to Th3+:  five crystallographically-characterized examples were 

known,1-5 along with three examples that had not been structurally characterized.6-8  Of these 

examples, only two contained structures that did not consist of three cyclopentadienyl ligands: 

the bis(cyclooctatetraenyl) sandwich complex [K(DME)2]{[C8H6(SitBuMe2)2]2Th}3 and the 

amidinate-containing (C5Me5)2[iPrNC(Me)NiPr]Th.5  The research presented in this dissertation 

has led to three new examples of Th3+ complexes, namely the tris(cyclopentadienyl) (C5Me5)3Th, 

27, (Chapter 5) and the bimetallic hydride complexes [K(18-crown-6)(Et2O)][Cp′′2Th(µ-

H)3ThHCp′′2], [Cp!! = C5H3(SiMe3)2-1,3], 14, and [K(18-crown-6)(THF)][(C5Me5)2ThH2]2, 15 

(Chapter 3).  This research has also led to the first examples of Th2+ in [K(2.2.2-

cryptand)][Cp!!3Th], 11, and [K(18-crown-6)(THF)2][Cp!!3Th], 12, (Chapter 2), which also 

contained the tris(cyclopentadienyl) ligand environment.  These data indicate that, while there 

seems to be something special about the tris(cyclopentadienyl) ligand environment, as described 

in Chapter 2, this ligand set is not strictly required.  The main requirement, it seems, is more 

general, and is simply the stabilization of a dz2 orbital by some ligand set, as all examples of low-

valent thorium have been characterized as containing a metal-bound electron in a dz2 orbital.   

During the course of the work presented in this dissertation, attempts were made to 

isolate other low-valent thorium complexes.  Some of the systems investigated contained the 
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tris(cyclopentadienyl) ligand set, and some contained other ligand sets.  In these cases, low-

valent compounds were not isolated, but the chemistry and the rational behind the attempts are 

worth noting in order to paint a broader picture of the landscape of low-valent thorium.  These 

preliminary investigations are described in this Chapter to provide useful information for further 

studies. 

 

Results 

Attempts at Th2+.  Since the first examples of Th2+ were obtained by reductions of a 

known Th3+ complexe, this strategy was extended to other complexes of Th3+.  As briefly 

mentioned in Chapter 3, the reduction of (C5Me4H)3Th4 with KC8 in the presence of 2.2.2-

cryptand produces a product with a dark green color characteristic of Th2+, eq 8.1.  This product 

is unstable however, and decomposes overnight at −30 ºC, as seen by a color change from green 

to pale yellow.  1H NMR spectroscopy of the resulting material indicated the presence of many 

products.  

 

In an attempt to demonstrate the formation of a Th2+ intermediate, a cold THF solution of 

(C5Me4H)3Th and 18-crown-6 were passed through a flash reduction column containing KC8.  

The resulting green solution was dripped into a stirred cold THF solution of cyclooctatetraene 

(C8H8) to determine if a product such as (C5Me4H)2Th(C8H8) would form in analogy to the 

reaction of [K(18-crown-6)(THF)2][Cp!!3Th], 12, with C8H8, which forms Cp!!2Th(C8H8), 20 

(Chapter 4).  When the dark green drops made contact with the pale yellow C8H8 solution, the 

Th

+ KC8
+ 2.2.2-cryptand

Dark green solution (8.1)

Dark purple solution
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green immediately faded to pale yellow.  By the end of addition the solution was orange.  After 

stirring for 15 min, the solution was dried to yield a green oil.  EPR spectroscopy of the sample 

indicated the presence of an organic radical with giso = 2.00.  The product mixture could be 

separated into two fractions;  extraction with Et2O gave a green Et2O-soluble fraction (major) 

and a blue Et2O-insoluble fraction (minor).  It should be noted that the blue fraction was not the 

same color as the purple starting material.  X-ray quality crystals were grown from the Et2O-

soluble fraction and were identified as [K(18-crown-6)[C5Me4H].  No crystals were obtained of 

the blue product.  The blue color is consistent with Th3+ and it is possible that a compound such 

as (C5Me4H)Th(C8H8)(THF)x had formed.  However, the EPR data are not consistent with this.  

Also, it has previously been postulated that such species disproportionate to Th4+ (thorocene) and 

thorium metal.9  

The postulate that the short-lived dark green compound produced in eq 8.1 is a Th2+ 

species parallels the result in Chapter 3 where (C5Me4H)3Th was reduced with KC8 in the 

presence of 2.2.2-cryptand and H2 to form (C5Me4H)3ThH, 17, and 

[K(2.2.2.cryptand)]{(C5Me4H)2[η1:η5-C5Me3H(CH2)]ThH}, 18, eq 3.9.  These products were not 

formed by reaction of the (C5Me4H)3Th with H2, indicating Th2+ may have been generated in 

situ.  

 Reduction of the Th3+ complex, (C5Me5)2[iPrNC(Me)NiPr]Th,5 with KC8 in the presence 

of 2.2.2-cryptand gave results similar to eq 8.1;  the reaction produced a product with a dark 

green color characteristic of Th2+, eq 8.2.  This product is also unstable and decomposes 

overnight at −30 ºC.   
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 Given the instability of the green solutions formed by reduction of (C5Me4H)3Th and 

(C5Me5)2[iPrNC(Me)NiPr]Th which possibly contained Th2+ products, a reduction was attempted  

to try to directly crystallize the product.  A cold THF solution of (C5Me5)3Th, 27, and 2.2.2-

cryptand was passed through a flash reduction column containing KC8, eq 8.3.  This caused a 

color change to a forest green, which was not as intense as the reduction products above.  The 

green solution was immediately layered with cold Et2O and stored at −30 ºC.  This produced 

colorless crystals but crystallographic information was not obtained..  The solution remained 

forest green overnight at −30 ºC.  Due to the difficult nature of preparing 27, this reaction was 

not repeated, but this approach could be promising for other Th3+ starting materials.   

 

Attempts at Th3+.  Since most Th3+ complexes contain the tris(cyclopentadienyl) ligand 

environment, and complexes are known with cyclopentadienyl = C5H5,6 C5H4Me,6 

[C5H3(SiMe3)2-1,3],1 [C5H3(SiMe2
tBu)2-1,3],1 C5Me4H,4 and C5Me5, 27, attempts were made to 

isolate other complexes of this nature.  One logical ligand was Cp! (Cp! = C5H4SiMe3), since the 

(Cp!)3
3− ligand set has been shown to stabilize low-valent uranium10 and rare earth11-13 

complexes.  In order to prepare a complex such as Cp!3Th, it would be necessary to first 

Th
N

N
C

iPr

iPr

+ KC8
+ 2.2.2-cryptand

Dark green solution (8.2)

Dark purple solution

Th

+ KC8
+ 2.2.2-cryptand

Forest green solution (8.3)

Dark purple solution
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synthesize Cp!3ThX, and then reduce this complex to Cp!3Th.  Accordingly, Cp!3ThBr was 

synthesized by the same method as that used to make Cp!!3ThBr, 10 (Chapter 2).  Stirring three 

equiv KCp! with ThBr4(THF)4 in toluene, hexane, or a hexane/ether mixture cleanly afforded a 

compound assigned as Cp!!3ThBr, according to eq 8.4.  Crystals of Cp!!3ThBr could be grown 

from hexane, but X-ray data were not obtained. 

 

When crystals of Cp!3ThBr were reduced with KC8 in the presence of 2.2.2-cryptand, the 

initially colorless solution immediately turned to a dark blue/purple indicating the presence of 

Th3+.  Unlike solutions of Cp!!3Th, however, the solution of this complex is not stable at room 

temperature and the dark color faded to colorless within an hour.  EPR measurements should be 

taken to confirm the presence of Th3+, since the dark blue/purple color that was observed is very 

characteristic of such a complex.  

Another candidate for reduction was Cp!!2Th(C8H8), 20 (Chapter 4), since, similar to 

tris(cyclopentadienyl) complexes, 20 contains three aromatic carbocyclic rings and displays a 

trigonal planar geometry with respect to the ring centroids.  Also, substituted cyclooctatetraenyl 

ligands have been shown to stabilize a Th3+ complex in [K(DME)2]{[C8H6(SitBuMe2)2]2Th}.3  

Several attempts were unsuccessfully made to isolate a [Cp!!2Th(C8H8)]1− compound using 

different reagents:  both 18-crown-6 and 2.2.2-cryptand were used as the potassium chelate, and 

reductions using both KC8 and potassium metal were attempted.  The reactions were done at −30 

ºC, and all produced short-lived olive green solutions that were EPR silent at both room 

temperature and 77 K.  No evidence of a Th3+ complex was observed.  

ThBr4(THF)4
+ 3KCp'
– 3KBr

Cp'ThBr (8.4)
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Next, the tetramethylpyrrolyl (NC4Me4)1− ligand was investigated.  The (NC4Me4)1− 

ligand is similar to the tetramethylcyclopentadienyl ligand (C5Me4H)1−, which stabilizes the Th3+ 

complex (C5Me4H)3Th.  The difference is that the (NC4Me4)1− ligand contains an unsubstituted 

nitrogen atom at the apical position of the five-membered ring instead of a carbon atom.  As 

such, this ligand was investigated in order to determine the effect of the nitrogen atom on the 

ability of the ligand to stabilize a thorium center in a +3 oxidation state.  It was envisioned that, 

similar to (C5Me4H)3Th which was formed by the reduction of (C5Me4H)3ThBr,4 a Th3+ complex 

such as (NC4Me4)3Th may be formed by the reduction of a complex such as (NC4Me4)3ThBr if 

that complex could be made.  To probe this idea, ThBr4(THF)4 was reacted with excess 

KNC4Me4.  Initially it was unclear whether a tris(ring) complex such as (NC4Me4)3ThBr or a 

tetrakis(ring) product such as (NC4Me4)4Th would form.  Since pyrollyl ligands have been 

shown to bind in η5,52 η3,53 and η1 54 modes, it was possible that this flexibility would allow four 

(NC4Me4)1− ligands to fit around the metal.  This was not the case, however, and the main 

product isolated was determined to be (NC4Me4)3ThBr, 37, according to eq 8.5 as determined by 

X-ray crystallography, Figure 8.1, and NMR spectroscopy.  A small amount of a second product 

was observed (≈2% of total product mass as determined by 1H NMR spectroscopy, with 

resonances at 6.22, 2.01 and 1.91 ppm), however, and crystals could be grown from hexane for 

X-ray studies, but these studies were never conducted.  It is possible that this second product was 

(NC4Me4)4Th. 

 

ThBr4(THF)4
+ 3KNC4Me4
– 3KBr

N

Th
NN

Br

(8.5)

37
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Figure 8.1.  Thermal ellipsoid plot of (NC4Me4)3ThBr, 37. Thermal ellipsoids are drawn at the 

50% probability level and hydrogen atoms omitted for clarity. 

 

The X-ray structure of 37 shows that, while the (NC4Me4)1− ligands bind η5 to the metal, 

the rings are canted such that the apical nitrogen atoms are closer to the metal center than the rest 

of the ring;  the Th–N distance is 2.584(3) Å, while the Th–C1 and Th–C4 distances are 2.725(4) 

and 2.745(3) Å, respectively, and the Th–C2 and Th–C3 distances are 2.997(4) and 3.017(4) Å 

respectively.  The 2.556 Å Th–(ring centroid) distance is almost identical to the 2.551 Å distance 

in (C5Me4H)3Th.4 

Unfortunately, attempts to reduce complex 37 with potassium in either toluene or THF to 

form the Th3+ complex (NC4Me4)3Th were unsuccessful.  No dark colors were observed.  Instead 

an orange product was isolated.  Surprisingly, when a THF solution of 37 was stirred for 12 h 

Th1 

Br1 

N1! 

N1!! 

N1!!! 

C1! C3 

C2 

C4 
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over a potassium smear, 1H NMR spectroscopy of the product revealed a single NC4Me4-

containing product with resonances at 6.22, 2.01 and 1.91 ppm matching those of the impurity in 

the initial crude sample of 37, and postulated to be (NC4Me4)4Th.  It is possible that 

(NC4Me4)3ThBr, 37, reacted with potassium to form KBr (consistent with this, a THF-insoluble 

material did form) and a transient (NC4Me4)3Th, which then ligand-rearranged to form the more 

stable Th4+ complex (NC4Me4)4Th. 

Attempts were also made to isolate Th3+ complexes containing ligand environments other 

than tris(aromatic carbocyclic ring) sets.  Since the Th3+ complex (C5Me5)2[iPrNC(Me)NiPr]Th, 

which contains two cyclopentadienyl ligands and a conjugated amidinate, was known, it was 

postulated that other complexes of similar structure could be obtained.  The isolation of thorium 

bis(allyl) complex (C5Me5)2Th(C3H5)2, 2, (Chapter 1), along with the knowledge of the existence 

of the mono(allyl) U3+ complex (C5Me5)2U(C3H5)14 raised the question of whether an analogous 

Th3+ complex of the formula (C5Me5)2Th(C3H5) could be formed.  Such a complex would have a 

similar structure to (C5Me5)2[iPrNC(Me)NiPr]Th, only with a conjugated (C3)1− unit bound to the 

metal instead of a (NCN)1− unit.  To probe this question, an appropriate Th4+ precursor, namely 

(C5Me5)2Th(C3H5)Br, 38, was prepared from the reaction of equimolar amounts of 

(C5Me5)2Th(C3H5)2, 2, and (C5Me5)2ThBr2,15 eq 8.6.   

 

The solid state structure of 38 contains one η3-allyl ligand and one bromide ligand, 

Figure 8.2.  The 2.545 and 2.528 Å Th−(ring centroid) distances and the 136.3º (ring centroid)–

Th

2

Th
Br

Br
+ Th

Br
(8.6)

38
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Th–(ring centroid) angle are unexceptional for bis(pentamethylcyclopentadienyl) metallocenes, 

and similar to the 2.530, 2.544, 2.553, and 2.563 Å distances and the 134.2 and 134.8º angles, 

respectively, in the two structurally-independent molecules in the crystal structure of 

(C5Me5)2Th(C3H5)2, 2.  The 2.8747(3) Å Th–Br distance is longer than the 2.800(2) Å distance 

in (C5Me5)2ThBr2,15 and is likely due to the higher coordination number of 38. 

 

 
Figure 8.2.  Thermal ellipsoid plot of (C5Me5)2Th(C3H5)Br, 38. Thermal ellipsoids are drawn at 

the 50% probability level and hydrogen atoms omitted for clarity. 

 

Th1 

Br1 
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Once complex 38 could be isolated in pure form, reductions were pursued.  Addition of 1 

equiv of KC8 to a THF solution of 38 caused the pale yellow solution to change to a burnt orange 

color.  After stirring for 30 min, the solution was dried to yield burnt orange solids.  Dissolution 

in C6D6 formed an olive green solution, of which the 1H NMR spectrum showed only the 

presence of 38.  After ca. 15 min, the solution had turned to a burnt orange color.  The color 

changes seemed to indicate a reaction had taken place, however the 1H NMR was not consistent 

with this.  Since thorium is lager than uranium,16 it is possible that a ligand set consisting of two 

C5Me5 units and one C3H5 unit would not saturate the coordination sphere of thorium to allow 

the formation of a stable (C5Me5)2Th(C3H5) species.  

Since (C5Me5)2U(C3H5) was prepared by the reduction of (C5Me5)2U(C3H5)Cl with 

potassium/mercury amalgam, this approach was tested with 38.  However, stirring a solution of 

37 with K(Hg) also did not lead to a color change to a dark blue or purple, which would be an 

indication of the formation of Th3+.  The solution was allowed to stir in an argon-containing 

glovebox and no color change was observed.  After 2 d the 1H NMR spectrum of the resulting 

material indicated that a reaction did occur.  The 1.97 ppm resonance for the C5Me5 ligands in 38 

had completely disappeared and several new resonances that could be attributed to C5Me5 were 

observed.  Storing a concentrated solution of the product mixture at −30 ºC revealed one the 

products to be [(C5Me5)2ThBr]2(µ-O), 39, eq 8.7, Figure 8.3. 
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Figure 8.3. Thermal ellipsoid plot of [(C5Me5)2ThBr]2(µ-O), 39.  Thermal ellipsoids are drawn 

at the 50% probability level and hydrogen atoms and co-crystalized solvent omitted for clarity. 

 

Each thorium center in 39 is ligated by two (C5Me5)1− ligands, one Br−, and is bridged to 

the other thorium center by a single O2−.  The 2.167(4) and 2.160(4) Å Th−O distances are nearly 

identical to the 2.166(1) and 2.170(1) Å distances in [Cp!!2Th(µ-O)]2, 31, (Chapter 6), which 

contains two bridging oxide ligands, but the 165.8(2)º Th–O–Th angle in 39 is much larger than 

the 105.53(5)º angle in 31.  The 2.536, 2.546, 2.562, and 2.564 Å Th−(ring centroid) distances 

and the 130.2 and 129.3 (ring centroid)–Th−(ring centroid) angles are similar to the 2.530, 2.544, 

2.553, and 2.563 Å distances and the 134.2 and 134.8º angles, respectively, in 

(C5Me5)2Th(C3H5)Br, 38, above.  The isolation of 39 indicated it was likely that 

(C5Me5)2Th(C3H5) is not a stable Th3+ complex, and this investigation was not continued.   

Th1 

Th2 

O1 

Br1 

Br2 



 229 

  The reduction of another bis(pentamethylcyclopentadienyl) complex, namely 

(C5Me5)2ThBr(η1-TEMPO), 5, was examined.  Since the TEMPO ligand has been shown to bind 

both η1 through the oxygen and η2 through the oxygen and the nitrogen (Chapter 1), it was 

possible that removal of the bromide ligand would lead to a change from η1-TEMPO to η2-

TEMPO and result in the Th3+ complex (C5Me5)2Th(η2-TEMPO).  However, when toluene or 

THF solutions of 5 were treated with Na(K) alloy, no color change was observed, even when 

stirred for 3 h.  Evidently, (C5Me5)2Th(η2-TEMPO) does not possess the proper attributes to 

stabilize Th3+. 

 A third bis(pentamethylcyclopentadienyl) complex, namely the unsolvated cationic 

[(C5Me5)2ThMe][BPh4],17 was also investigated as a precursor to Th3+.  It was postulated that 

this complex, which contained a (BPh4)1− ligand which is likely more labile than the bromide 

ligands discussed above, could be reduced to form a dimeric complex such as [(C5Me5)2ThMe]2, 

which would necessarily be a Th3+/Th3+ complex.  This also seemed possible since the dimers 

[K(18-crown-6)(Et2O)][Cp′′2Th(µ-H)3ThHCp′′2], 14, and [K(18-crown-

6)(THF)][(C5Me5)2ThH2]2, 15, are known which contain Th3+ and have similar motifs in that 

each thorium center is ligated by two cyclopentadienyl ligands and several bridging X-type 

ligands (Chapter 3).  Treatment of a colorless toluene solution of [(C5Me5)2ThMe][BPh4] with 

KC8 for 30 min did not produce a blue, purple, or green color that would be indicative of low-

valent thorium.  Instead, a brown oil was collected and 1H NMR spectroscopy revealed the 

presence of several diamagnetic species, including the starting material, small amounts of 

(C5Me5)2ThMe2, and (C5Me5)3ThMe, 25, as well as other unknown compounds.  The main 

product, as seen by a tall singlet at 1.86 ppm, is postulated to be (C5Me5)2ThMe(Ph), and is the 

result of (BPh4)1− activation which has previously been observed.18  This species was a common 
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unwanted byproduct in the reaction of [(C5Me5)2ThMe2 with [Et3NH][BPh4] (Chapter 5) which 

occurred when the (C5Me5)2ThMe2 had not been recrystallized multiple times.  It was likely the 

result of a lithium impurity.  The investigation of [(C5Me5)2ThMe][BPh4] as a precursor to Th3+ 

was not continued at this point. 

Another Th3+ target that was investigated was Th[N(SiMe3)2]3.  The [N(SiMe3)2]3
3− 

ligand set is similar to the tris(cyclopentadienyl) ligand set in that it can form a trigonal 

arrangement around the metal center, as is seen with U[N(SiMe3)2]3.19  The N(SiMe3)2 ligand is 

different from the cyclopentadienyl ligand, however, in that the nitrogen acts more as a point 

charge towards the metal center and does not contain a delocalized electron system.  

Nevertheless, evidence of an Y2+ complex had first been demonstrated with the [N(SiMe3)2]3
3− 

ligand set,20 so it was of interest to see if this chemistry could be extended to thorium.  An 

appropriate precursor was known, namely Th[N(SiMe3)2]3Cl.21  The bromide analogue was 

pursued since the bromide would likely be more labile and also since the precursor, 

ThBr4(THF)4
22 was preferred over ThCl4(DME)2.23  Accordingly, Th[N(SiMe3)2]3Br, 40, was 

prepared by reaction of ThBr4(THF)4 with 3 equiv of K[N(SiMe3)2]3, eq 8.8, and identified by X-

ray crystallography, Figure 8.4.  The structure of 40 is isomorphous with the chloride analogue21 

and displays a distorted tetrahedral geometry. 
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Figure 8.4.  Thermal ellipsoid plot of Th[N(SiMe3)2]3Br, 40.  Thermal ellipsoids are drawn at 

the 50% probability level and hydrogen atoms omitted for clarity. 

 

 Reduction of 40 was attempted with KC8, but no reaction was apparent.  No color change 

was observed when a THF solution of 40 was stirred for 1.5 h with 1 equiv KC8. 

 

Discussion 

 Attempts at Th2+.  The reactions described in eqs 8.1-8.3 all resulted in the formation of 

green solutions that are reminiscent of Th2+.  However, in some cases the color did not appear as 

intense as in the known Th2+ complexes [K(2.2.2-cryptand)]{[C5H3(SiMe3)2]3Th}, 11, and 

[K(18-crown-6)(THF)2]{[C5H3(SiMe3)2]3Th}, 12.  In all cases, the products were too unstable at 

–35 °C to be isolated, however.  This is not that surprising since the C5Me5 and C5Me4H ligands 

should be more electron-donating than C5H3(SiMe3)2 towards the already highly-reducing Th3+ 
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metal centers, and less stable Th2+ complexes would be predicted based on electronic effects.  

Nevertheless, it was still important to test this theory.!

 Attempts at Th3+.  Of all the attempts presented here to reduce Th4+ complexes, the 

reduction of Cp!3ThBr was likely the only one which actually produced Th3+, as seen by the dark 

blue/purple color.  However, it was unstable.  The low stability of Cp!3Th compared to the 

known tris(cyclopentadienyl) Th3+ complexes can be explained by steric factors.  It is likely the 

(Cp!3)3− ligand set is not bulky enough to saturate the coordination sphere of thorium.  While 

tris(cyclopentadienyl) Th3+ complexes have been proposed for the sterically less demanding 

cyclopentadienyl = C5H5 and C5H4(CH3), these complexes, when formed via photolytically-

induced β-hydride elimination, precipitated out of solution.6  The insoluble nature of the 

complexes could lead to better stability compared to species dissolved in solution.  Consistent 

with this, it was observed by Marks that, unlike (C5H5)3Th, [C5H4(CH3)]3Th would slowly 

decompose when left in contact with the benzene mother liquor.6  This could be due to the 

methyl groups in [C5H4(CH3)]3Th making the product slightly soluble in the solvent, and upon 

dissolution, decomposition may occur more readily.  Another example that is consistent with the 

steric argument is that the U2+ complex [K(2.2.2-cryptand)][Cp!!3U]24 is more stable than 

[K(2.2.2-cryptand)][Cp!3U].10  This steric effect should be even more pronounced with thorium, 

which is larger than uranium.16 

The observation that a Th3+ complex was not isolated from the reduction of 

Cp!!2Th(C8H8), 20 is strange since, unlike Cp!3Th described above, the ligand set of two Cp!! 

units and one C8H8 unit should sterically saturate the coordination sphere of thorium.  This is 

seen in the long Th–(ring centroid) distances in 20, which are characteristic of steric crowding 

(Chapter 4).  Additionally, the tris(carbocyclic ring) ligand set of 20 seems very similar to the 
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tris(cyclopentadienyl) ligand set in some of the known Th3+ complexes.  While green solutions 

were produced, no evidence of Th3+ was seen by EPR spectroscopy, and the product was 

unstable.  

 While (C5Me5)2Th(C3H5) was not produced via reduction of (C5Me5)2Th(C3H5)Br, 37, it 

is likely that this is also due to steric factors.  It may be possible that a 

bis(cyclopentadienyl)Th(allyl) complex could form if a bulkier allyl ligand, such as 

C3H3(SiMe3)2
25,26 were used.  This type of ligand is more similar in steric bulk to the 

(iPrNC(Me)NiPr)1− ligand in the known Th3+ complex (C5Me5)2[iPrNC(Me)NiPr]Th.  It is also 

possible that a complex would be less stable than (C5Me5)2[iPrNC(Me)NiPr]Th due to carbon 

being a stronger field ligand than nitrogen.  The fate of the allyl ligands and the source of the 

oxide ligand in eq 8.6 are unknown.  It is possible that reduction of the complex occurred to 

generate a highly-reactive species which then abstracted oxygen from the glass reaction vessel.  

It is also possible that the source of the oxygen was dioxygen, however the reaction was 

maintained throughout the duration of the experiment inside a glovebox with a working O2 

meter.   

 The failure of the reduction of Th[N(SiMe3)2]3Br, 39, to form Th[N(SiMe3)2]3 may also 

be due to steric factors.  Evidence of Y2+ was obtained by the reduction of Y[N(SiMe3)2]3, but Y 

is much smaller than Th.16  While M[N(SiMe3)2]3 is known for the larger lanthanum,27 these 

types of structures have been shown to be stabilized by M...Si–Cγ agostic interactions.28-30  It is 

likely that a Th3+ complex such as Th[N(SiMe3)2]3 would have a 6d1 ground state with an 

electron in a dz2 orbital.  Such a configuration could inhibit the agostic interactions, which may 

be necessary for the stability of M[N(SiMe3)2]3 complexes with large metals such as Th and La.  

This could render them too unstable to be isolated.  On the other hand, the Th4+/Th3+ reduction 
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potential, which is calculated to be between −3.0 to −3.82 V,31-33 are much more negative than 

the Y3+/Y2+ value of −2.8 V.34-38  This should make Th3+ more difficult to isolate that Y2+. 

 

Conclusion 

 Although no low-valent thorium complexes were isolated from these studies, hopefully 

this Chapter provides some insight into the nature of Th3+ complexes and what may or may not 

be possible.  Perhaps the information detailed here will lead to better synthetic approaches 

moving forward.  It is clear that a delicate balance of steric and electronic properties is required 

for the isolation of these highly elusive low-valent thorium compounds. 

 
 
Experimental Details 
!

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon 

atmosphere.  Solvents were sparged with UHP argon and dried by passage through columns 

containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents were dried over 

NaK alloy, degassed by three freeze-pump-thaw cycles, and vacuum transferred before use.  1H 

NMR spectra were recorded on Bruker GN500 or CRYO500 spectrometers operating at 500 

MHz, at 298 K unless otherwise noted, and were referenced internally to residual protio-solvent 

resonances.  EPR spectra were collected using X-band frequency (9.3-9.8 GHz) on a Bruker 

EMX spectrometer equipped with an ER041XG microwave bridge.  The magnetic field was 

calibrated with 2,2-diphenyl-1-picrylhydrazyl (DPPH) (g = 2.0036).  (C5Me4H)3Th,4 

(C5Me5)2[iPrNC(Me)NiPr]Th,5  ThBr4(THF)4,22 KC8,39 and KCp!40
 were prepared according to 

the literature. 
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(C5H4SiMe3)3ThBr.  This preparation was done in three separate reactions in order to 

test the viability of different solvents.  All three reactions proceeded identically, and the products 

combined at the end.  Reaction 1: ThBr4(THF)4 (105 mg, 0.120 mmol) and KCp! (63 mg, 0.63 

mmol) were combined in a 20 mL scintillation vial and toluene (18 mL) was added.  Reaction 2: 

ThBr4(THF)4 (54 mg, 0.063 mmol) and KCp! (33 mg, 0.19 mmol) were combined in a 20 mL 

scintillation vial and Et2O (18 mL) was added.  Reaction 3: ThBr4(THF)4 (45 mg, 0.063 mmol) 

and KCp! (33 mg, 0.19 mmol) were combined in a 20 mL scintillation vial and a 1:1 mixture of 

hexane and Et2O (18 mL total) was added.  The reactions were stirred for 18 h before being dried 

under reduced pressure to yield white solids.  1H NMR spectroscopy indicated all three reactions 

had produced the same new product.  The solids were extracted into hexane (15 mL), and the 

hexane was filtered.  The filtrate was stored at −30 ºC for 12 h which produced crystals of 

(C5H4SiMe3)3Th (150 mg, 85%), however X-ray data was not obtained.  1H NMR (C6DΔ):  δ 6.53 

[m, 8H, C5H4(SiMe3)], 6.40 [m, 8H, C5H4(SiMe3)], 0.38 [s, 27H, C5H4(SiMe3)]. 

(NC4Me4)3ThBr, 37.  Solid KNC4Me4 (155 mg, 0.953 mmol) was added to a stirred 

colorless solution of ThBr4(THF)4 (104 mg, 0.119 mmol) in toluene (12 mL).  The mixture was 

stirred for 3 d before being centrifuged and the supernatant filtered and dried under reduced 

pressure to yield tan solids (85 mg).  X-ray quality crystals of 37 were grown from a hexane 

solution at −30 ºC.  1H NMR (C6DΔ):  δ 2.25 [s, 18H, NC4Me4], 2.10 [s, 18H, NC4Me4].  13C 

NMR (C6DΔ):  δ 139.92 [NC4Me4], 134.54 [NC4Me4], 15.25 [NC4Me4], 11.90 [NC4Me4]. 

(C5Me5)2Th(C3H5)Br, 38.  Solid (C5Me5)2Th(C3H5)2, 2, (95 mg, 0.16 mmol) and 

(C5Me5)2ThBr2 (100 mg, 0.15 mmol) were added to a scintillation vial with a stir bar.  Toluene 

(10 mL) was added to form a pale yellow solution which was stirred for 12 h.  The solution was 

then filtered to remove a small amount of precipitate and dried under reduced pressure to yield a 
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pale yellow solid which was then extracted with hexane (20 mL), filtered, and the hexane dried 

under reduced pressure to yield 37 as a pale yellow solid (203 mg, 78%).  X-ray quality crystals 

were grown from a toluene solution of 37 at −30 ºC.  1H NMR (C6DΔ):  δ 5.88 [quin 5JHH = 13 

Hz, 1H, CH2CHCH2], 2.99 [s br, 4H, CH2CHCH2], 1.98 [s, 30H, C5Me5]. 

[(C5Me5)2ThBr]2(µ-O), 39.  Potassium metal (13 mg, 0.33 mmol) was added to a 

scintillation vial and Hg (1.3 g, 6.5 mmol) was added.  Using a spatula, the K and Hg were then 

mixed together before adding a solution of (C5Me5)2Th(C3H5)Br, 37, (35 mg, 0.056 mmol) in 

toluene (10 mL) was added to the vial along with a stir bar.  The mixture was stirred for 48 h 

with the vial situated so the stir bar was constantly agitating the K/Hg.  During this time, the 

solution never changed color.  The colorless solution was then pipetted away from the K(Hg) and 

dried under reduced pressure to yield oily solids.  Hexane (5 mL) was added causing the oily 

material to turn white.  After mixing for a few minutes in hexane, the mixture was dried under 

reduced pressure to yield a while solid (26 mg).  Multiple resonances were observed in the 1H 

spectrum of the crude mixture that could be attributed to C5Me5: δ 2.27 (this is believed to 

correspond to 38), 2.25, 2.16 (which is the same resonance for (C5Me5)3ThH, however no 

hydride resonance was observed), and 2.13.  X-ray quality crystals of 38 were grown from 

toluene at −30 ºC.   

Th[N(SiMe3)2]3Br, 40.  K[N(SiMe3)2] (35 mg, 0.18 mmol) was added to a stirred 

colorless solution of ThBr4(THF)4 (46 mg, 0.053 mmol) in toluene (8 mL) causing the solution 

to turn to a white slurry.  The mixture was stirred for 2 d before being dried under reduced 

pressure to yield a white solid which was then extracted into hexane, concentrated, and placed at 

−30 ºC.  X-ray quality crystals of 39 formed over 24 h.  1H NMR (C6DΔ):  δ 0.43 [s, 54H, SiMe3].  

X-ray quality crystals could also be grown from Et2O at −30 ºC. 
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X-ray Data Collection, Structure Determination, and Refinement.  Crystallographic 

details for compounds (NC4Me4)3ThBr, 37, (C5Me5)2Th(C3H5)Br, 38, [(C5Me5)2ThBr]2(µ-O), 39, 

and Th[N(SiMe3)2]3Br, 40, are summarized in the text below in in Table 8.1. 

X-ray Data Collection, Structure Solution and Refinement for 37.  A colorless crystal 

of approximate dimensions 0.158 x 0.240 x 0.310 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX247 program package was 

used to determine the unit-cell parameters and for data collection (10 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT48 and SADABS49 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL50 

program.  The systematic absences were consistent with the cubic space group I 4 3d that was 

later determined to be correct.  The structure was solved by direct methods and refined on F2 by 

full-matrix least-squares techniques.  The analytical scattering factors46 for neutral atoms were 

used throughout the analysis.  Hydrogen atoms were included using a riding model.  The 

molecule was located on a three-fold rotation axis.  At convergence, wR2 = 0.0316 and Goof = 

1.095 for 92 variables refined against 1762 data (0.78Å), R1 = 0.0128 for those 1667 data with I 

> 2.0σ(I).  The absolute structure was assigned by refinement of the Flack parameter.51  Details 

are given in Table 8.1.   

X-ray Data Collection, Structure Solution and Refinement for 38.  A colorless crystal 

of approximate dimensions 0.220 x 0.210 x 0.144 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX241 program package was 

used to determine the unit-cell parameters and for data collection (20 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT42 and SADABS43 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL44 
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program.  The diffraction symmetry was 2/m and the systematic absences were consistent with 

the monoclinic space group P21/n that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.45  The 

analytical scattering factors46 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were located from a difference-Fourier map and refined (x,y,z and Uiso).  At convergence, 

wR2 = 0.0445 and Goof = 1.115 for 366 variables refined against 5752 data (0.73 Å), R1 = 

0.0210 for those 5335 data with I > 2.0σ(I).  Details are given in Table 8.1.   

X-ray Data Collection, Structure Solution and Refinement for 39.  A colorless crystal 

of approximate dimensions 0.194 x 0.213 x 0.416 mm was mounted on a glass fiber and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX247 program package was 

used to determine the unit-cell parameters and for data collection (10 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT48 and SADABS49 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL50 

program.  The diffraction symmetry was 2/m and the systematic absences were consistent with 

the monoclinic space group P21/c that was later determined to be correct.  The structure was 

solved by direct methods and refined on F2 by full-matrix least-squares techniques.  The 

analytical scattering factors46 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were included using a riding model.  There were 1.5 molecules of toluene solvent present 

per formula-unit.  One solvent molecule was located about an inversion center.  The hydrogen 

atoms associated with the half-solvent were not included in the refinement.  Details are given in 

Table 8.1.   

X-ray Data Collection, Structure Solution and Refinement for 40.  A colorless crystal 

of approximate dimensions 0.090 x 0.096 x 0.317 mm was mounted on a glass fiber and 
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transferred to a Bruker SMART APEX II diffractometer.  The APEX247 program package was 

used to determine the unit-cell parameters and for data collection (25 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT48 and SADABS49 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL50 

program.  The systematic absences were consistent with the trigonal space groups R3c and R 3c.  

The non-centrosymmetric space group R3c was assigned and later determined to be correct.  The 

structure was solved by direct methods and refined on F2 by full-matrix least-squares techniques.  

The analytical scattering factors46 for neutral atoms were used throughout the analysis. Hydrogen 

atoms were included using a riding model.  The molecule was located on a three-fold rotation 

axis.  At convergence, wR2 = 0.0398 and Goof = 1.045 for 94 variables refined against 2735 

data (0.74 Å), R1 = 0.0161 for those 2508 data with I > 2.0σ(I).  The absolute structure was 

assigned by refinement of the Flack51 parameter.  Details are given in Table 8.1.   
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Table 8.1.  X-ray Data and Collection Parameters for (NC4Me4)3ThBr, 37, 

(C5Me5)2Th(C3H5)Br, 38, [(C5Me5)2ThBr]2(µ-O), 39, and Th[N(SiMe3)2]3Br, 40.   

aDefinitions: R1 = S||Fo| − |Fc||/S|Fo|, wR2 = [Sw(Fo
2 − Fc

2)2/Sw(Fo
2)2]1/2 

 

 

 

 

 

 

 

 

 

Compound 37 38 39 40 

Empirical Formula C24H36BrN3Th C23H35BrTh 
C40H60Br2OTh2

•1.5(C7H8) 
C18H54BrN3Si6Th 

Temperature (K) 133(2) 88(2) 88(2) 133(2) 
Crystal System    Cubic    Monoclinic Monoclinic Trigonal 
Space Group I4 3d P21/n P21/c R3c 

a (Å) 21.1953(12) 8.7227(4) 28.9821(14) 18.4084(9) 
b (Å) 21.1953(12) 32.2012(14) 9.9227(5) 18.4084(9) 
c (Å) 21.1953(12) 8.8994(4) 17.1326(8) 16.9600(8) 

α (deg) 90 90 90 90 

β (deg) 90 115.4025(5) 99.3439(6) 90 
γ (deg) 90 90 90 120 

Volume (Å3) 9521.8(16) 2258.00(18) 4861.6(4) 4977.2(5) 
Z 16 4 4 6 

ρcalcd (Mg/m3) 1.893 1.834 1.802 1.588 

µ (mm−1) 7.958 8.377 7.788 5.926 

R1 (I > 2.0s(I))a 0.0128 0.0210 0.0344 0.0161 
wR2 (all data)a 0.0316 0.0445 0.0885 0.0398 
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