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Abstract 

Although the molecular chemistry of thorium is dominated by the +4 oxidation state accounts of 

Th(III) complexes have continued to increase in frequency since the first structurally characterised 

example was reported thirty years ago. The isolation of the first Th(II) complexes in 2015 and 

exciting recent Th(III) and Th(II) reactivity studies both indicate that this long-neglected area is set 

to undergo a rapid expansion in research activity over the next decade, as previously seen since 

the turn of the millennium for analogous U(III) small molecule activation chemistry. In this 

perspective article, we review synthetic routes to Th(III) and Th(II) complexes and summarise their 

distinctive physical properties. We provide a near-chronological discussion of these systems, 

focusing on structurally characterised examples, and cover complementary theoretical studies that 

rationalise electronic structures. All reactivity studies of Th(III) and Th(II) complexes that have been 

reported to date are described in detail. 

 

1. Introduction 

Prodigious attention has been given in recent years to the chemistry of the actinides (An), with one 

of the main driving forces being the application of early to mid-Ans, specifically uranium and 

plutonium, in nuclear energy and weapons development. Thorium, the first element in the An 

series, has been mooted as a potential nuclear fuel to complement ubiquitous uranium based 

reactors in the foreseeable future; firstly by the implementation of MSFR (Molten Salt Fast Reactor) 

technology, and secondly by adaptation of existing PWRs (Pressurised Water Reactors) to include 

MOX (Mixed-OXide) Fuels.1,2 Economic interest in pursuing these outcomes is stimulated by the 

high abundance of thorium in the Earth’s crust compared to uranium (9.6 and 2.7 ppm 

respectively),3 combined with the high natural isotopic abundance of Th-232 (100 %) compared to 
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that of U-235 (0.72 %), eliminating the requirement for isotopic enrichment and therefore creating 

less waste.4 

 Overcoming some of the issues in the generation of nuclear energy has inevitably led to a 

better understanding of the fundamental properties of the Ans, in particular uranium due to its 

relatively low radiological hazard. Numerous discoveries in non-aqueous An chemistry have been 

made over the past 60 years, driven by the increased level of control given by performing 

chemistry under strict anaerobic conditions.5 Fundamental results obtained from these studies, for 

example gauging the extent of covalency in An-ligand bonds, can be transferred to industrially 

relevant systems. Whilst polarised covalent An-ligand bonding interactions are predominantly ionic, 

small differences in covalency are induced by the choice of An, metal oxidation state and 

coordinated ligands. Such variations are expressed experimentally in internuclear separations in 

nuclear fuel cycles.6,7 

 As the An series is traversed, the 5f orbital becomes less chemically accessible, thereby 

stabilising the +3 oxidation state and leading to lanthanide- (Ln) like behaviour for late Ans.5b In 

contrast early An exhibit a range of oxidation states, but their chemistry tends to be predominated 

by higher states. For example, uranium tends to exhibit the +6 oxidation state in the presence of 

oxygen,5 but in non-aqueous conditions the +3 oxidation state is readily accessible, as 

demonstrated by the facile syntheses of U(III) starting materials.8 Rapid recent developments in 

low oxidation state uranium chemistry have led to landmark advances, such as the discovery of 

intrinsic single molecule magnet behaviour9 and remarkable small molecule activation chemistry10 

of U(III) complexes. Furthermore, the facile 2e– oxidation of U(III) complexes has also generated 

interest for their potential applications in precious metal-like catalytic processes.11 The interesting 

reactivity of U(III) complexes stems from their ability to undergo selective oxidation processes, with 

concomitant reduction of the target molecule or substrate. This has been widely reported in the 

literature and further discussion will not be covered in this work.5a  

 Thorium chemistry is dominated by the +4 oxidation state, due to both an absence of useful 

low oxidation state starting materials, and having to overcome a relatively large standard reduction 

potential from Th(IV) precursors to access lower oxidation states [EӨ Th(IV)→Th(III) –3.7 V, cf. 

U(IV)→U(III) –0.6 V].12 Considering the fascinating reactivity displayed by U(III) complexes, it is 
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surprising that Th(III) chemistry lags so far behind, as the standard reduction potential data 

suggests that Th(III) complexes should be more reactive than their U(III) counterparts. The current 

dearth of Th(III) chemistry can be attributed to a deficiency in synthetic routes to Th(III) complexes, 

and analysis of the physical properties of these systems is equally underdeveloped. Even more 

challenging is the stabilisation of molecular early Ans(II) species, particularly for thorium which 

features a remarkably disfavoured reduction potential [EӨ Th(III)→Th(II) –4.9 V].12 Herein we 

review the chemistry of thorium in low oxidation states over the last 40 years, including synthesis, 

studies of electronic structures and examples of reactivity studies of both Th(III) and Th(II) 

complexes. 

 

2. Synthesis and properties of Th(III) complexes 

2.1 General considerations  

The inherent instability of thorium in oxidation states lower than +4 was thoroughly challenged over 

the second part of the twentieth century. The first reports on the existence of trivalent thorium date 

back to the 1950s and 1960s, based on the identification of Th(III) and Th(II) subhalides and 

oxides.13 The precise formulation of some of these species is uncertain but it is noteworthy that 

Corbett reported the synthesis of ThI2 by the reduction of ThI4 with Th metal.13c Elemental thorium 

is unique amongst the Ans as it exhibits a 6d27s2 valence electronic configuration, indicating that 

the 6d manifold is lower in energy than the 5f orbitals at the start of the An series. In the early Ans, 

calculations of An-ligand bonding require virtual 5f and 6d orbitals to be taken into account, 

together with the semi-core 6s and 6p. However, there is increasing evidence that the An orbital 

contribution to An-ligand bonding interactions in such systems are dominated by the 6d orbitals.6,14 

 In complexes of the general formula [An(Cp)3] (Cp = cyclopentadienyl, C5H5
–), which exhibit 

approximate C3v symmetry, the symmetry-combined ligand e orbitals preferentially interact with the 

actinide 6d orbitals of e symmetry. Therefore, the 6d orbitals are responsible for the main An-ligand 

covalent interactions in these systems, whilst the 5f orbitals, with the exception of the a2 

combination, give rise to essentially non-bonding orbitals (Figure 1).14a Noticeably, there is only a 

very weak interaction of the a1 ligand orbital combination with the An orbitals in [An(Cp)3], leaving 

an essentially pure An 6dz
2 orbital.14a As already stated, at the start of the An series this orbital lies 
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below the 5f manifold, leading to the prediction that thorium should have a 6d1 ground state (see 

below).14a,b Kaltsoyannis and co-workers have shown that orbital mixing increases across the early 

An series in [An(Cp)3] systems due to the contraction of the 5f orbitals, which become closer in 

energy to the frontier orbitals of the Cp ligands.15 This phenomenon does not mean that there is an 

increase in An-ligand covalency for heavier Ans; in fact the ionic character of the bonding 

increases across the series.5b 

 

 

Figure 1. Qualitative MO diagram of [An(Cp)3] complexes in approximate C3v symmetry, extracted 

from Bursten and co-workers.14a 

 

 From the synthetic point of view the isolation of molecular Th(III) complexes has been a 

major challenge, and progress has been relatively slow since the first Th(III) species were reported 

in the 1970s.16 Th(III) complexes have only been isolated with the rigorous exclusion of oxygen 

and moisture, and strong reducing agents are required to overcome the considerable 

Th(IV)→Th(III) reduction potential [EӨ –3.7 V]12 as there are no useful Th(III) starting materials for 

molecular chemists.13 As such the choice of coordinated ligands is vital to both saturate the 

thorium coordination sphere and reduce the magnitude of this potential. All structurally 

characterised Th(III) complexes to date are stabilised by relatively soft anionic donor ligands with 

delocalised π-systems such as substituted Cp. It is noteworthy that there has been an isolated 
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report of Th(III) being detected in aqueous solution;17 however these results were refuted shortly 

afterwards.18 

 

2.2 Cyclopentadienyl complexes 

Cyclopentadienyl ligands have found most applicability to date for the stabilisation of Th(III) 

complexes as they occupy approximately three coordination sites; therefore, three Cp ligands 

almost saturate the metal coordination sphere. In 1974 Baumgärtner and co-workers reported the 

reduction of a heteroleptic Th(IV) Cp complex, [Th(Cp)3(Cl)], with sodium/naphthalene in THF to 

give a violet solid, which was formulated as [Th(Cp)3] (1) from elemental analysis, FTIR 

spectroscopy and magnetic data (Scheme 1).16 No structural authentication of 1 was presented 

due to its low solubility in hydrocarbon solvents. It is possible that the lack of bulky groups on the 

Cp rings leads to oligomerisation in the solid state, as has been observed in analogous ionic 

[Ln(Cp)3] systems,19 though this was not confirmed. 

 

 

Scheme 1. Synthesis of [Th(Cp)3] (1) via reduction of [Th(Cp)3Cl] with sodium/naphthalene.16  

 

 Alternative synthetic routes to Th(III) species, avoiding alkali metals, were explored by 

Marks and co-workers a few years later. The thermolysis of [Th(Cp)3(R)] (R = iPr, nBu) in toluene at 

170 °C for 9 days gave the Th(IV) complex [Th(Cp)2(μ-η1:η5-C5H4)]2, which was identified by mass 

spectrometry and elemental analysis.20 The reaction was postulated to proceed by Cp proton 

abstraction and the elimination of RH, with β-hydride elimination pathways discounted through 

several control experiments. In a follow-up study, solutions of [Th(C5H4R)3(
iPr)] (R = H, CH3) in 

benzene at 4 °C were irradiated with a UV lamp to give the dark green Th(III) complexes, 

[Th(C5H4R)3] (1, R = H; 2, R = CH3), with propane and propene generated in approximately equal 

quantities (synthesis of 2 only illustrated in Scheme 2 for brevity).21 Under photolytic conditions β-
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hydride elimination is favoured to give propene and Th(IV) hydride intermediates, [Th(C5H4R)3(H)], 

which react with [Th(C5H4R)3(
iPr)] to eliminate propane, generating the Th(III) products. The 

divergence in reaction pathways was attributed to photochemical rearrangement of coordinated Cp 

to η1- and η3- modes, opening up the Th coordination sphere and generating the vacant 

coordination site that is necessary for β-hydride elimination to take place. Complexes 1 and 2 were 

characterised by elemental analysis, mass spectrometry and Raman, FTIR and electronic 

spectroscopy of solid samples, with the low solubility of these complexes precluding their 

characterization by solution phase NMR spectroscopy. 

 

 

Scheme 2. Synthesis of [Th(C5H4Me)3] (2) by photolysis of [Th(Cp)3(
iPr)].21  

 

 Marks and co-workers later tested the generality of these methods to generate An(III) Cp 

complexes by comprehensively investigating the photolysis of a wide range of heteroleptic Th(IV) 

and U(IV) Cp alkyls; namely [Th(C5E5)3(R)] (E = H, D; R = CH3, i-C3H7, n-C4H9), [U(C5E5)3(R)] (E = 

H, R = CH3, i-C3H7, n-C4H9, sec-C4H9; E = D, R = n-C4H9), and [Th(C5H4Me)3(n-C4H9)].
22 A 

considerable number of control experiments were carried out to confidently assign the various 

mechanisms in operation in these reactions, with β-hydride elimination to give 1 and 2 dominating 

for Th(IV) alkyl precursors except for R= CH3, as would be expected. The magnetic susceptibility of 

1, measured in this paper using Faraday techniques, was found to be highly temperature 

dependent (0.404 μB, 298 K; 0.10 μB, 4 K). Interestingly, the room temperature value is vastly 

different to that reported previously by Marks for the same compound (2.10 μB, 298 K),21 but is 
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almost identical to the value originally given by Baumgärtner and co-workers (0.403 μB, 298 K).16 

Given that the colour of 1 was reported as violet when prepared by sodium napthalenide reduction 

of [Th(Cp)3(Cl)] and dark green when prepared by photolysis of [Th(C5H4R)3(
iPr)], discrepancies in 

these data are not surprising as solid state structures from the two synthetic routes could vary. 

Further to this, poor reproducibility of magnetic susceptibility data for different samples of the same 

Th(III) complex are a constant theme in the literature and are often attributed to varying amounts of 

diamagnetic impurities and differences in sample preparation (see below).  

 The novel Th(III) indenyl complex, [Th(C9H7)3] (3), was prepared by photolysis of 

[Th(C9H7)3(n-C4H9)] in toluene as part of the same study by Marks (Scheme 3).22 In this case the β-

hydride elimination mechanism was discounted as only small traces of 1-butene were detected in 

the reaction mixture. The vast majority of gas evolved in the synthesis of 3 (>96 %) was identified 

as butane, and this was attributed to a photochemically-induced intramolecular hydrogen 

abstraction from an indenyl ligand taking place. Complex 3 is soluble in benzene and toluene; as 

such it was characterised by 1H NMR spectroscopy [δ 7.20 (br, 18 H); 6.03 (d, 1 H); 5.82 (s, 1 H)] 

as well as elemental analysis and FTIR spectroscopy. It is noteworthy that the photolysis of 

[Th{C5H4(C2H5)}3(R)] compounds to give dark green solids, possibly the Th(III) complex 

[Th{C5H4(C2H5)}3], was mentioned briefly in this paper.22 However, to the best of our knowledge 

supporting analytical data for this complex has not been published in the interim so this complex is 

not discussed further here. 

 

 

Scheme 3. Synthesis of [Th(C9H7)3] (3) by photolysis of [Th(C9H7)3(n-C4H9)].
22  

 

 The first structurally authenticated Th(III) complex, [Th(Cp′′)3] (4, Cp′′ = {C5H3(SiMe3)2-1,3}–

), was communicated by Lappert and co-workers in 1986.23 In the original synthetic procedure 
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complex 4 was prepared by reduction of the dihalide precursor [Th(Cp′′)2(Cl)2] with a five-fold 

excess of Na/K alloy in toluene (Scheme 4). Given the almost quantitative yield of 4 based on Cp′′ 

(85 %), a reductive disproportionation mechanism was postulated that invoked transient Th(III) and 

Th(II) intermediates, [Th(Cp′′)2(Cl)] and [Th(Cp′′)2], respectively. Although neither intermediate 

could be isolated, this pathway was preferred over ligand scrambling of [Th(Cp′′)2(Cl)] based on the 

identification of metallic thorium in the reaction mixture and conjectures from comparable literature 

examples. In this paper complex 4 was characterised by single crystal XRD, 1H NMR spectroscopy 

[δ 5.3 (br, w1/2 = 900 Hz)] and elemental analysis (results not presented in this paper). Based on 

the solid state structure, paramagnetic NMR spectra and dark blue coloration, 4 was assigned a 5f1 

valence configuration, though this was later corrected following an EPR spectroscopy study (see 

below). In a follow-up paper the synthesis of 4 by Li reduction of [Th(Cp′′)3(Cl)] in pentane was 

mentioned, but no yield was provided.24 Fifteen years after the original report of 4 improved 

synthetic routes were provided by Lappert in a full paper, with the reduction of [Th(Cp′′)3(Cl)] by 

Na/K in hexane with sonication providing the highest yield (92 %) (Scheme 4).25 Evans and co-

workers later showed that the reduction of [Th(Cp′′)3(Br)] with KC8 in THF also gave an excellent 

yield of 4 (89 %) (Scheme 4).26 Lappert observed that when [Th(Cp′′)3(Cl)] was treated with an 

excess of Na/K in THF a dark green solution resulted.25 Given that the 1H and 13C{1H} NMR and 

EPR spectra of this reaction mixture were consistent with a diamagnetic product, it was postulated 

that d2 Th(II) complexes had formed such as [K(THF)n][Th(Cp′′)3]  or [Th(Cp′′)2(THF)n]. A 

structurally characterised Th(II) complex was later prepared by Evans and co-workers by the 

controlled reduction of 4 (see below).26  

 

 

Scheme 4. Synthesis of [Th(Cp′′)3] (4) via i) reduction of [Th(Cp′′)2(Cl)2] with Na/K;23,24 ii) reduction 

of [Th(Cp′′)3(X)] with Na/K (X = Cl)25 or KC8 (X = Br).26  
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 The improved synthesis of 4, where no chloride impurities could be detected by elemental 

analysis, provided an opportunity for more characterisation data to be accumulated.25 The optical 

spectra of 4 were recorded at 298, 77 and 4 K, with four relatively broad and intense absorptions 

indicating that a 6d1 valence electron configuration is adopted, as f-f transitions would exhibit 

absorption coefficients several orders of magnitude smaller than those observed. Brennan and 

Green were able to collect a UV photoelectron spectrum of 4 as it is volatile <180 °C and 10–3 torr, 

showing a relatively low first ionisation potential (4.87 eV) that is intermediate to the corresponding 

values for sodium and potassium.25 The magnetic susceptibility of samples of powdered 4 were 

measured from 5–300 K and all plots were reported to follow the Curie-Weiss law. However, μeff 

values obtained for different samples ranged from 0.4–1.56 μB, which was attributed to variable 

amounts of diamagnetic impurities. The novel Th(III) complex [Th(Cp††)3] (5, Cp†† = 

{C5H3(SiMe2
tBu)2-1,3}–), synthesised by reduction of [Th(Cp††)3(Cl)] with Na/K in toluene, was also 

reported by Lappert in the same paper (Scheme 5).25 The formulation of 5 was verified by single 

crystal XRD, elemental analysis and EPR spectroscopy. 

 

 

Scheme 5. Synthesis of [Th(Cp††)3] (5) via reduction of [Th(Cp††)3(Cl)] with Na/K.25  

 

 Although the Th3+ free ion has a 5f1 ground state, Lappert, Edelstein and co-workers later 

established by EPR spectroscopy that 4 and 5 exhibit 6dz
1 valence configurations.25,27 Powder and 

solution samples of 4 (from 10-300 K) and 5 (at 100 and 300 K) were measured at X-band, and 

these spectra were consistent with a 2A’ orbital singlet arising from splitting of d-orbitals in an 

approximate D3h symmetry. The calculated g values of 4 (g∥ = 1.994; g⊥ = 1.896) were in good 

agreement with values obtained experimentally in both solution and powder samples for 4 and 5 
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(e.g. powdered 4: g∥ = 1.972; g⊥ = 1.879; 5 in methylcyclohexane: g∥ = 1.976; g⊥ = 1.894). Snijders 

and co-workers first predicted a 6d1 configuration for an organometallic An complex28 and Bursten 

further corroborated these results with calculations, showing that the highest contribution to the a1′ 

orbital in [Th(Cp)3] arises from the 6dz
2 orbital (89 %).14a The energy of the 6dz

2 orbital in these 

systems rises across the An series with a corresponding decrease in the 5f manifold (Figure 2). 

The 6dz
2 orbital was found to be further stabilised in C3v symmetry; however, coordination of a 

neutral Lewis base L to [Th(Cp)3] on the z-axis would lead to destabilisation of the 6dz
2 a1′ orbital. 

Therefore the hypothetical complexes [Th(Cp)3(L)], in approximate C3v symmetry, are predicted to 

exhibit 5f1 valence configurations.14a Further calculations by Kaltsoyannis and Bursten on the 

Ce(III) homologue showed the importance of relativistic effects in [Th(Cp)3] adopting the 6d1 

configuration.14c,e A qualitative agreement between calculated and experimental absorption spectra 

of [Th(Cp)3] was achieved with these methods but several transitions could not be assigned.14c,15,29 

 

 

Figure 2. Qualitative MO diagrams of [An(Cp)3], extracted from Bursten and co-workers.14a 

 

  The first heteroleptic Th(III) complex, [Th(Cp*)2{
iPrNC(Me)NiPr}] (6, Cp* = C5Me5), was 

prepared by the reduction of [Th(Cp*)2{
iPrNC(Me)NiPr}][BMePh3] (formed in situ from the reaction 

of BPh3 with [Th(Cp*)2{
iPrNC(Me)NiPr}(Me)]) with KC8 in diethyl ether (Scheme 6).30 The weakly 

coordinating anion [BPh3Me]– is a favourable leaving group compared to Cl–. Complex 6 was 

structurally authenticated and the characterisation data showed many similarities to those reported 
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for 4-5. Complex 6 exhibited one resonance in the X-band EPR spectrum at room temperature (giso 

= 1.871), consistent with a 6d1 valence configuration. Additionally, the electronic spectrum of 6 

shows strong absorptions at 575 and 725 nm, which were ascribed to 6d to 5f transitions and 

closely matched by those predicted with DFT calculations. Calculations verified a ground state 

doublet for 6 with one unpaired electron localised in a dz
2 orbital and the 5f1 level 0.91 eV higher in 

energy. Mulliken analysis showed that the d-orbital manifold had a spin density of 0.94 electrons. 

Extension of these calculations to homologous early An complexes showed that Pa(III) should 

exhibit a 5f2 valence configuration, rather than 6d15f1 or 6d2. Significant orbital mixing was 

observed between the 5f orbital of the An centre and the Cp ring and was shown to increase with 

Z. However, as previously discussed, this aspect does not necessarily involve an increase in the 

covalency of the bonding interactions.15  

 

 

Scheme 6. Synthesis of [Th(Cp*)2{
iPrNC(Me)NiPr}] (6) via reduction of 

[Th(Cp*)2{
iPrNC(Me)NiPr}][BMePh3] with KC8.

30  

 

 An additional homoleptic Th(III) Cp complex [Th(C5Me4H)3] (7) was synthesised by the 

reduction of “[Th(C5Me4H)3][BPh4]” (formed in situ from [Th(C5Me4H)3(Me)] and [Et3NH][BPh4]) or 

[Th(C5Me4H)3(Br)] with KC8, with the latter route giving the highest yield (58 %) (Scheme 7).31 

Complex 7 was structurally authenticated and microanalysis results obtained were in good 

agreement with predicted values. In common with 4-6 one signal was observed in the X-band EPR 

spectrum of 7 in toluene at room temperature (giso = 1.92) and four broad intense absorptions were 

observed in the visible spectrum between 390-640 nm.31 The homoleptic compounds 4,23 525 and 

730 exhibit pseudo-D3h trigonal planar symmetry in the solid state [ΣCp–Th–Cp: 4: 360.00(7)°; 5: 

357.0(2)°; 7: 359.97(7)°], with the metal centre located in the centre of an idealised equilateral 
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triangle defined by the based on the centroids of the Cp rings (Figure 3). The Th···Cp centroid 

distances for three complexes are similar [4: 2.5205(13)-2.5166(11) Å; 5: 2.531(3)-2.533(3) Å; 7: 

2.5508(10) Å]; in all cases these are shorter than those in the respective Th(IV) precursors 

[Th(Cp′′)3(Cl)] [2.562(5)-2.568(5) Å], [Th(Cp††)3(Cl)] [2.578(4)-2.585(4) Å] and [Th(C5Me4H)3(Br)] 

[2.576 Å mean]. This can be attributed to the halides in the Th(IV) complexes reducing the net 

interaction of the Cp ligands with the metal centres and the relatively low repulsion of the 6dz
2 

electrons in 4, 5 and 7 as they do not point towards the Cp rings. Very recently, Evans and co-

workers reported the synthesis of a mixed valent Th(III)/Th(IV) hydride from a Th(II) precursor,32 

which will be covered in Section 5. 

 

 

Scheme 7. Synthesis of [Th(C5Me4H)2{
iPrNC(Me)NiPr}] (7) via reduction of “[Th(C5Me4H)3][BPh4]” 

or [Th(C5Me4H)3(Br)] with KC8.
31  
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Figure 3. The structurally authenticated Th(III) complexes 4,23 5,25 6,30 7,31 833 and 10.32 In 4-8 

hydrogen atoms have been omitted for clarity. In 10 one Et2O molecule and all the hydrogen atoms 

have been omitted with the exception of bridging and terminal hydrides. 

 

2.2. Cyclooctatetraenyl complexes 

Over a decade after the structure of 4 was reported, Cloke and co-workers disclosed the synthesis 

of the Th(III) substituted cyclooctatetraenyl (COT) complex [K(DME)2][Th(COT††)2] (8, (COT†† = 

{C8H6(SitBuMe2)2-1,4}2–) by reduction of [Th(COT††)2] with K in DME (Scheme 8).33 At at the time of 

publication 8 was the second example of a structurally authenticated Th(III) complex and it remains 

a unique case in the literature as the only one that does not contain substituted Cp ligands (Figure 

3). It is structurally analogous with the U(III) homologue [K(DME)2][U(COT††)2], whilst it presents 

remarkable differences with the Th(IV) precursor [Th(COT††)2], due to the effects of the occluded 
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alkali metal cation and the increased ionic radius of the Th(III) centre in 8. This is mirrored by the 

non-identical Th···COTcentroid distances in 8 [2.066(3) and 2.095(3) Å], which are both longer than 

those seen in [Th(COT††)2] [1.999(7) Å].33 In common with 3-7, 8 displays an isotropic signal in the 

X-band EPR spectrum in solution at room temperature (g = 1.916) and a powdered sample gave a 

highly axial spectrum (g∥ = 1.981; g⊥ = 1.887; gav = 1.918). Cooling the powdered sample down to 

110 K gave rise to the appearance of hyperfine interactions. The solution magnetic moment of 8 at 

room temperature in d8-THF (1.20 μB) was lower than would be expected for one unpaired electron 

(1.73 μB), which the authors attributed to mixing of low-lying excited states with the ground-state 

magnetic component. The magnetic susceptibility was found to be higher at 199 K (1.41 μB), in 

agreement with this hypothesis. Finally, the UV-vis spectrum of dark green 8 exhibited a similar 

absorption profile to those shown by 425 and 6,30 albeit shifted to the red, with two strong broad 

absorptions with maxima at 705 and 826 nm assigned as 6d to 5f transitions.33  

 

 

Scheme 8. Synthesis of [K(DME)2][Th(COT††)2] (8) via reduction of [Th(COT††)2] with K.33  

 

 The AnL2
– coordination motif and symmetry of 8 contrasts with the AnL3 formulations of 1-7; 

as such the interactions of thorium 5f and 6d orbitals with the ligand group orbitals, and therefore 

the ordering of valence molecular orbitals, are expected to differ considerably. Before the 

disclosure of 8 and its uranium homologue complexes of the general formula [AnIII(COT)2]
– were 

rare, in contrast with the large number of analogous [LnIII(COT)2]
– Ln complexes. Of most 

relevance here, the isolation of [Ce(COT)2]
– was taken as strong evidence that [Th(COT)2]

– or a 

substituted analogue with increased kinetic stabilisation could be sensible synthetic targets. This 

hypothesis was further supported by the high symmetry of the bis-COT scaffold and consideration 
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of the stabilisation of the dz
2 orbital when relativistic effects are taken into account (Figure 4).33 

Hence the MO diagram indicates that a 6d1 valence configuration for [Th(COT)2]
– is energetically 

favoured over the 5f1 alternative, concurring with previous investigations carried out by Bursten 

and Kaltsoyannis for [Th(Cp)3].
15,15 

 

 

Figure 4. MO diagram for An(COT)2 complexes extracted from Cloke’s study in 1999.33 The 

inclusion of relativistic effects is represented by the dashed line, leading to the stabilisation of the 

6dz
2-based orbital.  

 

3. Synthesis and properties of Th(II) complexes 

As Th(II) is predicted to be even harder to access than Th(III) based on standard reduction 

potential data [EӨ Th(III)→Th(II) –4.9 V, cf. Th(IV)→Th(III) –3.7 V],12,26 the synthesis of Th(II) 

complexes is an exceptionally challenging task. Very recently, Evans and co-workers prepared the 

first structurally characterised U(II)34 and Th(II)26 complexes, thus extending the scope of low-

valent An chemistry by adding new accessible oxidation states. Following previous observations 

made by Lappert, the reduction of 4 with KC8 in THF in the presence of 18-crown-6 or 2.2.2-

cryptand (Scheme 9) gave the Th(II) complexes [Th(Cp′′)3][K(18-crown-6)(THF)2] (9a) and 
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[Th(Cp′′)3][K(2.2.2-cryptand)] (9b, Figure 5).26 These compounds display metrical parameters 

analogous to those of the Th(III) precursor, due to the insignificant differences in ionic radii 

between the divalent and trivalent cations. The characterisation data of 9a and 9b and DFT 

calculations performed on full models were both consistent with a diamagnetic 6d2 valence 

configuration, with both electrons occupying the dz
2-like orbital. Interestingly, thorium is the first 

non-d-transition metal to display such a configuration. Solutions of 9a and 9b in THF have a deep 

green coloration and their UV-vis spectra showed very strong absorptions at 650 nm (ε = 23,000 

M–1 cm–1) that were far more intense than any of those exhibited by 4.25 The electronic structures 

and An-ligand interactions for the An(II) complexes [An(Cp)3]
– (An = Th-Am) in THF have recently 

been assessed by scalar DFT studies.35 This work verifies the experimentally observed 6d2 

valence configuration of 9a, and shows that Th(II) is the most difficult [An(Cp)3]
– complex to access 

for the early Ans. 

 

 

Scheme 9. Synthesis of [Th(Cp′′)3][K(18-crown-6)(THF)2] (9a) and [Th(Cp′′)3][K(2.2.2-cryptand)] 

(9b) via reduction of 4.26 
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Figure 5. The structurally authenticated Th(II) complexes 9a and 9b.26 Hydrogen atoms have been 

omitted for clarity. 

 

4. Reactivity of Th(III) complexes 

Herein, we divide reactivity studies of Th(III) complexes into two main classes: i) the reactivity of 

structurally authenticated examples; and, ii) the reactivity of Th(III) complexes that have not been 

characterised by single crystal X-ray diffraction. For the sake of brevity we will only cover the 

former classification in depth but it is noteworthy that Marks and co-workers reported reactivity 

studies of 1 and 3 with a range of substrates to give products that were not structurally 

characterised.22 Complex 1 is oxidised by I2 to give [Th(Cp)3(I)] and CDCl3 to afford [Th(Cp)3(Cl)]. It 

reacts with a mixture of NH4Cl and THF to give the ring-opened product [Th(Cp)3(OC4H9)]. 

Methanolysis of 1 yielded [Th(OMe)4], and the product from the reaction of 1 with H2 could not be 

identified. Complex 3 showed analogous reactivity with I2, CHCl3 and methanol, but in contrast no 

reaction was observed with H2 under the conditions employed. Reactivity studies of structurally 

authenticated Th(III) complexes are currently limited to a handful of examples, which is in stark 

contrast to U(III) chemistry where reactivity studies are legion.5 This paucity can be attributed to 

both the comparative dearth of Th(III) complexes to employ as starting materials and to difficulties 

encountered in manipulations of these highly oxophilic materials. 

 It is germane to note that reactivity studies of synthetic equivalents (or ‘synthons’) of low 

oxidation state thorium complexes have thrived in comparison, but an in-depth discussion is 

beyond the scope of this review. In these complexes, redox non-innocent ligands are utilised to 

store electrons following reduction of Th(IV) precursors, giving reactive Th(IV) complexes that can 
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mimic the behaviour of low oxidation state analogues. These synthons are typically more stable 

than the isolated Th(III) and Th(II) complexes described in this review, making them slightly easier 

to handle (though these are still highly air- and moisture-sensitive). Th(II) synthons in particular 

have been investigated extensively, with the first examples reported by Erker,36 Marks37 and 

Scherer.38 More recently Gambarotta39 and Zi and Walter40 have carried out pioneering reactivity 

studies on such complexes. 

 Lappert reported that the reaction of 4 with “wet” toluene (containing trace amounts of 

water) gave the dimeric Th(IV) complex [{Th(Cp′′)3}2(μ-O)] almost exclusively (Scheme 10).25,25 No 

solid state structure of [{Th(Cp′′)3}2(μ-O)] was obtained in these studies, with identification of the 

product based upon 1H NMR spectroscopy and elemental analysis. Lappert also reported the 

purposeful oxidation of 4 with tBuCl to afford the expected Th(IV) complex [{Th(Cp′′)3(Cl)] in 

excellent yield (Scheme 10).25 This transformation illustrates the tendency for Th(III) complexes to 

perform a single electron transfer with reagents to give Th(IV) products. However, complex 4 was 

reported to not react with THF, DME, CO and H2 in the same study. 

 

 

Scheme 10. Reaction of 4 with tBuCl and trace H2O to give [{Th(Cp′′)3(Cl)]  and [{Th(Cp′′)3}2(μ-O)], 

respectively.25,25  

 

 Evans and co-workers investigated the reactivity of the Th(III) complex 7 with TEMPO 

(TEMPO = 2,2,6,6-tetramethyl-piperidin-1-oxyl radical), yielding the Th(IV) complex 
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[Th(C5Me4H)3(TEMPO)] (Scheme 11).41 The TEMPO radical oxidises 7, with incorporation of a 

monoanionic TEMPO moiety in the product. This straightforward reactivity profile differs to the 

corresponding U(III) chemistry, where reactions with TEMPO can potentially generate a variety of 

products dependent on the ancillary ligands due to uranium having a wider range of accessible 

oxidation states.5b For example, complexes have been isolated that contain terminal unsupported 

U(V)=O multiple bonds, with the reactions presumably proceeding by a U(IV) intermediate and 

cleavage of the N–O bond to eliminate tetramethylpiperidine.42 As TEMPO is a relatively strong 

oxidant the reductive capability of Th(III) complexes had not yet been exploited. 

 

 

Scheme 11. Reaction of 7 with TEMPO to give [Th(C5Me4H)(TEMPO)].41  

. 

 Cloke and co-workers have previously shown that a family of mixed sandwich U(III) 

complexes can activate small molecules such as CO and CO2 to give diverse and interesting 

outcomes.43 Attempts to translate this chemistry to thorium were attempted, however during the 

attempted synthesis of analogous mixed sandwich Th(III) complexes disproportionation to a Th(IV) 

complex and thorium metal was observed.44 As a result, the in situ reactivity of the Th(IV) complex 

[Th(COT‡‡)(Cp*)(I)] (COT‡‡ = {C8H6(SiiPr3)2-1,4}2–) with excess CO2 in the presence of Na/K alloy 

was investigated. This reaction gave a mixture of products, with [{Th(COT‡‡)(Cp*)}2(µ-κ1:κ2-CO3)] 

and [{Th(COT‡‡)(Cp*)}2(µ-κ2:κ2-C2O4)] isolated in poor yields and identified by single crystal X-ray 

diffraction (Scheme 12).44 The formation of these carbonate and oxalate products can be ascribed 

to a transient Th(III) complex generated by the reduction of [Th(COT‡‡)(Cp*)(I)] with Na/K alloy. It is 

also possible that a transmetallation reaction occurs between [Th(COT‡‡)(Cp*)(I)] and sodium or 

potassium carbonate, however this pathway was shown to be unlikely. Whilst the carbonate 

bonding motif observed in [{Th(COT‡‡)(Cp*)}2(µ-κ1:κ2-CO3)] has considerable precedence in 
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analogous U(III) chemistry,39c,45 the oxalate motif observed in [{Th(COT‡‡)(Cp*)}2(µ-κ2:κ2-C2O4)] 

was only the second example in An(III) chemistry, with the other also reported by Cloke from the 

reaction of CO2 with [U(COT‡‡)(C5Me4R)] (R = Me, Et, iPr, tBu).46 

 

 

Scheme 12. Reaction of [Th(COT‡‡)(Cp*)(I)] with Na/K and CO2 to give [{Th(COT‡‡)(Cp*)}2(µ-κ1:κ2-

CO3)] and [{Th(COT‡‡)(Cp*)}2(µ-κ2:κ2-C2O4)].
44  

 

 Recently, we reported the reaction of 4 with P4 to yield [{Th(Cp′′)3}2(μ-η1:η1-P4)], with the 

dimeric structure possessing two Th(IV) centres bridged by a di-reduced cyclo-P4 fragment in a 

hitherto unknown η1:η1 binding mode for a P4 unit (Scheme 13).47 Interestingly, the analogous U(III) 

complex, [U(Cp′′)3], does not react with P4 under the same conditions and even at elevated 

temperatures. This observation, coupled with the fact that there have been several reports of U(III) 

complexes activating P4,
43f,48 implies that in the tris-Cp′′ ligand environment Th(III) displays an 

elevated reduction potential over U(III). The standard reduction potential of P4 has been reported to 

be between –1.53 and –1.98 V,49 therefore this report has experimentally confirmed for the first 

time the long-predicted reductive capability of Th(III) complexes. 

 

 

Scheme 13. Reaction of 4 with P4 to give [{Th(Cp′′)3}2(μ-η1:η1-P4)].
47  
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5. Reactivity of Th(II) complexes 

Initial reactivity studies of the Th(II) complexes 9a and 9b have already provided exciting synthetic 

avenues that are unique to this oxidation state. In the initial report by Evans and co-workers, 9a 

reacted as a 2e– reducing agent with 1,3,5,7-cyclooctatetraene, yielding the heteroleptic Th(IV) 

complex [Th(Cp′′)2(C8H8)] and [K(18-crown-6)][Cp′′] (Scheme 14).26 More recently, 9a was shown 

to react with [Et3NH][KBPh4] to afford the Th(IV) hydride complex [Th(Cp′′)3(H)] and 4, which were 

identified by single crystal XRD and 1H NMR spectroscopy (Scheme 15).32 The formation of 

[Th(Cp′′)3(H)] implies that a 2e– process has occurred but the concomitant formation of 4 is likely 

due to a 1e– process; as such the overall mechanism of this reaction is unclear. In the same report, 

Evans and co-workers showed that 9a is capable of activating dihydrogen, leading to the formation 

of the first mixed-valent Th(III)/Th(IV) hydride complex, [{Th(Cp′′)2}{Th(Cp′′)2(H)}(μ-H)3][K(18-crown-

6)(Et2O)] (10, Scheme 15).32 This result is particularly remarkable as the Th(III) analogue 4 does 

not react with dihydrogen under these conditions. 

 

 

Scheme 14. Two electron reduction of C8H8 by 9a to give [Th(Cp′′)2(C8H8)].
26  
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Scheme 15. Reactivity of 9a with [Et3NH][BPh4] and H2: formation of the mixed valent Th(III)/Th(IV) 

hydride [{Th(Cp′′)2}{Th(Cp′′)2(H)}(μ-H)3][K(18-crown-6)(Et2O)] (10).32 

 

 In the solid state structure of 10 the Th(IV) and Th(III) centres display similar metrical 

parameters, in common with other Th(III) and Th(IV) Cp complexes. IR and 1H NMR spectroscopy 

could not provide conclusive information regarding the presence of hydrides in 10, which are 

necessary for the overall charge balance and mixed-valent formulation. However, the 6d1 

electronic configuration of one of the thorium centres was confirmed via EPR and optical 

spectroscopy. In common with 4-8 an isotropic signal was observed in the solution X-band EPR 

spectrum of 10 at room temperature (g = 1.88) but in contrast at 77 K a rhombic signal was 

observed (g = 1.98, 1.94, 1.76), unlike the axial and pseudo-axial spectra obtained for 4-8.The UV-

vis spectrum of 10 is analogous to that of 4, although the absorption band is broader (range 500-

650 nm) and less intense. DFT calculations were in good agreement with the crystallographic 

information obtained for 10 and are consistent with the presence of distinct Th(III) and Th(IV) 

centres with localised oxidation states. It is noteworthy that in the same report the analogous 

compound [{Th(Cp*)2}{Th(Cp*)2(H)}(μ-H)3][K(18-crown-6)(THF)] was obtained via reduction of 
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[Th(Cp*)2(H)(μ-H)]2. Although this complex could not be structurally authenticated the 

spectroscopic and analytical data were in good agreement with its formulation as a mixed-valent 

Th(III)/Th(IV) complex. Finally, in the same report Evans and co-workers showed that Th(IV) 

hydride species could be obtained from in situ formation of a Th(II) species in the presence of 

dihydrogen. Reduction of 7 with KC8 in the presence of dihydrogen gave the tuck-in Th(IV) hydride 

[Th(C5Me4H)2{η
1:η5-C5Me3H(CH2)}(H)][K(2.2.2-cryptand)] together with the Th(IV) hydride 

[Th(C5Me4H)3(H)] (Scheme 16).32 

 

 

Scheme 16. Synthesis of Th(IV) hydrides from in situ formation of Th(II) in the presence of H2.
32 

 

6. Conclusions 

Although Th(III) complexes have been known for over forty years, and the first structurally 

authenticated example was reported thirty years ago, the field of low oxidation state thorium 

chemistry has yet to blossom. Th(III) complexes are not yet as diverse as those in U(III) chemistry 

due to the absence of Th(III) starting materials and synthetic routes are not as developed. 

However, the recent isolation and reactivity studies of the first Th(II) complexes implies that we are 

on the cusp of a renaissance in this field. Although these investigations are in their infancy, Th(III) 

reactivity studies have already provided a hitherto unknown structural motif of cyclo-P4, and 

pioneering work on Th(II) has now opened up 2e– processes at thorium centres for the first time. 

The extensive and ground-breaking small molecule activation chemistry exhibited by U(III) 

complexes in the last fifteen years, together with the considerable reduction potentials of low 

oxidation states of thorium, both strongly imply that the small molecule activation chemistry of low 

oxidation state thorium complexes could provide remarkable examples. Further to this, the physical 

properties of Th(III) and Th(II) complexes have already proved fascinating and there is much left to 

uncover and rationalise. Future investigations into low oxidation state thorium chemistry will 
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provide results that deepen our understanding of actinide electronic structures and bonding 

regimes at a strategic juncture as thorium nuclear fuel cycles are now being actively pursued. 
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