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ORGANOURANIUM COMPLEXES FOR THE INSERTION  
AND REDUCTION OF SMALL MOLECULES 

 
SUMMARY: 

 
This thesis explores the behaviour of U(III) and U(IV) organometallic complexes 

towards small molecules, with respect to both their reductive activity and insertion 

chemistry. 

A range of mixed-sandwich U(IV) organyl complexes of the form  

U(η-C8H6{1,4-SiiPr3}2)(η-C5Me5)(R) (= U(COTTIPS2Cp*(R), where R = CH3, CH2Ph, 

CH2TMS, CH{TMS}2) have been synthesised and the products of their reactions with 

CO2, CO, and H2 (κ2-carboxylates, η2-acyls, and a monomeric terminal hydride) have 

been characterised – all of which are formed under mild conditions (< 1 atm of gas,  

sub-ambient temperature).  The hydride also inserts CO2 to yield a formate, 

U(COTTIPS2)Cp*(κ2-O2CH), which is the first example of its kind, and inserts CO to 

form cis-enediolate, {U(COTTIPS2)Cp*}2(µ-κ1:κ1-OCH=CHO).  A rare primary amido, 

U(COTTIPS2)Cp*(NH2), and its CO2 insertion product, U(COTTIPS2)Cp*(κ2-O2CNH2), 

have also been characterised.  The latter is the first crystallographically characterised 

U(IV) primary carbamate.  Deprotonation of the parent amido yield an anionic U(IV) 

terminal primary imido, [U(COTTIPS2)Cp*(NH)][K(18-crown-6)]. 

U(III) and U(IV) complexes containing a dianionic diamidoamine ligand, 

[N{SiMe3}(CH2CH2N{SiMe3})2]2- (= N'N'2) have been synthesised.  It has been found 

that the migration of a SiMe3 group along the ligand backbone occurs spontaneously 

when bound to uranium.  Reduction of the U(IV) compound U(N'N'2)Cp*Cl with KC8 

yields either the U(III) product, U(N'N'2)Cp*, or bridging arene products, 

{U(N'N'2)}2(µ-η6:η6-C6H5R) (where R = H, Me), depending on the reaction 

stoichiometry.  Further reactivity of these diamidoamine complexes with small 

molecules is also discussed. 
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Ar generic aryl group 
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xBu butyl; x = n, t (tert), i (iso) 
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COTTIPS2 tri-iso-propylsilyl cyclooctatetraene, 1,4-{SiiPr3}2C8H6 
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Cp' mono-trimethylsilyl cyclopentadienyl, (SiMe3)C5H4 
Cp'' bis-trimethylsilyl cyclopentadienyl, 1,3-(SiMe3)2C5H3 

Cp* pentamethylcyclopentadienyl, C5Me5 
Ct centroid (middle of carbon ring) 

dx deuterated (x deuterium atoms) 
DFT density functional theory 

DME 1,2-dimethoxy ethane, C4H10O2 
dmpe 1,2-bis(dimethylphosphino)ethane, C6H16P2 

DMSB dimethyl silyl butyl, Me2SitBu 
DMSP dimethyl silyl phenyl, Me2SiPh 

Dtbp di-tert-butyl phenyl, 2,6-(tBu)2C6H3  
DU depleted uranium 

esd estimated standard deviation 
Et ethyl 

Et2O diethyl ether, C4H10O 
hpp 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato 

ORTEP Oak Ridge Thermal Ellipsoid Plot 
Me methyl, CH3 

Mes mesityl, 2,4,6-Me3-C6H2 

N'' N(SiMe3)2 
N'N'2 diamidoamine, N(SiMe3){CH2CH2N(SiMe3)}2 

Np neopentyl, C4H9 
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NMR nuclear magnetic resonance 

OTf triflate, SO3CF3 
Ph phenyl 
iPr isopropyl 
R alkyl or organyl group 

tacn 1,4,7-triazacyclononane 
THF tetrahydrofuran, C4H8O 

TIPS tri-iso-propyl silyl, Si(iPr3)3 
TMS trimethyl silyl, SiMe3 

TrenR N(CH2CH2N{R})3, R = alkyl, silyl 
Ttbp tri-tert-butyl phenyl, 2,4,6-(tBu)3C6H2 

 
NMR spectroscopic data abbreviations 

{1H} proton-decoupled 

δ chemical shift 

d doublet 
Hz hertz 

xJyz x-bond coupling constant for nuclei y-z 
m multiplet 

s singlet 
t triplet 

ppm parts per million 
 

Mass spectrometric data abbreviations 

EI electron impact 
m/z mass to charge ratio 

M+ molecular ion 
MS mass spectrometric 

 
Infrared data abbreviations 

br broad 

cm-1 wavenumber 
m medium 

s strong 
w weak 
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CHAPTER 1: INTRODUCTION 

1.1 Foreword 

Discovering new modes of reactivity and effecting new molecular transformations 

are fundamental goals of organometallic chemistry.  Extensive research has been 

undertaken in the field of organotransition metal chemistry and, to a lesser extent, 

organolanthanide and organoactinide chemistry, to investigate the possible bonding, 

behaviour and chemistry of metal-organic systems.  Organometallic chemistry has 

found application in the transformation of biologically or industrially important small 

molecules, such as H2, CO, CO2, O2, N2, and NH3, by catalysing or aiding reactions to 

afford more complex chemicals.1  As an example, the potential to utilise CO2 as a C1 

feedstock has been understood for decades, and with much attention focused on 

reducing CO2 emissions globally, research is being developed to make use of this 

ubiquitous waste product in energy- and molecule-efficient ways.2–5 

Uranium has not been overlooked in organometallic research, and it has proven to 

be a promising element for new molecular transformations, as recent reviews have 

detailed.6–9  Whilst using uranium in catalysis may be an unachievable goal due to the 

demands of rigorously oxygen- and moisture-free environments necessary for its  

low- and mid-valent chemistry, the study of reactivity patterns and the mechanisms of 

transformations provides insight into the fundamental nature of bonding and the 

chemistry of organouranium systems.10–18  As described herein, its reactivity is uniquely 

different to lanthanides, transition metals, and even other actinides.  Furthermore, many 

areas of organouranium chemistry are still unexplored or not well understood. 

This thesis explores the use of uranium in combination with two ancillary ligand 

systems, in order to activate small molecules – CO, CO2, H2, and NH3 – by synthesising 

a variety of reactive precursors, and then characterising the products of subsequent 

small molecule transformations.  A general introduction to organouranium chemistry, 
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the ligands used, and previous work on small molecule transformations by both U(III) 

and U(IV) organouranium systems is provided in this chapter. 

1.2 History of organouranium chemistry 

1.2.1 Uranium: an overview 

An early actinide often associated with radioactivity and nuclear fuel, uranium is a 

naturally occurring element with unique reactivity, first discovered in 1789.19  Uranium 

extracted from the earth consists of three isotopes: 238U, 235U, and 234U, with 238U being 

the most abundant at a weight percentage of 99.2745% and with a half-life of around 

4.5 billion years.20  Usage in the nuclear fuel industry requires enrichment of natural 

uranium to obtain a higher percentage abundance of fissile 235U, producing depleted 

uranium (DU, containing typically between 0.2-0.4% 235U) as a side product.  Current 

uses for DU include ammunition, airplane counterbalances, radiation shields, and 

drilling equipment.21  238U is a weak alpha-emitter, and this coupled with its long  

half-life means that DU can be safely handled in a laboratory environment as long as 

sufficient care is taken not to ingest or inhale any material. 

The chemical behaviour of actinides differs from lanthanides and transition 

metals, and hence provides potential for use in catalysis, resulting in new forms of 

reactivity.  Actinides possess 5f orbitals that are less shielded by 6s and 6p electrons, in 

comparison to the greater shielding of the lanthanide 4f orbitals by the 5s and  

5p electrons.10  Whilst bonding models of the f-block elements have mainly been 

classed as electrostatic, the diffuse nature of the 5f orbitals in the early actinides (Ac to 

Np) allows some participation in covalent bonding, in comparison to the more ionic 

bonding of the lanthanides and later actinides.  The more radially-extended 5f electrons 

also mean that π-back bonding is possible, hence multiple bonding is available for the 

early actinides.22  Also in contrast to transition metals and the lanthanides, the actinides 

have larger ionic radii, allowing for large coordination numbers, and can access a wider 
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range of oxidation states.  It should be stated that whilst many bonding models for 

organouranium complexes exist, our understanding of the bonding nature and electronic 

structure of such systems is not complete.  Studying patterns of reactivity is a useful 

way of building on existing knowledge, helping to expand the global picture of uranium 

structure and bonding. 

Uranium has an electronic configuration of [Rn]5f36d17s2 and can access 

oxidation states U(II) to U(VI), with U(IV) and U(VI) being the most common.  It is a 

highly electropositive and oxophilic element, and these characteristics along with its 

large ionic radii and potential for high coordination numbers result in it possessing 

some unique chemistry.  The U(III) oxidation state is highly reducing, and the easily 

accessible U(III)/U(IV) redox couple (ca -2 V vs FeCp2
+/0)23,24 means that U(III) can be 

used to reduce small molecules such as CO and CO2 (see section 1.4 for detail); 

however, the ligand systems installed around the metal centre have a large influence on 

this redox couple and hence on reactivity.25–29  The ability of uranium to form highly 

polarised bonds between atoms such as C, H, N and O also allows it to facilitate 

insertion reactions of small molecules into such bonds without a change in oxidation 

state, demonstrating reactivity that is fundamentally different from the oxidative 

addition/reductive elimination chemistry observed for transition metals, as detailed in 

this chapter.  

1.2.2 Development of organouranium chemistry 

Limited research into the organometallic chemistry of uranium was carried out 

before the late 1940s, when the Manhattan Project sought to develop volatile uranium 

complexes for use in isotope separation.  Compounds featuring U-C, U-N, U-O and U-S 

bonds were targeted, to some degrees of success, as later reported by Gilman et al. in 

the mid-1950s.30–36  The first π-bound organouranium complexes were reported in 1956 

by Reynolds and Wilkinson, where they describe the syntheses of UCp3 and UCp3Cl 

from UCl3 and UCl4 respectively.37  The authors note that the reactivity and 
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spectroscopic properties of UCp3Cl are consistent with covalent uranium-carbon bonds 

to the Cp rings and essentially ionic uranium-chloride bonds, in contrast to the purely 

electrostatic metal-carbon bonds found between [Cp]- and lanthanide metal centres in 

analogous LnCp3 complexes.38  Their formulation of a π-complex, bonded covalently, 

was corroborated several years later when the crystal structure of UCp3Cl was 

determined.39  

Considering the relative size and radial extension of the 5f-orbitals of uranium in 

comparison to transition metal bonding orbitals, the potential for a uranium analogue of 

ferrocene featuring two larger 8-membered cyclooctatetraene ligands was postulated by 

Fischer in 1963.40  Its successful synthesis was reported in 1968, and the air-sensitive 

green compound was dubbed ‘uranocene’, formulated as U(C8H8)2 by virtue of its mass 

spectrum and high thermal stability.41  Molecular orbital treatments and the  

later-published X-ray structure provided conclusive evidence that uranocene contained 

planar, aromatic cyclooctatetraene rings and featured covalent bonding between 

uranium and carbon, thus representing a new class of sandwich complexes involving  

5f-orbitals.42,43  This discovery marked the beginning of renewed interest in 

organouranium chemistry. 

1.3 Ligand systems in organouranium chemistry 

A crucial goal in the challenge of isolating stable, yet reactive, organouranium 

complexes is developing ligand systems that enable the metal centre to be sterically and 

electronically stabilised to some degree.  Depending on the synthetic application, 

complexes may need a reactive ‘pocket’ dictated by ligand steric factors to allow the 

approach and subsequent reaction of small molecules, or a single ‘U-X’ bond of interest 

may need to be installed to observe and effect reactivity at that precise position.  

Electronic stabilisation via non-innocent or redox-active ligands may be required to 

support low oxidation states; also beneficial is the ability to ‘tune’ ligand sets to impart 

properties such as crystallinity and solubility to compounds.  The correct selection of a 
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ligand system for different purposes is essential to afford the desired reactivity.  

Uranium is able to bind to a wide range of hard and soft donor ligands, and to aromatic 

carbocycles, enabling the successful synthesis of many different organouranium 

complexes.  Detailed below are exemplary ligand systems classed either as metallocene, 

or non-metallocene systems. 

1.3.1 Metallocene systems 

Ubiquitous in organometallic chemistry is the monoanionic, η5-hapticity 

carbocyclic ligand, cyclopentadienyl (Cp).  Its hybridised molecular orbitals efficiently 

overlap with transition-metal d-orbitals,40 and are also able to bond to lanthanides38 and 

actinides; the first π-bound organouranium complexes, UCp3Cl and UCp3, feature this 

ligand.37 Derivatives of Cp, such as the widely-used pentamethylcyclopentadienyl 

(Cp*), have also been employed in organouranium chemistry.  A large class of 

UCp*2X2 (where X = halide, amide, alkyl, alkoxy, hydride) complexes have been 

characterised over the past 40 years and have shown a remarkable range of reactivity, as 

well as providing fundamental information about the nature of various ‘U-X’ bonds.44–54  

Using the Cp* ligand in place of Cp imparts higher solubility, and higher steric and 

electronic stabilisation, which in turn can prevent unwanted dimerisation of  

low-coordinate complexes.  Additionally, in contrast to UCp3X complexes, UCp*3X 

complexes are resistant to disproportionation to UCp*2X2 products due to their 

increased steric bulk. 

In addition to Cp*, many other substituted cyclopentadienyl ligands have been 

used in combination with uranium, including alkyl-substituted ligands: C5H4R (R = Me, 
tBu), 1,3-(tBu)2C5H3, 1,2,4-(tBu)3C5H3, C5Me4R (R = H, iPr, Et);55–62  

silyl-substituted ligands: C5H4TMS (= Cp', TMS = SiMe3), 1,3-(TMS)2C5H3 (= Cp''), 

C5Me4(SiMe2{CH2CH=CH2}), C5Me4TMS;63–66 and ansa-Cp ligands: X(C5H4)2  

(X = CH2, (CH3)2Si, nPr), Me2Si(C5Me4)2.67,68  These modifications were carried out to 
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assist in the design of complexes that can sterically or electronically stabilise a uranium 

metal centre, further to the more widely-used Cp or Cp* ligands (Figure 1.1). 

 

Figure 1.1. Examples of organouranium complexes featuring substituted-Cp ligands,  

left to right: U(Cp'')2Cl2, U(C5Me4H)2(CO), U(SiMe2{C5Me4}2)Me2. 

The discovery of uranocene, U(COT)2, by Streitwieser and Müller-Westerhoff 

was a springboard for the synthesis of many complexes involving this larger  

10π-aromatic carbocycle.41  Substitution of the COT ring followed to give mono- or 

multi-functional ligands, with the 1,1'-monoalkyl COT uranocenes being the most 

numerous: U(COTR)2, where R = Me, Et, nBu, Ph, tBu, CH=CH2, Mes, cyclopropyl.69–73  

These efforts were aimed to afford compounds more soluble than the parent uranocene, 

and hence ease characterisation by spectroscopic means.43,74  Tetra-substituted  

COT rings enabled the synthesis of U(C8H4R4)2 uranocenes, where R = Me, Ph, and 

remarkably the latter species proved air-stable for several weeks.70,75  Silyl-substitution 

of COT rings has also been undertaken, and uranocenes featuring (1,4-{TMS}2C8H6),76 

(1,4-{SiMe2
tBu}2C8H6),77 (1,3,5-{TMS}3C8H5),78 and (1,4-{SiPh3}2C8H6)79 ligands 

have been synthesised.  The silyl groups are advantageous as they impart crystallinity 

and solubility to the complexes, and also steric saturation, whilst generally being 

cheaper and easier to synthesise than the alkylated ligands.80   

Whilst informative with respect to f-element structure and bonding, the 

uranocenes were largely unreactive and showed little interesting chemistry.  Instead, 

mono-COT ‘half-sandwich’ compounds were developed, which offer some steric 

protection of the metal centre to avoid decomposition, but which are less coordinatively 
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saturated than the full sandwiches.81 There are limited examples of stable mono-COT 

complexes: Streitwieser et al. reported the syntheses of U(COT)Cl2(E)2  

(where E = pyridine (Figure 1.2, 1A), THF, PMe3) and U(COT)(acac)2  

(acac = acetylacetonate), however, neither complex would undergo further displacement 

reactions with metal alkyl or alkoxy reagents.81  The group suggest that lack of steric 

saturation precludes the isolation of half-sandwiches, whereas the successful synthesis 

of U(COT)(N{TMS}2)2 by Sattelberger et al. occurs by virtue of the bulky silyl groups 

and stabilising agostic interactions between uranium and the SiMe3 C-H groups.82  

Utilising a borohydride ligand in tandem with COT enabled Ephritikhine et al. to isolate 

moderately stable U(COT)(BH4)2, a precursor for further ligand substitutions, including 

the ‘mixed-sandwich’ complexes, U(COT)Cp(BH4)(L) (where L = THF or OPPh3).83,84  

Later work by Cloke and co-workers used a bulkier, silyl-substituted COT ligand to 

synthesise the base-free half-sandwich, U(1,4-{TMS)2C8H6)(BH4)2 (Figure 1.2, 1B).76  

 

Figure 1.2. ‘Half-sandwich’ organouranium complexes 1A and 1B. 

The advent of ‘mixed-sandwich’ organouranium complexes enabled the use of 

sterically stabilising COT rings alongside less bulky Cp rings to ‘fine tune’ the 

reactivity of the uranium metal centre.  With substitution possible for both COT and Cp 

ligands, a large number of mixed-sandwich combinations exist, each providing different 

environments for a uranium metal centre.  The pseudo bent-metallocene configuration 

and potential for multiple coordination sites offers an attractive prospect in comparison 

to single COT-ring or crowded Cp and Cp* ligand systems.  The complexes 

UIV(COT)Cp(BH4)(L) (where L = THF, OPPh3) and UIII(COT)Cp*(THF)  

(Figure 1.3, 1C) were the first reported mixed-sandwich species in 1990 and 1993 
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respectively.83,85  The latter complex reacts with Me2bpy, the product of which was 

characterised by X-ray crystallographic means and was seen to feature non-parallel 

rings (Cp*-U-COT angle 138.2 °) angled away from the Me2bpy ligand (Figure 1.3).  

This ‘pocket’ of reactivity is provided by the bent configuration of the carbocyclic 

rings, and is large enough to accommodate further bulky ligands. 

 

Figure 1.3.  Synthesis and reactivity of U(COT)Cp*(THF) (1C). 

U(IV) iodide mixed-sandwiches, U(COT)Cp(I) and U(COT)Cp*(I), were 

synthesised by Berthet et al. in 1994 via the reaction of U(COT)(I)2(THF)2 and TlCp or 

KCp* respectively.84  X-ray crystallographic studies on U(COT)Cp*(I) revealed a 

polymeric structure with bridging iodide ligands, indicating that the mixed-sandwich 

iodide is sterically unsaturated; the reaction with LiCH2TMS yielded the monomeric 

alkyl, U(COT)Cp*(CH2TMS).  Later work by Evans et al. afforded a range of 

monomeric alkyl and aryl mixed-sandwich complexes.86  These complexes also allowed 

for the study of the insertion of tBuCN and carbodiimides into U-C bonds.  A bulkier 

mixed-sandwich system containing the silyl-substituted COT ring, (1,4-{SiiPr3}2C8H6) 

(= COTTIPS2), and Cp* ligands has been used by Cloke et al..62,87–92  

Other metallocyclic organouranium complexes feature ligands such as indenyl, 

[C9H7]-,93–96  and its substituted variants,97 pentalene, [C8H6]2-, and its substituted 

variants,98,99 and cycloheptatrienyl, [C7H7]3-.100–103  Overall, a large range of 

metallocyclic organouranium complexes have been synthesised, and have helped to 

elucidate fundamental bonding and structural information. 
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1.3.2 Non-metallocene systems: nitrogen-based ligands 

In addition to carbocylic ligand systems, a range of nitrogen- and oxygen-based 

ligand systems have also been utilised.  Ligands containing neutral lone pair N-donor or 

anionic [N]- atoms have proven popular choices for stabilising uranium metal centers: 

they are able to π-donate, and can be easily altered in terms of their steric or electronic 

capacity by changing the amido substituents.  In many cases, these ligands have enabled 

new reactivity with small molecules (see section 1.4).  Some multidentate  

nitrogen-based ligands will be discussed here and compared to the carbocyclic rings 

discussed earlier. 

The N-donor hydrotris(3,5-dimethylpyrazolyl)borate ligand, Tp*, is widely 

viewed as an analogous non-carbocyclic ligand to Cp*, and has been used in 

organouranium chemistry.  Ball et al. reported the X-ray crystal structure of 

U(Tp*)Cl3(THF) (Figure 1.4, 1D) and demonstrated the tridentate coordination of the 

three pyrazolyl moieties.104  They speculated that the coordination of only one THF 

molecule in comparison to two in the equivalent complex, UCp*Cl3(THF)2, indicates 

the increased steric demands of the Tp* ligand.  Both U(III) and U(IV) can be stabilised 

by Tp*;105–111 the alkyl UIII(Tp*)2(CH2Ph) (Figure 1.4, 1E) can be isolated, whereas the 

equivalent Cp* complex, UIIICp*2(CH2Ph) is too unstable to form.112–114 

 

Figure 1.4.  Organouranium complexes featuring the Tp* ligand, 1D and 1E. 
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Scott reported the first triamidoamine complex of uranium in 1994, suggesting 

that tripodal ligands would be suitable for stabilising the metal centre by the chelate 

effect, and that their facial coordination would still allow further reactivity to occur.115  

The chloride complexes {U(N[CH2CH2NSiMe2R]3)Cl}2 (where R = Me, tBu, Ph; 

TrenTMS, TrenDMSB
, TrenDMSP) were reported, and following publications disclosed the 

ability of the U(TrenDMSB) system to support a mixed-valence U(III)/U(IV) dimeric 

species (Figure 1.5, 1F),116 and to activate dinitrogen.117  Later research conducted by 

Liddle et al. found that U(TrenDMSB) would also homologate CO, forming a ynediolate 

complex, {U(TrenDMSB)}2(µ-η1:η1-OCCO) .118  Further modification of the Tren ligand 

to feature tri-iso-propylsilyl (TIPS) groups in place of the SiMe2R moiety enabled the 

isolation of the first uranium-nitride triple bond by design (Figure 1.5, 1G), and the 

first organouranium primary imido complex.119,120  This remarkable breadth of 

chemistry demonstrates the utility of such a tripodal ligand to support reactivity that has 

not been achieved with the ubiquitous carbocylic ligand systems. 

 

Figure 1.5. Uranium complexes featuring triamidoamine ligands (1F and 1G).  

R = SiMe2
tBu. 

A wide range of dianionic diamido ligands have also been used to support  

low- and mid-valent organouranium complexes.  Wilson et al. used the diamidoamine 

ligand, [N{TMS}(CH2CH2N{TMS})2]2- (= N'N'2) – previously installed around 

transition metal centres121–125 – with uranium, and synthesised UIV(N'N'2)2 and 

{UIV(N'N'2)Cl2}2 (Figure 1.6, 1H and 1I).126  This flexible ligand benefits from a 

central neutral nitrogen atom, which can participate in bonding through its lone pair if 

needed to stabilise the metal centre. 
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Figure 1.6.  Organouranium complexes featuring the N'N'2 ligand, 1H and 1I; R = TMS.   

Several diamidoether ligands have been developed by Leznoff and coworkers; a 

NON-donor ligand framework allows ionic coordination via two terminal nitrogen 

atoms, as well as coordination to the oxophilic metal centre from the central oxygen 

atom via a lone pair interaction.  Three NON-donor ligands have been used to support 

uranium: O(SiMe2NR)2 (where R = tBu or 2,4,6-Me3Ph), tBuNON and MesNON, and 

O(CH2CH2N{2,6-iPr2Ph})2, DIPPNCOCN (Figure 1.7).127,128  The di-alkyl complexes 

can be generated from the respective U(IV) di-chloride precursors and alkyl lithium or 

potassium salts, and both U(tBuNON)(R)2 and U(DIPPNCOCN)(R)2 (where R = CH2Ph, 

CH2TMS) will act as ethylene polymerisation catalysts.129  More recently, another 

NON-donor ligand, XA2 (Figure 1.7), has been used to synthesise U(IV) di-alkyl 

complexes.  The alkyl U(XA2)(CH2TMS)2 will undergo unusual alkyl exchange 

reactions with NpLi or MeLi to yield U(XA2)(Np)2 or [Li(THF)x][U(XA2)Me3], 

described by the authors as resembling salt metathesis reactions and proceeding via a 

trialkyl intermediate.130  Research conducted by Diaconescu et al. has shown the utility 

of diamidoferrocene ligands, fc(NSiMe2R)2 (where R = Me, Ph, tBu;  

fc = 1,1’-ferrocenyl, Figure 1.7) for supporting a range of U(IV) complexes.131,132 The 

dialkyl complex U(fc{NSiMe2
tBu}2)(CH2Ph)2 will induce reactivity of aromatic  

N-heterocycles such as ring-opening, alkyl transfer, C-H activation, and  

C-C coupling,133–135 as well as acting as a precatalyst for inter- and intramolecular 

hydroamination.136  This behaviour is attributed to the ability of the diamide ligand to 

support the electrophilic metal centre to a greater extent than carbocylic ligands, 
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allowing further reactivity to occur even when uranium is bound to strongly Lewis basic 

aromatic heterocycles.133 

 

Figure 1.7.  Dianionic diamido-based ligands used in organouranium complexes. 

Macrocyclic ligands also find application in stabilising reactive uranium metal 

centres; examples of calixpyrrole,137–142 and triazacyclononane143–146 ligands bound to 

low- and mid-valent uranium have been reported.  Such complexes have shown 

magnetic exchange coupling between two U(III) centres,140 provided the only example 

of the complete cleavage of dinitrogen by an organouranium complex,138 unusual alkane 

coordination,145 and rich reductive and insertion chemistry with respect to CO and 

CO2.147–150 

1.4 Reductive activation and insertion of small molecules 

U(III) organometallic complexes have shown the ability to reduce small 

molecules, by virtue of the easily accessible redox couple between U(III)/U(IV).  This, 

together with the oxophilic nature of uranium and its large ionic radius, which gives it 

access to large coordination numbers, makes it an ideal candidate for activating small 
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molecules such as carbon monoxide, and carbon dioxide.  Both of these small molecules 

are of interest due to their potential to act as C1 feedstocks.   

Generally, a reduction process with U(III) involves 2 U(III) molecules gaining  

2 electrons in a redox process with a small molecule, such as CO or CO2, affording two 

U(IV) centres bound by a reduced bridging moiety – Equation 1.1 demonstrates the 

reduction of CO2 to O2- and CO.  Due to the oxophilic nature of uranium, one or more 

new U-O bonds are typically formed in this process. 

 
Equation 1.1. Reduction of CO2 by U(III). 

Two significant barriers to developing catalytic processes involving U(III) are the 

difficulty in cycling the resulting U(IV) centres back to U(III), and breaking the strong 

U-O bonds in order to remove the functionalised product.  Nevertheless, some progress 

has been made towards overcoming these obstacles, and many remarkable reduction 

and homologation reactions involving U(III) organometallic complexes have been 

reported; a summary of such reactions reported in the literature is presented here. 

1.4.1 Carbon monoxide  

Evidence for the binding of CO to uranium was first seen in matrix isolation 

studies of U(CO)6 in 1971.  Data collected from IR spectroscopic measurements 

indicated a υCO band at 1961 cm-1, lowered from free CO in the gas phase  

(υCO = 2145 cm-1), supporting the theory that uranium is able to π-donate to carbon 

monoxide.151,152  The first example of a molecular uranium-CO complex, UCp'3(CO), 

was reported in 1986, after previous experiments with UCp'3 and UCp3 had shown them 

to be viable π-donors for molecules such as PMe3, pyridine, THF, and isonitriles.64,153  

Exposure of UCp'3 to 12CO or 13CO elicited a colour change from green to red, and a 

new IR vibrational band was observed at 1976 or 1935 cm-1
 respectively, consistent 

with the binding of CO.  No stable complex could be obtained from the experiment, and 

2 UIII + CO2
2e- transfer

UIV O UIV + CO
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CO was readily lost upon exposure of the red solutions to reduced pressure.  Later 

theoretical work by Bursten and Strittmatter indicated that CO binding as carbonyl 

rather than isocarbonyl was most stable, according to molecular orbital calculations.154  

An isolable CO complex, U(C5Me4H)3(CO), was synthesised and structurally 

characterised in 1995 by Carmona et al., showing an almost linear ‘U-CO’ moiety  

(U-C-O: 175.2(6) °) and a short U-C bond distance of 2.383(6) Å, attributed to 

significant π-backbonding from the uranium centre (see Figure 1.1 above).155  These 

results were complemented by the synthesis of further U-CO metallocene complexes, 

U(C5H4
tBu)3(CO) and UCp''3(CO),156 which were too unstable to isolate, and the 

significantly sterically crowded complex, UCp*3(CO) (Figure 1.8, 1J), which was 

structurally characterised in 2003.157 

 

Figure 1.8.  Synthesis of UCp*3(CO) (1J). 

In contrast to simple coordination complexes of CO with uranium, the reaction of 

UIII({tBuArO}3tacn) affords a dinuclear U(III)/U(IV) complex with a CO bridge, 

[U({tBuArO}3tacn)]2(µ-η1:η1-CO) (Equation 1.2, 1K).147  Castro-Rodriguez and Meyer 

concluded that the dimer forms via attack of ‘UIV({tBuArO}3tacn)(CO•)’, a charge-

separated species, on another molecule of UIII({tBuArO}3tacn), resulting in a unique  

µ-η1:η1-CO binding mode.  Due to the CO moiety lying on a crystallographic inversion 

centre, no reliable bond metrics could be obtained from the structure, so no information 

on the extent of CO activation from bond distances could be inferred. 
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Equation 1.2. Formation of a U(IV) linear-bound CO complex. 

The first examples of CO homologation with an organouranium system were 

reported by Cloke and coworkers using a mixed-sandwich system, 

U(COTTIPS2)(C5Me4R) (where COTTIPS2 = 1,4-{SiiPr3)2C8H6, R = Me, H), which will 

form dimers bound to either a deltate (R = Me) or squarate (R = H) oxocarbon upon 

exposure to 1 bar of CO (Scheme 1.1).61,87  Coupling of just two molecules of CO was 

achieved from the reaction of U(COTTIPS2)Cp* with 0.95 equivalents of CO, but the 

addition of further CO after ynediolate formation did not yield higher oxocarbons.  

Altering the steric environment around the metal centre via modification of the ligands 

also enables selective ynediolate formation: U(1,4-{TMS}2C8H6)(C5Me4TMS) exposed 

to 1 bar of CO forms solely the ‘O-C≡C-O’ product.62  Experimental and theoretical 

studies gave insight into the mechanism of the oxocarbon formation, theorised to occur 

via a ‘zig-zag’ intermediate.158,159  Identification of this intermediate encouraged 

experiments involving CO and a co-reactant, and it was demonstrated that 

U(COTTIPS2)Cp* (1L) will form cyanate derivatives with CO and NO, or a methoxide 

complex (1M) with CO and H2 (Scheme 1.1).89,90  The latter reaction is a rare example 

of CO reduction and functionalisation at a uranium centre – hydrogenation of reduced 

CO has not been observed in any other organouranium system, and is discussed in 

further detail in section 1.7.  The methoxide 1M can be liberated from the metal centre 

by heating it to 55 °C in the presence of TMSOTf (OTf = O{SO2CF3}), yielding 

TMSOMe and U(COTTIPS2)Cp*(OTf), which can be reduced back to 1L  

with K amalgam. 

1K,

1 atm CO
pentane

2 U({tBuArO}3tacn)

IR: νCO = 2092 cm-1

({tBuArO}3tacn) C O ({tBuArO}3tacn)UU
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Scheme 1.1.  Reactivity of U(COTTIPS2)Cp* with CO, CO/NO, and CO/H2. 

Although Andersen et al. reported in 1979 that the tris-amide uranium system, 

U(N{TMS}3) (= UN''3), did not react with CO, work by Arnold and coworkers in 2011 

proved to the contrary.  Exposure of a hydrocarbon solution of UN''3 to 1 bar of CO 

afforded N''3U-O-C≡C-O-UN''3 in an 82% yield; the same result occurs with CO and the 

U(III) tris(aryloxide) complexes, U(OAr)3 (where Ar = 2,6-{tBu}2Ph, 2,4,6-{tBu}3Ph), 

forming the associated ynediolates in 61 and 57% yields respectively.160,161  Another 

example of this reductive homologation occurs with the TrenDMSB derivative and an 

excess of CO, forming {U(TrenDMSB)}2(µ-κ1:κ1-C2O2) in a 62% isolated yield.118  
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Heating either (UN''3)2(µ-κ1:κ1-C2O2) or {U(TrenDMSB)}2(µ-κ1:κ1-C2O2) results in 

ligand activation, indicating that the triply-bonded ynediolate fragment is not entirely 

inert with respect to further functionalisation (Scheme 1.2).  Accordingly, treating 

{U(TrenDMSB)}2(µ-κ1:κ1-C2O2) with Me3SiI or Me2PhSiI yields U(TrenDMSB)I and the 

silyl-substituted ynediolates, RMe2Si-O-C≡C-O-SiMe2R (R = Me, Ph) respectively 

(Scheme 1.2b). 

 

Scheme 1.2.  Functionalisation of ynediolate complexes. R = SiMe2
tBu. 

1.4.2 Carbon dioxide  

Several examples of CO2 activation and reduction by U(III) organometallic 

complexes have been reported, yielding products such as mono-bridged oxo dimers, and 

bridging carbonates.  Initial experiments by Berthet et al. with UCp'3 and excess CO2 

led to the isolation of (UCp'3)2(µ-O), characterised by X-ray crystallographic means.  

The mechanism was speculated to involve the initial formation of a ‘µ-CO2’ complex 

with the subsequent extrusion of CO; related studies on the reaction of the same U(III) 

system with CS2 and the isolation of (UCp'3)2(µ-CS2) supported this claim.162  
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Meyer and coworkers have undertaken extensive studies on the activation of CO2, 

utilising U(III) supported by tripodal O-chelating ligand frameworks (Figure 1.9) and 

they have demonstrated that subtle steric changes to a ligand environment can 

significantly alter the outcome of CO2 reduction.  Exposure of excess CO2 to 

U({tBuArO}3tacn) forms the oxo-bridged species [U({tBuArO}3tacn)]2(µ-O), and 

releases CO; the bulkier ligand variant, U({AdArO}3tacn) binds CO2 in an linear, end-on 

fashion as a charge-separated species, formed from a 1e-
 reduction.147,163   

 

Figure 1.9.  Ligand systems employed by the Meyer group. 

A pseudo-catalytic process can be achieved using U({Np,MeArO}3tacn) and CO2, 

forming a bridging carbonate moiety which can be liberated with KC8, forming K2CO3, 

and leaving the U(III) species available for further reductive activity (Scheme 1.3).150  

Precipitation of an insoluble uranium-potassium carbonate cluster terminates the cycle 

after several turnovers.  Altering the tacn-framework to an N- or mesitylene-based 

ligand to give U({AdArO}3N) or U({tBuArO}3Mes) yields complexes that allow the 

formation of a bridging carbonate moiety when exposed to an excess of CO2, showing 

the impact of the varying steric demands of the three ligand systems.  Two different 

carbonate coordination modes are seen in each case, µ-η1:κ2(O,O')-CO3
 and  

µ-κ2(O,O'):κ2(O,O'')-CO3 respectively.164  Mechanistic studies were carried out to 

investigate the carbonate formation, and the results showed that a bridging oxo 
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complex, {U(L)}2(µ-O) (where L = ligand), is formed initially and then reacts with a 

further equivalent of CO2, extruding free CO.165,166 

 

Scheme 1.3.  Synthetic cycle of U({Np,MeArO}3tacn) with CO2 and KC8; figurative 

representation of the ligand framework showing coordinating N and O atoms. 

Both U(COTTIPS2)(C5Me4H) and [U(OSi{OtBu}3)2(µ-OSi{OtBu}3)]2 will react 
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formation of CO.88,167  In the former case, the CO extruded will react further with 

residual U(III) to yield the known squarate compound.  In the latter case, the siloxy 

complex is first reacted with KC8 to form the heterobimetallic system, 

[U(OSi{OtBu}3)4K], exposure to CO2 yields a pentavalent terminal oxo complex and 

free CO in a rare example of a 2e- U(III)/U(V) redox process.  The related ion-pair, 

[K(18c6)][U(OSi{OtBu}3)4] (18c6 = 18-crown-6), reacts with excess CO2 to form a 

terminally-bound carbonate, [U(OSi{OtBu}3)4(µ-κ1:κ2-CO3)K2(18C6)] and 

UIV(OSi{OtBu}3)4.168  The aryloxide, UIII(OTtbp)3 (Ttbp = 2,4,6-{tBu}3Ph), forms a 
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bridging oxo complex with CO2, but also inserts a further equivalent of CO2 into one 

uranium-aryloxide bond, yielding U(OTtbp)2(µ-O2C-OTtbp)2(µ-O)U(OTtbp)2.161 

Most recently, the reductive coupling of CO2 to form a bridging oxalate complex 

has been reported for the first time at a uranium centre.  Oxalate formation has been 

shown for the lanthanide Cp* complexes – first reported for SmCp*2(THF)169 – but has 

not been observed with uranium.  Steric factors and temperature are highly important 

for the success of this reaction: the reactions of U(COTTMS2)(CpMe4R) (where R = Me, 

Et, iPr) with CO2 at -78 °C yield a mixture of bridging oxalate and either carbonate or 

oxo products (Scheme 1.4), while when R = tBu, only the carbonate product is formed – 

as is the case with the U(COTTIPS2)Cp* mixed-sandwich complex.29,88 The reaction of 

U(COTTMS2)Cp* with CO2 performed at ambient temperature yielded only the bridging 

oxo dimer. 

 

Scheme 1.4.  Synthesis of oxalate complexes from U(III) mixed-sandwiches; percentages 

indicate isolated product yields. 

1.4.3 Concluding remarks 

A variety of oxygen-bound U(IV) products have been isolated from the reactions 

of U(III) with CO and CO2, the nature of which are largely reliant on the ligand 

environment encasing the uranium metal centre.  This is exemplified most clearly by the 

reactions of small molecules with tripodal ‘tacn’, mesityl, or N-based ligands as 

reported by Meyer et al., wherein changes to substituents on the pendant arene arms 
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dictate the outcome of small molecule activation.170  Liberation of the reduced products 

has been achieved in only a few cases, and involves the use of harsh reagents that yield 

U(IV) halide or triflates, which then require reduction back to U(III) starting materials if 

a recyclable process is desired.61,90,118  The exception is with U({Np,MeArO}3tacn) and 

CO2, which can be readily converted back from oxo and carbonate U(IV) products to 

the U(III) starting material with KC8, along with the elimination of K2O and K2CO3. 

1.5 Sigma-bonded organouranium complexes: U-C and U-H bonds 

1.5.1 Uranium alkyls 

In addition to π-bound carbocylic ligands, uranium can also form σ-bonds to 

discrete carbon atoms, forming alkyl complexes.  Such compounds are well-known in 

transition metal chemistry, however, initial attempts to synthesise homoleptic alkyl 

complexes led researchers to the conclusion that uranium alkyls would be too unstable 

to isolate.10 This assumption was proven incorrect, and numerous uranium alkyl 

complexes have been synthesised over the last 50 years, pertinent examples of which 

will be discussed here. 

The first report of organouranium complexes containing σ-bonds was in 1970 by 

Brandi et al. as part of conference proceedings.171  The authors describe here, and in 

more detail in their later paper, the synthesis of alkyls UCp3R (where R = Ph, CH2Ph, 

CH2-p-C6H4CH3), and describe their ‘remarkable’ thermal stability in the solid state.  

Two other research groups simultaneously reported their work on σ-bound uranium 

alkyl and aryl complexes in the same metallocene framework, extending the series to 

include organyls R = p-C6H4CH3, C≡CPh, Me, nBu, Np, C6F5, iPr,172–174 followed by  

R = allyl, tBu, cis-2-butenyl, trans-2-butenyl, and vinyl shortly thereafter.175  All 

authors concluded that these highly air-sensitive first examples of organouranium  

σ-bonded species contained a U-C bond considered ionic due to its susceptibility to 

alcoholysis and hydrolysis, but were resistant to β-hydrogen elimination even when 
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subjected to high temperatures.  Shortly thereafter, Andersen et al. reported the  

first two alkyluranium species containing more than one U-C σ-bond: anionic 

Li2[U(CH2TMS)6](TMEDA)7 and Li2[U(C9H12N)6](TMEDA)7 (where C9H12N is  

2-methylbenzylamine).176 

The syntheses of neutral homoleptic uranium alkyls were revisited following the 

discovery that σ-bonded alkyluranium species could exist, and numerous examples have 

been reported to date.177–180  Of prominent focus for further alkyluranium research were 

compounds containing either one or two alkyl ligands, in order to elucidate the nature of 

the bond and its potential reactivity in an otherwise inert environment effected by the 

ancillary ligand system.  The advent of bis-Cp* ligand systems enabled the isolation of 

di-alkyls and -aryls of the form UCp*2R2, and mono-alkyls and -aryls of the form 

UCp*2(R)Cl (where R = Me, CH2TMS, CH2Ph, Ph) allowing for further study of the 

nature of the U-C σ-bond (Figure 1.10).44,48  These bis-Cp* alkyluranium species are 

also thermally stable, and showed reactivity towards dihydrogen and small molecules.  

Remarkably, U(III) alkyls are also supported by bis-Cp* ligands: the reaction of the 

chloride precursor, {UCp*2(µ-Cl)}3, with LiCH{TMS}2 yielded the stable alkyl 

UCp*2(CH{TMS}2) in 41% yield181 – few U(III) alkyls have been reported since.113,114 

UIV
Me

Me
UIV

Cl

CH2
UIII CH2TMS

 
Figure 1.10. Mono- and dialkyl organouranium compounds containing a bis-Cp* ligand 

framework. 

The Tp* ligand, often considered comparable to Cp*, will also support uranium 

alkyls.  U(IV) alkyls of the form UTp*Cl3-x(R)x (R = CH{TMS}2, x = 2; R = CH2TMS, 

x = 1-3) were reported in 1994 by Domingos et al..108,109  Their reactivity towards 

ketones and aldehydes was explored, yielding tertiary alkoxides or other diketyl 



 

! !

23 

insertion products respectively.  This stabilising ligand also demonstrates utility in 

preventing disproportionation of low-valent uranium species, enabling the synthesis of 

the U(III) alkyl, UTp*2(CH2Ph).113  Subsequently, the behaviour of a U-C σ-bond of a 

U(III) – not U(IV) – metal centre could be explored with respect to reactivity with CO2, 

CS2, acetone, and organic azides for the first time.110,112,114 

Numerous organouranium mono- and dialkyls have been synthesised in 

metallocyclic49,66,86,182,183 and non-metallocyclic128–130,132,184 ligand systems.  Many 

examples of insertion chemistry with small molecules have also been reported, as 

detailed in section 1.6.  Of particular importance to this thesis are previously 

synthesised mixed-sandwich alkyls featuring COT and Cp rings, which inherently exist 

as mono-alkyls due to the coordination of the di- and mono-anionic ligands 

respectively.  Gilbert et al. have reported the synthesis of Th(COT)Cp(CH{TMS}2), but 

no uranium analogues exist.185  In 2009, Evans and coworkers reported the synthesis of 

U(COT)Cp*(R) alkyls, targeted with a view to comparing U-C σ-bond reactivity in a 

‘U(COT)Cp*’ environment to the sterically similar ‘UCp*2’ environment.86 The 

organyls U(COT)Cp*(R) where R = CH{TMS}2, Ph, Me, Et and Np were obtained 

from reacting the bridging triflate precursor {U(COT)Cp*}2(µ-OTf)2 with the 

appropriate lithium alkyl or aryl reagents (Scheme 1.5); only the bulky trimethylsilyl 

alkyl was structurally characterised and showed no agostic interactions between the 

TMS groups and uranium metal centre.186 

 

Scheme 1.5.  Synthesis of mixed-sandwich alkyl complexes. 
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1.5.2 Uranium hydrides 

Pioneering work by Marks et al. in 1978 led to the synthesis of the first An(IV) 

hydrides, {Cp*2AnH(µ-H)}2 (An = Th, U), with the uranium hydride losing  

1 equivalent of H2 at ambient temperature via binuclear reductive elimination.44  The 

product of this hydrogen loss was considered to be the U(III) hydride, {Cp*2U(H)}2; the 

thorium analogue shows no such decomposition due to the difficulties in accessing the 

Th(III) oxidation state, and addition of H2 to {Cp*2U(H)}2 re-formed the U(IV) hydride 

complex (Scheme 1.6).  Hydrogenolysis of parent alkyl complexes provided access to 

the hydrides, and the thorium deuteride was formed from the reaction of 

{Cp*2Th(CH3)2}2 with D2 in place of H2.  The uranium deuteride, {Cp*2UD(µ-D)}2, 

could not be formed without extensive isotopic scrambling due to rapid exchange 

between the ligand protons and the U-D bonds.  This work was described in greater 

detail a few years later, and the authors conclude that hydrogenolysis occurs via a non-

oxidative pathway, with the mechanism involving a four-membered transition state.  

This occurs at a much faster rate than in analogous group 4 metal systems due to the 

highly polarised actinide-carbon bonds and relative coordinative unsaturation (a result 

of the larger ionic radii of the actinides).48  They also note the polar nature of  

actinide-hydride bonds, which they describe as ‘hydridic’ due to the facile reactions of 

both actinide hydride complexes with ketones and alcohols. 
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Scheme 1.6.  Synthesis and equilibrium of U(IV) and U(III) hydride complexes. 

Shortly after, in 1979, Andersen et al. reported the first mononuclear  

non-metallocene uranium mono-hydride, UN''3H – the first uranium hydride to be 

characterised by X-ray crystallographic means.187,188  Its synthesis was achieved by 
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reacting UN''3Cl with NaN'' in refluxing THF (from H-abstraction from the solvent), or 

with tBuLi or LiBEt3H in pentane.  The deuteride, UN''3D, can be prepared by refluxing 

UN''3Cl and NaN'' in d8-THF, or by reacting UN''3H with nBuLi and CF3CO2D.  It was 

discovered that the hydride would, on repeated exposure to an excess of D2, undergo 

H/D exchange with all of the ligand protons resulting in the formation of 

U(N{Si(CD3)3}2)3(D).  The reverse reaction also occurs: exposure of the d55-compound 

to H2 yields the original hydride.189  The authors postulate a mechanism involving a 

four-membered metallocycle, UN''2(κ1:κ1-N{SiMe2CH2}{TMS}), as an intermediate, 

which will itself react with either H2 or D2 to undergo the same exchange processes and 

form perdeutero-hydride or deuteride complexes, eventually replacing all ligand protons 

with deuterium (Scheme 1.7). 

 

Scheme 1.7.  Mechanism of H-D exchange in UN''3H.189 

Further work by Marks and coworkers on actinide hydrides and their properties 

was reported frequently throughout the 1980s.  The thorium hydride crystal structure, 

{ThCp*2H(µ-H}2, was determined by neutron diffraction in 1979190 – the structure of 

the uranium analogue was not determined until 2007,191 first by X-ray diffraction, then 

by neutron diffraction in 2012.192  Monomeric terminal hydrides were synthesised 

within UCp*2X2 systems by utilising chloride or alkoxide ligands to occupy  
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one ‘X’ position.  This led to the collection of IR spectroscopic data that helped to 

determine typical vibrations of bridging vs terminal hydride ligands, as compounds with 

the structures {UCp*2X(µ-H)}2 and UCp*2XH were synthesised.  Bridging hydrides 

tend to have IR vibrational bands at ca 1200 cm-1, while terminal hydrides have bands at 

ca 1400 cm-1 – see Chapter 3 for collated data. 

A U(III) hydride supported by a diphosphine ligand, UCp*2(dmpe)H  

(dmpe = bis(1,2-dimethylphosphino)ethane), was reported and structurally characterised 

by X-ray diffraction techniques in 1982.193  Its synthesis is unusual, as it is formed from 

the reaction of the U(IV) dialkyl, UCp*2R2 (R = Me, CH2TMS) and H2 in the presence 

of dmpe, generating free alkane and the U(III) hydride.193  Precedent for this behaviour 

is seen when H2 is added to UIVCp*2Cl(R) (R = CH3, CH2TMS) which generates 

{UIIICp*2Cl}2 and free alkane.  Again, this type of spontaneous reduction from the +4 to 

+3 oxidation state is not observed for the analogous thorium compound.181 

Work by Ephritikhine and coworkers resulted in the synthesis of a series of 

hydride complexes between 1987 and 1992, notable examples including a  

non-metallocene bridging hydride, a range of anionic hydrides, and the first stable 

organouranium(IV) hydride.194–199 The U(III) anionic hydride,  

[Na(THF)2][(UCp3)2(µ-H)], was synthesised from UCp3 and NaH in THF.195  The 

syntheses of UCp'3(H) and U(C5H4
tBu)3(H) were achieved from the corresponding  

U(IV) chloride and KBEt3H.  Both complexes are stable with respect to hydrogen loss 

and can be reduced back to the U(III) metallocenes with sodium amalgam.   

X-ray diffraction data collected for U(C5H4
tBu)3(H) showed that its geometric 

parameters were essentially identical to U(C5H4
tBu)3 within standard error limits.   

A tris-phospholyl uranium hydride, U(C5H4P)3(H) was also reported.200  None of these 

hydrides were synthesised from alkyl precursors and dihydrogen.   

Further studies on the hydrides {UIIICp*2H}2 and {UIVCp*2H(µ-H)}2 by the 

Evans group elucidated the structure of a ‘tuck-in-tuck-over’ hydride, formed from 
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heating the equilibrium mixture of {UIIICp*2H}2 and {UIVCp*2H(µ-H)}2 to 100 °C 

(Scheme 1.8).  IR spectroscopic data showed the presence of a broad band at 1164 cm-1, 

attributed to the bridging hydride ligands.  Synthesis of the deutero-analogue, 

containing bridging deuterium ligands that would give a shifted IR vibrational band, 

was not possible due to H/D exchange between the ligand protons.201  This unusual 

hydride can undergo 4-, 6-, and 8-electron reduction processes, as detailed in later 

publications.192,202192,202 
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Scheme 1.8.  Synthesis of a ‘tuck-in-tuck-over’ hydride complex. 

Utilising the Cp* ligand system alongside an ‘hpp’ (1,3,4,6,7,8-hexahydro-2H-

pyrimido[1,2-a]pyrimidinato) ligand enabled the synthesis of a monomeric, U(IV) 

hydride, UCp*2(hpp)(H), synthesised from hydrogenolysis of UCp*2(hpp)(Et), or of 

‘tucked-in’ UCp*(η5:κ1-C5Me4CH2)(hpp) (Scheme 1.9).203,204  The synthesis of 

[K(2.2.2-cryptand)][UIIICp'3(H)] has also been reported, achieved either from the 

reaction of UCp'3 and KH in the presence of 2.2.2-cryptand, or by hydrogenolysis of the 

remarkable U(II) complex, [K(2.2.2-cryptand)][UCp'3].205 

 

Scheme 1.9.  Synthesis of UCp*2(hpp)(H) from hydrogenolysis of alkyl precursors. 
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1.6 Small molecule insertion and functionalisation by U(IV) 

In contrast to U(III) reductive chemistry, U(IV) complexes do not undergo the 

same reactions to reduce small molecules – access to the pentavalent oxidation state of 

uranium is complicated by the typically unstable nature of U(V) complexes, which 

generally tend to disproportionate.206  However, reactive U-C, U-H and U-N σ-bonds 

will undergo insertion chemistry with CO and CO2 – their polar nature, coupled with 

the oxophilicity of uranium, allows for such behaviour.  This insertion of small 

molecules is accompanied by functionalisation: an alkyl, hydride, or amide group binds 

to the inserted moiety (Scheme 1.10).  It should be noted that no insertion of CO into a 

U-H bond has been reported to date.  No oxidation state change occurs upon insertion – 

the typical oxidative insertion/reductive elimination pathways established in 

organometallic chemistry featuring non-actinides are not generally found in 

organouranium chemistry.  As a result, the occurrence of β-hydride elimination with 

organouranium alkyl complexes is uncommon, allowing for the formation and 

subsequent reactions of alkyls containing a β-hydrogen. 

 

Scheme 1.10.  U(IV) insertion reactivity with a) CO, b) CO2, forming U(IV) products;  

X = C, H, N. 

When compared to U(III) reductive processes with CO and CO2, it can be argued 

that U(IV) insertion chemistry is a more convenient and practical method of 

approaching ‘recyclable’ small molecule activation.  Functionalisation of reduced small 

molecules in U(III) reactions is rare (especially without forcing conditions)90,118,160 – in 

contrast, U(IV) insertion reactions functionalise inserted molecules intrinsically.  When 

considering the removal of functionalised groups, the issue of oxidation state change is 

not a problem – no cycling between U(III) and U(IV) is needed to recycle the starting 

U X
CO

U X
CO2

a)

b)

U
O

C X

U
O

O
C X



 

! !

29 

material, if the bound moiety can be extruded.  However, the barrier of strong, 

thermodynamically stable U-O bonds is still present in this approach.  

Examples of CO and CO2 insertion into U-C and U-N bonds have been  

well-documented in the literature, and includes bonds supported by a large variety of 

ligand frameworks.  The patterns of insertion are well-defined, except in the cases of 

‘tethered’ uranium-alkyl bonds where more unusual products have been observed,  

vide infra.  Insertion of CO and CO2 into U-H bonds has been less studied, likely due to 

the instability of many uranium hydride complexes with respect to dihydrogen loss or 

other decomposition routes.  A review of insertion reactions is detailed in this section. 

1.6.1 Carbon monoxide 

The insertion of CO into U-C and U-N bonds of U(IV) complexes has also been 

observed.  Studies on UCp*2(NR2)Cl and UCp*2(NR2)2 (R = Me, Et) systems carried 

out by Marks et al. showed that CO insertion into U-N bonds gave the mono- and  

bis-carbamoyls, UCp*2(η2-OCNR2)Cl and UCp*2(η2-OCNR2)2 respectively.  The latter 

class are unstable with respect to CO loss when subjected to reduced pressure at 100 °C, 

reverting to the mono-insertion products (Scheme 1.11).47  Irreversible CO uptake by 

UCp3(NEt2) was observed by Fischer and coworkers during their studies on alkyl and 

amide complexes, and they proposed the formation of an η2-carbamoyl product, 

however, this was not verified by X-ray crystallography.207 

 

Scheme 1.11.  Insertion of CO into the U-N bonds of UCp*2(NEt)2. 
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The first examples of CO inserting into a uranium-alkyl bond were reported by 

Marks in 1978, in a paper detailing the CO migratory insertion products of various 

uranium and thorium mono- and dialkyl complexes, supported by Cp* ligands.208  The 

actinide complexes, AnCp*2Me2 (where An = Th, U), react with 2 equivalents of CO to 

produce dimeric enediolate products (Scheme 1.12a), while the bulkier alkyl 

complexes, AnCp*2(CH2TMS)2, form monomeric enediolate products (Scheme 1.12b).  

The related monoalkyl complexes, AnCp*2Cl(CH2TMS), form an alkoxide complex 

wherein the TMS group from the alkyl ligand has migrated to the inserted C atom 

(Scheme 1.12c).  The authors suggest a mechanism implicating the initial formation of 

a carbene-like η2-acyl intermediate, which reacts further to form the resultant products, 

on the grounds that such dihapto-acyl coordination is known for group IV transition 

metals. 
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Scheme 1.12.  Products formed from the insertion of CO into An-C bonds  

as reported by Marks et al. [An] = UCp*2, ThCp*2. 

A later study on the reactivity of tris-Cp U(IV) alkyls with CO concluded that 

insertion of CO into the U-C alkyl bond resulted in η2-acyl complexes forming for a 
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wide range of alkyls (Me, Et, iPr, nBu, and tBu).207  These acyl complexes gave partial 

extrusion of CO when heated to 60 °C, but did not show any conversion into other 

enediolate or rearrangement products even when exposed to an excess of CO.   

The Me and Et acyls were thought to form dimers from cryoscopic weight measurement 

evidence, but this was not reflected in 1H NMR spectroscopic data collected at 

temperatures between 200 – 300 K.  While the structures of these acyls have not been 

confirmed by X-ray diffraction studies, spectroscopic studies (NMR, IR, MS, NIR/VIS) 

and protonolysis reactions support the claim of η2-acyl formation.  Further investigation 

of these UCp3(η2-OCR) complexes by Ephritikhine et al. some years later showed that 

organic products are also formed upon the addition of CO to alkyl complexes.  Insertion 

of the ‘C-R’ moiety into the Cp ring was observed, forming alkylbenzene molecules, 

upon reacting UCp3(R) with CO, or when dissolving UCp3(η2-OCR) in THF  

(where R = Me, iPr, nBu, tBu) (Scheme 1.13).209  The irreversible insertion of CO into 

the tertiary U-C alkyl bond of U(C5H4Me)3(tBu) has also been observed, forming an 

acyl complex which decomposes when heated to 90 °C giving an intractable  

uranium-containing compound (considered to be ‘[UO{C5H4Me}2]n’) and  

m- and p-tertbutyltoluene, formed from the insertion of the ‘C-tBu’ moiety into a  

C5H4Me ring.57 

[U] R
CO

[U] C

O

R THF
(THF)[U] C

O

R

R

+ "{(THF)[U]=O}n"  

Scheme 1.13.  Suggested mechanism of alkylbenzene product formation from η2-acyl 

complexes, R = Me, iPr, nBu, [U] = Cp2. 

Insertion of CO into ‘tethered’ U-C bonds has also been observed.  Simpson and 

Andersen reported the formation of a five-membered metallocycle upon the addition of 

CO (18 bar) by insertion initially into a U-C bond, followed by a silyl group migration 

to form an exocyclic methylene moiety (Figure 1.11, 1N).210  Similar behaviour was 
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noted for an N-heterocyclic carbene-supported organouranium complex, which 

undergoes C-H bond activation upon heating and will subsequently insert CO into the 

U-C bond (Figure 1.11, 1O).211  A range of ‘tethered’ metallocenes containing  

‘U-C-Si-Cp’ linkages will also insert CO into the U-C σ-bonds and undergo silyl-group 

migration in a similar manner (Figure 1.11, 1P-R) .212,213 

 

Figure 1.11.  CO insertion products of ‘tethered’ U-C bonds, 1N-R. 
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bis-carboxylate complexes, AnCp*(O2CMe)2, upon reaction with CO2 (Figure 1.12, 

1S); the monoalkyl uranium complex UCp*2MeCl also produces the expected  

mono-carboxylate.214  The coordination mode of two κ2(O,O)-acetate groups was 

deduced by IR spectroscopic means, cryoscopic weight measurements, and by 
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comparison to related structurally characterised complexes.  The related ‘bis-tethered’ 

alkyl, U(η5:κ1-C5Me4SiMe2CH2)2, will also insert two equivalents of CO2 to generate a  

bis-tethered carboxylate, again determined by spectroscopic and comparative means, 

but not from X-ray crystallographic data (Figure 1.12, 1T).212  Unusual η1-acetate 

coordination was noted in the amidinate-supported complex, synthesised from the 

methyl precursor and over 5 atm of CO2; this coordination was structurally verified 

(Figure 1.12. 1U).215 Most recently, the insertion of CO2 into both U-C bonds of a  

bis-CH2TMS alkyl supported by a ‘salan’ ligand framework has been observed, with the 

κ2-coordination mode inferred by comparison to the structurally characterised thorium 

analogue (Figure 1.12, 1V).184 

 

Figure 1.12.  Coordination modes of carboxylates formed from alkyls and CO2: UCp*2(O2CR)2 

(1S), bis-‘tethered’ carboxylate (1T), η1-acetate (1U), ‘salan’ bis-carboxylate (1V). 

Only one example of CO2 insertion into a U-H bond has been reported in the 

literature.  Berthet and Ephritikhine studied the reaction of UCp'3H with CO2 and 

deduced from spectroscopic data that a formate complex, UCp'3(OCHO), was formed – 
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no structural determination of the coordination mode was obtained.  This complex was 

shown to react further with the parent hydride to afford a dioxymethylene complex, 

(UCp'3)2(µ-OCH2O).199  The paucity of examples of CO2 insertion into a U-H bond may 

be due to the few examples of well-defined uranium hydride complexes, and the highly 

reactive nature of the few that have been characterised. 

In a similar manner to U-C bonds, U-N bonds are reactive towards CO2, 

undergoing insertion reactions to form carbamate complexes.  The first example of this 

behaviour was reported by Bagnall and Yanir in 1974, when they probed the reactivity 

of uranium dialkylamides with CO2, CS2, CSe2, and COS.216  Exposing U(NR2)4  

(R = Me, Et, iBu) to an excess of CO2 yielded products they characterised as 

dialkyloxocarbamates, U(O2CNR2)4.  The reactivity of the bis-diethylamide, 

UCp*2(NEt2)2, with CO2 was reported in 1981, giving the corresponding carbamate 

product.217  The authors conclude that, in the absence of X-ray crystallographic 

structural information, the coordination mode of the -O2CNEt2 ligand is κ2(O,O') rather  

than η1(O), by virtue of IR spectroscopic data.  Few recent examples of CO2 insertion 

into U-N bonds exist, with the exception of a report by Bart et al.: the primary amido 

complexes ({RArO}3tacn)U(NHMes) (R = tBu, Ad) react with CO2 to form either  

η1 (R = tBu) or κ2 (R = Ad) carbamates.148  The difference in coordination is ascribed to 

steric factors, with the bulkier Ad-substituted ligand forcing bidentate binding. 

1.6.3 Summary and conclusion 

Overall, patterns of reactivity of U-C and U-N bonds in organouranium systems 

have been established; U-H bond insertion reactions remain less well-explored.   

CO2 insertion into U-C bonds yields κ2-carboxylates – one example of an η1-acetate 

moiety has been reported, while no bridging carboxylates have been characterised from 

this synthetic route.  Products obtained from CO insertion into U-C bonds are more 

varied, and appear to be dictated by ligand steric pressures.  Dialkyls can yield 

enediolate products, either monomeric or dimeric as dictated by alkyl sterics, and  
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mono-alkyls form η2-acyls, or rearrange to form silyl enolates in the presence of a 

TMS-based parent alkyl ligand.  The insertion of CO into Cp ligands has also been 

observed.  U-N bonds insert CO2 and CO to form κ2-carbamates or η2-carbomyls, as 

shown by the few reported examples.  No reports of products characterised from the 

insertion of CO into U-H bonds exist in the literature, and only one example of CO2 

insertion into a U-H bond has been described.  This indicates that this is an area 

requiring exploration to determine whether a stable, well-defined uranium hydride 

complex can be synthesised for subsequent CO insertion chemistry. 

1.7 Scope of thesis 

Work within our research group centres around the mixed-sandwich uranium 

complex, U(COTTIPS2)Cp*, and closely related derivatives thereof.  The ligand system 

has been thoroughly investigated: it is known to allow unusual transformations of small 

molecules when supporting U(III), and numerous well-defined U(IV) complexes have 

been synthesised, mainly from small molecule transformations.  Substitution of bulky 

TIPS groups onto the COT ring impart solubility and crystallinity to these  

mixed-sandwich complexes, which is beneficial for assisting structural characterisation.  

The combination of the [COTTIPS2]2- and [Cp*]- ligands leave one remaining site for an 

anionic ligand around a U(IV) metal centre, ideal for the installation of a single reactive 

σ-bond, such as U-C, U-N or U-H.  As demonstrated in the previous sections, such 

bonds can be highly reactive and difficult to stabilise, particularly U-H bonds, but can 

undergo interesting insertion chemistry.  It was thought that the mixed-sandwich ligand 

environment could be stabilising enough to support such bonds, and to allow for the 

characterisation of the resulting complexes. 

Of particular interest in this study is the U(IV) hydride bond, for several reasons.  

Only fourteen terminal, neutral, U(IV) hydrides exist – of these, three have been 

structurally characterised, and only one has been examined for reactivity towards small 

molecules (see Chapter 3).199  The mixed-sandwich complex may provide a suitable 
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ligand system for the synthesis and characterisation of ‘U(COTTIPS2)Cp*H’, and is 

likely to force a terminal binding mode of a hydride ligand given the overall steric bulk.  

Additionally, such a hydride complex and its theoretical CO insertion product, 

‘U(COTTIPS2)Cp*(OCH)’, have been postulated as intermediates in the formation of the 

previously-described methoxide complex, U(COTTIPS2)Cp*(OMe) (1M), synthesised 

from the reaction of U(COTTIPS2)Cp* and a combination of CO and H2, in the only 

reported example of reduction and hydrogenation of CO by an organouranium 

complex.90  The synthesis of a hydride complex and its subsequent reactivity with CO 

to form an η2-formyl, which may potentially react towards H2 to form 1M, could 

corroborate or negate this mechanistic pathway (Scheme 1.14). 

 

Scheme 1.14.  Possible alternative route to 1M from a hydride, via an η2-formyl, 

[U] = U(COTTIPS2)Cp*. 

Synthesis of the hydride will be attempted from the reaction of alkyl precursors 

with dihydrogen; this method has been used previously to obtain hydrides in a 

straightforward manner, vide supra.  The insertion chemistry of the alkyls – again, 

expected to be stabilised by the mixed-sandwich ligand system – will also be 

investigated, in order to contribute to the relatively limited body of knowledge relating 

to organouranium alkyls and their reactivity. 

The importance of the ligand system around U(III) metal centres in dictating 

reductive reactivity towards small molecules has been highlighted in the previous 

sections.  As a contrast to the mixed-sandwich metallocene U(COTTIPS2)Cp*, the  

half-sandwich complex U(N'N'2)Cp* (where N'N'2 = N(TMS)(CH2CH2N{TMS})2) is 

targeted as a good candidate for reactivity towards CO; N-donor ligands have been 

shown to support uranium metal centres capable of coupling carbon monoxide.118,160  
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U(IV) and U(III) complexes featuring the N'N'2 ligand will be synthesised and their 

small molecule reactivity explored. 
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CHAPTER 2: SYNTHESIS OF MIXED-SANDWICH  

U(IV) ALKYL COMPLEXES 

2.1 Introduction  

As reviewed in greater detail in Chapter 1, uranium alkyl complexes have been of 

interest in organouranium chemistry since the Manhattan Project in the 1940s, where 

volatile uranium alkyl complexes were targeted as potential aids for isotope separation.  

Several research groups have synthesised alkyl complexes in a range of ligand 

frameworks, both carbocyclic1–8 and non-carbocyclic,9–17 and have explored their 

stability and reactivity.   

Most closely related to the mixed-sandwich alkyls targeted in this work, 

U(COTTIPS2)Cp*(R) (where R = alkyl, aryl), are alkyls synthesised by Evans et al. using 

an unsubstituted COT ligand in tandem with Cp*.7,18  Five organyls of varying steric 

bulk were isolated, U(COT)Cp*(R) (where R = Me, Et, Ph, CH(TMS)2, CH2
tBu), and 

several of these were shown to undergo insertion chemistry with the carbodiimide 
iPrN=C=NiPr, and with the isocyanide tBuN≡C, to give the expected η2-bound insertion 

products.  These organyls were synthesised starting from the tetravalent precursor, 

[U(COT)Cp*]2(µ-η3:η3-C8H8), which reacts with AgOTf to form the bridging triflate, 

[U(COT)Cp*(µ-OTf)]2, which provides the desired organyls after further reaction with 

the appropriate lithium reagents (summarised in Scheme 2.1). 

 

 
Scheme 2.1.  Synthesis and reactivity of a mixed-sandwich alkyl, U(COT)Cp*(Ph). 

{U(COT)Cp*}2(µ-η3:η3-C8H8)
benzene

- Ag2(C8H8)
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In comparison to the COT/Cp* ligand system, it was thought that the bulkier 

substituted COTTIPS2 ligand used in tandem with Cp* in this work may impart greater 

stability due to steric and electronic effects.  It is notable that of the aforementioned 

mixed-sandwich alkyl complexes, U(COT)Cp*(R), only the R = CH(TMS)2 variant has 

been crystallographically characterised;7 it was anticipated that the presence of silyl 

substituents on the COT ring may aid crystallisation of such mixed-sandwich alkyls. 

As is typical of paramagnetic U(IV) complexes, NMR spectroscopic data 

collected from all the complexes described in this work display broadened and shifted 

resonances from equivalent diamagnetic complexes.19  A summary of methods used to 

interpret the paramagnetic NMR spectra collected for mixed-sandwich complexes is 

provided in Chapter 6, section 6.4. 

2.2 General route to mixed-sandwich alkyls 

 

Scheme 2.2.  Synthetic route to U(COTTIPS2)Cp*(R) where R = alkyl. 

The general synthetic route to mixed-sandwich alkyl complexes in this work is 

shown in Scheme 2.2, generating the desired alkyl complexes via salt metathesis 

reactions with potassium or lithium alkyl reagents; the full conditions are described in 

the following sections.  As an extension of initial investigations,20 a range of alkyls 

were targeted for synthesis: R = Me, CH2Ph, nBu, tBu, Np, CH2TMS and CH(TMS)2.  

The successful syntheses of four alkyls and their characterisation is described in this 

chapter, along with the attempted syntheses of three other alkyls.  Also described are a 

number of side-products of particular interest or relevance for work detailed in the 

forthcoming chapters. 

 

(COTTIPS2)(Cp*)U(THF)
pentane

(COTTIPS2)(Cp*)U-Cl
2.1.THF 2.2, 85%

M = Li, K
  - MCl

(COTTIPS2)(Cp*)U-R
M-RtBuCl
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2.3 Synthesis and characterisation of U(COTTIPS)Cp*Cl (2.2) 

Synthesis of the U(III) mixed-sandwich complex, U(COTTIPS2)Cp*(THF) 

(2.1.THF), was performed following the published procedure but with slight 

modifications – crystallisation was carried out from a mixture of pentane and THF, 

instead of pentane alone (Scheme 2.3).21   

 

Scheme 2.3. Synthesis of 2.1.THF 

The oxidation of 2.1.THF was carried out in pentane using a slight excess of 
tBuCl to form the U(IV) chloride complex, U(COTTIPS2)Cp*Cl (2.2).  This synthetic 

route has been employed previously by Finke et al. in the reaction of alkyl halides with 

the bis-cyclopentadienyl U(III) complex, UCp*2Cl(THF), wherein the authors report a 

clean transformation to the U(IV) bis-chloride, UCp*2Cl2, when using the bulky alkyl 

chlorides tBuCl or PhCH2Cl.22  In contrast, when using an alkyl chloride (RCl) where  

R is less bulky or forms a less stable radical (such as R = nBu, cyclopropylmethyl) the 

alkylated product UCp*2Cl(R) is also formed.  When employing this route with 

2.1.THF there is no evidence for the formation of the  

mixed-sandwich alkyl U(COTTIPS2)Cp*(tBu) in either 1H NMR spectroscopic or mass 

spectrometric data, and the reaction proceeds cleanly to give 2.2 in isolated yields of 

85% or above.   

The red-brown powder is not recrystallised before use as it is analytically pure 

after removal of volatile organic side-products (that are formed from recombination and 

rearrangement of tBu! radicals), by the sequential addition and removal of pentane and 

thorough drying under reduced pressure.  Recrystallisation of 2.2 from a saturated 

pentane solution yields small quantities of red crystals suitable for X-ray diffraction 

UI3 + KCp*
THF

- KI
UI2Cp*(THF)x

THF

-30 °C to RT
- 2KI

pentane/THF

(COTTIPS2)Cp*U(THF)
2.1.THF

ca 40-60%

0.87 K2COTTIPS2
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(Figure 2.1); whilst the compound has been reported previously, no X-ray crystal 

structure was determined.23 

 

Figure 2.1.  Molecular structure of U(COTTIPS2)Cp*Cl (2.2). ORTEP representation with 

thermal ellipsoids at the 50% probability level. Hydrogen atoms are omitted for clarity.  

U1-Cl: 2.6496(12) Å, U1-Ct1:1.9142(15) Å, U1-Ct2: 2.465(2) Å, Ct1-U1-Ct2: 139.85(8) °. 

The crystal structure of 2.2 is unremarkable; the U1-Cl1 bond distance of 

2.6496(12) Å is typical of the U-Cl bond lengths found in other U(IV) terminal  

mono-chloride complexes containing 5- and/or 8-membered ring ligand frameworks, 

which lie within the range of 2.570(4) – 3.111(1) Å.24  The most closely related chloride 

complex reported is the binuclear structure Cp*(COT)ClU(µ-Cl)U(COT)Cp*  

(Figure 2.2, 2A), featuring both a bridging chloride as well as a terminal chloride 

ligand.25   

 

Figure 2.2.  Cp*(COT)ClU(µ-Cl)U(COT)Cp* (2A). 

U Cl
Cl U

2A
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The terminal U-Cl bond in 2A is slightly longer than that found in 2.2  

(2.673(4) vs 2.6496(12) Å)  presumably due to steric crowding of the uranium metal 

centre in 2A: it is bound to a second chloride ligand as well as to the carbocyclic rings, 

hence possessing a higher coordination number.  The U1-Ct1 (COT-ring centroid) and 

U1-Ct2 (Cp*-ring centroid) distances in 2.2 (1.9142(15) and 2.465(2) Å respectively) 

are the shortest found in any reported ‘U(COTTIPS2)Cp*’ complexes (with free-rotating 

Cp* rings, see Appendix 1), owing to the small, highly-charged chloride ligand 

allowing for the close approach of the carbocyclic ligands.  The Ct1-U1-Ct2 angle of 

139.85(8) ° is consistent with those found in other mixed-sandwich complexes in this 

work (see Appendix 1). 

2.4 Synthesis of mixed-sandwich alkyls: R = Me, CH2Ph, nBu, tBu, Np 

2.4.1 Synthesis and characterisation of benzyl and methyl alkyls 

The synthesis of U(COTTIPS2)Cp*(CH2Ph) (2.3) was achieved by the dropwise 

addition of a THF solution of KCH2Ph to 2.2, pre-cooled to -30 °C, stirred cold for  

1 hour before filtration and workup in pentane (Equation 2.1).  Red-purple crystals of 

2.3 were isolated in a 47% yield, and were characterised as the desired benzyl alkyl by  

X-ray diffraction, NMR spectroscopy, mass spectrometry, and elemental analysis.   

 

Equation 2.1.  Synthesis of U(COTTIPS2)Cp*(CH2Ph) (2.3). 

The 1H NMR spectrum collected from a crystalline sample of 2.3 in C6D6 

exhibited resonances with the correct multiplicity and integral values for the  

mixed-sandwich ligands, in addition to resonances attributable to a benzyl ligand: a 

broad singlet of integration 2H at 7.01 ppm corresponding to the CH2Ph protons, and 

three resonances corresponding to the phenyl ring protons at 10.47, 7.80 and 1.64 ppm 

2.2
+ KCH2Ph

THF

-30 °C to RT
- KCl 2.3, 47%

(COTTIPS2)Cp*U Cl (COTTIPS2)Cp*U CH2Ph
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(t, 2H, m-C6H5; d, 2H, o-C6H5; t, 1H, p-C6H5).  29Si{1H} NMR spectroscopic analysis of 

2.3 showed a single resonance at -96.9 ppm.  Mass spectrometric analysis of 2.3 did not 

show the expected parent ion at 881 m/z, however the 100% ion at 790 m/z corresponds 

to the U(COTTIPS2)Cp* fragment – it is likely that the -CH2Ph ligand fragments easily 

from the parent complex and hence the molecular ion is not detected.  Elemental 

analysis of crystalline 2.3 was consistent with the expected composition.   

Crystalline 2.3 was analysed by X-ray diffraction studies – the structure is shown in 

Figure 2.3. 

 

Figure 2.3.  Molecular structure of one crystallographically independent molecule of 

U(COTTIPS2)Cp*(CH2Ph) (2.3) in the asymmetric unit.  

ORTEP representation with thermal ellipsoids at the 50% probability level. One molecule of 

two present in the asymmetric unit shown.  Hydrogen atoms and iPr groups omitted for clarity. 

U1-C37: 2.5323(1) Å, U1-C37-C38: 127.8(3) °, U1-Ct1: 1.9297(3) Å, U1-Ct2: 2.4899(3) Å, 

Ct1-U1-Ct2: 137.217(13) °; from molecule not shown: U51-C87: 2.5433(1) Å, U51-C87-C88: 

127.0(3) °, U51-Ct51: 1.9304(3) Å, U51-Ct52: 2.4836(3) Å, Ct51-U51-Ct52: 137.977(13) °. 

The molecular structure shows that the benzyl ligand binds to the metal centre in 

an η1-fashion with no interaction between the phenyl ring and the central uranium atom, 

as has been observed in other U(IV) benzyl alkyl complexes.13,16,26–28  In comparison to 

the limited number of U(IV) alkyl complexes containing one or more  

η1-benzyl ligands, 2.3 falls outside the typical range of U-Calkyl bond distances  
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(2.467(5) – 2.508(3) Å), but within the typical range of U-Calkyl-Cphenyl angles  

(98.6(2) – 134.2(4) °).  The long U1-C37 bond distance in 2.3 may be due to the bulky 

benzyl group being close to the COT-ring TIPS groups and forcing a longer U1-C37 

bond length to avoid steric interaction; in the solid-state the phenyl ring is orientated 

away from the Cp*-ring methyl groups, sitting between the two TIPS groups in an 

asymmetric fashion (Ct3-Si1: 3.829 Å, Ct3-Si2: 6.783 Å; Ct3 is the phenyl ring 

centroid).  The U1-Ct1/U51-Ct51 and U1-Ct2/U51-Ct52 bond distances lie within the 

typical range for other U(IV) mixed-sandwich complexes in this work, as do the  

Ct1-U1-Ct2/Ct51-U51-Ct52 angles (see Appendix 1). 

The methyl complex, U(COTTIPS2)Cp*(Me) (2.4) was synthesised in a similar 

fashion: the reaction of 2.2 and MeLi was performed in Et2O at -78 °C, allowed to 

warm to -30 °C and stirred for 1 hour before filtration and workup, yielding a  

red-orange powder of 2.4 in a 75% yield (Equation 2.2).  The reaction of KMe and 2.2 

did not provide the desired product in a satisfactory yield. 

 

Equation 2.2.  Synthesis of U(COTTIPS2)Cp*(Me) (2.4). 

Red crystals suitable for X-ray diffraction studies were grown from a saturated 

pentane solution (380 mg in 2 cm3) stored at -35 °C for two weeks. 1H NMR 

spectroscopic analysis of 2.4 returned a spectrum containing the expected resonances 

for the mixed-sandwich ligands, and a resonance of integration 3H at δH 52.8 

attributable to a methyl group.  29Si{1H} NMR spectroscopic data collected from this 

sample showed a single resonance at -99.3 ppm.  As with 2.3, the mass spectrum of 2.4 

does not show a parent ion of the expected mass at m/z = 805, only an ion at m/z = 789 

indicating that the methyl ligand is labile under EI MS conditions.  Elemental analysis 

of crystalline 2.4 returned values of found %C slightly lower than predicted – this is 

2.4, 75%

+ MeLi
Et2O

-78 °C to RT
- LiCl2.2

(COTTIPS2)Cp*U Cl (COTTIPS2)Cp*U Me
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suspected to be due to the unstable nature of the complex and its temperature sensitivity, 

and it is likely that the sample decomposed to a significant extent prior to analysis. 

 

Figure 2.4.  Molecular structure of U(COTTIPS2)Cp*(Me) (2.4).  

ORTEP representation with thermal ellipsoids at the 50% probability level. Hydrogen atoms 

except those on C37 omitted for clarity.  U1-C37 2.462(4) Å, U1-Ct1 1.9368(3) Å,  

U1-Ct2 2.4761(3) Å, Ct1-U1-Ct2 140.664(13) °. 

The molecular structure of 2.4 shows the expected methyl complex, with the alkyl 

ligand bound in an η1-fashion, with no indication of any agostic interactions  

(Figure 2.4).  The U1-C37 bond distance of 2.462(4) Å lies within the range of U-Calkyl 

bond distances in comparable U(IV) mono-methyl alkyl complexes  

(2.400(6) – 2.50(2) Å), collated from the 18 reported in the literature.24  The U1-Ct1 and 

U1-Ct2 distances of 1.9368(3) and 2.5761(3) Å are comparable to the other mixed-

sandwich alkyl complexes reported in this work.  The Ct1-U1-Ct2 bond angle of 

140.664(13) ° is one of the most obtuse when compared to other mixed-sandwich 

complexes, as the small size of the bound methyl ligand does not impart any great steric 

effects on the two carbocyclic rings, not significantly reducing the angle, unlike the 

bulkier carboxylate ligands (see Appendix 1). 
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Both 2.3 and 2.4 are temperature-sensitive and prone to decomposition if not 

stored at temperatures less than -35 °C either in solution or in the solid state.  The 

decomposition product has been characterised and is described in section 2.6. 

2.4.2 Attempted syntheses of butyl and neopentyl alkyls 

 

Scheme 2.4.  Attempted syntheses of other alkyls. 

The reaction of 2.2 and ca 1 equivalent of solid tBuLi resulted in a red-brown 

solution, which contained no new products after 4 hours, as determined by  
1H NMR spectroscopy.  Further agitation of the solution and re-examination by  
1H NMR spectroscopy several hours later revealed decomposition into organic ligand 

fragments.  Due to the large steric bulk of tert-butyl it was thought that the resulting 

sterically congested alkyl complex may be highly unstable and might rapidly 

decompose.  A similar result occurred when attempting to synthesise the n-butyl 

complex with nBuLi and 2.2 at -78 °C in THF.  After stirring for 1 hour and warming to 

no more than -30 °C, the solution appeared unchanged; it was stirred for a further hour 

and allowed to warm to ambient temperature, after which time it became dark brown in 

colour, indicating formation of the known decomposition product, 2.9, vide infra. 

No alkyl product could be isolated from the reaction of 2.2 and NpLi in C6D6 – 

analysis of the reaction mixture by 1H NMR spectroscopy showed a mixture of 

decomposition products and unreacted 2.2.  Repetition of the reaction using different 

reaction conditions (pentane or Et2O as solvent) yielded an orange-red reaction mixture 

after 20 minutes of stirring that was analysed by 1H NMR spectroscopy.  Integration of 

the COTTIPS2 signals in the spectrum relative to a prominent signal at δH 31.5 indicated 

that the resonance integrated to 9H, which could correlate to the nine protons present in 

a Np alkyl ligand.  However, the product formed was highly susceptible to 

nBuLi 
or tBuLi

toluene 
or THF

NpLi
Et2O

XX
2.2

(COTTIPS2)Cp*U Cl(COTTIPS2)Cp*U Np

(COTTIPS2)Cp*U nBu

(COTTIPS2)Cp*U tBu

or
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decomposition, and attempts to crystallise the suspected neopentyl alkyl or collection of 

further characterisation data were not successful. 

2.5 Synthesis of mixed-sandwich silyl alkyls: R = CH2TMS, CH(TMS)2 

Two bulkyl silyl-alkyls were targeted for synthesis due to their potential for 

sterically stabilising uranium metal centres, as literature precedent indicates.7,11,12,29,30  

In contrast to the non-silyl alkyls, 2.3 and 2.4, the alkyls containing one or two TMS 

groups were more difficult to synthesise and decomposed more rapidly.  The use of 

alternative reaction conditions when attempting to synthesise 2.5 yielded two 

unexpected side-products, described in section 2.5.2. 

2.5.1 Syntheses of silyl alkyls 

The synthesis of U(COTTIPS2)Cp*(CH2TMS) (2.5) was achieved by the reaction 

of 2.2 and 1.2 equivalents of LiCH2TMS in Et2O at -40 °C, stirred for 1 hour before 

filtration and workup.  Concentration and storage of the resulting red Et2O solution at  

-50 °C afforded red crystals after three days in a 39% yield (Equation 2.3). 

 

Equation 2.3.  Synthesis of U(COTTIPS2)Cp*(CH2TMS) (2.5). 

Rapid decomposition of the isolated material complicated the collection of 

characterising data: elemental analysis of the crystalline sample returned values low for 

%C, at 54.24% found compared to 54.76% expected. This could be due to 

decomposition, or to small quantities of side-product co-crystallising with the desired 

alkyl (see following section for details). 1H NMR spectroscopic analysis of a  

freshly-prepared crystalline sample of 2.5 contained more than one set of  

mixed-sandwich ligand resonances, however, the most intense resonances matched the 

expected integral values of mixed-sandwich ligand protons and a -CH2TMS ligand.  

2.5, 39%
+ 1.2 LiCH2TMS

Et2O

-40 °C
- LiCl

2.2
(COTTIPS2)Cp*U Cl (COTTIPS2)Cp*U CH2TMS
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29Si{1H} NMR spectroscopic data showed two signals at 139.7 and -102.35 ppm, 

correlating to the TIPS groups and silyl alkyl ligand silicon atoms. EI mass 

spectrometric analysis returned an ion at m/z = 833, corresponding to M+ -CH3, but not 

the expected parent ion.  X-ray diffraction studies determined the structure of 2.5. 

 

Figure 2.5.  Molecular structure of U(COTTIPS2)Cp*(CH2TMS) (2.5). 

ORTEP representation with thermal ellipsoids at the 50% probability level.  

Hydrogen atoms and iPr groups omitted for clarity.  U1-C37: 2.464(4) Å, U1-Ct1: 1.9361(3) Å,  

U1-Ct2: 2.4880(3) Å, Ct1-U1-Ct2: 137.171(4) °, U1-C37-Si3: 147.5(2) °. 

As seen in Figure 2.5, the alkyl ligand is bound in the expected η1 configuration, 

and the TMS group is positioned between the two bulky TIPS substituents on the COT 

ring.  The U1-C37 alkyl bond distance of 2.464(4) Å is in agreement with those found 

in the other crystallographically characterised mixed-sandwich alkyl complexes in this 

work, and lies within the range of U-Calkyl bond distances in the small number of other 

U(IV) mono-TMS alkyl complexes reported in the literature (2.40(2) – 2.484(6) Å).24  

The U1-C37-Si3 bond angle is 147.5(2) °, and is not acute enough to indicate that any 

additional agostic interaction between the methyl group protons and the uranium metal 

centre is present.  Of the other reported U(IV) mono-TMS alkyl complexes, only one 

species is a mono-alkyl: Cp*2[(Me)NNN(Ad)-κ2N1,3]U(CH2TMS);31 the X-ray 

diffraction data collected for this structure were only sufficient for determining atom 

connectivity and not exact geometric parameters. It can, however, be calculated that the 
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U-Calkyl-Si bond angle is ca 158 °, greater than in 2.5, presumably due to steric effects 

of the other ancillary ligands hindering a closer approach.  The two other U(IV) mono-

TMS alkyl complexes are bis- and tetra-kis alkyls, respectively, and contain more acute 

U-Calkyl-Si bond angles (125.7(3) – 130.6(3) °), likely due to the lack of steric crowding 

around the metal centres.14,32 

The bulkier bis-TMS alkyl, U(COTTIPS2)Cp*(CH{TMS}2) (2.6), was formed from 

the reaction of 2.2 and KCH{TMS}2 in a 20:1 mixture of pentane/THF at -78 °C 

(Equation 2.4).  Workup after warming to ambient temperature over 12 hours yielded a 

viscous brown material, that was identified to consist mainly of 2.6, as determined by 
1H NMR spectroscopy.   

 

Equation 2.4.  Synthesis of U(COTTIPS2)Cp*(CH{TMS}2) (2.6). 

Recrystallisation from (TMS)2O yielded only red crystals of the known bis-oxo 

complex, {U(COTTIPS2)Cp*}2(µ-O), formed from either presence of adventitious 

oxygen or from solvent activation.33  Crystals of 2.6 suitable for X-ray diffraction 

studies were obtained from a concentrated pentane solution, stored at -35 °C for three 

months, along with off-white solids identified as organic ligand decomposition 

products.  The crystalline material was confirmed to be 2.6 (Figure 2.6), and matched 

the 1H NMR spectroscopic data obtained from the earlier reaction aliquot.   
29Si{1H} NMR spectroscopic studies of the crystals showed two silicon resonances at  

-60.84 and -119.84 ppm, corresponding to the COT-TIPS and bis-TMS alkyl ligand 

environments.  EI mass spectrometry did not show the expected parent ion at m/z = 949, 

but instead a fragment of m/z = 789 corresponding to ‘UCOTTIPS2Cp*’ without the alkyl 

ligand.  The 100% ion at m/z = 145 is likely to correspond to a fragment of the 

CH(TMS)2 ligand.  Further attempts to isolate 2.6 found success when using tBuOMe to 

afford microcrystalline brown solids of the alkyl, however the similar solubility of the 

2.6, 40%
+ KCH(TMS)2

pentane/THF

-78 °C to RT
- KCl

2.2
(COTTIPS2)Cp*U Cl (COTTIPS2)Cp*U CH(TMS)2
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organic side-products meant that a sample of 2.6 clean enough for elemental analysis 

could not be obtained. 

 

Figure 2.6.  Molecular structure of U(COTTIPS2)Cp*(CH{TMS}2) (2.6).  

ORTEP representation with thermal ellipsoids at the 50% probability level.   

Hydrogen atoms and iPr groups omitted for clarity.   Selected bond distances and angles 

presented in Table 2.1. 

The solid-state structure of 2.6 is distinct in comparison to the three other 

structurally characterised alkyls, 2.3, 2.4 and 2.5, and from any other U(IV)  

‘U(COTTIPS2)Cp*’ mixed-sandwich compound reported in this thesis or in the literature, 

due to the arrangement of the TIPS groups attached to the COT ring. In contrast to all 

other molecular structures obtained for U(IV) mixed-sandwich COTTIPS2/Cp* systems, 

the TIPS substituents on the COT ring of 2.6 are orientated away from the alkyl ligand 

(or other third coordinated ligand) instead of towards it (Figure 2.7).  This arrangement 

is most likely due to the steric bulk of the bis-TMS ligand interfering with the similarly 

bulky TIPS groups, forcing the COT ring to rotate and position the TIPS moieties 

nearer the Cp* ring methyl groups in a normally unfavoured fashion.  In comparison to 

2.5, 2.6 contains longer centroid-U lengths as a result of the steric demands of the  

bis-TMS alkyl ligand; the U1-C37 bond distance is also longer in 2.6 than in 2.5. 
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Figure 2.7.  Typical orientation of COT ring iPr groups (left) and the orientation seen in the 

molecular structure of 2.6 (right). R = alkyl, chloride, ethoxide, carboxylate, amide. 

The most closely related complex to 2.6 to consider for structural comparison is 

the only other crystallographically characterised U(IV) mixed-sandwich alkyl complex 

outside of this work, U(COT)Cp*(CH{TMS}2) (2B), reported by Evans et al. in 2009.7  

Table 2.1 contains selected bond lengths and angles from the two structures.   

The U-Calkyl bond length is longer in 2.6 than in 2B, presumably due to bulky 

substituents on the COT ring in 2.6.  In all other respects, the structures are markedly 

similar.  The U-Calkyl bond length of 2.497(3) Å is longer in 2.6 than in alkyls 2.4 and 

2.5, likely due to steric demands of the TMS groups. 

Table 2.1.  Selected bond distances (Å) and angles (deg) for compounds 2.6 and 2B.  

Ct1 is defined as the COT ring centroid, and Ct2 is defined as the Cp* ring centroid. 

 

2.5.2 Attempted synthesis of 2.5: isolation of side-products 

Initial attempts to synthesise 2.5 used the potassium alkyl reagent, KCH2TMS, in 

place of LiCH2TMS, and a range of reaction solvents with both KCH2TMS and 

LiCH2TMS.  Two new U(IV) compounds were unintentionally formed in place of the 

desired alkyl (Scheme 2.5), and are described below. 

TIPS

TIPS
TIPS

TIPS
U R U CH(TMS)2

 2.6 2B 

U1-Ct1 1.9774(2) 1.969 

U1-Ct2 2.5211(2) 2.499 
Ct1-U1-Ct2 141.926(12) 138.2 

U-Calkyl 2.497(3) 2.469(3) 
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Scheme 2.5.  Side-products 2.7 and 2.8 formed from attempted syntheses of 2.5. 

In a manner similar to that used for synthesising 2.4, 2.2 and KCH2TMS were 

reacted in Et2O at -78 °C; an aliquot was obtained from the reaction mixture after  

2 hours to monitor the reaction progress and was found to contain only unreacted 2.2.  

A further 12 hours of stirring resulted in a dark yellow solution, which afforded orange 

crystalline material after workup in pentane and storage at -30 °C overnight.   

The 1H NMR spectrum collected from the crystalline material did not contain a 

resonance attributable to a -CH2TMS ligand, and the 29Si{1H} NMR spectrum contained 

only a single silicon resonance at δSi -135.9.  Collection of X-ray diffraction  

data revealed the product to be a U(IV) ethoxide, U(COTTIPS2)Cp*(OEt)  

(2.7, Figure 2.8), presumably formed via activation of the Et2O solvent used in the 

metathesis reaction.  The synthesis of 2.7 can also be carried out from the reaction of 

2.2 and KOEt in THF. 

In light of this information, re-examination of the 1H NMR spectroscopic data 

confirms the presence of two broad singlets at δH 142.12 ppm and 53.58 with integral 

values of 2H and 3H for the OCH2CH3 and OCH2CH3 protons respectively.   

Mass spectrometric analysis shows the molecular ion at m/z = 834, and an ion of  

m/z = 699 that corresponds to the fragment ‘U(COTTIPS2)OEt’.  Elemental analysis 

returned results consistent with the molecular formula described above.  Abstraction of 

an ‘OEt’ fragment from Et2O would presumably result in the formation of an •Et 

radical, which, as in the reaction of tBuCl with 2.1, could recombine to form butane.  

This was not observed in the 1H NMR spectra collected from reaction aliquots as the 

2.7, 31%

1.2 KCH2TMS
Et2O

-78 °C2.2

1.2 LiCH2TMS
THF

-30 °C
U CH2

2.8

SiiPr2

TIPS

(COTTIPS2)Cp*U Cl (COTTIPS2)Cp*U OEt
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samples undergo removal of volatiles under reduced pressure, therefore any butane 

formed would be removed before analysis. 

 

Figure 2.8.  Molecular structure of U(COTTIPS2)Cp*(OEt) (2.7).   

ORTEP representation with thermal ellipsoids at the 50% probability level.  

Hydrogen atoms and iPr groups omitted for clarity. U1-O1: 2.063(4) Å,  

U1-Ct1: 1.9592(18) Å, U1-Ct2: 2.497(3) Å, Ct1-U1-Ct2: 135.85(9) °. 

Only two other U(IV) mono-ethoxide complexes have been reported in the 

literature, and both feature supporting Tp* ligands and either a chloride or iodide bound 

to the metal centre, UTp*2(OEt)X (where X = Cl, I).34  The U-Oethoxide bond distances 

for these halo-ethoxide complexes are 2.028(9) and 2.027(9) Å respectively, both 

marginally shorter than the U1-O1 bond distance in 2.7; this could be an electronic 

effect due to the coordination of a halide ligand in the other complexes.  The structural 

parameters of 2.7 are essentially identical to the closely related methoxide complex, 

U(COTTIPS2)Cp*(OMe),35 – U-Ct1: 1.95590(2) vs 1.9592(18) Å, U-Ct2 2.4887(2)  

vs 2.497(3) Å, and Ct1-U1-Ct2: 135.809(9) vs 135.85(9) ° – whilst the U-O bond 

distance of 2.063(4) found in 2.7 is slightly longer than that found in the methoxide 

complex (2.058(4) Å). 



 

! !

62 

As an alternative to Et2O, the reaction of 2.2 and KCH2TMS was performed in 
tBuOMe, however 1H NMR spectra collected from reaction mixture aliquots over a 

period of 8 days indicated that 2.2 remained mostly unreacted, yet a small number of 

low-intensity resonances were also present.  Closer inspection of the low-intensity 

resonances revealed that one of the compounds present was the previously reported 

U(IV) methoxide complex, U(COTTIPS2)Cp*(OMe),35 presumably formed from 

activation of the tBuOMe solvent.  It was noted that the δH values of the methoxide and 

ethoxide complexes were very similar, yet still distinguishable from each other, which 

is unsurprising given the similarity of the two complexes. Another set of the  

low-intensity resonances also appeared at very similar shifts to the ethoxide and 

methoxide complexes, and further investigation identified another resonance at δH 52.2 

with an integral value of 9H (relative to the associated Cp* and TIPS proton 

environments, assigned on the basis of integration), consistent with the presence of 

another product that could be the U(IV) tert-butoxide, U(COTTIPS2)Cp*(OtBu), also 

formed from solvent activation. 

Reacting 2.2 and LiCH2TMS in THF at -30 °C, cf. the formation of 2.3, resulted 

in the isolation of a small quantity of orange microcrystalline solids that were 

determined to be a mixture of 2.6 and an unknown product or products by  
1H NMR spectroscopic analysis.  Resonances were present in the 1H NMR spectrum 

with the correct character (multiplicity and relative integration values) to be three sets of 

TIPS doublets in a ratio relative to each other of 1:3:1.  The identity of the product 

responsible for these resonances was discovered at a later date, after the same reaction 

was performed on similar scale but using Et2O in place of THF.  After recrystallisation 

from Et2O a small quantity of orange-red crystals were isolated (23 mg), and 

examination under a microscope revealed two different crystal morphologies present  

in the sample (orange plates and orange-red prisms) – this correlated to  
1H NMR spectroscopic data collected from the orange-red crystal sample, which 

contained the same resonances in a 1:3:1 ratio described above, along with other 
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paramagnetically-shifted signals.  Only one morphology of crystals – the orange-red 

prisms – were suitable for X-ray diffraction studies, but the sample was twinned and of 

poor quality hence the data collected could not be fully refined: the R factor is 14.8%, 

and the maximum shift is 2.224 Å.  Regardless, connectivity could be established and 

the structure of this complex, 2.8, is shown in Figure 2.9. 

 

Figure 2.9.  Unrefined molecular structure of 2.8.   

ORTEP representation with thermal ellipsoids at the 20% probability level.  

Hydrogen atoms, ‘un-tucked’ TIPS group, and disordered OEt2 groups omitted for clarity. 

The twinning and disorder resulted in the appearance of two ‘tucked-in’ TIPS 

groups, however, this was due to a 50/50 occupancy of ‘tucked-in’ and non ‘tucked-in’ 

TIPS groups on each side of the molecule: this disorder could not be satisfactorily 

modelled.  Mass spectroscopic data agreed with the presence of only one ‘tucked-in’ 

TIPS group: data collected from the crystalline material sample containing 2.8 showed 

ions corresponding to fragments of 2.8, at m/z = 824 (3%, M+ -Li(OEt2)2), 788 (55%,  

M+ -Cl.Li(OEt2)2), and 191 (11%, Cl.Li(OEt2)2).  With the structure of one product 

elucidated, the 1H NMR spectroscopic data were re-examined to identify resonances 

present due to 2.8, comparing spectra collected from the two reactions described above.  

The largest signal present in the spectra is a sharp singlet with an integral value of 15H, 

which correlates to the Cp* ring of 2.8.  One TIPS group on the COT ring is intact, and 
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this appears as two doublets of 9H each and a multiplet of 3H.  The ‘tucked-in’ TIPS 

group appears as four doublets of 3H each and two multiplets of 1H each, and as a 

doublet of integration 6H.  Also present are nine broad singlets of integration 1H each at 

shifts between 59.77 and -101.44 ppm which correlate to the COT-ring protons, and the 

remaining protons on the ‘tucked-in’ iPr group – this assignment is illustrated in  

Figure 2.10.  Broad resonances at 3.27 and 1.08 ppm of integration 8H and 12H 

respectively are likely to correspond to the two coordinated Et2O molecules – these 

resonances are absent in the 1H NMR spectrum collected from a sample of 2.8 

synthesised in THF as a solvent, in place of Et2O. 

 

Blue: 2 x d, 9H; 1 x m, 3H 

Red: 2 x d, 3H; 1 x m, 1H 

Green: 2 x d, 3H; 1 x m, 1H 

Yellow: 1 x d, 3H 

Purple: 3 x br s, 1 H each 

Figure 2.10.  Diagram highlighting protons responsible for 1H NMR spectroscopic shifts 

corresponding to ‘tucked-in’ TIPS COT ligand in complex 2.8. 

The mechanism for the formation of 2.8 is unclear, however in the crude reaction 

mixture free SiMe4 can be detected by 1H NMR spectroscopy.  The latter could arise 

from hydrogen atom abstraction from the CH3 group of a TIPS substituent by a  

-CH2TMS group, which would afford the ‘tuck-in’ and SiMe4.  A related reaction was 

reported by Gilbert et al. in 1989, as an aside to their work synthesising  

Th(IV) mixed-sandwich alkyls, wherein (COT)(Cp*)Th(µ-Cl)2Mg(CH2
tBu)(THF) was 

formed from the reaction of (COT)(Cp*)Th(Cl)(THF) and MgClCH2
tBu instead of the 

desired -CH2
tBu alkyl.36  As the side-product 2.8 has only been isolated in small 

quantities, and as it co-crystallises with several impurities, elemental analysis has not 

been obtained. 
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2.6 Alkyl decomposition: tuck-in complex formation 

Throughout the experiments conducted to synthesise the alkyl complexes 

described above, a common decomposition product was observed by 1H NMR 

spectroscopy.  This product was observed in crude reaction mixtures, and after alkyls 

had been stored at ambient temperatures over a period of a few days either in solution or 

in the solid state.  Examination of the 1H NMR spectrum of this material showed the 

presence of a ‘tucked-in’ complex, U(COTTIPS2)(η5:κ1-C5Me4CH2) (2.9, Scheme 2.6), 

characterised initially by its distinctive 1H NMR spectroscopic resonances: no  

free-rotating Cp* ring is present in the structure, so a singlet of integration 15H is not 

observed in the spectrum, unlike in the spectra of other mixed-sandwich complexes.  

Instead, two singlets of integration 6H each are observed at δH 25.4 and 39.8, assigned 

to the two Cp*-CH3 environments, and a broad singlet of integration 2H assigned to the 

‘tucked-in’ -CH2 proton environment is present at δH -70.1.  Loss of the alkyl ligand as 

free alkane (CH3Ph, CH4, SiMe4, or CH2(TMS)2 for alkyls 2.3-2.6 respectively) is also 

observed by 1H NMR spectroscopy in samples where volatiles have not been removed. 

 

Scheme 2.6.  Formation of a ‘tucked-in’ complex (2.9) from activation of a Cp*-Me group.  

R = CH2Ph, Me, CH2TMS, CH(TMS)2. 

This behaviour has also been observed in numerous metallocene and  

non-metallocene ligand system uranium alkyl complexes.15,37–40  Most closely related is 

the example of related mixed-sandwich U(IV) complexes containing an unsubstituted 

COT ring, U(COT)Cp*R (where R = CH3, Et, Np, Ph), where the ‘tuck-in’ complex 

U(COT)(η5:κ1-C5Me4CH2) is formed with concomitant release of free alkane.18   
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Evans et al. report that more than one organouranium species is observed by  
1H NMR spectroscopy when taking aliquots from reaction mixtures of LiR and 

{U(COT)Cp*(µ-OTf)}2 (where R = Me, Et, Np).  Further investigation deduced that in 

each reaction mixture an amount of desired alkyl was produced, along with a ‘tuck-in’ 

species, U(COT)(η5:κ1-C5Me4CH2), and free alkane (methane, ethane, or neopentane 

respectively).  The ‘tuck-in’ can also be made from heating U(COT)Cp*(Ph) to 100 °C 

for 16 hours.  In contrast, it was found that the related bis-TMS alkyl, 

U(COT)Cp*(CH{TMS}2), did not form the ‘tuck-in’ species even after heating to  

110 °C for 3 days.  This is in contrast to 2.6, which will ‘tuck-in’ when heated – albeit 

at a slower rate than the other reported alkyls – assumed to be an effect of the longer 

(and hence weaker and more reactive) U-Calkyl bond in 2.6 than in the unsubstituted 

COT-ring analogue. 

2.6.1 Synthesis and characterisation of the ‘tuck-in’ complex (2.9) 

The ‘tuck-in’ complex 2.9 can be synthesised from heating any of the alkyl 

complexes to 70 °C for 24 hours (for 2.3-2.5) or for three days (for 2.6).  This 

transformation can be tracked by 1H NMR spectroscopy, and it is seen that some 

decomposition, indicated by diamagnetic resonances attributable to decomposed ligand, 

is also seen after heating. 

Preparative-scale quantities of 2.9 can be isolated by heating a toluene solution of 

2.3 (400 mg, 0.345 mmol) to 70 °C for 24 hours, removing all volatiles under reduced 

pressure, extracting the solids with Et2O or pentane, then filtering the resulting brown 

solution to remove insoluble decomposition material, affording 2.9 as a brown powder 

in a 70% yield.  Whilst the material is contaminated with small amounts of ligand 

decomposition products, it is clean enough to use in subsequent reactions.  Storage of 

saturated pentane or THF solutions of 2.9 at -50 °C yields a small number of brown 

crystals of the base-free or THF-solvated product suitable for X-ray diffraction studies.  

The structures of 2.9 and 2.9.THF are shown in Figure 2.11 and Figure 2.12, with 
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selected bond metrics in Table 2.2.  The persistence of ligand degradation  

material in samples of 2.9 precluded meaningful elemental analysis.  Mass 

spectrometric data showed the expected molecular ion at m/z = 789, and a single 
29Si{1H} NMR spectroscopic resonance was observed at -67.0 ppm.  

Table 2.2.  Selected bond distances (Å) and angles (deg) for structures 2.9 and 2.9.THF.   

Ct1 is defined as the COT-ring centroid, Ct2 is defined as the Cp-ring centroid. 

 2.9 2.9.THF 

U1-Ct1 1.9066(3) 1.9991(4) 
U1-Ct2 2.3364(3) 2.4124(4) 

U1-ring C(Cp) range 2.437(4)-2.791(4) 2.508(6)-2.840(6) 
U1-C14/C33 2.569(4) 2.646(6) 

U1-O1 n/a 2.585(4) 
Ct1-U1-Ct2 150.724(15) 143.794(17) 

U1-C14-C9/ 
U1-C33-C28 

63.3(2) 68.6(3) 

 

 

Figure 2.11.  Molecular structure of U(COTTIPS2)(η5:κ1-C5Me4CH2) (2.9).   

ORTEP representation with thermal ellipsoids at the 50% probability level.  

Hydrogen atoms omitted for clarity. 
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Figure 2.12.  Molecular structure of U(COTTIPS2)(η5:κ1-C5Me4CH2)(THF) (2.9.THF).   

ORTEP representation with thermal ellipsoids at the 50% probability level.  

Hydrogen atoms omitted for clarity. 

The coordination of THF to the metal centre in 2.9.THF alters the overall 

geometry of the molecule in comparison to 2.9: both uranium-centroid distances 

increase, as do each of the U1-ring C(Cp) bond lengths.  The U1-C14/C33 bond 

lengthens by ca 0.1 Å, and the Ct1-U1-Ct2 angle decreases as the ‘metallocene wedge’ 

widens to allow THF binding.  In 2.9, the ‘tucked-in’ -CH2 moiety lies symmetrically 

between the TIPS groups attached to the COT ring, whereas in 2.9.THF the  

THF molecule occupies this position instead, with the ‘tucked-in’ -CH2 positioned to 

one side.  In comparison to U-centroid distances in other crystallographically 

characterised ‘U(COTTIPS2)Cp*’ complexes (see Appendix 1), the U1-Ct2 distances are 

the shortest reported: the range for other complexes is 2.449(9) – 2.497(3) Å, compared 

to the distances of 2.3364(3) and 2.4124(4) Å for 2.9 and 2.9.THF, which is reasoned to 

be because of the more highly charged [C5Me4CH2]2- ligand versus [C5Me5]-, and due to 

distortion of the ring distances due to the ‘tucked-in’ methylene group.   

The U1-Ct1 distances for other ‘U(COTTIPS2)Cp*’ complexes range between  

1.9121(13) – 1.9774(2) Å, and again the U1-Ct1 distances for 2.9 (1.9066(3) Å) and 
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2.9.THF (1.9991(4) Å) lie outside of these values.  The COT ring in 2.9 is atypically 

close to the central metal atom – without the presence of a third separate ligand 

coordinated to U4+, there is no steric or electronic repulsion forcing the COT ring 

further away.  In contrast, the U1-Ct1 distance in 2.9.THF is atypically large; this could 

be due to the central U4+ accommodating the dianionic [C5Me4CH2]2- ligand as well as 

coordinating THF, hence crowding the metal centre and lengthening the average  

U-CCOT bonds; an unusually long U-Ct1 bond distance is also found in the  

sterically-crowded bis-TMS alkyl complex, 2.6 (1.9774(2) Å).  The U1-C14 and  

U1-C33 bond distances (2.569(4) and 2.646(6) Å), corresponding to the ‘tucked-in’ 

methylene group, are longer than the ‘untethered’ alkyl bond distances found in 

complexes 2.3-2.6 (range: 2.462(4) – 2.543(3) Å) as is expected due to the steric 

constraints of the ‘tucked-in’ Cp* ring, which dictates the position of the tethered 

methylene group in each case. 

Three crystallographically characterised examples of organouranium ‘tucked-in’ 

species containing a [η5:κ1-C5Me4CH2]2- ligand exist in the literature, and are pictured 

in Figure 2.13 (2C-2E), and contain U-Ctuck bond distances of 2.564(1), 2.567(3), 

2.586(7) and 2.596(6) Å respectively – two values are reported for 2E as two molecules 

are present in the asymmetric unit.8,18,38  These values are very close to the U1-C14 

bond distance of 2.569(4) Å in 2.9, but are shorter than the U1-C33 bond distance of 

2.646(6) Å in 2.9.THF.  Closest in structure to 2.9.THF is 2E, which features the same 

[C5Me4CH2]2- and THF ligands, but an unsubstituted COT ring.  2E possesses slightly 

shorter U-OTHF bond lengths (2.585(4) Å in 2.9.THF vs 2.519(4) and 2.514(5) Å in 2E) 

and U-Ctuck bond lengths (2.646(6) Å in 2.9.THF vs 2.586(7) and 2.596(6) Å in 2E) due 

to the lack of bulky substituents on the COT ring allowing closer approach of the 

coordinated ligands. 
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Figure 2.13.  Crystallographically characterised organouranium ‘tucked-in’ complexes 2C-2E 

containing [η5:κ1-C5Me4CH2]2- ligands. 

2.6.2 ‘Tuck-in’ formation from UIII(COTTIPS2)Cp*(THF) (2.1.THF) 

Once 2.9 had been identified as a ‘tuck-in’ complex, its presence was also 

observed by 1H NMR spectroscopy in a range of crude reaction mixtures involving 

uranium mixed-sandwich complexes, including in the mother liquor separated from 

crystals of the U(III) mixed-sandwich, 2.1.THF, and from crystalline samples of 

2.1.THF left in solution over an extended period of time or stored as solids at ambient 

temperature.  While not present in large amounts, it was still significant that 2.9 could 

be formed from a U(III) starting material where no U(IV) alkyl complex had been 

nominally present.   

To probe the mechanism of this reaction, a crystalline sample of 2.1.THF 

dissolved in C7D8 in a J Young NMR tube was heated to 70 °C for a period of 30 days, 

and the reaction progress was tracked by 1H NMR spectroscopy.  It is known that 

heating the THF-solvated 2.1.THF at 100-110 °C whilst at a pressure of 10-6 mbar will 

form the base-free U(III) complex, U(COTTIPS2)Cp* (2.1), reportedly without 

decomposition.41  After heating 2.1.THF at 70 °C for 16 hours, changes can be 

observed in the 1H NMR spectrum: low-intensity resonances attributable to the ‘tuck-in’ 

complex 2.9 appear, resonances attributable to 2.1.THF decrease in intensity and also 

shift slightly, and another set of low-intensity resonances appear at positions very 

similar to U(COTTIPS2)Cp*(OR) complexes.  Continued heating for a further 32 hours 
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resulted in the continued shifting and lowering intensity of the 2.1.THF resonances, and 

the increasing intensity of the resonances of 2.9 and the suspected alkoxide complex, 

along with the appearance of free THF.  Integration of all signals thought to correspond 

to the unidentified alkoxide complex indicates that in addition to the COTTIPS2 and Cp* 

ligand resonances, four additional singlets are present at δH 141.81, 55.88, 30.70 and 

16.88, integrating to 2H, 2H, 2H and 3H respectively.  These resonances could 

correspond to an n-butyl alkoxide chain, i.e. a U(IV) alkoxide complex, 

U(COTTIPS2)Cp*(OnBu) (2.10), via activation of THF – an outcome that has been 

previously observed in other systems (Scheme 2.7).42   

 

Scheme 2.7.  Proposed activation of THF to form 2.9, 2.10, and 2.1,  

with spectroscopically determined yields. 

After heating the reaction mixture for a total of 20 days, the solution became red-

brown in colour and was shown by 1H NMR spectroscopy to contain a mixture of 2.9, 

2.10 and base-free 2.1 in a ratio of 2:2:1 respectively – this ratio remained constant after 

the mixture was heated for a further 10 days.  Removal of volatiles under reduced 

pressure, extraction of the red-brown solids in tBuOMe, and storage of the red solution 

at -30 °C yielded a mixture of crystalline and microcrystalline solids.   
1H NMR spectroscopic analysis of the solids indicated that they were a mixture of the 

‘tuck-in’ complex 2.9 and the alkoxide complex 2.10.  Collection of X-ray 

crystallographic data from the crystalline solids (brown plates of high enough quality to 

determine connectivity only) revealed the structure to be 2.9 with a molecule of 
tBuOMe in the asymmetric unit.  Further attempts to separate these two products by 

sequential crystallisation from other solvents was not possible, hence the structure of 

2.10 has not been confirmed and elemental analysis has not been possible.  However, 

the mass spectrum of the isolated solids shows the expected parent ion of 2.10 at  

862 m/z (4%) and a fragment corresponding to the loss of the Cp* ring at  

(COTTIPS2)Cp*UIII(THF)
toluene

70 °C
30 days

(COTTIPS2)(C5Me4CH2)U +
2.9, 40%2.1.THF

(COTTIPS2)Cp*U OnBu

(COTTIPS2)Cp*UIII

2.10, 40%

2.1, 20%+
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727 m/z (11%, UCOTTIPS2{OBu}).  The 29Si{1H} NMR spectrum collected from this 

solid mixture contains two resonances at -67.14 and -135.9 ppm, attributed to 2.9 and 

2.10 respectively. 

Recently, X-ray diffraction data collected from crystals isolated from the related 

experiment of heating a 1,4-TMS substituted COT ring U(III) mixed-sandwich 

complex, U(COTTMS2)Cp*(THF), revealed that one of the products is 

U(COTTMS2)Cp*(OnBu), formed in tandem with a ‘tuck-in’ complex, 

U(COTTMS2)(η5:κ1-C5Me4CH2).42  Whilst the mechanism of this reaction is unclear, it is 

important as it has bearing on the supposed ‘inert’ qualities of the ligand framework, 

and the potential for low-valent uranium metal centres to activate solvents, reinforcing 

the importance of selecting correct solvents for any reactions undertaken. 

2.7 Conclusions and chapter summary 

In summary, four new U(IV) mixed-sandwich alkyl complexes have been 

synthesised, along with four other U(IV) species as a result of related investigations.  

The common decomposition product of the alkyls, 2.9, is formed via the activation of a 

Cp* ring methyl group, releasing free alkane and forming a ‘tucked-in’ species.  Three 

alkoxide complexes have been observed, all reasoned to form from solvent activation, 

and reinforcing the importance of identifying the correct reaction conditions to 

successfully synthesise alkyls.  Evidence for the activation of a TIPS group has also 

been seen, indicating the non-innocent behaviour of the COTTIPS2 ligand system in some 

cases.  The four alkyls should be reactive towards small molecules, such as CO, CO2 

and H2, providing a starting point for further experiments. 

Despite the unexpected nature of its discovery, the ‘tuck-in’ complex 2.9 is still 

technically an alkyl complex, albeit a ‘tethered’ one, possessing a U-C σ-bonding 

interaction in addition to the delocalised π-bonding between the metal centre and the 

other ring-carbon atoms.  This means that it too can be probed to determine its reactivity 
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along with the other ‘non-tethered’ alkyl complexes, and the results can be compared 

and contrasted.  Its presence in almost all alkyl samples presents a challenge in 

purifying the targeted compounds and ensuring that their observed reactivity with small 

molecules (as described in later chapters) is due solely to the intended starting alkyl, and 

not due to interference from 2.9.  However, studying the reactivity between 2.9 and 

small molecules helps to elucidate what occurs as a result of the behaviour of 2.9, and 

what forms as a direct consequence of the behaviour of the intended alkyl. 

2.8 Compound naming for Chapter 2 

2.1 – U(COTTIPS2)Cp* 

2.1.THF – U(COTTIPS2)Cp*(THF) 

2.2 – U(COTTIPS2)Cp*Cl 

2.3 – U(COTTIPS2)Cp*(CH2Ph) 

2.4 – U(COTTIPS2)Cp*(Me) 

2.5 – U(COTTIPS2)Cp*(CH2TMS) 

2.6 – U(COTTIPS2)Cp*(CH{TMS}2) 

2.7 – U(COTTIPS2)Cp*(OEt) 

2.8 – U(η8:κ1-C8H6SiiPr3{SiiPr2CH(CH3)(CH2)})Cp*Cl][Li(OEt2)2] 

2.9 – U(COTTIPS2)(η5:κ1-C5Me4CH2) 

2.9.THF – U(COTTIPS2)Cp*(η5:κ1-C5Me4CH2)(THF) 

2.10 – U(COTTIPS2)Cp*(OCH2CH2CH2CH3) 

  



 

! !

74 

2.9 References for Chapter 2 

1. P. J. Fagan, J. M. Manriquez, E. A. Maatta, A. M. Seyam, and T. J. Marks,  
J. Am. Chem. Soc., 1981, 103, 6650–6667. 

2. M. Weydert, J. G. Brennan, R. A. Andersen, and R. A. Bergman, 
Organometallics, 1995, 14, 3942–3951. 

3. R. C. Schnabel, B. L. Scott, W. H. Smith, and C. J. Burns, J. Organomet. Chem., 
1999, 591, 14–23. 

4. J. L. Kiplinger, D. E. Morris, B. L. Scott, and C. J. Burns, Organometallics, 
2002, 21, 5978–5982. 

5. W. J. Evans, S. A. Kozimor, and J. W. Ziller, Organometallics, 2005, 24,  
3407–3412. 

6. C. R. Graves, E. J. Schelter, T. Cantat, B. L. Scott, and J. L. Kiplinger, 
Organometallics, 2008, 27, 5371–5378. 

7. W. J. Evans, M. K. Takase, J. W. Ziller, and A. L. Rheingold, Organometallics, 
2009, 28, 5802–5808. 

8. E. Montalvo, J. W. Ziller, A. G. Dipasquale, A. L. Rheingold, and W. J. Evans, 
Organometallics, 2010, 29, 2104–2110. 

9. R. A. Andersen, E. Carmona-Guzman, K. Mertis, E. Sigurdon, and G. Wilkinson, 
J. Organomet. Chem., 1975, 99, C19–C20. 

10. S. J. Simpson, H. W. Turner, and R. A. Andersen, Inorg. Chem., 1981, 20,  
2991–2995. 

11. W. G. Van Der Sluys, C. J. Burns, and A. P. Sattelberger, Organometallics, 
1989, 8, 855–857. 

12. Â. Domingos, N. Marques, A. Pires de Matos, I. C. Santos, and M. Silva, 
Organometallics, 1994, 13, 654–662. 

13. M. J. Monreal and P. L. Diaconescu, Organometallics, 2008, 27, 1702–1706. 
14. S. Fortier, B. C. Melot, G. Wu, and T. W. Hayton, J. Am. Chem. Soc., 2009, 131, 

15512–15521. 
15. C. E. Hayes and D. B. Leznoff, Organometallics, 2010, 29, 767–774. 
16. S. Duhović, S. I. Khan, and P. L. Diaconescu, Chem. Commun., 2010, 46,  

3390–3392. 
17. N. R. Andreychuk, S. Ilango, B. Vidjayacoumar, D. J. H. Emslie, and  

H. A. Jenkins, Organometallics, 2013, 32, 1466–1474. 
18. M. K. Takase, N. A. Siladke, J. W. Ziller, and W. J. Evans, Organometallics, 

2011, 30, 458–465. 
19. T. J. Marks, Organometallics of the f-elements, D. Reidel Publishing Company, 

Sogesta, Italy, 1st edn., 1978, vol. 187. 
20. J. A. Higgins, MChem Dissertation, University of Sussex, 2010. 
21. O. T. Summerscales, F. G. N. Cloke, P. B. Hitchcock, J. C. Green, and N. Hazari, 

Science, 2006, 311, 829–831. 
22. R. G. Finke, Y. Hirose, and G. Gaughan, J. Chem. Soc. Chem. Commun., 1981, 

232–234. 
23. J. A. Higgins, F. G. N. Cloke, and S. M. Roe, Organometallics, 2013, 32,  

5244–5252. 
24. Cambridge Crystal Database Service. Access date March 2014., . 
25. W. J. Evans, S. A. Kozimor, and J. W. Ziller, Polyhedron, 2006, 25, 484–492. 
26. K. C. Jantunen, C. J. Burns, I. Castro-Rodriguez, R. E. Da Re, J. T. Golden,  

D. E. Morris, B. L. Scott, F. L. Taw, and J. L. Kiplinger, Organometallics, 2004, 
23, 4682–4692. 



 

! !

75 

27. E. M. Broderick, N. P. Gutzwiller, and P. L. Diaconescu, Organometallics, 2010, 
29, 3242–3251. 

28. M. J. Monreal and P. L. Diaconescu, J. Am. Chem. Soc., 2010, 132, 7676–7683. 
29. J. M. Manriquez, P. J. Fagan, T. J. Marks, S. H. Vollmer, C. S. Day, and  

V. W. Day, J. Am. Chem. Soc., 1979, 101, 5075–5078. 
30. P. B. Hitchcock, M. F. Lappert, A. Singh, R. G. Taylor, and D. Brown,  

J. Chem. Soc., Chem. Commun., 1983, 561–563. 
31. W. J. Evans, J. R. Walensky, and J. W. Ziller, Organometallics, 2010, 29,  

101–107. 
32. K. C. Jantunen, F. Haftbaradaran, M. J. Katz, R. J. Batchelor, G. Schatte, and  

D. B. Leznoff, Dalton Trans., 2005, 3083–3091. 
33. A. S. P. Frey, F. G. N. Cloke, M. P. Coles, and P. B. Hitchcock, Chem.--Eur. J., 

2010, 16, 9446–9448. 
34. M. P. C. Campello, Â. Domingos, and I. C. Santos, J. Organomet. Chem., 1994, 

484, 37–46. 
35. A. S. P. Frey, F. G. N. Cloke, M. P. Coles, L. Maron, and T. Davin,  

Angew. Chem., 2011, 123, 7013–7015. 
36. T. M. Gilbert, R. R. Ryan, and A. P. Sattelberger, Organometallics, 1989, 8, 

857–859. 
37. S. J. Simpson and R. A. Andersen, J. Am. Chem. Soc., 1981, 103, 4063–4066. 
38. W. J. Evans, K. A. Miller, A. G. DiPasquale, A. L. Rheingold, T. J. Stewart, and 

R. Bau, Angew. Chem. Int. Ed., 2008, 47, 5075–5078. 
39. N. A. Siladke, J. LeDuc, J. W. Ziller, and W. J. Evans, Chem.--Eur. J., 2012, 18, 

14820–14827. 
40. B. M. Gardner, J. McMaster, W. Lewis, A. J. Blake, and S. T. Liddle,  

J. Am. Chem. Soc., 2009, 131, 10388–10389. 
41. O. T. Summerscales and F. G. N. Cloke, Organometallic and Coordination 

Chemistry of the Actinides, Springer Berlin Heidelberg, Berlin, Heidelberg, 2008, 
vol. 127. 

42. N. Tsoureas, Unpublished results, 2013.  
 
  



 

! !

76 

CHAPTER 3: REACTIVITY OF MIXED-SANDWICH  

U(IV) ALKYLS AND RELATED COMPLEXES  

WITH SMALL MOLECULES 

3.1 Introduction 

The reactivity of U(IV) alkyl complexes towards small molecules such as H2, CO, 

and CO2 is well known, as described in detail in Chapter 1.  With four alkyls 

synthesised within a mixed-sandwich metallocene framework (2.3-2.6), their behaviour 

with small molecules was examined.  Exposure of the alkyls to H2 resulted in the 

formation of a hydride complex, U(COTTIPS2)Cp*H (3.1) via σ-bond metathesis.  

Insertion reactions with CO or CO2 formed acyl or carboxylate complexes respectively.  

Further to this, the reactivity of the ‘tethered’ alkyl, U(COTTIPS2)(η5:κ1-C5Me4CH2) 

(2.9) was also examined, and was found to undergo insertion reactions with CO and 

CO2 to form ‘tethered’ products; exposure of 2.9 to H2 also resulted in the formation of 

3.1.  The reactivity of the hydride 3.1 towards CO and CO2 was also examined, forming 

formate and enediolate products, respectively.  An overview of the reactivity of 

complexes 2.3-2.6 is presented overleaf in Scheme 3.1.  Detailed analysis of their 

reactivity along with the behaviour of some resulting insertion products with CO2 is 

discussed in this chapter, vide infra. 

Two general procedures were used for the addition of stoichiometric or excess gas 

to solutions.  A Toepler pump equipped with a gas-addition line and attached to a high-

vacuum pump was utilised in addition to a mercury manometer to accurately measure 

out gas volumes.  This method was used for adding known quantities of gas, either 

stoichiometric or accurate excesses, and for adding 13C-labelled gas.  For the addition of 

a larger quantity of gas (i.e. 1 bar or above), a high-purity H2, CO, or CO2 cylinder was 

employed in tandem with a Schlenk line and either a J Young NMR tube or an ampoule. 
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Scheme 3.1.  Summary of reactivity presented in Chapter 3.
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3.2 Reactivity of alkyls with H2: σ-bond metathesis 

3.2.1 Organouranium hydride complexes 

A small number of organouranium hydride complexes have been synthesised with 

both metallocene and non-metallocene ligand frameworks.  Eleven examples of 

crystallographically characterised organouranium hydrides have been reported to date, 

and amongst these only two are neutral, terminal U(IV) hydrides: U(N'')3H and 

U(C5H4
tBu)3H.1,2  A series of U(IV) hydrides supported by bis-Cp* alkoxy ligand 

frameworks, UCp*2(OR)H (OR =  OSiMe2
tBu, OCHtBu2, OtBu, (1R,2S,5R)-

menthoxide, (R)-2-butoxide, (1S)-endo-bornoxide, (1S,2S,5R)-neomenthoxide), have 

been assigned as either monomeric or terminal by virtue of IR spectroscopic data and 

cryoscopic weight measurements; terminal U-H vibrations are typically in the region of  

1300-1500 cm-1, whilst bridging U-H vibrations occur at < 1200 cm-1.3–5  Arguably the 

most thoroughly investigated hydride is the dimeric compound {UCp*2H(µ-H)}2, 

featuring both terminal and bridging hydride ligands.  First reported in 1979 by  

Marks et al., its full structural characterisation (using both X-ray and neutron diffraction 

methods) and synthetic use as a formal four-electron reductant (after the reductive loss 

of dihydrogen to form trivalent {UCp*(µ-H)}2) have been subsequently detailed by 

Evans and coworkers.5,6  No insertion chemistry with CO or CO2 has been reported for 

this equilibrium-related pair. 

Only one mixed-sandwich actinide hydride complex containing both 5- and  

8-membered rings has been reported in the literature.  Gilbert et al. report the reaction 

of Th(COT)Cp*(CH{TMS}2) with H2, giving what they deduce to be an oligomeric 

hydride complex, [Th(COT)Cp*H]x, along with CH2(TMS)2.7  IR spectroscopic data 

collected from the hydride and from the corresponding deuteride, [Th(COT)Cp*D]x, 

reveal the presence of a broad band at 1147 cm-1 (νU-D = 843 cm-1), indicating a 

bridging – rather than terminal – hydride ligand.  No hydride resonance was located in 
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the 1H NMR spectrum, postulated to be due to exchange of the hydride with deuterium 

in the deuterated solvent, or to an exchange between monomeric and polymeric forms in 

solution.  Crystalline material could not be isolated from reaction mixtures for structural 

characterisation due to poor solubility.  

In comparison to the unsubstituted COT ligand used in the synthesis of 

[Th(COT)Cp*H]x, the silyl groups on the bulky COTTIPS2 ligand used as part of the 

mixed-sandwich system in this work may provide better solubility and crystallinity to a 

hydride complex of the form [U(COTTIPS2)Cp*H]x (where x ≥ 1).  It was thought that 

the added stabilising effects of the steric bulk and electronic effects imparted by the 

silyl groups may also sufficiently stabilise a monomeric, terminal hydride complex, 

U(COTTIPS2)Cp*H, and allow for the study of insertion chemistry at a single, terminal, 

U-H bond.  With the exception of one study, the reactivity of CO and CO2 with such  

U-H bonds has not been reported in the literature; either the hydrides are too unstable 

for further experiments to be performed, or they exist as bis-hydrides, or as  

hydride-bridged dimers.  The synthesis of U(COTTIPS2)Cp*H described in this section 

has allowed these studies to be carried out for the first time.  

Data utilised for the characterisation of organouranium hydrides in the literature 

are 1H NMR spectroscopy, IR spectroscopy, isotopic substitution of a hydride ligand for 

a deuteride, and X-ray diffraction.  A summary of the available spectroscopic data for 

reported hydrides are presented in Table 3.1. The 1H NMR spectroscopic resonances 

corresponding to the hydride ligands are extremely shifted, occurring between  

265.9 and 333.4 ppm for neutral U(IV) hydrides.  Collection of IR spectroscopic data 

for both ‘U-H’ and ‘U-D’ species should show a significant isotopic shift, however, 

many hydride species are reported to undergo scrambling of deuterium with protons on 

all ligands.  This means that the values reported for ‘U-D’ complexes below do not 

necessarily represent effects occurring from the single substitution of ‘U-H’ for ‘U-D’, 

and must be considered with caution.  
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Table 3.1.  Collated data from organouranium hydride complexes, sorted chronologically by 

year first reported (1979-2014).  1H NMR chemical shifts of H ligand in ppm (n/a = not 

located), IR vibrations in cm-1 where available (number in brackets represents νU-D),  

X-ray data (XRD) denoted Y if reported, N if not obtained. 

 Compound 1H data 
(ppm) 

IR data (cm-1) XRD Ref. 

{UCp*2H(µ-H)}2 316.8 1335, 1180 Y 6,8 

U(N'')3H n/a 1430 (1020) Y 9 

UCp*2(dmpe)H n/a 1219 (870) Y 10 
UCp*2(OSiMe2

tBu)H n/a 1395 (988) N 11 

UCp*2(OCHtBu2)H 276.7  N 12 
UCp*2(OtBu)H 267.1 1363 N 12 

(DME)U(BH4)3H n/a 1195, 1170 Y 13 

[Na(THF)2][(Cp3U)2(µ-H)] 293.1  Y 14 

Cp*2U({1R,2S,5R}-menthoxide)H 267.9 1420, 1292 N 3 

Cp*2U({R}-2-butoxide)H 265.9 1339 N 3 
Cp*2U{[(1S)-endo]-bornoxide}H 269.6 1363 N 3 

Cp*2U({1S,2S,5R)-
neomenthoxide}H 269.2 1370 N 3 

Cp'3UH 290.5 1395 (1015) N 15 
(C5H4

tBu)3UH 276.1 1410 Y 16 

[Na(18C6)][Cp'3UH] 547.1 1405 (1020) Y 17 
[Na(18C6)][(C5H4

tBu)3UH] 521.3  N 17 

[Na(THF)2][{(C5H4Me)3U}2(µ-H)] 302.2  N 17 

[Na(18C6)][(Cp3U)2(µ-H)] 293.1  Y 17 

[Na(18C6)][(Cp'3U)2(µ-H)] 319.2  Y 17 

(C5Me4P)3UH 333.4  N 18 
(C5H4PPh2)3UH 305  N 18,19 

{UCp*(µ-H)}2 n/a 1163 Y 5,8,20 

{Cp*U(µ-η5:η1:η1-
C5Me3(CH2)2)UCp*2}(µ-H)2 

n/a 1164 Y 21 

Cp*2U(hpp)H n/a 1380 N 22 

[K(2.2.2-cryptand)][Cp'3UH] 560 1362 Y 23 
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Several synthetic routes have been utilised to form terminal U(IV) hydrides, 

including: (a) hydrogenolysis of alkyl derivatives, (b), proton abstraction from solvent, 

or (c) reaction with MH (M = Na, K) or MBEt2H (M = Li, K) (c); examples of these 

reactions from the literature are shown in Equation 3.1(a-c).  Route (a) is used in the 

synthesis of the mixed-sandwich hydride, U(COTTIPS2)Cp*H. 

 

Equation 3.1. Synthetic routes to hydride complexes.1,3,15 

3.2.2 Synthesis and stability of U(COTTIPS2)Cp*H (3.1) 

The complexes 2.3-2.6 are precursors for hydrogenolysis reactions: each reacts 

with H2 to form a monomeric, terminal hydride complex, U(COTTIPS2)Cp*H (3.1), via 

σ-bond metathesis and concomitant release of free alkane (Equation 3.2a).   

The ‘tethered’ alkyl 2.9 also reacts with H2 to form 3.1, re-forming a free-rotating  

Cp*-ring (Equation 3.2b); Marks et al. have previously reported the same type of 

interconversion between hydride and ‘tucked-in’ complexes.21,22  Characterisation data 

for 3.1 are presented in section 3.2.3. 

 

Equation 3.2.  Synthesis of U(COTTIPS2)Cp*H (3.1) from 2.3-2.6 (a) or from 2.9 (b). 
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The reactions of 2.3-2.6 with 3 equivalents of H2 resulted in the complete 

consumption of the starting material after 12 hours in the cases of 2.3-2.5, while 

reaction progress is slower for hydrogenolysis of 2.6, taking several days.  This is 

reasoned to be due to the steric bulk of the -CH(TMS)2 ligand that hinders access to the 

metal centre, as later noted from the lack of reactivity of 2.6 with CO2, and slow 

reaction with CO (see section 3.1.6).  Examination of 1H NMR spectra obtained from 

the reactions of the alkyls and H2 performed in situ in J Young NMR tubes and 

collected at regular intervals before and after gas addition indicate that the 

hydrogenolysis reactions are not straightforward due to the inherent instability of 3.1 

and its existence in equilibrium with other complexes.  Studies to identify what else 

occurs alongside hydrogenation were carried out using predominantly alkyl 2.3 due to 

its facile synthesis and isolation in crystalline form. 

Hydrogenolysis of 2.3 was performed in C6D12 (to allow for clear identification of 

free toluene) in a J Young NMR tube, with 3 equivalents of H2 added whilst the 

solution was frozen.  Upon thawing, a rapid colour change from dark red-brown to 

cherry red was observed, indicating the formation of 3.1.  1H NMR spectroscopic 

analysis performed 5 minutes after the solution had thawed showed the presence of 3.1, 

free toluene, and a small quantity of 2.9.  Over a period of three days the solution colour 

became brown, and collection of 1H NMR spectra at regular intervals during this time 

indicated that the trivalent mixed-sandwich species, UIII(COTTIPS2)Cp* (2.1) was 

formed in solution, and the proportion of 3.1 and 2.9 changed, as summarised in 

Scheme 3.2 – proportions are reported as percentages relative to ligand integral values.  

Repetition of the reaction in other solvents (C7D8, C6D6) afforded the same result. 
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Scheme 3.2. Results of hydrogenolysis reaction of 2.3 monitored over 3 days. 

Further investigations revealed that subjecting a reaction mixture of 3.1 to 

reduced pressure to remove excess H2 results in an increase in the proportion of 2.1 and 

2.9 relative to 3.1.  Removal of all volatiles from the reaction mixture and thorough 

drying of the residue results in the complete transformation of 3.1 into a mixture of 2.1 

and 2.9.  It is proposed that 3.1 is in equilibrium with 2.9, and that 3.1 will also lose H2 

irreversibly to form the trivalent species 2.1 when not under a hydrogen headspace 

(Scheme 3.3), in a fashion similar to that reported to {UCp*2H(µ-H)}2, which also 

readily loses H2 to form the corresponding U(III) hydride, {UCp*2(µ-H)}2.20   

 

Scheme 3.3.  Proposed equilibrium of 3.1 and 2.9, and decomposition of 3.1 to 2.1. 

Whilst 3.1 does form from the reaction of an alkyl with stoichiometric H2, a 

hydrogen headspace is required to maintain the presence of 3.1.  Experiments conducted 

by other researchers in the group exploring the chemistry of 2.1 have shown that it does 

not react with H2, even under high pressures.24,25  This instability with respect to 

hydrogen loss has complicated the characterisation of 3.1, and has prevented any 

meaningful kinetic studies on its equilibrium with 2.9.  However, as the following 

sections describe, it persists long enough in solution for some characterisation data to be 

collected, and to study its reactivity with CO and CO2. 
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3.2.3 Characterisation of U(COTTIPS2)Cp*H 

Due to the propensity of 3.1 to decompose into the tuck-in complex 2.9, and the 

trivalent mixed-sandwich complex, 2.1, upon exposure to reduced pressure, isolation of 

a solid sample of 3.1 for characterisation using standard methods (mass spectrometry, 

elemental analysis, infrared spectroscopy) has not been possible.  Attempts to collect 

mass spectrometric data and IR spectroscopic data (using NaCl plates for the latter) 

have returned results consistent with a mixture of 2.1 and 2.9.  ReactIR apparatus has 

been used to collect in-situ IR spectroscopic data over the course of the reaction of 2.3 

and excess H2, however no new vibrational band corresponding to a hydride ligand 

(expected to occur at ca 1400 cm-1
, see Table 3.1) was observed due to strong ligand 

resonances masking the area of interest.  No hydride resonance could be located in the 
1H NMR spectrum across a +/-600 ppm window, as is the case for several other 

hydrides reported.5,8–11,13,20–22  Attempts to crystallise 3.1 from pentane or THF 

solutions using standard methods (slow-cooled in Schlenk tubes or in glass vials under 

an Ar headspace) only yielded black crystals of 2.1 or 2.1.THF. 

Despite the tendency of 3.1 to lose H2 when not under a hydrogen headspace,  

it was possible to collect X-ray diffraction data from two separate samples of 3.1: one 

sample was collected via the reaction of 2.3 and 1 bar of H2 in a minimum amount of 

pentane (ca 0.5 cm3), and the second was from the reaction of a solid sample of 2.3 and 

1 bar of H2.  Both reaction mixtures were sealed in gas-tight ampoules in order to 

maintain a H2 headspace.  In both cases, a small number of red crystals were formed on 

the vessel walls; rapid extraction of the crystals and subsequent mounting onto a glass 

fibre under a cryostream allowed for collection of X-ray diffraction data from both 

samples.  Refinement of the data collected provided two structures, both monoclinic, 

with one in the P21/m space group (3.1A, Figure 3.1) and the other in the space group 

Cc (3.1B, Figure 3.2) with two crystallographically distinct molecules in the 

asymmetric unit; Table 3.2 details selected bond lengths and angles from the two 

structures, along with metrics from structurally comparable U(COTTIPS2)Cp* (2.1).   
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Figure 3.1.  Molecular structure of 3.1A.   

ORTEP representation with thermal ellipsoids at the 50% probability level.   

Hydrogen atoms omitted for clarity.  

‘Grown’ structure – half of the molecule is present in the asymmetric unit. 

 

 

 

 

Figure 3.2.  Molecular structure of 3.1B, showing both crystallographically independent 

molecules in the asymmetric unit.  ORTEP representation with thermal ellipsoids at the 50% 

probability level.  Hydrogen atoms and iPr groups omitted for clarity. U1-U2 = 11.167 Å. 
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Table 3.2.  Crystallographic data and selected bond distances (Å) and angles (°) for 3.1A, 3.1B, 

and 2.1.  Ct1 is defined as the COT ring centroid, Ct2 is defined as the Cp* ring centroid. 

 3.1A 3.1B 2.1 

Space group P21/m Cc Cc 

Cell lengths a = 8.4860(2) 
b = 22.6545(5) 
c = 9.7819(3) 

a = 13.5888(4) 
b = 36.4517(11) 
c = 15.9896(4) 

a = 13.578(3) 
b = 36.381(7) 
c = 16.028(3) 

Cell angles α = 90 
β = 100.6330(10) 

γ = 90 

α = 90 
β = 110.568(2) 

γ = 90 

α = 90 
β = 110.52(3) 

γ = 90 

Cell volume 1848.24 7415.34 7415.16 
Z 2 8 4 

U1-U2 n/a 11.166 Å 19.713 Å 
Ct1-U 1.9182(6) Å 1.917(4), 1.917(2) Å 1.916(4), 1.924(5) Å 

Ct2-U 2.4945(6) Å 2.471(4), 2.464(3) Å 2.461(6), 2.471(5) Å 
Ct1-U-Ct2 150.20(3) ° 152.14(10), 152.4(2) ° 154.9(2), 153.1(2) ° 

 

In 3.1B, one of the crystallographically independent molecules contains a  

Q-peak that persisted during the refinement process, at a distance of 1.04(2) Å from the 

uranium centre U2 that could be assigned as a hydrogen atom (and therefore a hydride 

ligand), however without corresponding neutron diffraction data this cannot be 

confirmed.6  The structure of 3.1B negates the possibility that 3.1 is a bridging hydride 

complex: the U1-U2 distance is too great, and the orientation of each monomer towards 

others in the crystal lattice is too conformationally unfavourable to indicate the presence 

of bridging hydride ligand.  The crystal packing of 3.1A also shows that there is no 

close U-U bond in the lattice that could be bridged by a hydride ligand.  These two 

structures can also be compared to 2.1 – selected crystal data and bond distances and 

angles (including the distances between U1 and U2 in the asymmetric units of 3.1B and 

2.1) are also given in Table 3.2.25 
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Comparison of the bond lengths and angles from 3.1A and 3.1B reveals that the 

two structures differ marginally; while the U-Ct1 and U-Ct2 distances are marginally 

longer in 3.1A, the Ct1-U-Ct2 angle is 2 ° smaller.  Both structures contain U-Ct1 and 

U-Ct2 distances closely comparable to other U(IV) mixed-sandwich complexes in this 

work (see Appendix 1); these metrics are consistent with 3.1 being a U(IV) complex, 

rather than the base-free U(III) complex, U(COTTIPS2)Cp* (2.1).  The Ct1-U-Ct2 angles 

in both 3.1A and 3.1B are more obtuse than other crystallographically characterised 

‘U(COTTIPS2)Cp*’ complexes, presumably due to the marginal steric bulk of the 

hydride ligand in comparison to the larger additional ligands – in particular the 

carboxylates – which force a greater Ct1-U-Ct2 angle.  In comparison to the desolvated 

tuck-in structure of 2.9, the Ct1-U-Ct2 angle of 3.1A is almost identical: 150.724(15) ° 

vs 150.20(3) °.  

 
It can be argued that the unit cell and space group of trivalent 2.1 and tetravalent 

3.1 are likely to be very similar – in theory, the only differences between the two 

structures should be a slightly smaller ionic radius of the central uranium atom (U(IV) 

being smaller than U(III))26 and the minor structural perturbation of a single hydride 

ligand occupying space in the open coordination sphere defined by the ‘sandwiching’ 

COTTIPS2 and Cp* rings (and subsequent minor electronic effects).  The cell parameters 

of the structures 3.1B and 2.1 are only marginally different: the cell volumes are 

essentially identical, and the cell lengths and angles are only slightly different outside of 

standard error.  The metrical parameters of 2.1 and 3.1B are most alike: the  

Ct-U distances are almost identical, however, there is a difference in the Ct1-U-Ct2 

angles of around 2 °, and the U1-U2 distances are considerably diverse.  Overall, 

neither 3.1A nor 3.1B are similar enough to the structure of 2.1 to conclude that the 

‘hydride’ structures are in fact trivalent species formed from the loss of dihydrogen.  

Whilst the X-ray crystallographic data does not conclusively indicate that 3.1 is a 

monomeric hydride complex, it does support this theory. 
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3.2.4 Mechanistic investigations: deuterium scrambling 

It was observed that scrambling occurs when adding D2 to an alkyl in place of H2, 

resulting in the deuteration of some ligand protons (giving 3.1-d), instead of forming a 

‘U-D’ bond as intended.  Due to the complicating factor that 3.1 also exists in solution 

in equilibrium with 2.9, and will decompose into 2.1, deuterium is also seen in place of 

some ligand protons on both 2.9 and 2.1 as well.  Where partial or full deuteration is 

present in a ligand in the following discussion, it is described as ‘H/D’,  

i.e. Cp*-C(H/D)3, with the complexes labelled as X.X-d, indicating that the exact extent 

of deuteration is unknown. 

In a J Young NMR tube, a sample of 2.3 in C6H6 was exposed to 1.5 equivalents 

of D2, and a 2H NMR spectrum was collected 10 minutes after gas addition.  

Resonances were observed correlating to the Cp* ring of 3.1-d, both Cp*-C(H/D)3 

environments of 2.9, and also free CH2DPh.  This result is consistent with the following 

mechanism: initial σ-bond metathesis between 2.3 and D2 gives 3.1-d, which 

equilibrates with 2.9, introducing deuterium onto the Cp*-C(H/D)3 groups on both 3.1-d 

and 2.9-d via ‘tucking-in’ and ‘tucking-out’ whilst exchanging protons for deuterium 

(Scheme 3.4). 

 

Scheme 3.4.  Pathway of partial deuteration of ‘tuck-in’ complex 2.9 and hydride/deuteride 

complex 3.1 via Cp*-CH3 group activation and reactivity with D2/HD. 

After 11 days, the reaction mixture had changed in colour from cherry red to 

brown, and 2H NMR spectroscopic analysis showed resonances corresponding to  
iPr-C(H/D)3 groups of 3.1-d, 2.9-d, and 2.1-d, and the Cp*-ring of 2.1-d, confirming the 
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partial decomposition of 3.1-d to 2.1-d during this time.  These data show that exchange 

also occurs with the U-D bond and the methyl groups on the COTTIPS ligands; no 

evidence for a ‘TIPS tuck-in’ species has been observed in 1H NMR spectra, except in 

the case of the “ate” complex, 2.8 (see Chapter 2, section 2.5.2), where activation of the 

TIPS group is irreversible due to the U-Cl bond.  Unlike the activation of a Cp*-CH3 

group to give complex 2.9, this TIPS-CH3 group activation and subsequent reaction 

with H2 (or D2, or HD) may be too rapid to observe on an NMR timescale. 

This scrambling is also seen when following the reaction of 2.3 with D2 in C6D6, 

and analysing the 1H NMR spectra collected during the reaction progress.  Ten minutes 

after D2 addition, the resonances correlating to proton environments of 3.1-d and 2.9-d 

all became broadened, and their multiplicity was not well defined.  This effect is due to 

partial deuteration of the molecules, altering the environment around the uranium 

centres, which marginally changes the chemical shift of each ligand resonance.  As 

complexes with differing degrees of deuteration are all present at once, the ligand 

resonances overlap and appear as broad signals.  This effect becomes more pronounced 

as scrambling continues over a period of several days, along with the gradual reduction 

in intensity of resonances correlating to ligands that become perdeuterated. 

To identify the location of deuterium atoms on the ligands of the mixture of 

species present in solution in the reaction described above, all volatiles were removed 

from the reaction mixture, and the solid residue was dissolved in C6H6 in order to 

collect 2H NMR spectroscopic data.  This perturbation of the vessel headspace will alter 

the relative proportion of the three species (3.1-d, 2.9-d and 2.1-d) as described 

previously, however, it was anticipated that some 3.1-d would still remain intact as the 

sample was not subjected to sustained high vacuum during solvent removal, and the 

experiment would still provide information as to the location of deuterium.  Resonances 

observed in the 2H NMR spectrum correlated to: Cp*-C(H/D)3 and iPr-C(H/D)3 ligands 

of 3.1-d and 2.1-d, and the Cp*-C(H/D)3, Cp*-C(H/D)2, and iPr-C(H/D)3 ligands of  

2.9-d (Figure 3.3; coloured groups indicate partial/full deuteration). 
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Figure 3.3.  Position of deuterium incorporation onto species present in the reaction mixture  

of 2.3 and D2 after headspace removal, after 5 days. 

No signal that could be attributed to a ‘deuteride’ ligand was observed in the  
2H NMR spectrum, despite collecting spectra over a wide spectral window.  Overall, 

these studies show the extent of perdeuteration when reacting alkyls with D2 in place of 

H2, but also indicate that a straightforward ‘deuteride’ is not facile to synthesise –  

a mixture of partially perdeuterated hydride and deuteride complexes is likely to be 

present in solution at any one time.  Attempts to fully deuterate 3.1 by repeatedly adding 

D2 to the reaction mixture have not been successful due to decomposition.  In order to 

remove all HD and H2 from the system, so that only pure 3.1-d64 with a U-D σ-bond is 

in existence, would involve synthesising the starting alkyl complex with COTTIPS2-d48 

and Cp*-d15 ligands, which has not been carried out.  This also means that no IR spectra 

for 3.1-d can be collected in order for νU-D to be identified in this case – this has also 

been noted for other uranium hydrides, where scrambling between D2 and ligand 

protons has been observed.8,22 

3.3 Reactivity with CO: insertion reactions 

3.3.1 CO reactivity with 2.3-2.6 

All four complexes 2.3-2.6 undergo a reaction upon exposure to CO, however, a 

lack of complete structural data prevents the definitive identification of the CO-insertion 

products.  Literature precedent of the reactions of organoactinide U-C bonds with 
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CO,27–32 along with the data collected from the reactions of 2.3-2.6 with CO, allows the 

conclusion that CO insertion occurs in each case.  For 2.3-2.5, it is likely that η2-acyl 

products are formed; in the case of 2.6 with CO, a different pattern of reactivity is 

observed (Equation 3.3). 

   

Equation 3.3.  Reactivity of 2.3-2.6 with CO. 

The following sections outline the data collected during these CO reactivity 

studies and present evidence for the formation of three η2-acyl complexes (3.2-3.4) and 

a silyl enolate (3.5).  It should be noted that the reactions of 2.3-2.5 with a mixture of 

CO and H2 gave the same outcomes as the reactions of the complexes with CO alone – 

no evidence for H2 incorporation into the products to form alkoxides was observed. 

3.3.1.1 NMR spectroscopic data 

The reactions of 2.3-2.6 with 13CO were performed in J Young NMR tubes, with 

the reaction progress monitored by 1H and 13C{1H} NMR spectroscopy.  In each case, 

an excess of 13CO (ca 1-3 equivalents) was added to a frozen solution of the compound, 

then the reaction mixture was warmed to ambient temperature; none of the solutions 

displayed noticeable colour changes after warming.   

1H NMR spectra of 3.2-3.5 were collected 5-10 minutes after gas addition, when 

the solutions had reached ambient temperature.  For 3.2-3.4 the spectra each contained a 

new set paramagnetically-shifted resonances attributed to new ‘U(COTTIPS2)Cp*’ 

(COTTIPS2)Cp*U R
3 eq. CO

C6D6
0 °C to RT

R = CH(TMS)2 3.5

R = CH2Ph 2.3
       CH3 2.4
       CH2TMS 2.5
       CH(TMS)2 2.6

(COTTIPS2)Cp*U
C

O

RR = CH2Ph 3.2
       CH3 3.3
       CH2TMS 3.4

(COTTIPS2)Cp*U O
C

TMS

CH(TMS)



92 

! !

species, with the COTTIPS2 and Cp* ligand resonances at similar chemical shifts, 

suggesting the products to be structurally analogous to one another.  In each case, one of 

the normally sharp doublets of integration 18H correlating to a TIPS proton 

environment is broadened (∆υ1/2 = 33, 44, 49 Hz for 3.2, 3.3, 3.4 respectively) and loses 

the doublet multiplicity typically observed in other mixed-sandwich complex spectra.  

Resonances attributable to ‘OC-R’ moieties are present, at different chemical shifts to 

the parent complexes; resonances attributable to the protons closest to the uranium 

centre in compounds 3.2 and 3.4 (CH2Ph and CH2TMS respectively) are not observed, 

likely due to broadening effects.  No convincing 13C{1H} NMR resonances 

corresponding to a 13C-labelled atom could be found in the spectra of 3.2-3.4 – this is 

suspected to be due to the close proximity of the 13C atom to the paramagnetic uranium 

centre, causing substantial broadening and shifting of the signal so that it cannot be 

observed, even when the spectrum is collected over a large number of scans.  As with 

the 13C{1H} NMR spectroscopic data, no 29Si{1H} NMR spectroscopic resonances were 

observed, even when data were collected over a large number of scans, or using a 

relaxation delay (d1) of 10 seconds (due to U4+ paramagnetism causing rapid relaxation 

of other nuclei; this can usually be set to 1-4 seconds for the collection  

of 29Si{1H} NMR spectra). 

In contrast, the reaction of 2.6 with CO to give 3.5 is relatively slow: the  
1H NMR spectrum showed very little change after 10 minutes, and unreacted starting 

material was present in the reaction mixture in addition to 3.5 for a further 3 days after 

CO addition.  The chemical shifts and multiplicity of the COTTIPS2 and Cp* ligand 

resonances differ in the 1H NMR spectrum of 3.5 in comparison to those of  

3.2-3.4, indicating that the structure of 3.5 may also differ.  Two resonances of 

integration 9H each are seen in the spectrum of 3.5, consistent with the presence of two 

chemically inequivalent TMS groups.  Another indication that 3.5 differs from the  

CO-insertion products of 2.3-2.5 is that there is an observable signal in the  
13C NMR spectrum when 3.5 is synthesised with 13CO: a broad singlet at 361 ppm.  
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Other 13C{1H} NMR resonances seen in this region are from the later-described  

CO insertion products of 2.9 and 3.1, which contain ‘O-C(R)=C(R)’ linkages  

(see sections 3.3.2 and 3.3.3).  It is proposed that instead of an η2-acyl, a silyl enolate is 

formed from CO insertion followed by silyl-group migration, as per Equation 3.3 

above; literature precedent supports this proposal.27 

3.3.1.2 Mass spectrometric data 

A sample of 3.2 analysed by EI+ mass spectrometry showed the expected parent 

ion at m/z = 909, along with peaks at 789, 773 and 91 m/z corresponding to the 

fragments ‘UCOTTIPS2Cp*’, ‘UCOTTIPS2OCCH2Ph’, and ‘CH2Ph’ respectively.  

Similarly, a solid sample of 3.4 showed a molecular ion at m/z = 905 in  

the mass spectrum, along with peaks at m/z = 770 (‘UCOTTIPS2OCCH2TMS’),  

743 (‘UCOTTIPS2OTMS’), and 115 (‘OCCH2TMS’).  Mass spectrometric analysis of the 

methyl acyl 3.3 returned predominantly organic ligand fragments. 

3.3.1.3 IR spectroscopic data 

IR vibrational bands correlating to η2-acyl complexes of U(IV) and Th(IV) are 

reported to occur in the region of 1437-1504 cm-1.29–31  IR spectroscopic data were 

collected of thin films or Nujol mulls between NaCl plates for the acyls 3.2-3.4, but no 

obvious bands were observed that could be assigned to an η2-acyl vibration.  Medium to 

strong-intensity ligand vibrations at ca 1460 cm-1 effectively mask the area in which 

relevant vibrations would occur. 

An alternative approach was taken, using in-situ ReactIR methods to collect  

IR spectra of methylcyclohexane solutions of 2.3-3.5, which were then exposed to CO.  

Initial background IR spectra were collected at ambient temperature, then the solutions 

were cooled to -60 °C before addition of an excess of CO.  Upon warming to ambient 

temperature, IR spectra were recorded every 60 seconds in order to identify the 



94 

! !

appearance of new vibrational bands attributed to η2-acyl formation.  Despite collecting 

spectra for a further 2 hours after gas addition and subsequent warming, no new 

vibrational bands appeared.  Once again, this may be due to masking effects from very 

intense ligand vibrations in the area of interest. 

3.3.1.4 X-ray structures of 3.2 and 3.4 

Disorder and twinning issues frustrated numerous attempts to collect  

X-ray diffraction data of high enough quality to refine to a publishable R-factor for the 

acyls 3.2 and 3.3.  However, low-resolution data were collected from two separate 

samples of crystalline 3.4, which could be sufficiently refined to determine the 

connectivity of the product (Figure 3.4).  Data collected from a twinned sample of 3.2 

appeared to show the same connectivity, but would not refine sufficiently to confirm 

this.  Repeated attempts to collect X-ray diffraction data for both 3.2 and 3.4 also 

resulted in the same problems.  

 

Figure 3.4.  Unrefined molecular structure of 3.4, as determined by low-quality X-ray 

diffraction data, showing connectivity only.  ORTEP representation with thermal ellipsoids at 

the 20% probability level; iPr groups omitted for clarity. 
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The X-ray diffraction data reveal an η2-acyl connectivity for 3.4; the structure 

represents a single CO insertion into the U-C bond, confirming the hypothesis that the 

acyl product U(COTTIPS2)Cp*(η2-OCCH2TMS) is formed.  Due to the similarities in 

spectroscopic data collected for 3.2 and 3.3, it can be inferred that the structures of these 

products are likely to be the η2-acyls U(COTTIPS2)Cp*(η2-OCCH2Ph) and 

U(COTTIPS2)Cp*(η2-OCMe), analogous to 3.4. 

3.3.1.5 Crystal structure of product from 2.4 and excess CO 

Monitoring the formation of the methyl CO insertion product by 1H NMR 

spectroscopy over a period of several days showed that the assumed acyl product 3.3 is 

either not stable in solution, or that it reacts further in the presence of excess CO to form 

a secondary product.  The 1H NMR spectroscopic resonances attributed to 3.3 decrease 

in intensity relative to the solvent peak over time, and numerous low intensity 

resonances, which are broad and paramagnetically shifted, begin to form, mainly 

between -1 and -15 ppm.  Adding 1 bar of CO to a solution of 2.4 and analysing the 

resulting mixture by 1H NMR spectroscopy shows only a large number of low-intensity 

resonances, and none of the previously identified acyl product 3.3. Workup of an  

NMR-scale reaction of 2.4 with a three-fold excess of CO yielded a small number of red 

crystals from a saturated pentane solution stored at -35 °C over a period of 12 months, 

indicating that one product is a dimeric complex formed from multiple CO-insertion 

(3.6, Scheme 3.5). 
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Scheme 3.5. Reactivity of 2.4 with excess CO; products indicated where known. 

The crystals obtained of 3.6 were not of high enough quality for the collection of 

complete X-ray diffraction data; it was only possible to collect data to a completeness of 

71%, with I/σ = 7.6, and a maximum resolution of 1 Å.  However, connectivity of the 

structure could be established and is shown in Figure 3.5.  No material could be 

recovered from the X-ray sample for 1H NMR spectroscopic analysis, so it cannot be 

determined if the structure shown below represents the product which correlates to the 

numerous low-intensity resonances seen in reaction mixtures of 2.4 and CO.  It is 

possible that over such a long period of time, some of the acyl 3.3 degrades and releases 

CO, which could then react on with other molecules of 3.3 in the reaction mixture, that 

3.6 is the result of slow rearrangement of the original acyl 3.3, or that 3.6 is initially 

formed alongside 3.3 when excess CO is present. 
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Figure 3.5.  Unrefined molecular structure of 3.6, showing connectivity only.   

ORTEP representation with thermal ellipsoids at the 50% probability level;  

carbon atoms are isotropic, iPr groups omitted for clarity.   

Overall, two ‘U(COTTIPS2)Cp*(Me)’ molecules have reacted with four equivalents 

of 13CO, not only inserting into the parent alkyl U-C bonds, but also inserting into a  

U-C bond between one U centre and its Cp* ring, which could have changed from  

η5 to η1-coordination due to steric crowding.  This type of insertion of CO into what 

could be considered an η1-bound Cp ring has been observed previously in the ‘cascade’ 

reaction between a mixed-tethered metallocene and CO (Scheme 3.6).33 

 

Scheme 3.6.  Product of CO insertion into a mixed-tethered metallocene.   
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If 3.6 is formed during the initial exposure of 2.4 to excess CO, rather than from 

decomposition, then the following pathway is feasible: after η2-acyl formation a  

U-C interaction is still in existence, hence a second 13CO insertion is possible.   

A resonance structure wherein two oxygen atoms are bound to the uranium centre, and 

the secondarily inserted 13C atom is unsaturated and carbenic can be then be considered 

(Scheme 3.7).  Reaction with a second acyl molecule is hence possible, forming an 

asymmetric dimer with three inserted ‘13CO’ moieties and two methyl groups.  It has 

been reported that in some particularly sterically congested organolanthanide and 

organoactinide complexes, Cp* ligands will act as pseudo-alkyl η1 ligands and undergo 

insertion reactions with small molecules.34–37  As the environment around one of the  

U centres depicted below becomes sterically crowded, it is possible that the Cp* group 

changes hapticity from η5 to η1, resulting in a U-C ‘alkyl’ bond that is another potential 

site for 13CO insertion, forming 3.6 after rearrangement.  The driving force for this 

product could be the three U-O bonds formed around the oxophilic uranium centre in 

preference to a ‘softer’ η5-metallocene interaction.  Precedent for speculative 

mechanisms relating to CO insertion into organoactinide alkyl complexes regularly 

invoke the ‘carbenic nature’ of inserted C atoms, as implied in the mechanism in 

Scheme 3.7.28 

 

Scheme 3.7.  Possible insertion and dimerisation mechanism of 2.4 and CO. *C denotes 13C. 
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Repetition of this experiment to afford 3.6 in greater yield to allow for full 

characterisation has not been successful.  Each reaction only yields a small number of 

crystals, and the bulk product is contaminated with organic decomposition products, 

which form when alkyl solutions are subjected to high pressures of CO or CO2.  This 

result serves to show that CO insertion chemistry is not as straightforward as the CO2 

insertion chemistry, and that it cannot be definitively stated that single products are 

formed during these ‘acyl’ reactions. 

3.3.2 CO insertion with ‘tuck-in’ (2.9) 

The reaction of 2.9 and an excess of CO yielded a new dimeric species, containing 

a new C=C double bond, (η5:κ1-C5Me4CH2OC=COCH2C5Me4){U(COTTIPS2)}2 (3.7), as 

a mixture of cis and trans isomers after 16 hours (Equation 3.4). 

 

Equation 3.4. Synthesis of cis- and trans-3.7 

In contrast to the reactions of 2.3-2.5 with CO, the reaction occurred slowly and 

complete consumption of 2.9 was only seen after ca 16 hours.  1H and 13C{1H} NMR 

spectroscopic analysis of 3.7 revealed it to be a mixture of two isomers, cis-3.7 and 

trans-3.7, with the cis isomer existing as the major product in a ratio of approximately 

7:1 cis:trans.  Resonances were observed in the 13C{1H} NMR spectrum at 301.0 and 

346.2 ppm, corresponding to the cis and trans isomers respectively; both signals are 

singlets.  The mass spectra of the cis and trans isomers are essentially identical, with  
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M+ observed at m/z 1638.  Elemental analysis of 3.7 as a mixture of isomers returned a 

value slightly low in %C found (53.83 vs 54.39 calculated); incomplete combustion is 

occasionally observed for organouranium complexes.38 

Crystalline 3.7 as a mixture of isomers can be obtained from a saturated pentane 

solution stored at -35 °C or from C6D6 at ambient temperature.  Collection of X-ray 

diffraction data from a crystalline sample of 3.7 allowed for the determination of the 

structure of cis-3.7 (Figure 3.6) and trans-3.7 (Figure 3.7) – the crystal morphologies 

of the two isomers are not distinguishable upon inspection under a microscope, 

however, the unit cells and volumes are marginally different.  The data for trans-3.7 

could not be collected to a resolution greater than 0.89 Å due to low-quality crystals, 

hence only connectivity could be determined. 

 

Figure 3.6.  Molecular structure of cis-3.7.  ORTEP representation with thermal ellipsoids at 

the 50% probability level.  Hydrogen atoms (except on C33/C83), iPr groups and disordered  

co-crystallised molecule of C6D6 omitted for clarity.  Selected bond lengths: U1-O1: 2.146(5) 

Å, U2-O2: 2.143(4) Å, O1-C01: 1.381(8) Å, O2-C02: 1.379(8) Å, C01-C02: 1.313(9) Å. 
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Figure 3.7.  Molecular structure of trans-3.7.   

ORTEP representation with thermal ellipsoids at the 50% probability level.   

Hydrogen atoms (except on C35) and iPr groups omitted for clarity.  Symmetry-related 

molecule – only one half of the dimer is contained within the asymmetric unit. 

No details relating to the geometric parameters of trans-3.7 are available for 

discussion due to low resolution data.  The C01-C02 bond distance of 1.313(9) Å in  

cis-3.7 is indicative of double-bond character, representing the coupling of two 

molecules of CO upon insertion.  The U1-O11 and U2-O2 distances are identical within 

ESD limits, as are the C01-O11 and C02-O2 distances, showing the symmetrical nature 

of the U1-O11-C01-C02-O2-U2 moiety.  Each half of the dimeric molecule in cis-3.7 is 

arranged so that the TIPS groups are staggered, rather than eclipsed, resulting in torsion 

angles of 8.3(8) and 10.7(8) ° along the U1-O11-C01-C33 and U2-O2-C02-C83 

moieties respectively.  In comparison to other ‘U(COTTIPS2)Cp*’ compounds 

characterised in this work, the U-Ct1 (COT ring, 1.953(2) and 1.935(2) Å) and U-Ct2 

(Cp ring, 2.459(3) and 2.457(3) Å) distances compare favourably to those complexes 

with free-rotating Cp* rings, as do the Ct1-U-Ct2 angles (139.96(10) and 140.01(10) °). 

A plausible mechanism for this insertion and subsequent C=C bond forming 

pathway is as follows: the initial insertion takes place to form a new U-O bond, 
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however, the attached carbon atom is carbenic in nature and dimerises with another 

carbenic intermediate, generating the dimeric species with a C=C bond (Equation 3.5).  

This does not necessarily dictate whether the product is cis or trans in form, hence 

either other factors must contribute to the preferential formation of cis-3.7, or another 

mechanism is responsible. 

 

Equation 3.5.  Postulated mechanism for the formation of 3.7. 

Similar reactivity is observed in the reactions of the U(IV) dialkyl species of the 

form UCp*2(R)2 (where R = Me, CH2Ph, CH2CMe3, CH2TMS) reported by  

Marks et al., where exposure to CO results in double carbonylation to give monomeric 

(Scheme 3.8a) or dimeric (Scheme 3.8b) cis-enediolate complexes.39  The authors 

report mechanistic studies that indicate that the mechanism of C=C bond formation 

proceeds via the initial formation of ‘carbene-like’ η2-acyl species, which then couple 

either inter- or intra-molecularly depending on the bulk of the alkyl group.  The pattern 

of reactivity forming 3.7 here is closely related to the above mechanism, and supports 

the hypothesis that a ‘tethered’ cis-enediolate forms as a result of carbenic  

C-C coupling. 

 

Scheme 3.8.  Monomeric and dimeric enediolate structures formed by CO insertion into dialkyl 

complexes, as reported by Marks et al. 

(COTTIPS2)U O

C

CH2

2 dimerisation cis-3.7 trans-3.7+
88% 12%

Cp*2U
R

R

2 CO

Cp*2U
R

R

4 CO

a)

b) 2

Cp*2U

O

O

C

C

R

R

Cp*2U
O

O

C

C

R

R

UCp*2

O

O

C

C

R

R

where R = CH2
tBu,

                 CH2TMS

where R = Me,
                 CH2Ph



103 

! !

Mechanistic DFT studies were carried out by Maron et al. to determine possible 

mechanisms and likely intermediates.40  Calculations suggest a reaction pathway of 

initial insertion of CO into the ‘tuck-in’ U-C alkyl bond to give a carbenic intermediate, 

however attempts to locate the C-C coupling transition state were not successful for 

either the cis or trans products (see Appendices 1 and 2 for the DFT calculation details).  

The calculations also indicate that trans-3.7 is slightly thermodynamically favoured  

(ca 5 kcal mol-1 lower in energy than the cis isomer). 

Studying the 1H NMR spectra collected from a number of reactions of 2.9 and 

CO, it was observed that the ratio of cis-3.7:trans-3.7 remained essentially constant, 

regardless of reaction conditions.  Varying the solvent, reaction temperature, 

concentration of reagents or quantity of CO added – and combinations thereof – or 

performing photolysis did not influence the relative ratio of isomers to any significant 

degree.  The cis isomer is always the major product in relation to the trans isomer, at a 

ratio of between 8:1 and 7:1 cis:trans. 

When considering the preference of the system to form cis vs trans isomers from 

a purely steric perspective, it would seem unfavourable for the cis isomer to form in 

preference to the trans isomer in the initial reaction mixture due to the forced 

positioning of the bulky TIPS groups on each COT ring.  Interconversion between  

cis and trans isomers once the initial product is formed would clearly be unfavourable – 

in order for isomerisation to occur, the C=C double bond would have to be either 

partially or fully cleaved in order for rotation to occur, forming trans-3.7.   

If dimerisation occurs via the carbenic C atom from insertion of CO, it would be 

anticipated that a 50:50 mixture of cis and trans isomers would be present in the 

reaction mixture, if no other factors were controlling the linking of the carbenic carbons.  

However, this is not the case, and either the mechanism is not as described above, or 

other factors dictate the preference for cis-3.7.  Without further experimental or 

mechanistic DFT work, the mechanism remains unclear. 
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3.3.3 CO reactivity with U(COTTIPS2)Cp*H 

With the successful formation of 3.1, the insertion of CO into a monomeric U(IV) 

hydride bond was examined for the first time.  The reaction of 3.1 with  

1 equivalent of CO resulted in the formation of cis-enediolate,  

{U(COTTIPS2)Cp*}2(µ-κ1:κ1-OC(H)=C(H)O) (3.8), as the major product, along with 

small quantities of a bis-oxo species, {U(COTTIPS2)}2(µ-O)2 (3.9) and 

pentamethylbenzene (C6Me5H) (Equation 3.6).  The side product C6Me5H was initially 

identified by 1H and 13C NMR spectroscopy from reactions of 3.1 and CO performed in 

J Young NMR tubes.  The dioxo product 3.9 was later isolated in a very low yield  

(< 2 mg) as a DME adduct from a preparative-scale reaction and characterised by X-ray 

crystallography, vide infra – its 1H NMR spectrum contains many low-intensity 

broadened resonances and is not facile to assign or identify in a reaction mixture.  

 

Equation 3.6.  Reactivity of 3.1 with CO to form 3.8, 3.9 and C6Me5H. 

The reaction of a pentane solution of 2.4 and 1 bar of H2 was followed by stirring 

the resulting cherry red solution for two hours, then briefly evacuating the vessel 

headspace before freezing the solution and pressurising the headspace with 2 bar of CO, 

to afford 3.8 in a crude yield of 32% after filtration and removal of volatiles.  

Recrystallisation of a 40 mg portion of the crude sample from a saturated pentane 

solution cooled to -30 °C afforded crystalline 3.8 in a 58% yield (23 mg, Figure 3.8).  

Crystalline material was also obtained from saturated DME, Et2O, and tBuOMe 

solutions.  1H NMR spectroscopic analysis of the crude and crystalline material showed 
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integration 30H) corresponding to the enediolate protons – this was confirmed from the 

synthesis of 13C-3.8 from 2.4, H2, and a 1:1 mixture of H2/13CO.  The proton-coupled 
13C NMR spectrum of 13C-3.8 contains a broad doublet at 336 ppm (1JCH ≈ 190 Hz), 

assignable to the 13C-labelled enediolate moiety.  Collection of the corresponding  
1H NMR spectrum shows a doublet at δH 88.3 (also with 1JCH = 190 Hz), which 

collapses into a singlet of integration 2H when the 1H{13C} NMR spectrum is obtained, 

supporting the assignment of this signal to the enediolate protons.  Mass spectrometric 

data showed an ion at m/z = 1636 (M+ -2H), and elemental analysis returned the 

expected values.  Infrared spectroscopic data did not show a vibrational band 

attributable to an enediolate moiety, likely due to masking effects from strong ligand 

vibrations. 

 

Figure 3.8.  Molecular structure of {U(COTTIPS2)Cp*}2(µ-κ1:κ1-OCHCHO) (3.8).   

ORTEP representation with thermal ellipsoids at the 50% probability level.  

Hydrogen atoms (except on C22/C13) and iPr groups omitted for clarity. 

Due to disorder in one TIPS group in the crystal structure of 3.8 the final 

refinement cycle did not converge to a satisfactory level and the carbon atoms contained 

on the disordered TIPS group were left as isotropic.  However, the R factor of the 

structure is 8.93%, and the metrical parameters relating to the enediolate fragment are 
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still valid.  No other U(IV) enediolate complexes reported in the literature have been 

structurally characterised, however, three comparable organoactinide and 

organolanthanide cis-enediolates exist (3A-3C, Figure 3.9). One Th(IV)  

methyl-substituted enediolate has been structurally characterised, 3A, formed from the 

insertion of CO into Th-C bonds.27  Two lanthanide enediolate complexes have been 

reported from the addition of CO to the corresponding lanthanide hydrides: a Sm(III) 

triphenylphosphine oxide adduct, cis-3B,41 and a Ce(III) product, cis-3C;42 pertinent 

bond distances and angles of their cis isomers are summarised in Table 3.3. 

 

Figure 3.9.  Structurally characterised actinide and lanthanide enediolate complexes. 
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Table 3.3.  Selected bond distances (Å) and angles (°) for 3.8, and 3A-3C. 

 3.8 3A† cis-3B cis-3C 

M-O 
2.168(5), 
2.113(5) 2.154 2.173(4), 

2.170(5) 
2.147(10), 
2.179(10) 

O-C 
1.333(10), 
1.344(9) 1.37 1.382(8), 

1.351(8) 
1.319(19), 
1.352(18) 

C=C 1.302(10) 1.33 1.32(1) 1.324(22) 

M-O-C 115.7(4), 
148.5(5) 163.6 159.6(4), 

160.0(5) 
150.7(11), 
142.1(11) 

O-C=C 128.0(7), 
130.5(7) 122 129.1(7), 

135.2(7) 
132.5(18), 
128.4(18) 

Torsion angle  
O-C-C-O 

0.1(11) n/a 7.9(15) 2.9 

† No ESDs were reported with the data.  

The enediolate fragment is not equally bound between the two U centres in 3.8, 

with significantly different U-O distances (2.168(5) and 2.113(5) Å), and equally varied 

U-O-C angles (115.7(4) and 148.5(5) °), however, the geometric parameters associated 

with the ‘O-CH=CH-O’ moiety are much more regular.  The C=C bond distance of 

1.302(10) Å is marginally shorter than in 3A-3C, but still in agreement with typical 

C=C double bond lengths, and the O-C bond distances in cis-3.8 are within the range 

reported (1.319(19) – 1.382(8) Å) but are shorter than typical alcoholic O-C bond 

distances.43  The O-C=C angles in 3.8 are consistent with angles reported for cis-3B and 

cis-3C, greater than for a typical sp2 carbon atom.  The ‘O-C=C-O’ moiety in 3.8 shows 

a marginal deviation from planarity with a torsion angle of 0.1(11) °, similar to cis-3B 

and cis-3C with torsion angles of 2.9 and 7.9(15) ° respectively.  The cis-enediolate 3.8 

can also be compared to the ‘tethered’ enediolate mixed-sandwich complex, cis-3.7.The 

U-O distances in 3.8 vary by no more than 0.03 Å in comparison to the U-O distances 

in cis-3.7, whilst the O-C distances and the C=C distance are marginally shorter, 

possibly due to steric constraints in cis-3.7 imposed by the ‘tethered’ Cp ligand, bound 

to the substituted enediolate moiety.  Overall, the bridging enediolate ligand in 3.8 is 
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structurally similar to other ‘M-O-C(R)=C(R)-O-M’ linkages in f-block organometallic 

complexes. 

Recrystallisation of crude 3.8 from DME yielded two morphologies of crystals: 

red prisms and orange needles.  An exact yield of each product could not be obtained as 

the orange needles were present in very small quantities.  The structure of the red 

prisms was shown to be 3.8, while the orange needles are the DME adduct of the  

bis-bridging oxo complex, 3.9.DME (Figure 3.10).  The data collected from the orange 

needles of 3.9.DME were not of sufficient quality for full structural refinement - the 

needles were small and the structure resolution was poor - hence geometric parameters 

are not discussed here.  Higher quality data have been collected from the THF adduct of 

3.9, {U(COTTIPS2)THF}2(µ-O)2, synthesised and fully characterised by another group 

member, Kahan, from an unrelated reaction.44  In addition to the 1H NMR resonances 

assigned to 3.8, several other small, broad, and paramagnetically shifted signals are also 

observed in the 1H NMR spectrum collected from crude 3.8, but are too broadened and 

weak to definitively assign to 3.9.  Mass spectrometric analysis of the crude material 

returned an ion at m/z = 686, correlating to the fragment ‘U(COTTIPS2)O2’. 

 

Figure 3.10.  Molecular structure of {U(COTTIPS2)(DME)}2(µ-O)2 (3.9.DME).   

ORTEP representation with thermal ellipsoids at the 50% probability level.  Hydrogen atoms 

and iPr groups omitted for clarity.  One molecule of two present in asymmetric unit shown. 
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Crucial to understanding why this species is isolated from the reaction of 3.1 and 

CO was the identification of another organic side-product, pentamethylbenzene, 

(C6Me5H).  Variable temperature 1H and 13C{1H} NMR spectroscopic analysis was 

performed on a crude reaction mixture of 3.1 and 13CO to identify resonances 

corresponding to protons or carbon atoms bound to the paramagnetic uranium metal 

centre, which shift with varied temperature.  Alongside the paramagnetically-shifted 

resonances were signals corresponding to C6Me5H containing one 13C-labelled carbon 

atom: the 1H NMR spectrum contained signals at δH 6.93, 6.55, 2.13, 2.12, 2.04 and 

2.01, and the 13C{1H} NMR spectrum contained an intense singlet at δC 129.6.  

Collection of the 1H{13C} NMR spectrum resulted in the collapse of four of these 

signals (which are in fact two doublets, δH 6.74 and 2.14 with JCH
 = 152 and 5.3 Hz 

respectively, italicised above) into two singlets, which integrate to a ratio of 1:6 relative 

to each other.  Upon collecting the proton-coupled 13C NMR spectrum, the previously 

observed singlet became a doublet of septets, with JCH = 152 Hz and 5 Hz.  These data 

are consistent with a 13C-labelled atom attached to a single proton, which couple to a 

further 6 protons in equivalent chemical environments (i.e. two CH3 groups), that are 

associated with an aromatic system.  The assignment of these resonances to  
13C-C6Me5H is shown in Figure 3.11. 

 

Ha = d, 6.74 ppm 
Hb = d, 2.14 ppm 
Hc = s, 2.04 ppm 
Hd = s, 2.01 ppm 

Figure 3.11. 1H NMR spectroscopic assignment of resonances attributable to 13C-C6Me5H. 

When considering these data with reference to previously reported reactions of  

U-C σ-bonds with CO in complexes containing 5-membered CpR rings (where  

R = Me5, H5, H4Me), which have on occasion yielded substituted benzene species due 

to activation of the Cp ring, it is feasible that the same mechanism occurs in this 

13C CH3
b

CH3
c

CH3
d

H3
cC

CH3
b

HaJCH = 152 Hz JCH = 5.3Hz



110 

! !

case.32,45  Instead of 13CO only inserting into the U-H bond in 3.1, the ‘13C-H’ moiety 

may react with the Cp* ring, undergoing ring-expansion to give pentamethylbenzene  

(Scheme 3.9).  As this occurs, a ‘U(COTTIPS2)O’ fragment is extruded, providing 

explanation for the presence of 3.9 alongside C6Me5H. 

 

Scheme 3.9.  Ring-expansion of Cp* in 3.1 to give 13C-labelled pentamethylbenzene;  

[U] = U(COTTIPS2). 

To complement the labelling studies carried out for 3.1, the addition of D2 and 
13CO to 2.4 was performed so that the position of deuterium atoms in the products – 3.8 

and C6Me5H – could be located.  As discussed previously, scrambling occurs when D2 

in used in place of H2 to form the hydride/deuteride complex 3.1.  This effect means 

that there will not necessarily be perdeuteration of the enediolate moiety, as deuterium 

will exchange with the Cp* and COTTIPS2 ligand protons, however, some deuterium 

may remain bound as a ‘U-D’ ligand and hence form a bridging  

‘O-CD=CD-O’ or ‘O-CD=CH-O’ ligand. 

The NMR-scale reaction of 2.4, D2, and 13CO in C7H8 resulted in a  
2H NMR spectrum containing resonances at δD 6.84, 6.46, 5.84, 2.00 and 1.91.  Only 

the signal at 5.84 ppm shifted upon performing variable temperature experiments, 

confirming that the other resonances are attributable to the diamagnetic product, 

C6Me5H-d, wherein deuterium is present on both the C6Me5D and C6(d-Me)6H portions 

of the molecules.  The other signal corresponds to partially deuterated Cp*-C(H/D)3 

groups on 3.8.  No signal was observed at ca 88 ppm, where a resonance is expected for 

‘O-CD=CD-O’, but this could be due to broadening effects.  Removal of volatiles and 

collection of 1H and 13C{1H} NMR spectra confirmed the partial deuteration of 

pentamethylbenzene – a 1:1:1 triplet in the 13C{1H} NMR spectrum with 1JCD = 23 Hz 
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is present at 129.1 ppm, arising from the splitting of the resonance attributed to the 

inserted 13C by attached deuterium. 

3.3.4 Reactivity of 2.9 and 3.1 with CO/H2 mixture 

In addition to experiments performed with 2.9 and CO, the addition of a  

1:1 mixture of CO and H2 to 2.9 was also studied.  This was investigated for three 

reasons: firstly, the relative rate of reaction between the U-C bond with H2 or CO in the 

mixed-sandwich system is of interest; secondly, if a ‘carbene-like’ intermediate is 

formed upon the reaction of 2.9 and CO, the presence of H2 may mean that instead of 

C=C bond-forming, hydrogenation could occur to form a ‘tethered’ alkoxide complex 

(3.10, Scheme 3.10); thirdly, this reaction acts as a control experiment for the addition 

of CO to the hydride 3.1 (under a partial hydrogen headspace) to identify potential  

side-products in the complex reaction mixture of 3.1 and CO. 

 

Scheme 3.10.  Possible reaction pathways for 2.9 with CO/H2 gas mixture forming a ‘tethered’ 

alkoxide complex 3.10 (Route A, top right) or cis-3.8 (Route B, below). 

A sample of 2.9 dissolved in C6D6 in a J Young NMR tube was exposed to  

ca 1 equivalent (one 13CO and one H2 molecule per U atom) of a 1:1 mixture of 
13CO/H2 whilst frozen, and 1H and 13C{1H} NMR spectroscopic data were collected  

90 minutes after warming to ambient temperature (Equation 3.7). 
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Equation 3.7. Reaction of 2.9 and 1:1 13CO/H2. 

Three sets of TIPS doublets were present in the 1H NMR spectrum, each of equal 

integral values – one set correspond to the known enediolate complex 3.8 (Scheme 3.10 

Route B).  The other two sets could either correspond to an asymmetric dimeric 

species, or two separate species present in a 1:1 ratio (labelled 3.11).  The 13C NMR 

spectrum contained a doublet at 288 ppm (JCH = 92 Hz), and a broad signal that appears 

to be a doublet of doublets at 391 ppm, with coupling constants of ca 92 and 74 Hz.   

A doublet resonance appears in the 1H NMR spectrum at -59 ppm, also with  

JCH = 92 Hz, which collapses to a singlet when performing an 1H{13C} NMR 

experiment.  This is consistent with the insertion of two 13C atoms, one of which is 

bound to a single proton.  More structural information cannot be deduced from these 

data alone, however, it is clear that the proposed ‘tethered alkoxide’ 3.10 (Scheme 3.10 

Route A) is not a product of this reaction. 

Attempts to crystallise the products from a saturated pentane solution resulted in 

the formation of red microcrystalline material, determined by 1H NMR spectroscopy to 

be enediolate, 3.8.  Examination of the residual mother liquor by 1H NMR spectroscopy 

showed the presence of a small amount of 3.8, and the previously observed two sets of 

TIPS doublets in equal integral values respective to each other.  This evidence suggests 

that 3.11 is a dinuclear species – rather than two separate products in the same ratio – 

that persists after manipulation of the reaction mixture.  Hence, from integral ratios it 

can be asserted that two products are produced, both dimeric in form, in a ratio of  

2:1 (3.11:3.8).  Repetition of this reaction using stoichiometric or 2 to 3-fold excesses of 

1:1 13CO/H2 and comparison of 1H NMR spectroscopic data collected from these 

reactions allowed for the identification of resonances associated with 3.11.  From 

integral values and multiplicity, it can be deduced that 3.11 contains only one  
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free-rotating Cp*-ring.  Also present are two inequivalent COTTIPS2 ligands, and other 

moieties represented by numerous low-integral proton resonances, which could not be 

rationalised by NMR spectroscopic data alone.   

A lack of further characterising data precludes identification of 3.11, however, 

some qualitative information can be obtained: as the ratio of 3.8:3.11 is 1:2, this 

indicates that the reaction of 2.9 with H2, followed by the insertion of CO and 

subsequent formation of enediolate, occurs more slowly than the reaction that forms 

3.11.  The fact that 3.8 is formed at all demonstrates the difference between 2.9 and the 

‘non-tethered’ alkyls 2.3-2.5 – whilst all of these complexes will undergo 

hydrogenolysis to form 3.1, exposing them to a mixture of CO and H2 results in only 

acyl products, indicative of a faster reaction between the U-Calkyl bond and CO than 

with H2.  This is not the case for 2.9 and CO/H2, as both enediolate (formed via 

 Scheme 3.10, Route B) and 3.11 are formed, requiring the reaction between the 

‘tethered’ U-C bond of 2.9 and H2 to initially occur. 

Following identification of the structurally uncharacterised product 3.11 by  
1H NMR spectroscopy, re-examination of 1H NMR spectroscopic data collected from 

the reaction of 3.1 and 1 equivalent of 13CO also identified the presence of a proportion 

of 3.11 alongside 13C-3.8 and the known side-products, 3.9 and C6Me5H, in a ratio of 

approximately 5:1 13C-3.8:3.11.  The reaction of 3.1 and a stoichiometric quantity of a 

1:1 mixture of 13CO/H2 was also performed for comparison: in this case, a 40:1 ratio of 
13C-3.8:3.11 was formed (Scheme 3.11). 
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Scheme 3.11.  Comparative reactivity of a mixture of 3.1 and 2.9 with 13CO, or 13CO/H2. 

This result can be rationalised by considering that excess H2 added to the reaction 

mixture of an alkyl and H2, which typically contains 25% of ‘tuck-in’ 2.9, will result in 

any 2.9 present reacting on with H2 to give 3.1.  The higher proportion of hydride 

present results in the formation of 3.8 almost exclusively.  This result is also consistent 

with 3.11 only forming when hydride is present, and also confirms the theory that the 

reaction of 2.9 with CO to form the ‘tethered’ enediolates, cis- or trans-3.7, is relatively 

slow – no 3.7 is observed during this reaction. 

3.3.5 Mechanistic considerations and DFT studies 

Taking into consideration the precedent of related Th(IV) hydrides with CO,  

a monomeric ‘formyl’ complex, an enediolate complex, or a product formed via 

multiple CO insertions are all potential products from the reaction of 3.1 with CO.29,46,47   

No evidence for monomeric ‘formyl’ or multiple-CO insertion products are seen, 

however, the former could be postulated as an intermediate in the formation of 3.8.  The 

reaction of trivalent U(COTTIPS2)Cp* (2.1) with a combination of CO and H2 forms a 

methoxide complex, U(COTTIPS2)Cp*(OMe) (3D), and previous DFT mechanistic 

studies have led to the proposal of hydride and formyl complexes as potential 

intermediates.24  Such species have been previously implicated in the formation 

mechanisms of two other methoxide complexes, ZrCp*2(OMe)(H),48,49 and 

Ce(C5H2
tBu3)2(OMe),42 and so these intermediates were preliminarily considered in this 

case.  It is known that no reaction occurs directly between 2.1 and H2, and it was 
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initially proposed that the short-lived ‘zig-zag’ CO-intermediate reacts with H2 to form 

3D (Scheme 3.12a); later computational investigations into the mechanism by  

Maron et al. suggest that the process is more complex than hydrogenation of the zig-zag 

intermediate.24,50  The following experiments aimed to identify whether an η2-formyl 

complex forms from the reaction of 3.1 and CO, and whether its subsequent 

hydrogenation would produce 3D (Scheme 3.12b), which would lend support to the 

theory that a formyl species is intermediary in the reaction of 2.1 with CO and H2. 

 

Scheme 3.12.  Formation of: a) methoxide (3D) from the proposed ‘zig-zag’ intermediate;  

b) 3D from an η2-formyl species and H2. [U] = U(COTTIPS2)Cp*. 

Precedent for the formation of η2-formyls and their conversion to methoxides has 

been established in organoactinide chemistry.  Work conducted by Marks et al. on the 

reaction of ThCp*2(OCHtBu2)H with CO and H2 showed that the addition of CO 

produces a long-lived (yet reversible) η2-formyl, ThCp*2(OCHtBu2)(η2-OCH), which 

dimerises to yield a cis-enediolate, {ThCp*2(OCHtBu2)}2(µ-κ1:κ1-OCHCHO).46  In the 

presence of excess H2, the above reaction yields predominantly methoxide, 

ThCp*2(OCHtBu)(OMe), in a 90% yield (Scheme 3.13).29 

 

Scheme 3.13.  Reactivity of ThCp*2(OCHtBu2)H with CO and H2; [Th] = ThCp*2, R = CHtBu2. 
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Whilst an isolable η2-formyl complex was not produced from the reaction of 3.1 

with CO, it is still possible that a formyl intermediate plays a role in enediolate 

formation, and could be ‘trapped’ in situ with H2 to form methoxide, 3D.  In order to 

test this theory, the addition of CO to 3.1 was carried out at low temperature, followed 

by the immediate addition of H2; the addition of a combination of CO and H2 to 3.1 at 

low temperature was also (separately) performed.  The rationale for these methods was 

that if a short-lived formyl is formed, the presence of H2 in solution may enable the 

desired trapping instead of progressing to enediolate formation.  If no methoxide is 

formed, then this result would negate the presence of an η2-formyl intermediate in this 

mechanism, or indicate that the highly reactive and short-lived nature of such an 

intermediate means that enediolate formation is faster or more favourable than 

methoxide formation. 

Attempts to add a 10-fold excess of H2 quickly to a cold (-78 °C) reaction mixture 

of 3.1 and 1 equivalent of 13CO in a J Young NMR tube did not yield methoxide – 

enediolate was produced, along with a smaller quantity of the unidentified product 

formed from ‘tuck-in’ 2.9 and H2/CO, 3.11.  A larger-scale reaction was also 

performed: 2.4 was dissolved in pentane in an ampoule, frozen, the headspace 

evacuated, and pressurised to 1 bar of H2 to form 3.1.  Upon warming, a colour change 

was observed, and the reaction was allowed to stir at ambient temperature for  

ca 60 minutes.  After this time, the ampoule headspace was very briefly evacuated, then 

the solution was frozen and a thorough headspace evacuation was performed before  

1 equivalent of 13CO was added via Toepler pump; prior to warming to ambient 

temperature, a further 1.5 bar of H2 was added to the vessel.  Thawing and stirring for 

ca 12 hours yielded a red solution, which was dissolved in C7D8 after all volatiles were 

removed under reduced pressure, and was shown to contain predominantly 3.8 by  
1H NMR spectroscopic analysis.  A number of very low-intensity resonances were also 

present in the spectrum, including those attributable to the methoxide 3D, verified by 

comparison with previously published data.24  Determination of the exact ratio of 3D to 
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3.8 was precluded by many overlapping paramagnetically-shifted peaks, however, the 

two products appear to be present in an approximate ratio of 1:8 3D:3.8.   

The 13C{1H} NMR spectrum collected over 20000 scans did not show a resonance at  

δC 319 corresponding to 3D, however, due to the significant amount of decomposition 

that occurred during the gas addition reactions, the overall concentration of the 

paramagnetic components of the sample was fairly weak, and it is possible that the 

resonance was too weak and broad to be observed.  Mass spectrometric data collected 

from the sample did show a low-percentage ion at m/z = 821, consistent with the 

fragment ‘U(COTTIPS2)Cp*(OCH3)’.   

In conclusion, it does appear that methoxide can form in the reaction mixture of 

an alkyl with H2, followed by 1 equivalent of 13CO and 1.5 bar of H2.  Caution must be 

exercised with this conclusion, however, when considering that an alternative route to 

the methoxide is via UIII(COTTIPS2)Cp* (2.1).  When the hydride 3.1 is formed, it can 

undergo hydrogen loss to form 2.1, which could feasibly be present in the reaction 

mixture described above at some time.  If a small quantity of 2.1 exists in solution, it 

could react with CO and H2 to give methoxide, as has previously been established.24   

It therefore cannot be conclusively stated that methoxide is formed from the exclusive 

reaction of hydride and CO in the presence of excess H2. 

The characterisation of enediolate, 3.8, proves that an η2-formyl complex is not 

the ultimate product of the reaction of 3.1 and CO.  Whilst the existence of a short-lived 

η2-formyl complex cannot be entirely ruled out, no evidence has been seen for such a 

species on an NMR or IR spectroscopic timescale.  Mechanistically, it could be 

considered that 3.8 is a product of a ‘carbenoid’ η2-formyl complex which dimerises, 

forming enediolate.  However, if this were the case, it would be anticipated that both 

cis- and trans-isomers would be products, which is not the case – no evidence for the 

existence of a trans isomer in any crude reaction mixtures has been observed, unlike for 

3.7.  Additionally, it could be postulated that due to steric interactions between the two 

bulky TIPS groups on the COT rings, the trans-configuration of 3.8 would actually be 



118 

! !

favourable, given the close approach required for the formyl carbons to undergo 

dimerisation.  In the solid-state structure of cis-3.8, the two ‘U(COTTIPS2)Cp*’ moieties 

are positioned so that the TIPS groups on each COT ring are staggered, with a  

Ct1-U1-U2-Ct3 torsion angle of ca 44.5 °, in order to minimise steric interactions.  

Consideration of steric effects on cis vs trans preferences has also been briefly 

discussed by Evans et al. when postulating the mechanism of formation of 3B  

(Figure 3.9 above),41 and by Marks et al. in their detailed discussion of Th(IV) formyl 

complex kinetics.47 

Other mechanistic pathways are also plausible, one of which involves the initial 

insertion of CO into the U-H bond, forming an η2-formyl, which immediately reacts 

with a second equivalent of CO, inserting into the U-Cformyl bond.  Subsequent reaction 

with another molecule of hydride, 3.1, could ultimately yield cis-enediolate.  A similar 

pathway is suggested by Andersen et al. in their studies into the mechanism of 

formation of 3C (Figure 3.9 above), however, they suggest the reaction of an  

η2-formyl complex with another molecule of the parent hydride, generating a 

oxymethylene intermediate, {(C5H2
tBu3)2Ce}2(µ-OCH2).42  This species then inserts 

another molecule of CO and undergoes a 1,2-hydride shift to give exclusively  

cis-3C (Scheme 3.14).   

 

Scheme 3.14.  Proposed mechanism for the formation of 3C by Andersen et al.42 
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complexes, Ce(C5H2
tBu3)2(OCH3) and ThCp*2(OCHtBu2)(OCH3) respectively.  Both 

authors conclude that hydrogenation of a ‘M(OCH2)’ intermediate is an acceptable 

explanation for this result.  In addition, Andersen et al. note that cis-3C is formed 

exclusively upon reaction of the hydride with CO, not trans-3C, yet heating cis-3C 

results in the complete and irreversible isomerisation to trans-3C as the 

thermodynamically stable isomer.  They attribute the lower barrier to forming cis-3C to 

a favourable arrangement of the ‘Ce-O(CH2)CO-Ce’ moiety that allows for a facile  

1,2-hydrogen shift, forming cis-3C.  It is possible that such an effect dictates the 

formation of cis-3.8 in the mixed-sandwich system, however, no isomerism to  

trans-3.8 has been seen after heating for prolonged periods of time. 

Due to a lack of spectroscopic evidence for any intermediates generated in the 

course of the reaction of 3.1 and CO, Maron and Kefalidis undertook computational 

studies to try and determine a potential mechanistic pathway.40  Their results are shown 

in Figure 3.12.  It is important to note that the calculation results are limited to 

molecules containing only unsubstituted COT and Cp rings, due to their size, however, 

this pathway sheds some light on the insertion and rearrangement steps potentially 

involved.  Crucially, it does not show the straightforward generation of an η2-formyl 

intermediate, suggesting that there is not a species present during this reaction process 

which can be easily hydrogenated, forming a methoxide complex, as originally 

postulated.  They find that the cis-enediolate is a low-lying energetic product, at an 

enthalpy of -94.4 kcal mol-1 in relation to the starting hydride complex.  The largest 

activation energy barrier to be overcome in this pathway is 7 kcal mol-1, for the 

transition state preceded by C-C bond forming between two inserted CO molecules.  

Isomerisation results in a ketene intermediate, which reacts with a second molecule of 

hydride before undergoing a low activation-barrier hydride transfer to generate  

cis-enediolate. 

This mechanism is plausible, as it shows an easily accessible kinetic pathway to 

exclusively the cis-product, due to the nature of the hydride transfer.  Precedent for a 
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‘ketene’ intermediate can also be found in the study of the insertion of CO, isocyanide, 

and diphenylketene into Th(IV)-carbon bonds by Moloy et al..51 Previous 

computational work studying uranium reductive mechanisms has also found low-energy 

ketene-like intermediates.52  Further work is needed to confirm the mechanism of this 

reaction: complementary insertion chemistry of isocyanates may aid elucidation of 

intermediates.
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Figure 3.12.  Mechanistic pathway computed by Maron and Kefalidis for the formation of enediolate (3.8) from hydride (3.1) via the insertion of CO. 

Calculation performed for a simplified system (C5H5 in place of Cp*, C8H8 in place of COTTIPS2).  For details, see Appendix 1.
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3.4 Reactivity with CO2: insertion reactions and isomerisation 

3.4.1 CO2 reactivity with alkyls: κ2-carboxylates 

The reactions of 2.3-2.5 with ca 1 equivalent of CO2 yielded cherry-red solutions, 

determined to be κ2-carboxylates formed by the insertion of CO2 into the U-Calkyl bonds: 

U(COTTIPS2)Cp*(κ2-O2CCH2Ph) (3.12), U(COTTIPS2)Cp*(κ2-O2CMe) (3.13), and 

U(COTTIPS2)Cp*(κ2-O2CCH2TMS) (3.14). In contrast to the clean reactions of 2.3-2.5 

with CO2 described above, the bulky bis-TMS alkyl 2.6 did not undergo a reaction 

when exposed to 1 equivalent of CO2, or to an excess, deduced to be due to the steric 

bulk of the CH(TMS)2 ligand (Equation 3.8). 

  

Equation 3.8.  Reactivity of 2.3-2.6 with CO2. 

The 1H NMR spectra collected for 3.12-3.14 contained the expected resonances 

corresponding to the COTTIPS2 and Cp* ligands, and in each case the chemical shifts of 

these ligand resonances are similar.  This can be rationalised by considering that the 

immediate environment around the uranium centres is almost identical in all three cases: 

all are bound to an ‘O2CR’ ligand.  Resonances attributed to the expected  

O2C-R moieties are observed in each reaction mixture, and occur at chemical shifts 

closer to those expected in a diamagnetic complex, i.e. they are not paramagnetically 

shifted to the same degree as in the parent alkyls.  This is due to the insertion of CO2 

into the U-C bond increasing the distance between the paramagnetic uranium centre and 

the protons on the alkyl moieties, hence lessening the effects of the Fermi contact and 

pseudo-contact shift factors and therefore reducing the extent to which the resonances 
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O

O
C R

R = CH2Ph 3.12
       CH3 3.13
       CH2TMS 3.14(COTTIPS2)Cp*U R
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are shifted.  The 13C{1H} NMR spectra contained a 13C-labelled resonance attributable 

to each carboxylate ligand at δC 21.2 (3.12), 32.4 (3.13) and 57.4 (3.14) when the 

reactions were performed with 13CO2. 

3.4.1.1 Characterisation of U(COTTIPS2)Cp*(κ2-O2CCH2Ph) (3.12) 

Crystalline 3.12 was isolated from a saturated pentane solution stored at -35 °C, 

affording the product in a 46% yield.  X-ray diffraction studies confirmed the structure 

of 3.12 as the carboxylate complex (Figure 3.13).  The 29Si{1H} NMR spectrum of 

crystalline 3.12 contained a single resonance at -88.9 ppm.  Mass spectrometric analysis 

showed the expected parent ion at 924 m/z (12%) and the fragment ‘UO2CCH2Ph’ at 

373 m/z (19%).  A Nujol mull of the crystalline solid was prepared and the IR spectrum 

was collected between NaCl plates, showing an asymmetric υOCO stretch as a weak 

band at 1505 cm-1 – no symmetric CO stretch was observed due to masking by ligand 

vibrations.53  Elemental analysis returned a value low in %C (found 56.23, calculated 

57.11), and repetition of the analysis did not return a more favourable result; it is 

assumed that this is due to incomplete combustion occasionally encountered with 

organouranium complexes.38  Figure 3.13 shows half of the asymmetric unit of the 

structure of 3.12.  Two crystallographically independent molecules are present, however 

their structural metrics are almost identical.  The other molecule displays disorder about 

the Cp* ring, which has been modeled.  No other structurally characterised  

U(IV) terminal benzyl carboxylate complexes have been reported in the literature.  The 

closest related structure is a U(III) carboxylate, U(Tp*)2(κ2-O2CCH2Ph) (3E), described 

by Bart et al., which is made via the same route as 3.12 – insertion of CO2 into the  

U-C bond of the parent alkyl complex54 – and its metrics are summarised in Table 3.1.  

The carboxylate ligand in 3E is structurally near-identical to the carboxylate ligand in 

3.12, the only exception being the O-U-O angle in 3E of 51.4(3) °, which is slightly 

more acute than those in 3.12 (53.1(2) and 53.2(2) °), owing to the differing ionic radii 

of U(III) and U(IV). 
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Figure 3.13. Molecular structure of one crystallographically independent molecule of 

U(COTTIPS2)Cp*(κ2-O2CCH2Ph) (3.12) in the asymmetric unit.  ORTEP representation with 

thermal ellipsoids at the 50% probability level. One molecule of two present in the asymmetric 

unit shown, and hydrogen atoms and iPr groups omitted for clarity.   

 

Table 3.4.  Bond distances (Å) and angles (°) from the molecular structure of 3.12, and from the 

related U(III) complex, 3E. 

 
3.12  

(U1 molecule) 
3.12  

(U2 molecule) 3E 

U-Ocarboxylate 
2.405(5), 
2.423(5) 

2.424(5), 
2.419(5) 

2.409(7), 
2.494(7) 

O-Ccarboxylate 
1.260(13), 
1.247(13) 

1.223(12), 
1.273(12) 

1.228(12), 
1.269(13) 

O-U-O 53.1(2) 53.2(2) 51.4(3) 

O-C-O 118.7(8) 119.9(8) 119.9(9) 

3.4.1.2 Characterisation of U(COTTIPS2)Cp*(κ2-O2CCH3) (3.13) 

Isolation of crystalline 3.13 in a 66% yield was achieved from a saturated toluene 

solution stored at -35 °C.  X-ray diffraction studies showed the expected κ2-acetate 

structure (Figure 3.14), and the 29Si{1H} NMR spectrum of 3.13 contained a single 
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resonance at -111.0 ppm.  Mass spectrometric analysis showed the expected parent ion 

at m/z = 849 (7%), the IR spectrum collected as a Nujol mull on NaCl plates contained 

a wide band at 1501 cm-1 attributed to asymmetric υOCO stretches, and the elemental 

analysis returned the expected C and H values.  Figure 3.14 shows the molecular 

structure of the terminal bidentate acetate complex, 3.13.  The U1-O1 and U1-O2 bond 

distances are identical within standard error (2.409(5) and 2.408(5) Å), while there is 

slight asymmetry in the O1-C40 and O2-C40 bond distances (1.199(7) and 1.270(8) Å) 

but not to any significant degree, and the U-O1-C40-O2 unit is essentially planar.  The 

O1-U1-O2 angle is more acute than the O1-C40-O2 angle (52.82(17) ° vs 120.4(8) °).  

The U-Ct1 (COT ring) and U-Ct2 (Cp* ring) bond distances found in  

complex 3.13 are consistent with those in other structurally characterised 

‘U(COTTIPS2)Cp*’ complexes – its Ct1-U1-Ct2 angle is essentially identical to that of 

the chloride, 2.1 (see Appendix 1). 

 

Figure 3.14. Molecular structure of U(COTTIPS2)Cp*(κ2-O2CCH3) (3.13).  

ORTEP representation with thermal ellipsoids at the 50% probability level.  Hydrogen atoms 

(except for on C41) and iPr groups omitted for clarity.  Selected bond lengths and angles:  

U1-O1: 2.409(5) Å, U1-O2: 2.408(5) Å, O1-U1-O2: 52.82(17) °, O1-C40-O2: 120.4(8) °. 



 

!

126 

The only other mononuclear U(IV) organometallic acetate structure described in 

the literature is U(Tp*)(O2CMe)3 (3E), a tris-acetato complex reported by  

Domingos et al., formed by the reaction of the parent trichloride complex with 

NaO2CMe.55  The six U-Oacetate bond lengths in 3E range between 2.406(12) and 

2.439(11) Å, ranging from identical within ESD to slightly greater than in 3.13, with 

more acute O-C-O angles (118.2(8) – 120.0(6) °), presumably due to greater steric 

crowding around the metal center from the three acetate ligands.  The two other U(IV) 

acetate complexes reported in the literature are both tetranuclear and contain Cp ligands, 

featuring both bridging and terminal acetate ligands; however, in both cases the terminal 

acetates also interact weakly with another U atom.  In the acetate cluster reported by 

Brianese et al. (3F), the U-Oacetate distances are 2.24(1) and 2.69(1) Å, the differing 

lengths being an effect of the weak interaction with a second uranium center, with an  

O-C-O angle of 119(1) °, similar to the angle in 3.13.56  In the tetrakis-Cp uranium 

acetate dioxide complex described by Rebizant et al. (3G)57 the terminal acetate ligands 

contain asymmetrical U-Oacetate bond lengths of between 2.50(1) and 2.57(1) Å, but 

smaller O-C-O angles of 116(2) and 117(2)° in comparison to 3.2, 3E and 3F, again 

likely due to effects of the weak interaction with a second uranium center.   

The U-Oacetate bond distances in 3.13 lie within the range found in structures 3E-3G 

(1.17(2) – 1.32(2) Å). 

3.4.1.3 Characterisation of U(COTTIPS2)Cp*(κ2-O2CCH2TMS) (3.14) 

As detailed previously, the reaction of 2.5 and 13CO2 forms a carboxylate product.  

This was supported by the 13C{1H} NMR spectrum of 3.14, which contains a large peak 

at 57.4 ppm, however, three other signals of considerable size at 18.96, 18.83 and  

11.39 ppm were also observed – these resonances have been previously observed in 

partially-decomposed mixed-sandwich samples. Upon collecting a second 1H NMR 

spectrum of 3.14 several hours after its initial synthesis, substantial decomposition into 

diamagnetic ligand components is observed, indicating that 3.14 is not as stable as 3.12 
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or 3.13, or that some decomposition occurs upon the addition of CO2 to complex 2.5 

(which is extremely unstable during handling) or even immediately after generation of 

the parent alkyl.  The in situ generation of 2.5 from the reaction of 2.2 and LiCH2TMS 

in pentane/THF, stirred at ambient temperature for 30 minutes, can be followed by 

filtration, freezing and subsequent CO2 addition to form 3.14.  This route enabled the 

isolation of red crystalline 3.14 in a 55% yield, circumventing issues with isolating 

unstable 2.5.  The 29Si{1H} NMR spectrum collected from the sample contains two 

resonances at -10.17 and -92.51 ppm, corresponding to the -CH2TMS moiety and the 

SiiPr3 environments.  Mass spectrometric analysis showed the expected parent ion at 

920 m/z (22%) along with fragments corresponding to M+ -Cp* (785 m/z, 83%),  

M+ -COTTIPS2 (504 m/z, 12%) and U(O2CCH2TMS) (369 m/z, 24%).  The IR spectrum 

contained a weak broad band at 1504 cm-1 attributed to υOCO.  Elemental analysis did 

not return satisfactory values for %C and H found due to rapid decomposition of the 

sample once isolated, leading to contamination with decomposed ligand that could not 

be separated from the bulk product. 

Despite repeated attempts to collect X-ray diffraction data for 3.14, a data set of 

sufficient quality could not be obtained suitable for full refinement due to low 

completeness of data (60%).  Further recrystallisation of the product from alternative 

solvents and under different conditions did not yield crystals of high enough quality for 

X-ray diffraction studies.  However, connectivity could still be established from one 

collected data set, and shows the expected κ2-coordinated carboxylate complex  

(Figure 3.15). 
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Figure 3.15.  Unrefined molecular structure of U(COTTIPS2)Cp*(κ2-O2CCH2TMS) (3.4).   

ORTEP representation with thermal ellipsoids at the 50% probability level showing 

connectivity only; carbon atoms are isotropic, iPr groups omitted for clarity. 

3.4.2 Reactivity with 2.9: synthesis and characterisation of 3.15 

CO2 will insert into the ‘tethered’ U-Calkyl bond of 2.9 to form a dimeric bridging 

carboxylate, {U(COTTIPS2)(µ-η5:κ2(O,O')-C5Me4CH2O2C)}2 (3.15, Equation 3.9).  

 

Equation 3.9. Reactivity of CO2 with 2.9. 

Crystalline 3.15 is sparingly soluble in benzene or toluene, but soluble enough in 

THF for collection of 1H and 13C{1H} NMR spectroscopic data: the 13C{1H} NMR 

spectrum contained a single weak signal at 60.37 ppm, and the 1H NMR spectrum 

contained resonances correctly integrating to environments expected for the structure 

shown below in Figure 3.16.  No resonances could be detected in the 29Si{1H} NMR 

spectrum of 3.15, despite collection for a large number of scans.  Mass spectrometric 
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data collected did not show the expected parent ion at m/z = 1668, however the 100% 

ion at m/z = 834 corresponds to the half-molecule fragment 

‘U(COTTIPS2)(C5Me4CH2O2
13C)’.  IR spectroscopic data collected for 3.15 differed to 

those collected for the carboxylates 3.12-3.14, not containing a asymmetric  

CO vibrational band at ca 1500 cm-1.  Instead, the presence of a vibrational band at  

1372 cm-1 attributed to the υOCO frequency reflects the bridging nature of the tethered 

carboxylate ligands.58  Elemental analysis of a crystalline sample of 3.15 returned the 

expected result.  Crystals formed from a benzene solution stored at ambient temperature 

yielded red crystals suitable for X-ray diffraction studies.  Recrystallisation from a 

saturated THF solution afforded 3.15 in a 57% yield. 

 

Figure 3.16.  Molecular structure of 3.15.  ORTEP representation with thermal ellipsoids at the 

50% probability level.  Hydrogen atoms, iPr groups and molecule of co-crystallised benzene 

omitted for clarity.  ‘Grown’ asymmetric unit shown; two halves of the molecule are related by 

symmetry.  Selected bond lengths and angles: U1-O1: 2.405(3) Å,  

U1-O2: 2.404(3) Å, O1-U1-O2: 70.32(12) °, O1-C37-O2: 122.8(5) °. 

Whilst 3.15 differs structurally from the other two crystallographically 

characterised carboxylates 3.12 and 3.13 with its bridging O2C moiety tethered to the 

Cp ring, the U1-O1 and U1-O2 bond distances in 3.15 are still similar to the  
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U-Ocarboxylate values reported for the two terminal carboxylates.  The O-U-O angle of 

70.32(12) ° in 3.15 is considerably larger than those in 3.12 and 3.13 (53.1(2)/53.2(2) ° 

and 52.82(17) ° respectively) due to the less constrained bridging carboxylates versus 

the terminal carboxylates.  In the two structurally comparable U(IV) bridging acetate 

structures reported by Brianese et al.56 and Rebizant et al.57 – 3G and 3H, discussed in 

relation to complex 3.13 in section 3.4.1.2 – the O-C-O bridging acetate angles range 

from 122(2) to 125(1) ° in 3G, and from 124(2) to 128(2) ° in the 3H.  The close 

proximity of the two U centres (enforced by the bridging ‘tethered’ Cp-ligands) in 3.15 

means that the O1-C37-O2 angle of 122.8(5) ° is more acute than the other reported  

O-C-Ocarboxylate angles for 3G and 3H, which exist in molecules without such steric 

constraints. 

3.4.3 Reactivity with 3.1: synthesis and characterisation of 3.16 

The generation of 3.1 (with some 2.9 also present in solution – see section 3.2.1) 

in situ followed by the addition of CO2 resulted in the formation of 3.16, along with a 

small quantity of the tethered bridging carboxylate complex, 3.15 (Scheme 3.15).   

The same reaction can be carried out using stoichiometric 13CO2 in C6D6 in a  

J Young NMR tube. 

 

Scheme 3.15. Synthesis of 3.16 from 2.3, via 3.1 generated in situ. 

Crystalline 3.16 was obtained in a 33% yield from slow-cooling a pentane 

solution to -30 °C.  Comparison of 1H NMR spectra collected from 3.16 and 13C-3.16 

confirms the assignment of the O2CH proton on the κ2-formate ligand as a singlet at 
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8.58 ppm, which splits into a doublet with 1JCH = 209 Hz when 13CO2 is used.  The 
13C{1H} and 13C NMR spectra of 13C-3.16 contain a singlet or a doublet with  

JCH = 210 Hz respectively, correlating to the inserted 13CO2 carbon atom, attached to a 

single proton.  Also noted was the similar chemical shifts of the COTTIPS2 and Cp* 

ligand resonances in the 1H NMR spectrum of 3.16 to those in the spectra of 

carboxylates 3.12-3.14, attributed to the similar ligand environments around the 

uranium centre in all four complexes.  The 29Si{1H} NMR spectrum contained a single 

resonance at -84.0 ppm, corresponding to the SiiPr3 environment.  Mass spectrometric 

analysis showed a parent ion at m/z = 835 (56%, M+) and a 100% ion at m/z = 700, 

corresponding to the fragment ‘UCOTTIPS2O2CH’.  Elemental analysis returned the 

expected C and H percentages.  Collection and refinement of X-ray diffraction data 

obtained for 3.16 confirmed the structure as the κ2-formate complex, 

U(COTTIPS2)Cp*(κ2-O2CH) (Figure 3.17).  Selected bond lengths and angles are 

detailed in Table 3.5. 

 

Figure 3.17.  Molecular structure of 3.16. ORTEP representation with thermal ellipsoids at the 

50% probability level.  Hydrogen atoms (except H37) and iPr groups omitted for clarity.  

As with the carboxylate complexes, the formate complex is bidentate and 

monomeric – the first crystallographically characterised example of a U(IV)  
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mono-formate complex of this particular form.  The only other structurally 

characterised U(IV) formate complexes available for comparison to 3.16 are two 

hexanuclear formates containing bridging formate ligands, reported by Takao et al. in 

2009 (no ESDs were reported with the data).59  The U-Oformate bond distances in the two 

complexes lie between 2.396 to 2.495 Å, and the equivalent distances in 3.16 fall within 

this range.  The bridging formate O-U-O angles range from 123.16 to 135.86 °, more 

obtuse than the O-U-O angle of 122.2(5) ° in 3.16, as expected from the differing 

hapticity of the bridging vs terminal ligands.  In comparison to the crystallographically 

characterised U(IV) mixed-sandwich carboxylate complexes in this work, 

U(COTTIPS2)Cp*(κ2-O2CR) (where R = CH2Ph 3.12, Me 3.13), 3.16 contains very 

similar bond lengths and angles (Table 3.5).  The Ct1-U and Ct2-U distances in 3.16 

are marginally shorter, due to the small size of the single hydrogen attached to the 

carboxylate moiety in comparison to the bulkier CH2Ph and CH3 groups, allowing 

closer approach of the COTTIPS2 and Cp* rings.  The U-O and O1-C37-O2 metrics in 

3.16 are slightly greater than in 3.12 and 3.13, again attributed to the presence of a 

hydrogen in place of a bulkier and electronically differing alkyl group. 

Table 3.5.  Selected bond distances (Å) and angles (°) from carboxylates 3.12 and 3.13, and 

formate 3.16.  Ct1 is defined as the COT ring centroid, Ct2 is defined as the Cp* ring centroid. 

 3.12 3.13 3.16 

Ct1-U 1.953(2), 1.956(2) 1.9512(16) 1.9370(14) 
Ct2-U 2.472(4), 2.469(7) 2.482(2) 2.4732(19) 

U-O 2.405(5), 2.423(5) 
2.424(5), 2.419(5) 

2.409(5), 
2.408(5) 

2.451(3), 
2.455(3) 

Ct1-U-Ct2 140.26(11), 140.29(17) 137.94(8) 138.31(7) 
O-C-O 118.7(8), 119.9(8) 120.4(8) 122.2(5) 

 

Infrared spectra were collected from samples of 3.16 made using both 12CO2, and 
13CO2, in order to confirm the vibrational band correlating to the carboxylate ligand.  

ReactIR equipment was used to collect the in situ IR spectrum of 12C-3.16 as a solution 

in methylcyclohexane: a vibrational band was observed at 1588 cm-1 as the reaction 
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between 3.1 and stoichiometric 12CO2 occurred, alongside the initial appearance and 

subsequent disappearance of a band at 2339 cm-1
 corresponding to free 12CO2  

(Figure 3.18). 

 

Figure 3.18.  ReactIR spectra collected at two time-points during the reaction of 3.1 and 12CO2. 

Red: immediately after 12CO2 addition; blue: after formation of 3.16. 

The solid-state IR spectrum of 3.16 synthesised from 13CO2 contained a  

medium-intensity band at 1558 cm-1, corresponding to vibrations of the -O2
13CH 

moiety.  The vibration is in the same region as the IR stretches observed for the 

carboxylates 3.12-3.14 (1506, 1501, and 1504 cm-1 respectively). 

3.4.3.1 Deuterium-labelling studies: 3.1 and D2 

The reaction of 2.3 with D2, followed by the addition of 13CO2, was carried out 

with the intention of observing a signal in the 2H NMR spectrum of the product at  

ca 8.6 ppm, and a triplet of intensity 1:1:1 in the 13C{1H} NMR spectrum at  

ca -20 ppm, both signals corresponding to a –O2
13CD moiety.  However, no such 

signals were observed – the 2H NMR spectrum contained two resonances at δH 7.35 and 

4.92, corresponding to Cp*-C(H/D)3 of 13C-3.16-d and 13C-3.15-d respectively –  
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an effect of scrambling upon addition of D2 to 2.3 (Scheme 3.16).  No deuterium was 

present on the TIPS groups of either of these complexes: the addition of 13CO2 was 

performed within 10 minutes of the D2 addition, and the rate of scrambling for the 

TIPS-CH3 groups is qualitatively slower than for the Cp*-CH3 groups, so no TIPS-CH3 

scrambling occurs in this time. 

 

Scheme 3.16.  Presence of deuterium (indicated in red) in products formed from  

the reaction of 2.3 with D2 and 13CO2. 

The 13C{1H} NMR spectrum contained a broad singlet at -20.1 ppm, along with 

other very low-intensity resonances between δC -18.0 and -20.9.  Still present in the  
1H NMR spectrum was a doublet at 8.54 ppm, integrating to a value of somewhat less 

than 1H relative to the other ligand 1H resonances, assigned to the formate O2
13CH 

proton.  As was concluded from the deuterium labelling studies performed with 3.1, the 

exclusive formation of the deuteride ‘U(COTTIPS2)Cp*D’ does not occur, hence the  

products formed from the reaction of 3.1-d and 13CO2 will be a mixture of 

U(COTTIPS2)Cp*(κ2-O2
13CH) molecules with deuterium present on the Cp* ring. 

3.4.4 Further CO2 reactivity 

The insertion of CO2 into a U-C bond occurs for the alkyl complexes, as 

demonstrated above.  In the three η2-acyls, 3.2-3.4, a U-C bond is still present, and 

could potentially insert CO2.  The reactivity of f-element acyl complexes with CO2 is 

described in only one report: ThCp*2Cl(η2-OC-CH2
tBu) reacts with CO2 to form a “host 

of products”, as described by the authors.60  One proposed product is shown in 
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Equation 3.10, deduced from IR spectroscopic data (a band at 1653 cm-1 correlating to 

the C=O moiety) and from structural precedent of the reaction of isoelectronic 

diphenylketene, or CO in the presence of PR3 (R = organyl), with the η2-acyl 

complex.51 

  

Equation 3.10. Proposed product from CO2 insertion into the Th-C bond of an η2-acyl 

complex. 

After reviewing the literature, it became apparent that no CO2 insertion reactions 

with organouranium η2-acyl complexes have been reported, so experiments were 

carried out to investigate the reactivity of acyls 3.2-3.4 with CO2.   

In order to lend support to the theory that the η2-acyl complexes 3.2-3.4 react with 

further equivalents of CO2 due to the presence of a U-C bond, the CO-insertion product 

of the ‘tuck-in’ complex (3.7 as a mixture of cis and trans-isomers) and enediolate (3.8) 

were each exposed to CO2.  Due to the lack of a U-C bond in these complexes, a 

reaction was not anticipated.  Examination of the reactivity of the ethoxide complex, 

U(COTTIPS2)Cp*(OEt) (2.7), which contains a U-O bond (as do 3.7 and 3.8) was also 

undertaken for comparison of spectroscopic data.  Details of these reactions are 

described below. 

3.4.4.1 Reactivity of CO2 with η2-acyls 

Upon exposure to either stoichiometric or excess CO2, each acyl undergoes an 

immediate reaction as determined by 1H NMR spectroscopic analysis.  No obvious 

pattern of reactivity is shared for the three acyls, appearing to form dissimilar products, 

and no detailed conclusions could be drawn from NMR spectra collected.   
13C{1H} NMR spectroscopy was employed in tandem with labelling studies with 
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combinations of 12C and 13C labelled CO and CO2 gases, but provided no conclusive 

results as to the structure or nature of the products formed.  The only changes observed 

in IR spectra collected in situ for the reactions of 3.3 and 3.4 with CO2 were weak 

vibrational bands at 1653 and 1655 cm-1 respectively, which could be assigned to a 

‘carbonyl’-type moiety, however, the intensities of the bands were too low to justify 

confident assignment. Decomposition of uranium-containing species in all three cases 

was rapid, and subjecting the reaction mixtures to reduced pressure resulted in the 

complete disappearance of any organouranium complexes, complicating further 

analysis. 

In conclusion, while it is evident that further reactivity with CO2 does occur with 

the acyl complexes, there is not enough data available to determine the outcome of the 

reactions.  However, this does highlight the potential for multiple-insertion chemistry 

with U-C bonds, homologating or potentially functionalising CO and CO2 in a series of 

reactions. 

3.4.4.2 Isomerisation of cis-3.7 to trans-3.7 

Exposure of a crystalline sample of 13C-3.7 (as a mixture of cis and trans isomers 

in a ratio of ca 7:1) to an excess (ca 3 eq.) of 13CO2 resulted in a change in the relative 

ratios of the resonances corresponding to the TIPS groups of the cis and trans products 

of 13C-3.7 from 7:1 to 5:1, as observed in the 1H NMR spectrum collected 15 minutes 

after the gas addition.  The 13C NMR spectrum also showed an increase in intensity of 

the trans-13C-3.7 resonance at 346 ppm relative to the cis-13C-3.7 resonance at  

301 ppm.  Three hours later, 1H NMR spectroscopic analysis showed a further increase 

in proportion of trans-13C-3.7 present in the reaction mixture to a cis:trans ratio of 

0.42:1.  After a total of 12 hours, no cis-13C-3.7 was present in solution, as determined 

by 1H and 13C NMR spectroscopy (Equation 3.11). 
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Equation 3.11. Isomerisation of cis-3.7 to trans-3.7 upon 13CO2 addition. 

 Although 13CO2 appears to initiate this isomerisation, the relative intensity of the 
13C NMR spectroscopic resonance correlating to the added 13CO2 (125 ppm) does not 

change over the course of the isomerisation reaction, indicating that it is not consumed 

and could instead be acting as a catalyst.  The reaction also does not appear to be 

reversible: no procedure has been found to re-form the cis-isomer after the trans-isomer 

is produced.  Labelling studies were carried out to determine whether exchange occurs 

between the double-bonded carbon in 3.7 and CO2, however, no evidence for exchange 

was observed.  Samples of 13C-3.7 exposed to 12CO2 showed resonances in the  
13C{1H} NMR spectrum for trans-13C-3.7 after the reaction had proceeded, and samples 

of 12C-3.7 exposed to 13CO2 did not show 13C-labelled signals after isomerisation. 

The role of CO2 acting solely as a catalyst in the isomerisation reaction was 

established by the addition of a sub-stoichiometric quantity of 13CO2 to 12C-3.7  

(ca 10 mol%), with the reaction progress followed by 13C{1H} and  
1H NMR spectroscopy.  Free 13CO2 was observed immediately after the gas addition, 

and 12C-3.7 was present as both isomers in a cis:trans ratio of 7:1.  Over a period of  

8 days, the isomerisation of cis-12C-3.7 to trans-12C-3.7 occurred – this rate was 

noticeably slower than when the addition of stoichiometric or excess CO2 was 

performed.  No changes were observed in the 13C{1H} NMR spectrum, indicating that 

no 13C was incorporated into the trans product, and no 13CO2 was consumed.  The 

relative intensities of the TIPS doublets attributable to cis- and trans-12C-3.7 were 

recorded relative to an internal standard over the 8 day period, and are plotted in  

Figure 3.19. 
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Figure 3.19.  Graph showing the relative percentages of cis- and trans-3.7 present in solution 

over a period of 8 days, as determined by 1H NMR spectroscopy.  

The mechanism of isomerisation can be considered as one of two pathways: either 

the C=C bond is broken completely, allowing for the generation of a carbenic monomer 

and re-combination to form trans-3.7, or the C=C bond is distorted due to electron 

density redistribution in the molecule, allowing a 180 ° rotation around the bond.  It is 

difficult to postulate a mechanism involving CO2 wherein the C=C double bond is 

broken completely; it is possible that CO2 could weakly coordinate to a uranium centre, 

altering the bonding between the ‘U-O-C=C-O-U’ linkage.  This could cause the  

C=C bond to lengthen and become more single-bond-like in character, allowing for 

rotation to form the trans-isomer (Scheme 3.17).  Since there has been no evidence to 

suggest that the reverse isomerisation from trans- to cis-3.7 is also possible, it is 

thought that the trans-isomer is the favoured thermodynamic product, as supported by 

DFT studies carried out by Maron and Kefalidis (see Appendix 1).  The addition of 

more CO2 to a solution containing solely trans-3.7 elicits no further isomerisation back 

to cis-3.7, even at elevated temperatures or under photolysis conditions. 
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Scheme 3.17.  Postulated route to trans-3.7 via coordination of CO2. 

To test the idea that the CO2 may coordinate as an “L-type” ligand to the uranium 

metal centre, allowing for a change in electronics in the system and freeing the  

C=C double bond for rotation, other “L-type” ligands were also added to a mixture of 

cis- and trans-3.7.  Neither THF nor acetonitrile yielded any isomerisation, as 

confirmed by 1H NMR spectroscopic studies, and the 7:1 cis:trans product ratio was 

maintained.  Further investigation into the mechanism of this unusual isomerisation is 

warranted, and more extended DFT mechanistic studies could be of great use for 

elucidating the reaction pathway. 
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3.4.4.3 Isomerisation of cis-3.8 to trans-3.8 

Following the findings that CO2 enables the isomerisation of cis-3.7 to  

trans-3.7, a sample of cis-3.8 was also exposed to CO2.  No evidence is seen to support 

the existence of a trans isomer of 3.8 in crude reaction mixtures, and heating cis-3.8 to 

90 °C for several days does not induce any change in composition.  The addition of  

1.1 equivalents of 13CO2 to 3.8 in a J Young NMR tube resulted in a colour change from 

red to orange, and 1H NMR spectroscopic analysis showed the complete consumption 

of 3.8.  Resonances consistent with a dimeric species (i.e. two sets of ligand resonances, 

at approximately half the intensity of those seen in 3.8 relative to the solvent signal) 

were present.  13C{1H} and 13C NMR data showed a broad singlet at -55 ppm, along 

with a peak at 125 ppm corresponding to unreacted 13CO2 (as a slight excess was added) 

and a very low-intensity peak at 316 ppm.  These initial data are consistent with the 

formation of a new dinuclear species, containing at least one new 13C environment, 

labelled 3.17.  Heating 3.17 to 80 °C for 18 hours results in conversion to trans-3.8, as 

confirmed by X-ray diffraction studies, vide infra (Equation 3.12).  The complete 

conversion of 3.17 to trans-3.8 was also seen after storage of a solid sample of 3.17  

at ambient temperature under Ar for a period of 7 months. 

 

Equation 3.12. Isomerisation of cis-3.8 to trans-3.8 by addition of CO2. 

(COTTIPS2)Cp*U O

C

UO

C

HH
cis-3.8

1.1 eq 13CO2

(COTTIPS2)Cp*U O

C

(COTTIPS2)Cp*UO

C

H

H
trans-3.8

(COTTIPS2)Cp*

3.17

80 °C
18 h



 

!

141 

Unlike the reaction of 3.7 and CO2, the addition of a substoichiometric amount of 

CO2 to 3.8 followed by heating to 80 °C for 21 days does not afford complete 

conversion of cis-3.8 to trans-3.8; 3.17 also remains present in solution.  Additionally, 

3.17 – a persisting and isolable intermediate in the isomerisation – can be observed, and 

does correlate to a new 13C{1H} NMR spectroscopic resonance.  This supports the 

previously suggested theory that CO2 binds or loosely coordinates to the uranium centre 

(or other part of the molecule).  It can be rationalised that this coordination is stronger in 

3.8 than in 3.7, or that an equilibrium is established between cis-3.8, 3.17, and  

trans-3.8, requiring a higher concentration of CO2 to fully complete the isomerisation. 

Conversion of cis-3.8 to trans-3.8 is quantitative by 1H NMR spectroscopy after 

addition of CO2 and subsequent heating; the resonance correlating to the ‘trans-OCH’ 

protons in the enediolate moiety appears at δH 153 ppm.  Mass spectrometric analysis of 

trans-3.8 contains an ion at 1636 m/z (M+ -2H), giving an essentially identical spectrum 

to cis-3.8.  X-ray diffraction carried out on trans-3.8 crystallised from DME at -35 °C 

confirmed the structure as shown in Figure 3.20. 

 

Figure 3.20. Molecular structure of trans-3.8.   

ORTEP representation with thermal ellipsoids at the 50% probability level.   

Hydrogen atoms (except on C73/C74) and iPr groups omitted for clarity. 
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Disorder in the TIPS groups that could not be modelled prevented full refinement 

of the data, and several iPr carbon atoms were left isotropic: satisfactory data 

convergence was not achieved.  Regardless, the R factor is 5.54% and the structure 

connectivity is clear.  As has been reported during refinement of other trans-enediolate 

structures, the C=C bond distance appears to be unrealistically short at 1.24(2) Å,  

owing to rotational disorder in the enediolate moiety as represented by the thermal 

ellipsoid shape for C73 and C74.41,48  The U1-O1 and U2-O2 distances in trans-3.8 are 

shorter than those found in cis-3.8 (Table 3.6), as is the case for the M-O distances for 

cis vs trans isomers of 3B and 3C (see Table 3.3 for comparisons).41,42   

The U-O distances in trans-3.8 are also identical within ESDs, unlike in cis-3.8 – this is 

reflected in the equally similar U-O-C angles in trams-3.8 and varying U-O-C angles in 

cis-3.8.  In comparison to trans-3B and trans-3C, the M-O, O-C, and M-O-C metrics of 

trans-3.8 are reasonably similar; the O-C=C angles in trans-3.8 and trans-3C are 

almost identical.  Overall, whilst full structural comparisons of the enediolate moiety in 

trans-3.8 to other f-block enediolates cannot be carried out, it is consistent with 

previously reported data. 

Table 3.6.  Selected bond distances (Å) and angles (°) for cis-3.8, and trans-3.8, -3B and -3C. 

 cis-3.8 trans-3.8 trans-3B trans-3C 

M-O 
2.168(5), 
2.113(5) 

2.091(7), 
2.098(7) 

2.122(8), 
2.107(7) 2.118(3) 

O-C 
1.333(10), 
1.344(9) 

1.324(15) 
1.317(15) 

1.334(15), 
1.374(17) 1.351(8) 

C=C 1.302(10) 1.24(2) 0.964(18)† 1.28(1) 

M-O-C 
115.7(4), 
148.5(5) 

171.5(9),  
170.8(11) 

161.9(14), 
168.8(10) 165.5(3) 

O-C=C 
128.0(7), 
130.5(7) 

120.4(17), 
124.1(17) 

154.5(20), 
158.2(18) 124.9(7) 

† The authors state that this bond distance is unrealistic due to issues with disorder in the 

enediolate moiety. 

Further data were sought to identify the intermediate 3.17.  No crystalline material 

suitable for X-ray diffraction studies could be isolated after attempts to crystallise 3.17 
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from a range of common solvents.  The IR spectrum of 3.17 was collected in situ using 

ReactIR, adding an excess of 13CO2 to 3.8 (synthesised from 3.1 and 12CO) dissolved in 

methylcyclohexane.  During the course of the reaction, the only significant change in 

the spectrum (aside from the vibrational bands associated with added 13CO2) was a  

low-intensity vibration at 1329 cm-1.  However, the vibrational band is extremely weak 

in relation to the solvent signals, and its presence does not necessarily indicate that a 

new species has formed; fluctuations in spectra are often observed upon changes in 

temperature whilst performing in situ IR reactions. 

 
Figure 3.21.  ReactIR spectra collected from the reaction mixture of 3.8 + 13CO2 (3.17).   

Spectra obtained before (blue) and after (red) addition of 13CO2. 

The reaction mixture was retrieved from the ReactIR equipment, and all volatiles 

removed under reduced pressure to give red solids.  Mass spectrometric analysis of 

these solids returns a spectrum almost identical to that of 3.8: an ion at m/z 1638 (2%) 

was the highest value ion observed.  It was postulated that, like in the case of ethoxide 

2.5 and CO2, the product is not stable with respect to loss of CO2, and the reaction may 

be reversible.  To trial this, the red solids not used for mass spectrometric analysis were 

dissolved in C6D6 and their 1H and 13C{1H} NMR spectrum were obtained.  It was 
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observed that the 1H NMR spectrum contained approximately a 1:1 mixture of 3.8 and 

3.17; the 13C{1H} NMR spectrum showed a resonance at -55 ppm correlating to 3.17.  

These data indicate that either the reaction of 3.8 with 13CO2 did not go to completion in 

the ReactIR apparatus, or that the resulting product 3.17 is unstable with respect to CO2 

loss and has partially reverted back to 3.8 while the sample was manipulated.  If the 

latter case is correct, then it is possible that during the process of collecting the mass 

spectrum, the sample rapidly loses CO2 in the instrument and hence no parent ion for 

3.17 is observed. 

It is possible that 3.17 is a substituted carbonate product of the form 

{U(COTTIPS2)Cp*}2(µ-κ2:κ2-O2CO-CH=CH=OCO2), which is somewhat unstable with 

respect to CO2 loss when subjected to prolonged vacuum, rather than an intermediate 

that loosely binds CO2.  This would imply that insertion of CO2 into a U-O bond occurs, 

and could also be true of the reaction of the ‘tucked-in’ CO insertion product, cis-3.7, 

upon exposure to CO2, facilitating subsequent isomerisation by an unknown 

mechanism.  

The insertion of CO2 into U-C σ-bonds is well documented, however, the reaction 

of CO2 with a species containing a U-O bond has also been seen, albeit in only a few 

cases.  Meyer et al. reported the formation of bridging carbonate species, 

{((tBuArO)3Mes)U}2(µ-κ2:κ2-CO3) and {((AdArO)3N)U}2(µ-κ1:κ2-CO3) from the 

reaction of the parent U(III) species with an excess of CO2.61  In order to investigate the 

mechanism of this reductive transformation, the corresponding mono-oxo bridged 

species [{((tBuArO)3Mes)U}2(µ-O)] and [{((AdArO)3N)U}2(µ-O)] were treated with 

CO2; this afforded the carbonate compounds, considered to be a result of the insertion 

of CO2 into one of the U-O bonds, as also evidenced by computational studies.62  This is 

not insertion into a U-O single bond, but into a longer bridging oxo U-O bond, yet it is 

still evidence that U-O bonds are not entirely inert to insertion reactions – as would be 

anticipated given the highly oxophilic nature of uranium.  Further to these examples, 

Meyer et al. also reported the reaction of CO2 with two uranium(IV) enolate complexes, 
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supported by a macrocyclic ligand framework, {(tBuArO)3tacn} (Scheme 3.18a).63  

Exposure of the enolates to 1 atm of CO2 resulted in the addition of CO2 between the 

two U centres along with the formation of a new C-C bond.  Treatment of the UIII 

precursor, {(tBuArO)3tacn}UIII, with the triketone tBuCOCOCOtBu, gives a dinuclear 

compound that contains asymmetric binding of the tricarbonyl moiety – one U centre is 

bound to two oxygen atoms, and the other U centre binds to the third oxygen with a  

U-O bond length of 2.313(4) Å (Scheme 3.18b).  This complex also reacts with CO2, 

which inserts into the aforementioned U-O bond, however, the authors do not report the 

product structure due to poor quality X-ray diffraction data. 

 

Scheme 3.18.  Reaction of {(tBuOAr)3tacn}UIII with a) 1,2 diketone (where R = Ph, tBu) to give 

enolate products, which will insert CO2 and b) with di-tert-butyl triketone to give a dinuclear 

product, which will insert CO2. 

A recent report by Arnold et al. has also confirmed that CO2 will insert into  

the U-O bond of an aryloxide ligand.64  Exposure of {U(OTtbp)3}2(N2)  

(where OTtbp = OC6H2-2,4,6-{tBu}3), to 1 bar of CO2 yields a reaction either after  

16 hours at ambient temperature, or after 15 minutes at 80 °C.  Structural 

characterisation of the green material isolated revealed the insertion of CO2 into the  

U-O bond of one of the OTtbp ligands, forming two bridging carbonates  

(Scheme 3.19). 
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Scheme 3.19.  Insertion of CO2 into the U-O bond of an aryloxide ligand. 

 An available mixed-sandwich species synthesised in this work containing a single 

U-O bond is the terminal ethoxide complex, U(COTTIPS2)Cp*(OEt) (2.7), which can be 

synthesised rationally from the chloride precursor 2.2 and KOEt, vide supra.  The  

U-O bond distance in 2.7 is 2.063(4) Å, marginally shorter than the 

[{((AdArO)3N)U}2(µ-O)] U-O bond distance of 2.1036(2) Å.  To examine the behaviour 

of a U-O bond in the mixed-sandwich system in isolation, the reaction of ethoxide 2.7 

and CO2 was performed and suggested to reversibly form a substituted carbonate 

(Equation 3.13, 3.18). 

 

Equation 3.13. Proposed reversible insertion of CO2 into the U-O bond of 2.7. 

Exposure of 2.7 to an excess of 13CO2 resulted in the appearance of some  

low-intensity resonances in the collected 1H NMR spectrum after 20 minutes, at 

chemical shift values similar to those reported for carboxylates 3.12-3.14.   

The 13C{1H} NMR spectrum contained resonances at 125 ppm (free 13CO2) and at  

-49.0 ppm, indicative of a single new 13C-labelled species.  The NMR spectra are 

consistent with the formation of a product containing a ligand environment similar to 

the carboxylates, ‘O2C-R’, owing to the positions of the COTTIPS2 and Cp* ligand 

proton shifts.  Regular collection of 1H and 13C{1H} NMR spectra over a period of  

5 days showed no further conversion of 2.7 into 3.18, however, the resonances 

attributed to the new product began to decrease in intensity, and other low-integral 

paramagnetic signals appeared.  After a total of 9 days after 13CO2 addition, the 
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resonances corresponding to 3.18 had entirely disappeared.  In their place were four 

new TIPS doublets and a range of other low-intensity resonances, which could not be 

sufficiently interpreted.  Attempted workup of the reaction yielded only the starting 

material, 2.7.  Removal of the headspace from a reaction mixture of 2.7 and CO2 and 

subsequent analysis by NMR spectroscopy showed the presence of solely 2.7, 

indicating reversibility of the reaction, and rendering full characterisation of the product 

impossible.  ReactIR was used to follow the reaction of 2.7 and CO2 in situ, however, 

the only change in the spectrum collected after CO2 addition was a low-intensity 

vibrational band at 1300 cm-1.  This could be attributable to an alkyl carbonato  

υOCO stretch, as similar IR vibrations are reported for transition metal and lanthanide 

alkyl carbonato in the region ca 1600-1300 cm-1,65–67 however, the resonance is not of 

high enough intensity to definitively characterise it as a υOCO vibration. 

In comparison to the intermediate 3.17 formed from the reaction of enediolate 3.8 

and CO2, the spectroscopic data and behaviour of 3.18 are similar: the 13C{1H} NMR 

spectroscopic resonances appear in the same region (-55 and -49 ppm) as do the 

associated IR bands (1329 and 1300 cm-1), and neither complex contains a parent ion in 

their mass spectra.  It could be proposed that both 3.17 and 3.18 may share a structural 

similarity, involving interaction between CO2 and either the uranium centre or the 

existing U-O bonds in the parent complexes, which in the case of 3.17 allows for 

subsequent isomerisation.  However, without further investigation, this cannot be 

confirmed. 

3.5 Conclusions and chapter summary 

The synthesis of a monomeric hydride complex, U(COTTIPS2)Cp*H (3.1), can be 

achieved from the reaction of 2.3-2.6 and H2.  It has been shown that 3.1 is unstable 

with respect to hydrogen loss: it exists in equilibrium with the common decomposition 

product ‘tuck-in’ (2.9), formed by the activation of a Cp*-CH3 group and loss of H2, 

and will also undergo reductive elimination of H2 in a bimolecular fashion to yield 
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trivalent U(COTTIPS2)Cp* (2.1).  Studies carried out using D2 in place of H2 to form  

3.1-d have shown the extent of deuterium exchange that occurs and have given insight 

into this reductive dihydrogen loss. Full characterisation of 3.1 has not been possible 

due to instability, however, further reactivity with small molecules has provided further 

evidence for its existence, and the comprehensive study of CO2 and CO insertion into a 

monomeric U-H bond in the same ligand system has been carried out for the first time.68 

The insertion of CO and CO2 into U-C alkyl bonds has been demonstrated, 

forming η2-acyl or κ2-carboxylate complexes in most cases.  The ‘tethered’ U-C bond 

of 2.9 will also undergo insertion reactions with CO and CO2, as precedented in the 

literature; the product of 2.9 and CO (3.7) agrees with the previously stated ‘carbenic’ 

nature of the inserted ‘CO’ moiety, enabling the formation of a new C=C bond.  

However, the nature of the tethered bond in 2.9 is not entirely analogous to alkyls  

2.3-2.5, as it reacts more slowly with CO, allowing for an unidentified product (3.10) to 

form in the presence of H2 and CO, via a currently unknown pathway.  This highlights 

the importance of studying both classical U-C bonds and ‘tethered’ U-C bonds, which 

show different reactivity, as literature precedent corroborates.33,69–73  Studying the 

insertion chemistry of isonitriles and other small molecules with 2.9, could give more 

information about potential intermediates in the reaction pathways that form 3.9 and 

3.10, and should be examined in the future. 

Insertion chemistry into the U-H bond of 3.1 has also been studied, and formate 

and enediolate complexes are formed from reactions with CO2 and CO respectively.  

The enediolate complex 3.8 is formed exclusively as the cis-isomer, along with  

side-products identified as pentamethylbenzene – formed from the ring-expansion of 

Cp* with a U-bound ‘C-H’ fragment – and a bis-µ-oxo species, {U(COTTIPS2)(µ-O)}2.  

DFT mechanistic studies performed by Maron and Kefalidis suggest that 3.8 is formed 

via a ketene intermediate, and not by dimerisation of a transient η2-formyl.  No further 

reactivity between 3.8 and H2 to form methoxide, U(COTTIPS2)Cp*(OCH3) (3D), is 

observed. 
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Further reactivity is shown between the acyls 3.2-3.4 and CO2, forming 

uncharacterised insertion products, and between the enediolate complexes 3.7 and 3.8, 

initiating isomerisation reactions from cis- to trans- isomers.  Steric hindrance around 

the metal centre may be a factor limiting the multiple insertions of CO in metallocene 

systems such as UCp*2(η2-OCR)2 or UCp3(η2-OCR), in contrast to the more ‘open’ 

COTTIPS2 and Cp* mixed-sandwich system.  Whilst the reaction between 3.7 and CO2 is 

spontaneous and does not require stoichiometric CO2, the reaction between 3.8 and CO2 

forms an uncharacterised intermediate 3.17, which when heated forms trans-3.8.   

The identity of 3.17 is unknown, however, it is thought to be similar to the product of 

the ethoxide (2.7) and CO2, 3.18, and could be either a substituted carbonate complex or 

loosely-coordinated to CO2.  

3.6 Compound naming for Chapter 3 

3.1 – U(COTTIPS2)Cp*H 

3.2 – U(COTTIPS2)Cp*(η2-OCCH2Ph) 

3.3 – U(COTTIPS2)Cp*(η2-OCCH3) 

3.4 – U(COTTIPS2)Cp*(η2-OCCH2TMS) 

3.5 – U(COTTIPS2)Cp*(η1-OC{TMS}=CH{TMS}) 

3.6 – U(COTTIPS2)Cp*Me with excess CO 

3.7 – (η5:κ1-C5Me4CH2OC=COCH2C5Me4){U(COTTIPS2)}2 

3.8 – {U(COTTIPS2)Cp*}2(µ-κ1:κ1-OCH=CHO) 

3.9 – {U(COTTIPS2)O}2 

3.10 – Proposed ‘tethered’ alkoxide from 2.9 with 1:1 13CO/H2 

3.11 – Second product of 2.9 with 1:1 13CO/H2 

3.12 – U(COTTIPS2)Cp*(κ2-O2CCH2Ph) 

3.13 – U(COTTIPS2)Cp*(κ2-O2CCH3) 

3.14 – U(COTTIPS2)Cp*(κ2-O2CCH2TMS) 

3.15 – {U(C8H6{SiiPr3-1,4}2)(µ1:µ1-κ1:η5-C5Me4CH2OCO)}2 

3.16 – U(COTTIPS2)Cp*(κ2-O2CH) 

3.17 – {U(COTTIPS2)Cp*}2(µ-η1:η1-OCH=CHO) and CO2 intermediate 

3.18 – ‘U(COTTIPS2)Cp*(κ2-O2COEt)’ 
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CHAPTER 4: SYNTHESIS AND REACTIVITY OF A  

MIXED-SANDWICH U(IV) PRIMARY AMIDO AND  

RELATED COMPLEXES 

4.1 Organouranium amido complexes 

4.1.1 Introduction and scope of section 

The study of uranium-nitrogen bond reactivity has not been as widely reported in 

the literature in comparison to uranium-carbon bonds.  Whilst U-C bonds have been 

examined in the context of their insertion reactivity towards small molecules,  

U-N bonds have been utilised more frequently in ‘inert’ ligand frameworks, supporting 

U(III) and U(IV) metal centres.  In general, U-N bonds are thermodynamically more 

stable and more kinetically inert than U-C bonds, and as such are more commonly used 

as spectator ligands to give well-defined metal centres for further reactivity studies.1  

A large number of nitrogen-based ligand frameworks have been designed and used in 

organouranium chemistry; a summary of these appear in Chapters 1 and 5, with 

reference to complexes containing U-C σ-bonds and small molecule activation. 

Homoleptic amides were investigated as part of the research initiative to 

synthesise volatile uranium complexes for isotope separation in the 1940s and 50s.  The 

isolation of the first homoleptic U(IV) amido complex, U(NEt2)4, was first described by 

Gilman et al. in 1956.2,3  Since then, other homoleptic alkyl- and aryl-amides of the 

form U(NR2)4 have been reported, where R = Me, iBu, Ph (and partially-fluorinated 

derivatives), nBu, and nPr.4–7 The most ubiquitous amido ligand utilised in 

organouranium chemistry is the mono-anionic silyl-substituted amide, [N'']-, first 

reported bound to uranium by Andersen and co-workers in 1979.8 Other  

silyl-substituted variants, either monodentate or multidentate, have been used 

extensively for both U(III) and U(IV) centres, for their ability to sterically  

stabilise these reactive species.9,10  A limited number of U(IV) terminal  
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mono- or bis-alkylamido groups exist within cyclopentadienyl or cyclooctatetraenyl 

ligand frameworks (U-NHPh, -NPh2, -NMe2, -NMeEt, -NEt2, -NHEt, -NH(2,6-Me2Ph), 

-NHtBu,),11–18 and there are fewer still examples of mono-N'' complexes that also 

contain cyclopentadienyl moieties and derivatives thereof.12,15,19,20  Examples of U(III) 

amido complexes also exist, both in metallocene and non-metallocene frameworks.21,22  

Complexes containing primary amido ligands are scarce in U(IV) organometallic 

systems: the two reported examples in the literature are the bis-amido complex, 

U(C5H2
tBu3)2(NH2)2,23 and a mono-amido complex, U(TrenTIPS)(NH2)  

(TrenTIPS = {N(CH2CH2NSiiPr2)3}).24 

Uranium imido complexes are known, containing U=NR linkages (where  

R = alkyl) rather than the primary imido U=NH,25–29 in all reported cases except for one 

particular system.30  Examples of isolable characterised uranium nitrides, U≡N, are 

extremely scarce.  The study of U-N triple bonds is of interest to investigate the extent 

of 5f and 6d orbital participation in multiple bonding, and for the potential use of [UN]n 

materials in ceramic nuclear fuels.  Synthetic difficulties in isolating stable, terminal 

and well-defined U-N triple bonds means that the area is relatively underexplored, and 

only two examples of terminal nitrides have been reported to date.  Addition of NaN3 to 

U(TrenTIPS), followed by the addition of 12-crown-4, generates a U(V) anionic uranium 

nitride (Scheme 4.1a).31 A U(VI) nitride in the same TrenTIPS ligand framework can be 

generated by the deprotonation of U(TrenTIPS)(NH2), followed by  

disproportionation instigated by the addition of I2, or by the oxidation of 

[U(TrenTIPS)NH][Na(12-crown-4)2] (Scheme 4.1b).24  

It was thought that the mixed-sandwich system utilised in this work would be 

successful in supporting a ‘U-NH2’ linkage; it has been shown to be sufficient to 

stabilise highly reactive U-H and U-C bonds.  As well as investigating the potential 

insertion of small molecules into the U-N bond of a primary amido ligand, 

deprotonation as a route to forming a terminal nitride complex is explored, examples of 

which are currently of synthetic interest.15,24,31  
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Scheme 4.1.  Routes to uranium nitride complexes for the U(TrenTIPS) system:  

(a) U(V) nitride; (b) U(VI) nitride. 

 

This chapter details the synthesis, insertion chemistry, and deprotonation of the 

primary amido U(COTTIPS2)Cp*(NH2) (4.1), as outlined in Scheme 4.2 below. 

 

Scheme 4.2.  Synthesis and reactivity of 4.1. 
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4.1.2 Synthesis of U(COTTIPS2)Cp*(NH2) (4.1) 

4.1.2.1 Synthesis from NH3 

Following the discovery that the ‘tuck-in’ complex 2.9, which is a ‘tethered’ alkyl 

complex, will activate H2 to form the hydride complex, 3.1, the reactivity of 2.9 with 

NH3 was explored.  Importantly, forcing conditions (a high pressure of H2 or raised 

temperatures) are not required to transform 2.9 into 3.1.  NH3 can be activated by 2.9 

under equally mild reaction conditions, providing a facile and atom-efficient route to a 

terminal primary amido complex, U(COTTIPS2)Cp*(NH2) (4.1, Scheme 4.3). 

 

Scheme 4.3.  Synthesis of hydride (3.1) and primary amido (4.1) complexes from the ‘tethered’ 

alkyl (2.9). 

The reaction of 2.9 and stoichiometric NH3 in toluene or benzene yielded an 

orange-brown powder – after the removal of volatiles under reduced pressure, followed 

by the addition and subsequent removal of Et2O portions – characterised as the desired 

amido product, U(COTTIPS2)Cp*(NH2) (4.1), in an 83% yield.  1H NMR spectroscopic 

data collected agreed with the formulation of 4.1, and contained a broad singlet at  

δH 202 ppm, correlating to the U-NH2 protons.  This assignment was later confirmed by 
2H NMR spectroscopic studies using ND3 (see section 4.1.4).  Alternatively, 4.1 can be 

synthesised in an identical manner from the reaction of NH3 and the alkyl 2.4; the 

release of methane can be observed by 1H NMR spectroscopy. 
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It was observed that using either stoichiometric or an excess of NH3 to form 4.1 

resulted in 1H NMR spectra that showed variability in the ligand resonance chemical 

shifts.  Typically, chemical shift values are very sensitive to the coordination 

environment around the uranium metal centre in paramagnetic mixed-sandwich 

complexes reported in this work and in the literature.  Coordination of THF to 

U(COTTIPS2)Cp* (2.1) results in the shifting of all ligand resonances in the  
1H NMR spectrum compared to the base-free compound.  The removal of THF can be 

achieved by heating 2.1.THF to ca 100 °C under high vacuum (10-6 mbar).  Upon using 

an excess of NH3 when synthesising 4.1 an extra resonance at δH 8.62 is observed – this 

did not persist upon removal of volatiles from the reaction mixture when obtaining a 

crude solid product.  It is possible that excess NH3 is acting as a coordinating Lewis 

base, hence altering the uranium metal centre environment and inducing a change in 

chemical shift of the ligand proton environments; the extra resonance observed in the 1H 

NMR spectrum could be attributed to weakly-bound ammonia, which is easily removed 

under reduced pressure.  However, this interaction does not appear to affect further 

reactivity with small molecules (vide infra). 

4.1.2.2 Synthesis from KNH2 or NaNH2 

The synthesis of 4.1 can also be achieved from the salt metathesis reaction of 

U(COTTIPS2)Cp*Cl (2.2) with either KNH2 or NaNH2 in Et2O.  Unlike the immediate 

reaction between 2.9 and NH3, stirring must be maintained for 24 hours (KNH2) or  

4 days (NaNH2), to give 4.1 in yields of 70-75% after filtration and extraction into 
tBuOMe.  For both reactions, an excess of metal amide must be used for the conversion 

to 4.1 to reach completion.  Due to the commercial unavailability of KNH2 and the large 

excess needed in the above reaction (2.7 equivalents), the preferred synthetic route to 

4.1 is from 2.2 and NaNH2, which is commercially available and more soluble in Et2O, 

affording a cheaper and more straightforward synthesis, despite the longer reaction time 

required.  The 1H NMR spectrum of microcrystalline 4.1 isolated from this synthetic 
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route does not contain a peak at δH 8.62, further supporting the theory that this 

previously observed resonance corresponds to bound NH3, which is not present in this 

reaction mixture. 

4.1.3 Characterisation of U(COTTIPS2)Cp*(NH2) 

Mass spectrometric analysis was carried out on solid samples of 4.1 synthesised 

from both 2.9 and NH3, and from 2.2 and MNH2 (M = K, Na).  In each case, the 

anticipated parent ion at m/z = 806 was observed, along with fragments corresponding 

to M+ -NH2 (789) and M+ -Cp* (670).  The IR spectrum of 4.1 collected as a Nujol mull 

between NaCl plates showed N-H symmetric and asymmetric vibrational bands at  

3582 and 3309 cm-1.  The elemental analysis of 4.1.Et2O, obtained from a crude sample 

of 4.1 recrystallised from Et2O, returned the expected values.  It was found that 4.1 will 

crystallise from a range of solvents, as saturated solutions slow-cooled to -35 °C: 
tBuOMe, Et2O, iso-pentane, methylcyclohexane, and SiMe4.  Red prisms of 

4.1.tBuOMe were examined by X-ray diffraction to determine the molecular structure, 

as the quality of these crystals were highest and most suited for complete,  

high-resolution data collection (Figure 4.1).  Poor-quality crystal data was also 

collected from crystals of 4.1.Et2O, however, only connectivity could be established 

from the data acquired. 
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Figure 4.1.  Molecular structure of 4.1.tBuOMe.  ORTEP representation with thermal ellipsoids 

at the 50% probability level.  Hydrogen atoms (except those on N1) and co-crystallising 

molecule of tBuOMe omitted for clarity.  U1-N1: 2.217(4) Å, Ct1-U1: 1.9511(17) Å,  

Ct2-U1: 2.487(2) Å, Ct1-U1-Ct2: 141.88(7) °. 

The two other crystallographically-characterised U(IV) primary amido complexes 

reported in the literature are: U(1,2,4-{tBu}3C5H2)2(NH2)2 (4A),23 and U(TrenTIPS)(NH2) 

(4B).24  The U1-N1 bond distance of 2.217(4) Å is essentially identical to the U-Namido 

bond lengths in complexes 4A and 4B (2.228(4) and 2.194(5) Å respectively).   

The amido protons were not located in the Fourier difference map, but were instead 

fixed using a riding model; they also appear on a crystallographic symmetry plane 

positioned along the U1-N1 bond, and are not included in the figure above for this 

reason.  The U1-Ct1, U1-Ct2, and Ct1-U1-Ct2 metrics are all consistent in comparison 

to other crystallographically characterised monomeric ‘U(COTTIPS2)Cp*’ complexes 

(see Appendix 1). 

4.1.4 Deuterium labelling studies 

The reaction of 2.9 and NH3 is assumed to occur via a mechanism of N-H bond 

activation, and subsequent formation of a C-H and a U-N bond to form 4.1; equally, the 
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reaction between 2.4 and NH3 occurs by a similar mechanism, forming 4.1 and CH4.  

Experiments were performed with ND3 in order to form the partially deuterated primary 

amides, 4.1-dx (where x = 2 or 3), and to locate the position of the deuterium atoms 

incorporated into each product.  Scheme 4.4 outlines the two experiments carried out, 

and the results of the reactions (as confirmed by 1H and 2H NMR spectroscopy): route 

(a) yields 4.1-d3; route (b) yields 4.1-d2 and CH3D. 

 

Scheme 4.4.  Routes to 4.1-d3 and 4.1-d2 from the reaction of ND3 with 2.9 (a) or 2.4 (b). 

For the reaction of 2.9 and stoichiometric ND3 (Scheme 4.4a), no resonance 

attributable to the U-NH2 environment was observed at 202 ppm in the  
1H NMR spectrum, and a resonance at -6.05 ppm was seen in the 2H NMR spectrum, 

corresponding to Cp*-CH2D.  A resonance at ca 202 ppm was not seen in the  
2H NMR spectrum as would be expected, corresponding to U-ND2, likely due to 

broadening effects and weak sample concentration.  Data collected from the reaction of 

2.4 and stoichiometric ND3 (Scheme 4.4b) showed a broad singlet at 0.14 ppm in the  
1H NMR spectrum, corresponding to CH3D, and no resonance at 202 ppm.   

The 2H NMR spectrum contained only a broad singlet at 202 ppm (U-ND2) – no CH3D 

was observed due to removal of volatiles before the spectrum was collected. 

In conclusion, the evidence collected from studies with ND3 confirm that  

N-D bond activation occurs with both 2.9 and 2.4, yielding a deuterated primary amido 

ligand in 4.1-d.  No scrambling occurs during the reaction between 2.9 and ND3, 
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indicating that there is no intermolecular H/D exchange between the deuterium atoms 

on the -ND2 ligand and the protons on the COTTIPS2/Cp* ligands, as is observed in the 

reaction of 2.9 and D2 (see Chapter 4); this can be rationalised by considering that the 

U-N bond is stronger than the U-C bond, and hence does not undergo exchange.32,33 

4.1.5 Attempted synthesis of U(COTTIPS2)Cp*(N{TMS}2) (4.2) 

Attempts to synthesise the bulky bis-TMS amido complex, 

U(COTTIPS2)Cp*(N{TMS}2) (4.2), were carried out in order to compare its structure and 

reactivity to the alkyl analogue, U(COTTIPS2)Cp*(CH{TMS}2) (2.8).  The unsubstituted 

COT analogue, U(COT)Cp*(N{TMS}2), was reported by Evans et al., and was formed 

from the reaction of the chloride precursor [(COT)Cp*ClU(µ-Cl)U(COT)Cp*] and 

KN(TMS)2.20  The reaction of 2.2 and KN(TMS)2 in toluene did not occur at ambient 

temperature, but a reaction was observed by 1H NMR spectroscopy once the mixture 

was heated to 55 °C for 18 hours.  A broad resonance (Δυ1/2 = 340 Hz) present at  

δH -12.2 was tentatively assigned to the 18 N(SiMe3) protons, supported by comparison 

to 1H NMR spectroscopic data reported for U(COT)Cp*(N{TMS}2) where the 

N(SiMe3) protons give rise to a very broad singlet (Δυ1/2 = 3000 Hz) at -12 ppm.  

Despite repeated attempts, no isolable complex could be obtained from this reaction: the 

bulk reaction mixture proved extremely sensitive to further manipulations, and 

decomposed rapidly whilst attempting to prepare the sample for crystallisation.  It is 

feasible that the steric bulk of the -N(TMS)2 ligand is too great, so 4.2 is susceptible to 

decomposition via unknown routes whilst handling.  It should be noted that the common 

alkyl decomposition product, 2.9, is not observed in these reaction mixtures.  In 

conclusion, whilst it is suspected that the bulky amido complex 4.2 can be synthesised, 

its instability has prevented characterisation. 
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4.2 Reactivity of U(COTTIPS2)Cp*(NH2) with CO2 and CO 

4.2.1 Reactivity with CO2 – synthesis of U(COTTIPS2)Cp*(κ2-O2CNH2) (4.3) 

Exposure of a hydrocarbon solution of 4.1 to CO2 afforded the κ2-carbamate 

product, U(COTTIPS2)Cp*(κ2-O2CNH2) (4.3), as red crystalline material in a 64% yield 

after removal of volatiles under reduced pressure, extraction in pentane and  

slow-cooling to -35 °C (Equation 4.1).  The 1H NMR spectrum contained a singlet at  

δH 15.6 of integration 2H, correlating to the O2CNH2 proton environment, later 

confirmed by deuterium-labelling studies (see section 4.2.1.1).  Performing the reaction 

with 13CO2 resulted in the presence of a broad singlet at δC 25.8 in the  
13C{1H} NMR spectrum correlating to the 13C-labelled carbamate ligand. 

 

Equation 4.1.  Synthesis of U(COTTIPS2)Cp*(κ2-O2CNH2) (4.3) from 4.1 and CO2. 

Mass spectrometric analysis of 4.3 showed the expected M+ ion at m/z = 850, and 

for the fragments M+ -NH2, M+ -NH2OC and M+ -Cp* at m/z = 833, 806 and 714 

respectively.  Collection of IR data in situ using ReactIR apparatus (Figure 4.2) 

identified a strong vibrational band at 1611 cm-1, along with further broad absorptions at  

1520-1410 cm-1, correlating to υOCN, in line with previously reported values.4,34,35   

IR data collected using NaCl plates showed an additional strong vibrational band 

attributable to υN-H at 3424 cm-1.  Elemental analysis of 4.3 crystallised from Et2O 

returned values consistent with 4.3 and one co-crystallising molecule of Et2O. 
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Figure 4.2.  ReactIR spectra of the addition of 13CO2 to the primary amido, 4.1, to form 4.3.  

Blue = 2.9, yellow = 4.1, red = 4.3. 

The structure of 4.3 was confirmed by X-ray crystallography, confirming the 

formation of a primary κ2-carbamate ligand (Figure 4.3), structurally analogous to the 

carboxylate complexes (see Chapter 3).  Upon reviewing the literature, 4.3 is shown to 

be the first crystallographically characterised example of a U(IV) organometallic  

κ2-carbamate containing a primary amido moiety.  Selected bond distances and angles 

are reported in Table 4.1, alongside relevant metrics from the only two other 

crystallographically characterised U(IV) κ2-carbamate complexes containing terminal 

bidentate carbamate moieties, ({AdOAr}3tacn)U(O2CNHMes) (4C),35 and 

U4O2(O2CNEt2)12 (4D),36 pictured in Figure 4.4.  The latter complex is tetrameric and 

contains terminal bidentate, bridging, and terminal and bridging carbamate ligands: the 

geometric parameters quoted are only from the terminal bidentate ligands, highlighted 

in red. 
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Figure 4.3.  Molecular structure of 4.3. ORTEP representation with thermal ellipsoids at the 

50% probability level.  Hydrogen atoms (except for on N1) and iPr groups omitted for clarity.  

Ct1-U1: 1.9551(3) Å, Ct2-U1: 2.4788(4) Å, Ct1-U1-Ct2: 137.076(12) °. 

 

 

Figure 4.4.  4C and 4D, the only two other crystallographically characterised organouranium 

complexes containing κ2-carbamate ligands. R = Ad, R’ = tBu. 
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Table 4.1.  Selected bond distances (Å) and angles (°) for 4.3, 4C, and 4D. 

 4.3 4C 4D 

U-O 2.399(2), 2.407(2) 2.434(4), 2.527(4) 2.442(11), 2.419(10) 

O-C 1.296(4), 1.269(4) 1.259(7), 1.278(7) 1.205(24), 1.275(23), 

C-N 1.335(5) 1.383(7) 1.41(2) 

O-U-O 54.72(9) 52.85(12) 51.221(18) 

O-C-O 119.0(3) 121.1(5) 121.0(7) 
 

In comparison to 4C and 4D, the ‘U-O2CNR2’ unit of 4.3 contains a  

near-symmetric carbamate moiety with almost equal U-O bond distances, in contrast to 

the asymmetric U-O distances found 4C and 4D.  All four U-O distances in 4C and 4D 

are longer than in 4.3, likely due to steric demands of the bulky Ad-substituted  

tacn ligand in 4C and the other bridging carbamate units in 4D, whereas the 

‘metallocene wedge’ provided by the carbocylic rings in 4.3 allows for closer approach 

of the ligand; this is also reflected in the more obtuse O-U-O angle in 4.3.  There are 

some variations in the O-C bond distances in 4.3 (0.027 Å), which are also longer than 

those in 4C and 4D – this may well be a compensatory effect due to the shorter  

U-O bonds.  The carbamate unit in 4.3 is essentially planar, with a U1-O1-C37-O2 

torsion angle of 1.2(2) °.  The bond distances and angles in the ‘U1-O1-C37-O2’ 

fragment are similar to the related κ2-carboxylates, 3.12 and 3.13 (see Appendix 1).   

In comparison to the primary amido complex 4.1, the metal-centroid bond distances 

remain almost unchanged, whilst the Ct1-U1-Ct2 angle is more acute  

(137.076(12) vs 141.88(7) °) as the carbamate ligand demands greater space in the 

metallocene coordination sphere. 

4.2.1.1 Deuterium-labelling studies 

Experiments were performed with both ND3 and 13CO2 to confirm the location of 

the carbamate O2
13C-NH2 proton environments, and to confirm the presence of 
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deuterium solely on the carbamate ligand in 13C-4.3-d2.  Two pathways were followed 

to obtain the labelled products, 13C-4.3-d3 and 13C-4.3-d2, starting from either 2.9 or 2.4, 

shown as route (a) and (b) respectively in Scheme 4.5.  

The 2H NMR spectrum of 13C-4.3-d3 contained two resonances at δD 15.6 and 

4.50, corresponding to the O2C-ND2 and Cp*-CH2D deuterium atoms respectively, 

while the spectrum of 13C-4.3-d2 contained a single resonance at δD 15.6.  The  
1H NMR spectra collected for each product each contained a very low-intensity 

resonance at δH 15.5, possibly arising from a small amount of NH3 present in the ND3 

gas source. 

  

Scheme 4.5.  Synthesis of deuterated carbamates: from 2.9 to give 13C-4.3-d3 (a), or from 2.4 to 

give 13C-4.3-d2 (b). 

4.2.2 Reactivity with CO 

Limited reports of the insertion of CO into U-N bonds in organouranium systems 

can be found in the literature in comparison to the insertion of CO2;33,37  the activation 

of CO2 is more facile than CO due to the weaker C-O bonds.  Hydrocarbon solutions of 

4.1 did not show evidence of reactivity towards either stoichiometric or excess 

quantities (ca 10 equivalents) of 13CO.  Heating a mixture of 4.1 and 13CO to 50 °C for 

24 hours also did not elicit a reaction. 
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4.3 Deprotonation of U(COTTIPS2)Cp*(NH2) 

As no known U(IV) primary imido complexes were known when this work 

commenced, it was thought that deprotonation of 4.1 may yield a novel primary imido.  

Additionally, deprotonation of such an imido may result in the formation of a terminal 

nitrido complex; only one example has been reported previously.38  A recent report 

details the syntheses of a range of alkali metal supported primary imido complexes, also 

synthesised from deprotonation of a primary amide.30  In the mixed-sandwich system, it 

was found that the primary imido complex could be synthesised from 4.1, however, 

further oxidation or deprotonation did not yield isolable products (Scheme 4.6). 

 

Scheme 4.6.  Results of experiments aimed to form imido and nitrido complexes from 4.1. 

4.3.1 Synthesis and characterisation of [U(COTTIPS2)Cp*(NH)][K(18c6)] (4.4) 

The synthetic strategy decided upon was the use of an alkali metal hydride to 

deprotonate the amido group, in tandem with a sequestering reagent that would chelate 

to the resulting alkali metal cation.  It is desirable to use an alkali metal hydride with a 

relatively large cation to avoid the formation of “ate” complexes, which are often seen 

in organouranium chemistry.39–42  Employing a chelating agent suitable for complete 

encapsulation of the alkali metal should result in the removal of the cation from the 

coordination sphere of the uranium metal centre, potentially allowing access to the 

‘U=NH’ linkage for subsequent further deprotonation.  It was found that using KH and 

18c6 (18-crown-6) was successful for forming [U(COTTIPS2)Cp*(NH)][K(18c6)] (4.4), 

but did not entirely encapsulate the K cation. 
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The combination of equimolar 4.1, KH, and 18c6 in THF, pre-cooled to -20 °C, 

resulted in the formation of a cherry-red solution after stirring for 48 hours.  Removal of 

volatiles and extraction of the tacky solids in toluene afforded microcrystalline solids of 

unreacted 18c6.  The same procedure followed by extraction into Et2O resulted in the 

formation of a small number of red needle-like crystals at ambient temperature after 

approximately 2 minutes; analysis performed on these crystals confirmed the product as 

4.4.  A pink powder of 4.4 was also obtained after filtration of the THF solution, 

removal of volatiles, and addition of tBuOMe (or cold Et2O) in which only 4.1 and  

18c6 are readily soluble.  Filtration and washing with cold Et2O or tBuOMe yielded 4.4 

in a 32% yield. 

IR spectroscopic data showed a strong vibrational band at 1112 cm-1,  

similar to the strong band at 1121 cm-1 seen in the IR spectrum of 

[U(TrenTIPS)(NH)][K(15-crown-5)2]; no vibration attributable to υN-H is seen  

(ca 3000 cm-1), nor it is observed for [U(TrenTIPS)(NH)][K(15-crown-5)2].30  Mass 

spectrometric data did not show the expected parent ion at m/z = 1108, and instead 

contained ions corresponding to COTTIPS2 and Cp* ligands at m/z = 416 and 374 

respectively; it is likely that ion bombardment readily breaks the molecule apart.  

Elemental analysis of non-crystalline 4.4 returned values consistent with an additional  

1 molecule of tBuOMe present per molecule of 4.4.  Comparison of 1H NMR spectra 

collected at different temperatures (303, 313, and 323 K) allowed for the identification 

of resonances correlating to protons bound to the paramagnetic uranium metal centre, 

however, it was not possible to definitively assign all resonances due to broadening 

effects.  Poor solubility of 4.4 in NMR solvents precluded collection of  
29Si{1H} NMR spectroscopic data. 

Attempts were made to characterise 4.4 by X-ray crystallography, however 

satisfactory refinement of the data was not possible due to extensive disorder in the 

18c6 moiety and TIPS groups that could not be sufficiently modeled, hence only 

connectivity was established.  As seen in Figure 4.5, the structure of 4.4 is confirmed to 
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be a U(IV) primary imido.  It can be seen that full sequestration of the potassium cation 

was not achieved, as it is still bound to the imido ligand. 

 

Figure 4.5.  Unrefined molecular structure of [U(COTTIPS2)Cp*(NH)][K(18c6)] (4.4).   

ORTEP representation with thermal ellipsoids at the 20% probability level.  Disordered 18c6 

molecules, hydrogen atoms, and iPr groups omitted for clarity.  Plane of symmetry dissects the 

imido linkage and K(18c6) moieties and is positioned along the U1-N1 bond. 

4.3.2 Attempted alternative routes to an imido complex 

Other routes to an imido complex were trialled: using 2.2.2-cryptand  

(= 222-crypt) in place of 18c6 also appeared to form an imido, 

[U(COTTIPS2)Cp*(NH)][K(222-crypt)2], as determined by 1H NMR spectroscopic data.  

The coordination mode of the 222-crypt appeared to alter after 4 days in solution, 

potentially indicating instability of the product.  Further characterisation was not 

achieved due to ready decomposition of the material during subsequent manipulations.  

Variable temperature 1H NMR spectroscopic studies on a crude sample were consistent 

with the K cation still being bound to the imido group; resonances attributed to bound 

222-crypt shifted with change of temperature, which in a paramagnetic complex 
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indicates that the proton environments are directly associated with the metal centre.  

Alternative routes to an imido using NaH, or 12-crown-4 (or combinations thereof with 

KH, 18c6, or 222-crypt) were unsuccessful.   

4.3.3 Oxidation to a U(V) imido 

The oxidation of 4.4 was attempted with a view to forming the U(V) imido, 

UV(COTTIPS2)Cp*(NH).  Such a complex could potentially be deprotonated in a similar 

manner to 4.1 to afford a U(V) nitride (Scheme 4.7). 

 

Scheme 4.7.  Proposed oxidation of 4.4 and subsequent deprotonation. 

Attempts to oxidise 4.4 with AgBPh4 were unsuccessful, yielding only 

decomposition products.  The addition of 0.5 equivalents of I2 to 4.4 resulted in the 

formation of several products, as identified by 1H NMR spectroscopy, including the 

known iodide, U(COTTIPS2)Cp*I,43 but no evidence was seen for the formation of a 

neutral imide.  It was reasoned that U(COTTIPS2)Cp*I may be formed  

via disproportionation of a transitory U(V) complex or by direct reaction with 

tetravalent 4.4.  Identification of other products formed from the reaction of 4.4 and  

I2 was not possible.  A similar result was reported for the attempted oxidation of  

{U(TrenTIPS)(µ-N)(µ-Na)}2 with I2, giving U(TrenTIPS)I in a 54% yield, instead of the 

targeted U(VI) nitride product (Scheme 4.8a).   
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Scheme 4.8.  Reported reactivity of {U(TrenTIPS)(µ-N)(µ-Na)}2 and  

[U(TrenTIPS)(N)][Na(12-crown-4)2] with I2. 

The authors report the successful formation of the U(VI) nitride by oxidising 

[U(TrenTIPS)(N)][Na(12-crown-4)2], and conclude that the success of this second 

reaction is due to “inner-sphere” versus “outer-sphere” oxidation of the  

counter ions (Scheme 4.8b), as [U(TrenTIPS)(N)][Na(12-crown-4)2] can be classified as 

an ion-separated pair.24  The K(18c6) counter ion in 4.4 can be considered  

“inner-sphere” as it is directly bound to the imido group (and 4.4 is not an ion-separated 

pair), hence the same reasoning can be applied to the failure of the oxidation reaction in 

this case.  It is therefore unknown whether oxidation to a U(V) imido is possible in this 

mixed-sandwich system, highlighting the importance of the ligand system in 

determining the stability of ‘U-X’ linkages. 

4.3.4 Attempted nitride synthesis 

Three approaches were taken in attempts to synthesise a mixed-sandwich nitride 

complex, none of which were successful.  The addition of KH and 18c6 to 4.4 resulted 

in decomposition, as did the addition of 2 equivalents of KH and 18c6 to 4.1.  In the 

latter case, the only isolable material from the reaction mixture was U(COTTIPS2)2, 

which could be formed as a result of either disproportionation of a transient nitride, or 
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the removal of both the amido and Cp* ligands from 4.1 by KH, combined with 

subsequent disproportionation.  In case the oxidation of 4.4 with I2 does form a transient 

U(V) imido complex that decomposes upon isolation attempts (see section 4.3.3), the 

rapid addition of KH and 18c6 to a crude mixture of 4.4 and 0.5 equivalents of I2 was 

performed after filtration and extraction in pentane; only decomposition was observed. 

4.4 Conclusions and chapter summary 

A rare example of a U(IV) terminal primary amido complex, 

U(COTTIPS2)Cp*(NH2) (4.1) has been synthesised and fully characterised.  The 

synthesis of another amido complex, U(COTTIPS2)Cp*(N{TMS}2) (4.2), was also 

attempted, but the product was not fully characterised due to instability, likely due to 

the substantial steric bulk of the -N{TMS}2 ligand. 

The reactivity of 4.1 towards CO and CO2 has been examined, and it was found 

that the carbamate product, U(COTTIPS2)Cp*(κ2-O2CNH2) (4.3) is formed from the 

insertion of CO2, while no reactivity occurs with CO.  Deprotonation of 4.1 to form a 

U(IV) imido complex, [U(COTTIPS2)Cp*(NH)][K(18c6)] (4.4) has been achieved.  

Attempts undertaken to form a mixed-sandwich uranium nitride were not successful.  

The utility of the mixed-sandwich ligand system for providing a supporting 

framework for studying chemistry at a single bond (and in a relatively inert 

environment) is exemplified by work described in this chapter.  Amide complexes are 

rare, and 4.1 can be synthesised in a unique way – from σ-bond metathesis rather than 

salt metathesis – although the latter route is also successful.  The stability of 4.1 

compared to the alkyls can be evaluated: it does not decompose to form 2.9 either at 

ambient temperature or upon heating, and it does not undergo σ-bond metathesis upon 

exposure to H2.  It will insert CO2 to form a κ2-carbamate, but, unlike the alkyls, does 

not react with CO. 
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4.5 Compound naming for Chapter 4 

4.1 – U(COTTIPS2)Cp*(NH2) 

4.2 – U(COTTIPS2)Cp*(N{TMS}2 

4.3 – U(COTTIPS2)Cp*(κ2-O2CNH2) 

4.4 – [U(COTTIPS2)Cp*(NH)][K(18-crown-6) 
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CHAPTER 5: DIAMIDOAMINE U(III) AND U(IV) COMPLEXES: 

SYNTHESIS AND REACTIVITY 

5.1 Introduction 

Organouranium complexes have been synthesised using a large number of organic 

ligands, both carbocylic and non-carbocyclic in nature – a detailed review of these 

ligands can be found in Chapter 1 – each of which impart different reactivity to the 

metal centre.  As an alternative to the COTTIPS2 ligand used in the mixed-sandwich 

compounds described in this work and others,1–7 another dianionic ligand was targeted 

to be installed around a uranium metal centre in tandem with a Cp* ligand: the 

diamidoamine ligand, [N'N'2]2-
 (Figure 5.1).  The ligand binds to a metal centre via the 

two anionic terminal nitrogen atoms, but can also bind using the central nitrogen atom 

lone pair to provide further steric and electronic saturation.  It can either bind in an κ2 or 

κ3 fashion to one metal centre, or bridge two metals in a µ-κ1:κ1 fashion, as illustrated 

in Figure 5.1. 
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Figure 5.1.  Diamidoamine ligand, N'N'2, in its dianionic form (a), and in potential binding 

modes: κ2 (b), κ3 (c), and µ-κ1:κ1 (d). M = metal. 
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One synthesis used to generate the neutral ligand, H2(N'N'2), was reported by 

Cloke et al. in 1995.8  It utilised a transilylation reaction between diethylenetriamine 

and NH{TMS}2 in the presence of catalytic H2SO4 to form the di-silylated amine, 

NH(CH2CH2N{TMS})2, followed by deprotonation of the central nitrogen atom and 

further silylation using TMSCl.  Shortly thereafter, an improved synthesis was reported 

by the same authors: a one-pot reaction of DBU (1,8-diazabicyclo[5.4.0]unde-7-ene) 

and TMSCl, followed by the addition of diethylenetriamine, gave the desired H2(N'N'2) 

product in an 82% yield after distillation.9  Double deprotonation of H2(N'N'2) using  

2 equivalents of nBuLi yields the dilithium salt, Li2(N'N'2), which can be used for salt 

metathesis reactions (Scheme 5.1). 

Et2O

3 DBU

- 3 DBU.HCl

HN N

TMS

NH

TMSTMS

3 TMSCl

pentane
- 2 nBuH

2 nBuLi
NH(CH2CH2NH)2 Li2(N'N'2)

 

Scheme 5.1. Synthesis of Li2(N'N'2).9 

The diamidoamine ligand has been utilised before in a range of organometallic 

zirconium,8 titanium,9–12 aluminium,13 scandium,14 vanadium,15–17 thorium and 

uranium18 complexes.  Most notably, its use with vanadium allows for the reduction of 

dinitrogen; the reaction of {V(N'N'2)Cl}2 with 1 equivalent of KC8 under an  

N2 atmosphere results in the formation of a nitride dimer, {V(N'N'2)(µ-N)}2, wherein 

the N≡N bond has been entirely cleaved.15   

Other organouranium complexes featuring amido-based ligands have shown 

remarkable reactivity towards dinitrogen and carbon monoxide.  The first example of an 

actinide dinitrogen complex features a triamidoamine ligand, and is formed from the 

spontaneous reaction of the trivalent precursor, U(TrenDMSB), with dinitrogen;19 this 

same trivalent species will reductively couple CO to form an ynediolate complex 

(Scheme 5.2).20  The ubiquitous  [N'']- ligand, when used as a homoleptic ligand in 

trivalent UN''3, will also effect the reductive coupling of CO to form an ynediolate 

complex.21 In cooperation with Mo(N{Ad}Ph)3, the homoleptic diamido complex 
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U(THF)(N{tBu}Ar)3 will activate dinitrogen under mild conditions, forming a linear  

U-N=N=Mo moiety, with end-bound N2.22 
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Scheme 5.2.  Reactivity of U(TrenDMSB) with N2 and CO, R = SitBuMe2. 

The utility of the N'N'2 ligand in stabilising low-valent metal centres and 

providing flexible binding modes was envisaged to be useful for synthesising a U(III) 

half-sandwich complex, U(N'N'2)Cp*, and investigating its reactivity towards small 

molecules.  Exploring its behaviour with CO and N2 was hoped to supply new examples 

of µ-N2 or ynediolate species, as seen with other amido-based organouranium 

complexes.  It is well-known that ligand systems significantly dictate reactivity around 

uranium, and it was hoped that the ‘U(N'N'2)Cp*’ system would provide contrast to the 

more thoroughly-investigated mixed-sandwich ‘U(COTTIPS2)Cp*’ system with respects 

to its stabilisation, electronics and overall reactivity.  This chapter details the synthesis 

of new U(III) and U(IV) complexes containing the N'N'2 ligand, and describes the 

propensity of the N'N'2 ligand to undergo silyl group migration, hence rendering it 

unsuitable for use as an inert ligand framework.  The syntheses and reactivity detailed in 

this chapter is summarised in Scheme 5.3. 
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Scheme 5.3.  Summary of complexes synthesised in this work containing the N'N'2 and N'NN" ligands, and their reactivity.
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5.2 Synthesis and characterisation of diamidoamine chlorides 

Uranium chloride complexes previously synthesised featuring the diamidoamine 

ligand, N'N'2, are the bis-chloro complexes, U(N'N'2)Cl2(THF) (5A) and {U(N'N'2)Cl2}2 

(5B),18 and the mono-chloro complexes, U(N'N'2)Cl(N{TMS}2) (5C) and 

U(N'N'2)Cl(CH{TMS}2) (5D, Figure 5.2).23 Previous attempts to synthesise 

U(N'N'2)Cp*Cl were not successful.23 

  

Figure 5.2.  Organouranium complexes containing both N'N'2 and Cl ligands. 

5.2.1 Synthesis of U(N'N'2)Cp*Cl (5.1) 

The reaction of UCl4 with 1 equivalent of LiCp* in THF at -30 °C, followed by 

the addition of 0.96 equivalents of Li2(N'N'2) as a THF slurry at -30 °C resulted in an 

orange solution containing an off-white precipitate.  Removal of volatiles, extraction in 

toluene and filtration through Celite®, followed by concentration and slow-cooling of 

the orange toluene solution to -50 °C, yielded green crystals of U(N'N'2)Cp*Cl (5.1) in 

an 80% yield (Scheme 5.4).  The isolation of UCl3Cp*(THF) before the addition of 

Li2(N'N'2) did not improve the yield of 5.1. 
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Scheme 5.4.  Synthesis of U(N'N'2)Cp*Cl (5.1) from UCl4, LiCp* and Li2(N'N'2). 

1H NMR spectroscopic analysis of crystalline 5.1 showed resonances attributable 

to the Cp* ligand (δH 0.16, s, 15H) and the symmetrically-bound N'N'2 ligand: the three 

TMS groups appear as two singlets at δH 24.8 and -14.2 with integral values of 18H and 

9H respectively, and the CH2CH2 backbone protons correlate to broad singlets at  

δH 29.7, -19.4, -32.7, and -48.4.  The 29Si{1H} NMR spectrum contained two 

resonances at -45.6 and -50.6 ppm, correlating to the two N(SiMe3) environments 

(central and terminal).  The mass spectrum contained the expected parent ion  

(m/z = 727, 3%) and fragments thereof at m/z = 691 (M+ -Cl), 591 (M+ -Cp*),  

409 (M+ - N'N'2), 217 (N'N'2 fragment, 100%) – the values are +1 amu greater than 

expected, either due to incorrect instrument calibration or protonation in the beam.  

Elemental analysis returned the expected values. 

X-ray diffraction data were collected from a sample of the green crystalline 

material, observed under the microscope as gold-coloured rods.  The structure is shown 

below in Figure 5.3, and pertinent bond distances from each molecule of 5.1 in the 

asymmetric unit are detailed in Table 5.1.  Disorder in the Cp* ring of each molecule 

contained within the asymmetric unit has been modeled accordingly. 
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Figure 5.3.  Molecular structure of U(N'N'2)Cp*Cl (5.1).  ORTEP representation with thermal 

ellipsoids at the 50% probability level.  One molecule shown of two in the asymmetric unit.  

Hydrogen atoms omitted for clarity. 

 

Table 5.1.  Selected bond distances (Å) and angles (°) for 5.1.  Values listed for each molecule 

in the asymmetric unit.  Nt and Nc are defined as the terminal and central nitrogen atoms 

respectively.  Ct is defined as the Cp*-ring centroid. 

 Molecule 1 Molecule 2 

U-Cl 2.6136(17) 2.6159(17) 

U-Nt 2.250(7), 2.244(6) 2.246(6), 2.255(6) 
U-Nc 2.759(6) 2.755(6) 

Nt-U-Nt 140.0(2) 139.8(2) 
U-Ct 2.497(4) 2.494(4) 

 

The U1-Cl1 and U2-Cl2 bond distances are in the middle of the range reported for 

other terminal U(IV)-Cl bond distances found in nitrogen-ligand frameworks  

(2.511(8) – 2.690(2) Å).24  The central nitrogen atom on the N'N'2 ligand also binds to 

the uranium metal centre via the nitrogen lone pair; the U-Nc bond distance is 
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significantly longer than the U-Nt distances owing to the differing bonding interaction 

(avg. 2.757(6) vs 2.24875(6) Å).  In comparison to other crystallographically 

characterised ‘U(N'N'2)’ complexes with coordinating Nc atoms, the structure of 5.1 is 

very similar (see Appendix 1).  The U-Nt bond distances are also consistent with those 

found in other structurally characterised uranium complexes containing the  

N'N'2 ligand, and the U-Nc bond distances are closest to that in 5B (Figure 5.2, 

2.647(18) Å) – the longer distances in 5.1 can be attributed to the bulky Cp* ligand 

occupying significant space in the uranium coordination sphere. 

5.2.2 Silyl group migration 

The previously reported result of the reaction between UCp*Cl3(THF) and 

Li2(N'N'2) was not 5.1, but a related chloride complex wherein the migration of one 

TMS group along the N'N'2 ligand backbone had occurred, forming the complex 

{U(N'NN'')Cp*Cl}2 (5.2, N'NN'' = N{TMS}CH2CH2NCH2CH2N{TMS}2).23  This 

migration can be forced by heating a toluene solution of 5.1 to 70 °C for 2 days, and 

yielded 5.2 after this time in a 26% isolated yield (Equation 5.1); the conversion of 5.1 

to 5.2 was essentially quantitative when observed by 1H NMR spectroscopy.  

 

Equation 5.1.  Synthesis of {U(N'NN")Cp*Cl}2 (5.2) from 5.1. 

The only characterising data for 5.2 previously reported are the crystal structure 

and the mass spectrum, the latter of which is essentially identical to that obtained for 

5.1, due to the identical empirical formulae and apparent facile fragmentation of the  
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5.2 dimer.  No spectroscopic evidence was consistent with the formation of 5.2 

alongside 5.1 in the synthesis described in section 5.2.1, but further data for 5.2 were 

collected to verify this.  

X-ray crystallographic data collected from a red crystalline sample of 5.2 

synthesised from 5.1 were identical to the previously reported structure.  Mass 

spectrometric analysis and elemental analysis returned the expected values, and were 

essentially indistinguishable to those collected for 5.1.  However, the 1H NMR spectrum 

of 5.2 is significantly different to that of 5.1, due to the different ligand environment 

around the uranium atom in 5.2 resulting in different contact and pseudo-contact shift 

effects, as is typical in 1H NMR spectra of paramagnetic U(IV) complexes.  The 

resonance correlating to the Cp* ligand is seen at δH -2.43, and the N'NN"-SiMe3 proton 

environments are present as two singlets of integration 18H and 9H at 0.71 and  

-4.94 ppm respectively.  The CH2CH2 backbone protons appear as broad singlets 

between 102 and -29.4 ppm. 

Upon inspection of the experimental details previously reported for the synthesis 

of 5.2, the product is described as green crystalline material, not red.  It is possible that 

the X-ray diffraction data originally collected were not representative of the bulk 

sample, and that the intended product, 5.1, was indeed formed as a major product in the 

synthesis.  It should also be noted that the presence of 5.2 has been observed in other 

bulk samples of 5.1 that have been left at ambient temperature for periods greater than 

two weeks, as determined by 1H NMR spectroscopy, implying that 5.2 is also formed 

spontaneously, without heating.  It is possible that similar silyl-group migrated products 

of other complexes featuring the N'N'2 ligand described in the remainder of this chapter 

may also exist. 
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5.3 Synthesis of UIII(N'N'2)Cp* and related compounds 

In order to explore the reductive behaviour of a diamidoamine uranium complex 

with small molecules, such as CO or CO2, the synthesis of the U(III) complex, 

U(N'N'2)Cp*, or a base adduct thereof, must be achieved.  The synthesis of 5.1 is clean 

and high-yielding, providing a U(IV) chloride product that should reduce to the U(III) 

diamidoamine complex.  The results of these reduction attempts are described below. 

5.3.1 Synthesis and characterisation of U(N'N'2)Cp* (5.3) 

The reaction of 5.1 with 1 equivalent of KC8 in toluene was carried out, and 

afforded a dark brown-green solution after stirring at ambient temperature for 2 days.  

Filtration, concentration of the toluene solution and slow-cooling to -50 °C initially 

yielded a small quantity of unreacted 5.1 (5%).  After isolation of this material, the 

removal of volatiles, extraction into Et2O and then slow-cooling to -50 °C yielded dark 

green crystals of U(N'N'2)Cp* (5.3) in a 33% yield (Equation 5.2). 

 

Equation 5.2.  Synthesis of U(N'N'2)Cp* (5.3) from 5.1 and KC8. 

Initial small-scale reactions performed in J Young NMR tubes at ambient 

temperature showed that 5.3 is not stable in solution once formed.  Dark green solutions 

of 5.3 become brown-black in colour over a period of 48 hours.  1H NMR spectroscopic 

analysis of such solutions show the disappearance of resonances attributable to 5.3, and 

the appearance of new uninterpretable paramagnetically-shifted signals, and 

diamagnetic signals thought to correlate to ligand decomposition.  Solid samples of 5.3 

stored at ambient temperature also show visual signs of decomposition after 24 hours.  
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To rule out potential dinitrogen activation during reduction under an N2 atmosphere – 

which has been reported for a number of trivalent uranium species19,22,25–28 – small-scale 

reactions of 5.1 and KC8 in J Young NMR tubes were performed under both N2 and Ar 

atmospheres.  No differences in the 1H NMR spectra were noted, indicating dinitrogen 

activation does not occur.  

The 1H NMR spectrum of 5.3 contained the expected resonances attributable to a 

Cp* ligand (δH -9.36, 15H) and a symmetrically-bound N'N'2 ligand (δH -18.2 and -26.5, 

18H and 9H respectively, along with 4 broad singlets for backbone CH2) at significantly 

different chemical shift values to those found in 5.1.  Only one resonance was observed 

in the 29Si{1H} NMR spectrum – a broad singlet at -130 ppm – presumably due to 

broadening effects.  Mass spectrometric analysis returned a spectrum containing the 

expected parent ion at m/z = 691 (7%), and other reasonable fragments.  Satisfactory 

elemental analysis results for 5.3 could not be obtained due to the inherent instability of 

the complex; decomposition occurred rapidly after preparing the sample for analysis. 

The molecular structure of 5.3 is shown in Figure 5.4, with pertinent bond 

distances and angles quoted in the caption.  The structure is monomeric, with the Cp* 

and N'N'2 ligands coordinated in η5 and κ3 fashions respectively.  The central nitrogen 

atom on the N'N'2 ligand, N2, is coordinated to the metal centre via lone pair interaction, 

and has a longer U-N bond length than the terminal atoms N1 and N3, as is also seen in 

5.1.  The short U1-N1 bond distance of 2.321(5) Å could be indicative of one CH3 

group on the terminal N{TMS} moiety coordinating to the metal centre in a bridging 

fashion.  In comparison to 5.1, the U-Nt (terminal) bond distances in 5.3 are longer, 

while the U-Nc (central) bond distance is shorter; the overall geometry of the N'N'2 

ligand is more ‘closed’ above the central metal atom, reflected in the Nt-U-Nt angle of 

104.41(17) vs 140.0(2) ° in 5.1.  The N'N'2 ‘N-CH2CH2N{TMS}CH2CH2N’ backbone 

in 5.3 is also not symmetrical in the solid-state – the two ‘CH2CH2’ backbone linkages 

are orthogonal to each other. 
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Figure 5.4.  Molecular structure of U(N'N'2)Cp* (5.3).  ORTEP representation with thermal 

ellipsoids at the 50% probability level.  Hydrogen atoms and TMS groups omitted for clarity.  

U1-Ct: 2.535(3) Å, U1-N1: 2.321(5), U1-N2: 2.667(6) Å, U1-N3: 2.342(5) Å,  

N1-U1-N3: 104.41(17) °. 

Recrystallisation of 5.3 from a saturated THF solution yielded a small quantity of 

dark brown crystalline material (ca 15 mg) which was examined by X-ray diffraction 

techniques, whereby the structure was determined to be the THF adduct of 5.3, 

U(N'N'2)Cp*(THF) (5.3.THF, Figure 5.5).  In comparison to the structure of 5.3, 

5.3.THF shows the same κ3-coordination mode of the N'N'2 ligand, with the central 

nitrogen atom N2 binding to the metal centre, with a U1-N2 bond distance of  

2.747(6) Å.  All U-N and U-Ct bond distances are longer in 5.3.THF than in 5.3 due to 

the additionally coordinated THF molecule, which also forces a larger N1-U1-N3 bond 

angle of 115.6(2) ° compared to that of 104.41(17)° in 5.3.  The U1-O1 bond distance of 

2.565(6) Å is similar to that of 2.585(4) Å found in the mixed-sandwich complex, 

2.9.THF. 
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Figure 5.5.  Molecular structure of U(N'N'2)Cp*(THF) (5.3.THF).  ORTEP representation with 

thermal ellipsoids at the 50% probability level.  Hydrogen atoms and TMS groups omitted for 

clarity.  U1-Ct: 2.9076(3) Å, U1-N1: 2.377(6), U1-N2: 2.747(6) Å, U1-N3: 2.392(6) Å,  

N1-U1-N3: 115.6(2) °, U1-O1: 2.565(6) Å. 

1H NMR spectroscopic analysis of 5.3.THF resulted in a spectrum containing 

three broad singlets at -7.16, -8.56, and -18.7 ppm with relative integral values of  

18, 15, and 9H respectively.  Due to weak sample concentration and pronounced 

broadening effects, lower-intensity resonances attributable to the N'N'2 backbone-CH2 

protons and coordinated THF could not be observed.  This material also proved unstable 

– decomposition and a loss of resonances correlating to 5.3.THF was observed by  
1H NMR spectroscopy over the course of 24 hours – precluding further characterisation. 

5.3.2 Attempted reduction using other methods 

A number of other methods were trialled to reduce 5.1 to 5.3: solvents other than 

toluene were used for the KC8 reduction (THF, Et2O), and a reduction using  

mercury amalgam was performed.  Some of these reactions produced small quantities of 

5.3, but mainly formed many unidentified products, as determined by  
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1H NMR spectroscopy.  Complications that could arise during the reduction of 5.1 

include the potential for a TMS group on the N'N'2 ligand to migrate, giving N'NN'' in 

its place, and the inherent instability of trivalent uranium species, which  

may react unexpectedly to return to the more stable tetravalent oxidation state  

via disproportionation or ligand/solvent activation.   

5.3.3 Attempted synthesis of U(N'N'2)Cp* from UI3 

As an alternative to the synthesis of 5.3 via the reduction of the U(IV) chloride 

5.1, the direct synthesis of the trivalent species from UI3 was attempted.  Synthesising 

the mixed-sandwich complex, U(COTTIPS2)Cp* (2.1), from UCl4 is possible from the 

reduction of the parent chloride, 2.2, however, the reaction of UI3 with KCp* and 

K2COTTIPS2 produces 2.1 cleanly and in a high yield without the need for an additional 

reduction step.  It was thought that a double salt metathesis reaction (Scheme 5.5) may 

be a more straightforward route to 5.3. 

 

Scheme 5.5.  Attempted synthetic route to 5.3 from UI3, x = 0-2. 

The reaction of UI3 and KCp* in THF, followed by the addition of Li2(N'N'2) in 

toluene, afforded a dark purple solution that precipitated purple microcrystalline solids 

from toluene or pentane.  Analysis of the microcrystalline material by 1H, 29Si{1H}, and 
7Li{1H} NMR spectroscopy, mass spectrometry and X-ray crystallography showed it to 

be a U(IV) iodide "ate" complex, [U(N'N'2)Cp*I.Li]2[LiI(THF)2]2 (5.4), and not 5.3 or 

5.3.THF.  This type of result has been seen with other uranium systems,29–31 and 

presumably occurs via disproportionation of an unstable U(III) intermediate.  Alkali 

metal “ate” complexes are not uncommon in f-element chemistry,30,32–34 and LiI has not 
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THF, -30 °C
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Li2(N'N'2)
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been entirely eliminated in this case.  The structure of 5.4 is shown in Figure 5.6, 

however, the small size of the crystal sample examined by X-ray diffraction means that 

complete data could not be obtained to a sufficient resolution (I/σ = 7.7), hence only 

connectivity could be established and geometric parameters cannot be discussed.  The 

disorder in one of the four coordinated THF molecule could not be sufficiently 

modeled, hence the carbon atoms are omitted for this moiety in the structure. 

 

Figure 5.6.  Molecular structure of [U(N'N'2)Cp*I.Li]2[LiI(THF)2]2 (5.4).   

ORTEP representation with thermal ellipsoids at the 50% probability level.   

Hydrogen atoms, TMS groups and THF carbons omitted for clarity. 

In comparison to the structure of 5.1, 5.4 displays a different coordination 

geometry of the N'N'2 ligand, forced by the coordination of all three N atoms to Li.   

The central nitrogen atoms on the ligand backbones, N2 and N5, do not bind to the 

uranium metal centre in 5.4, whereas a U-N interaction exists in the same place in 5.1 – 

again a consequence of the presence of Li. 

Attempts to reduce 5.4 with KC8 were not successful, and this route was not 

pursued further. 

5.3.4 Reduction of {U(N'NN")Cp*Cl}2 

In an analogous fashion to the reduction of 5.1, the reduction of the bridging 

chloride 5.2 was also attempted.  It was thought that the free pendant ‘arm’ of the –
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CH2CH2N{TMS}2 moiety may be able to coordinate via the nitrogen lone-pair to the 

uranium centre, assisting in the stabilisation of a trivalent complex (Scheme 5.6).  The 

reduction of 5.2 with 2 equivalents of KC8 in toluene was also performed, aiming to 

form the bridging arene, {U(N'NN'')}2(µ-C7H8) (see section 5.5 for more details on 

bridging arene complexes). 

 

Scheme 5.6.  Postulated route to the trivalent species, U(N'NN")Cp*. 

A toluene solution of 5.1 was heated to form 5.2, which was then reacted with 

KC8 at -78 °C and allowed to warm to ambient temperature, affording a dark red-brown 

solution.  1H NMR spectroscopic analysis of an aliquot showed the complete 

consumption of 5.2 and many new paramagnetic resonances.  Mass spectrometric 

analysis results are outlined in Table 5.2. 

Table 5.2.  Ions present in the mass spectrum collected from the crude reaction mixture of 5.2 

and KC8 in toluene. 

M/z % Assignment 

825 8 U(N'NN")Cp*2 

690 18 U(N'NN")Cp* 

651 100 U(N'NN")(C7H8) 

 
Combined analysis of the mass spectrometric and 1H NMR spectroscopic data 

indicated the presence of more than one species in solution, one of which could be the 

bridging arene complex, {U(N'NN")}2(µ-C7H8).  This would account for resonances 

present in the 1H NMR spectrum at 5.58 and -5.45 ppm, in a 2:1 integral ratio – these 

resonances are also seen in spectra collected for 5.6 (see section 5.5), after 
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decomposition has occurred, consistent with silyl-group migration after the initial 

bridging arene has formed.  No mass spectrometric evidence for a ‘U(N'NN")2’ ion is 

observed (m/z = 872).  One possible explanation for the presence of an ion at  

m/z = 825, correlating to a UIV product containing two Cp* rings, is that 

disproportionation occurs after formation of an unstable trivalent species, 

U(N'NN")Cp*, forming tetravalent U(N'NN")Cp*2 and a transient ‘U(N'NN")’ moiety, 

which activates the arene solvent to form {U(N'NN")}2(µ-C7H8) (Scheme 5.7).  This 

same behaviour is observed for UIII complexes of the form UX3  

(where X = ODtbp, N'') when they are heated in an arene solvent.35  Despite several 

attempts, the separation and isolation of the proposed products was not possible due to 

their similar solubilities, and no structural information could be obtained. 
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Scheme 5.7.  Possible disproportionation of transient U(N'NN")Cp* to give  

{U(N'NN")}2(µ-C7H8) and U(N'NN")Cp*2. 

To identify whether a bridging arene species is formed, 5.2 was combined with  

2.2 equivalents of KC8 in toluene, affording a very dark red solution.   
1H NMR spectroscopic analysis of the mixture showed the presence of resonances at  

δH 5.56 and -5.50, matching the signals observed in the spectrum of 5.2 with 1 eq. KC8, 
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along with other resonances correlating to CH2CH2 backbone environments:  

no Cp* ligand resonances could be identified.  Signals attributable to a bridging toluene 

ligand were not observed, due to the reaction occurring in deuterated arene solvent.  The 

mass spectrum collected from the crude reaction mixture contained a 100% ion at  

m/z = 651, correlating to a ‘U(N'NN")(C7D8)’ fragment.  Attempts to crystallise the 

product for X-ray diffraction analysis were not successful, hence the structure of the 

product cannot be confirmed.  However, it can be concluded from the comparison of  
1H NMR spectroscopic and mass spectrometric data to that collected from the reaction 

of 5.2 with 1 equivalent of KC8, that the same product – potentially a bridging arene – is 

produced in both cases. 

5.4 Small molecule reactivity 

As summarised in detail in Chapter 1, many organometallic U(III) complexes 

show reactivity towards small molecules, such as CO and CO2.  In addition to this, 

U(IV) complexes featuring reactive U-X bonds (where X = C, H, N) can also undergo 

insertion reactions with small molecules.  The trivalent complex 5.3 was synthesised 

with the intention of exploring its reactivity towards CO and CO2, in analogy to the 

related mixed-sandwich complex, U(COTTIPS2)Cp*, which forms ynediolate, deltate, 

and carbonate products with the aforementioned  small molecules.1,3,5  The following 

section details the results of attempted small molecule activation with 5.3, and also with 

the tetravalent species, U(N'N'2)Cp*Cl (5.1). 

5.4.1 Reactivity of U(N'N'2)Cp* (5.3) with CO and CO2 

5.4.1.1 Reactions of 5.3 with CO 

Three experiments were performed using dark green crystalline samples of 5.3: 

portions of 5.3 were dissolved in C7D8 in J Young NMR tubes, then exposed to either  

1 or 2 equivalents of 13CO, or 1 equivalent of 12CO, via Toepler pump apparatus at  
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-78 °C.  In each case, a colour change from dark green to more translucent red-brown 

was observed upon warming.  The results of these reactions are summarised  

in Scheme 5.8. 

 

Scheme 5.8.  Summary of results from reactions of 5.3 with CO. 

Integration of the most intense common resonances in the 1H NMR spectra from 

the three reactions shown above returned values of ca 18, 30, and 9H for three signals at 

ca 4.62, 3.36, and -1.36 ppm, which could correlate to a species of the form 

‘U(N'N'2)Cp*2’, but this cannot be confirmed.  Mass spectrometric analysis of a crude 

portion of 5.3 and 13CO returned a spectrum containing ions correlating to N'N'2 ligand 

fragments (m/z = 73 (100%), 116 (65%), 217 (76%)), and uranium-containing 

fragments at m/z values between 555 and 780, with no sensible assignments apparent.  

It is clear that no single product, e.g. an ynediolate complex, is formed.  Removal of the 

CO headspace from the reaction of 5.3 with 2 eq. 13CO did not result in a change in the 
1H NMR spectrum, indicating that none of the products formed are reversible. 

ReactIR data were collected in situ of the reaction of 5.3 with an excess of 13CO, 

in order to provide further potential identifying information of the number and type of 

products formed in the reaction mixture.  The 13CO was delivered to a 

methylcyclohexane solution of 5.3, cooled to -60 °C inside a gas-tight vessel containing 

the IR probe, via Toepler pump apparatus.  Upon warming to ambient temperature, a 

colour change was observed from dark green to red-brown, and a very low-intensity 
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single new IR vibrational band grew just above the baseline at 1946 cm-1 (Figure 5.7).  

No other indication of intermediate products or other vibrational bands were observed.  

Previously reported IR vibrational bands for simple U-CO adducts range between  

1880 and 1976 cm-1,36–39 which is consistent with the absorption seen in the ReactIR 

experiment of 5.3 and 13CO potentially corresponding to a molecular CO complex, 

U(N'N'2)Cp*(CO), however, the very low intensity nature of this signal precludes a 

definitive assignment. 

 

Figure 5.7.  ReactIR spectra collected from the reaction of 5.3 and 13CO: blue is the spectrum 

collected before gas addition; red is the spectrum after gas addition. 

Despite repeated attempts to crystallise the product, or multiple products, of the 

reaction of 5.3 and CO, no X-ray quality crystals were obtained and hence no structural 

information has been collected.  In conclusion, while a reaction between 5.3 and CO 

does appear to occur, no further data are available to elucidate the identity of the 

reaction products. 

5.4.1.2 Reaction of 5.3 with CO2 

The addition of an excess of 13CO2 to a frozen crystalline sample of 5.3 dissolved 

in C6D6 resulted in a colour change from dark green to yellow-gold upon thawing.  



 

!

195 

Analysis of the reaction mixture by 1H NMR spectroscopy after reaching ambient 

temperature showed the complete consumption of 5.3 and the presence of numerous 

new paramagnetically-shifted resonances between 13.7 and -15.8 ppm, mostly very 

broad singlets.  Collection of 13C{1H} NMR spectroscopic data from the sample showed 

the presence of free 13CO2 (125 ppm) and free 13CO (184 ppm), but no other obvious 
13C resonances.  This could be due to the formation of an oxo species, and could 

potentially be accompanied by the insertion of CO2 into the U-N bonds of the ligand 

framework – 13C NMR resonances associated with inserted 13CO2 moieties may be very 

broadened and hence not observed.  This type of behaviour has been observed 

previously in the uranium trisaryloxide system, U(OTtbp)3, wherein the dinitrogen 

adduct {U(OTtbp)3}3(µ-N2) will react with CO2 after initial N2 dissociation, to give a 

dimeric oxo-bridged species accompanied by CO2 insertion into two U-O aryloxide 

bonds (Equation 5.3).28 

(OTtbp)3U
1 bar CO2

25 °C, 16 h
U(OTtbp)3

N

N arene, - N2

(OTtbp)2U U(OTtbp)2O

O O

OTtbp

OO

OTtbp  

Equation 5.3.  Reactivity of {U(OTtbp)3}(µ-N2) with excess CO2. 

Also reported by the same authors is the reaction of the tris-amide complex, UN''3, 

with an excess of CO2, which forms the tetravalent siloxide, U(O{TMS})4.  This is 

thought to form via the insertion of CO2 into the three U-N ligand bonds, followed by 

the elimination of O=C=N{TMS}, as supported by IR spectroscopic evidence.28  Again, 

a similar pattern of reactivity may also occur for the reaction between 5.3 and CO2: 

insertion of CO2 into one, two, or all of the U-N bonds could give carbamate linkages, 

potentially followed by further rearrangement or elimination of ligand moieties.  Mass 

spectrometric and IR spectroscopic evidence collected from this reaction did not 
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provide any further indications as to the reaction products, and all attempts to crystallise 

a product from the reaction mixture were not successful. 

5.4.2 Reactivity of U(N'N'2)Cp*Cl (5.1) with CO and CO2 

Unlike the relatively inert U-C π-interactions between the U metal centre and 

carbocyclic 5- and 8-membered rings, U-N σ-bonds – like those in the diamidoamine 

complexes described in this work – are more susceptible to insertion reactions.  To 

investigate whether the insertion of CO or CO2 also occurs in addition to any reductive 

behaviour when trivalent 5.3 is exposed to those small molecules, the tetravalent 

chloride complex 5.1 was tested for reactivity towards CO and CO2. 

The addition of 3 equivalents of 13CO to a C6D6 solution of 5.1 did not afford any 

reaction after 12 hours, or after heating to 70 °C for 14 hours, except for some 

conversion to 5.2. 

The reactivity of 5.1 with CO2 was examined: the insertion of CO2 into the  

U-N σ-bond in the mixed-sandwich amido complex, U(COTTIPS2)Cp*(NH2) to give a 

carbamate, U(COTTIPS2)Cp*(κ2-O2CNH2), has already been demonstrated in Chapter 5 

and is suspected to occur in the reaction of 5.3 and CO2.  Little useful characterising 

data were acquired from NMR scale reactions of excess 5.1 and 13CO2, however, the 

preparative-scale reaction of 5.1 and 1 bar of 12CO2 in toluene afforded the isolation of a 

small number of brown crystals, identified as a dimeric, bridging carbamate derivative, 

5.5 (Figure 6.9), with selected bond distances and angles reported in Table 5.3. 
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Figure 5.8.  Molecular structure of 5.5. 

ORTEP representation with thermal ellipsoids at the 50% probability level.  Hydrogen atoms, 

TMS groups and disordered co-crystallising molecule of toluene omitted for clarity. 

 

Table 5.3.  Selected bond distances (Å) and angles (°) for 5.5.  Ct is defined as the Cp*-ring 

centroid.  Half the molecule is contained in the asymmetric unit; both sets of values quoted. 

U1-Cl1, U1-Cl1' 2.7858(11), 2.8026(13) 

U-O 
2.391(3), 2.348(4),  
2.367(4), 2.390(4) 

O1-U1-O3/O2-U1-O4 133.94(12), 132.38(13) 

U-Ct 2.435(2) 
U1-Cl1-U1' 101.25(4) 

O1-U1-O2/O3-U2-O4 55.28(11), 55.41(12) 
O1-C1-O2/O3-C6-O4 117.9(5), 117.8(5) 

 
It can be seen that CO2 insertion has occurred into both U-Nt (terminal) bonds of 

the original N'N'2 ligand.  The carbamate ligands have forced a dimeric conformation, 
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with two bridging chloride atoms and two bridging ‘O2C-N'N'2’ ligands, likely  

due to the steric demands of the bidentate -O2C moieties.  In comparison to the  

mixed-sandwich uranium carboxylates (3.1, 3.2) and carbamate (5.3), the U-O bond 

distances in 5.5 are shorter and also display asymmetry: one U-O distance in each 

carbamate moiety is longer than the other, by ca 0.043 and 0.023 Å, whilst those found 

in 3.1, 3.2 and 5.3 are essentially identical.  As a result of the shorter U-O bonds, the  

O-U-O angles are greater while the C-O-C angles are more acute in 5.5, in comparison 

to 3.1, 3.2 and 5.3 (range for others: 52.82(17) – 54.72(9) ° and 118.7(8) – 120.4(8) ° 

respectively).  These differences can be rationalised by the significantly different 

coordination environments around the U(IV) centre in 5.5.  The related bridging 

chloride dimer featuring an N'N'2 ligand, {U(N'N'2)Cl}2(µ-Cl)2 (5B, Figure 5.2 above) 

contains bridging U-Cl bond distances of 2.881(1) and 2.807(1) Å, and a Cl1-U1-Cl1' 

angle of 158.53(3) °, which are longer and more obtuse than those found in 5.5.   

An explanation for these differences can be ascribed to the steric constraints of the 

bridging N'N'2 ligands that force a relatively short U-U distance in the dimeric structure 

of 4.3198(3) Å vs 4.4988(5) Å found in 5B. 

Mass spectrometric analysis revealed that the product readily decomposes in the 

gas phase; a fragment at m/z = 1627 (< 1%) corresponding to M+ for 5.5, and another 

fragment at m/z = 1491 (< 1%) corresponding to M+ -Cp* are present in the spectrum at 

very low intensity values.  Elemental analysis of a solid, glass-like sample of 5.5 

returned a %C value slightly out of the expected limits: % expected (found):  

%C 36.87 (37.52).  1H NMR spectroscopic analysis of the crystalline material and 

glass-like solids showed numerous broad, uninterpretable resonances that could not be 

definitively assigned.  In conclusion, the tetravalent chloride 5.1 is not inert to CO2 

exposure, which implies that trivalent 5.3 may also undergo CO2 insertion into the two 

U-N bonds of the N'N'2 ligand as well as reducing CO2, complicating the identification 

of products from the reaction between 5.3 and CO2. 
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5.5 Bridging arene complexes 

Several instances of arene complexes bridging two uranium metal centres  

via a µ-η6:η6-coordination mode have been reported in the literature, featuring both a 

variety of ancillary ligands and uranium oxidation states.  The first ‘inverted sandwich’ 

complex of this type was reported by Cummins et al. in 2000: the reduction of 

U(I)(N[tBu]Ar)3 (Ar = 3,5-C6H3-Me2) with 3 equivalents of KC8 in toluene resulted in 

the formation of {U(N[tBu]Ar)3}2(µ-C7H8).40  The related benzene-bridged species, and 

an adamantyl-ligand derivative were also reported (Scheme 5.9); corresponding 

perdeutero-arene bridges were made by reacting the iodide with KC8 in either  

C6D6 or C7D8. 
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Scheme 5.9.  Formation of bridging-arene ‘inverted sandwich’ complexes reported by 

Cummins et al. R = tBu, Ad. 

Structural data was obtained for the adamantyl toluene complex, 

{U(N[Ad]Ar)3}2(µ-η6:η6-C7H8), and it was seen that the bridging toluene molecule 

undergoes a slight lengthening of C-C bond distances (0.04 Å) in comparison to free 

toluene.  The toluene moiety is very slightly ‘puckered’, with one carbon atom lying 

outside of the mean plane of the other carbon atoms, potentially perturbing the 

aromaticity.  Discussion about the oxidation state of this and other bridging arene 

complexes is still ongoing: the U centres could be viewed as two divalent centres with a 

neutral arene bridge (in which case no diversion from planarity or change in C-C bond 



 

!

200 

lengths would be observed), two trivalent centres with an [arene]2- ligand, or even two 

tetravalent centres bound to an [arene]4- ligand.  Many other examples of 

organouranium bridging arene complexes are present in the literature, including  

µ-η6:η6-toluene,35,41–48 µ-η6:η6-benzene,35,49–51 and other related µ-η6:η6-arene 

complexes,35,41,45 featuring a variety of ancillary ligands.  With some exceptions, most 

of these reported complexes feature formally U(III)/U(III) centres bridged by a 

dianionic arene ligand, as concluded by the respective authors.  Details of the  
1H NMR spectroscopic shifts of the bridging arene ligands, U-Carene and C-Carene bond 

distances, and formal charge assignments of the U centres and arene ligands for all 

reported organouranium µ-η6:η6-toluene and µ-η6:η6-benzene complexes are outlined 

in Table 5.4 and Table 5.5. 



 

!

Table 5.4.  Diuranium µ-η6:η6-toluene complexes reported in the literature. 

Arene complex δH µ-toluene (ppm) 
3H (Me), 2H (Ar), 2H (Ar), 1H (Ar) 

U-Carene range (Å)  Avg C-
Carene (Å) 

OS U, arene Ref. 

{U(N[tBu]Ar)3}2(µ-C7H8) a 18.68, -82.98, -88.39, -65.86 n/a n/a III/III, arene2- 40 

{U(N[Ad]Ar)3}2(µ-C7H8) a 19.90, -84.94, -92.20, -61.04 2.503(9) – 2.660(8) 1.438 III/III, arene2- 40 

{U(NNfc)}2(µ-C7H8) b 25.09, -84.79, -86.18, -67.52 2.515(8) – 2.662(8) 1.4545(10) III/III, arene2- 43 

{U(BIPMTMSH)(I)}2(µ-C7H8) c n/a 2.553(7) – 2.616(7) 1.436(16) III/III, arene2-
 

44 

{U(ODtbp)2}2(µ-C7H8) d 10.62, -76.23, -83.31, -87.92 2.516(9) – 2.647(9) 1.443(14) III/III, arene2- 35 

{U(N''}2(µ-C7H8) 22.10, -81.93, -88.18, -72.01 2.539(9) – 2.600(8) 1.434(12) III/III, arene2- 35 

{U(N'N')2}2(µ-C7H8) 43.27, -80.55, -104.20, -64.99 2.566(4) – 2.617(4) 1.447(5) III/III, arene2- this 
work 

[K2I][U{NCtBuMes}3]2(µ-C7H8) e 34.70, -38.01, -44.63, -43.05 2.620(9) – 2.681(9) 1.45(2) IV/IV, arene2- 45 

{U(OSi{OtBu}3)3}2(µ-C7H8) 82.94, -112.68, -122.41, -137.88 2.689(3) – 2.694(3) 1.432(3) IV/IV, arene2- 46 

[K(DME)][U{NCtBuMes}3]2(µ-C7H8) e 64.48, -109.52, -113.84, -126.52 2.60140(9) – 2.65564(11) 1.405(15) IV/V, arene2- 45 

K2{U(OSi{OtBu}3)3}2(µ-C7H8) 16.8, -77.1, -77.5, -72.8 2.624(11) – 2.674(13) 1.439(17) IV/IV, arene4- 48 

K{U(OSi{OtBu}3)3}2(µ-C7H8) 63.2, -80.0, -90.0, -94.3 2.589(4) – 2.621(3) 1.456(8) IV/V, arene4- 48 

({U(TsXy)}2(µ-C7H8) f  34.19, -16.71, -32.61, -36.99 2.651(4) – 2.698(4) 1.440(6) V/V, arene4- 42 

{U(TsTol)2}(µ-C7H8) g 32.4, -18.8, -35.0, -21.0 2.535(15) – 2.673(18) n/a V/V, arene4- 47 

a) Ar = 3,5-C6H3-Me2, b) NNfc = fc{NSitBuMe2}2), c) BIPMTMSH = CH(PPh2N{TMS})2), d) Dtbp = 2,6-tBu2C6H3), e) Mes = (2,4,6-Me3C6H2),  
f) TsXy = CH(SiMe2NAr')3; Ar' = 3,5-Me2C6H3, g) TsTol = CH(SiMe2NAr'')3, Ar'' = 4-MeC6H4. 
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Table 5.5.  Diuranium µ-η6:η6-benzene complexes reported in the literature. 

Arene complex δH µ-benzene 
(ppm) (6H, Ar) 

U-Carene range (Å)  C-Carene (Å) OS U, arene Ref. 

{UCp*2}2(µ-C6H6) -98.9 2.509(14) – 2.733(14) 1.42(2) – 1.462(18) III/III, arene2- 49 

{UCp*(N'')}2(µ-C6H6) -84.0 2.559(3) – 2.631(3) 1.449(4) – 1.453(4) III/III, arene2- 49 

{UCp*(OC6H2
tBu2-2,6-Me-4)}2(µ-C6H6) -89.27 n/a n/a III/III, arene2- 50 

{UCp*(CH[TMS]2)}2(µ-C6H6) -79.19 2.5324(15) – 2.6154(15) 1.454(3) – 1.461(3) III/III, arene2-
 

50 

{UCp*(iPrNC[Me]NiPr)}2(µ-C6H6) -83.98 n/a n/a III/III, arene2-
 

50 

{U(ODtbp)2}2(µ-C6H6) a -85.2 2.517(6) – 2.635(6) 1.442(9) – 1.462(9) III/III, arene2- 35 

{U(N''}2(µ-C6H6) -82.2 2.568(3) – 2.578(3) 1.447(4) –1.457(4) III/III, arene2- 35   

{U(ODtbp)N''}2(µ-C6H6) a -82.15 2.502(4) – 2.617(4) 1.434(5) – 1.466(5) III/III, arene2-
 

35 

{U(OTtbp)2}2(µ-C6H6) b -85.71 n/a n/a III/III, arene2- 35 

{U(LMe)I}2(µ-C6H6) c -68.59 2.539(8) – 2.587(8) 1.431(13) – 1.464(14) III/III, arene2- 51 

{U(N'N'2)}2(µ-C6H6) -76.37 n/a n/a III/III, arene2- this 
work 

[K(DME)][U{NCtBuMes}3]2(µ-C6H6) -112.83 n/a n/a IV/V, arene2- 45 

 
a) Dtbp = 2,6-tBu2C6H3, b) Ttbp = 2,4,6-tBu3C6H2, c) LMe = C{C(Me)NDipp}2, Dipp = 2,6-iPr2C6H3.
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Several methods of forming bridging arenes have been reported and are shown in 

Scheme 5.10: (a) the reaction of a parent U(III) or U(IV) complex and KC8 in an arene 

solvent giving a U(III)/U(III) bridging arene; (b) the reaction of a U(IV) complex and 

KC8 in an arene solvent giving a U(V)/U(V) bridging arene; (c) the reaction of a 

dimeric U(III) complex with KC8 in an arene solvent giving a U(IV)/U(IV) product;  

(d) the spontaneous reduction of an arene solvent with concomitant disproportionation 

of a U(III) complex to a bridging arene and a U(IV) complex. 

 

Scheme 5.10.  Previously reported routes to uranium bridging arene complexes.  

L = 1e- donating ligand, X = halide, R = Me, H. 

With both the U(IV) chloride, U(N'N'2)Cp*Cl (5.1), and the U(III) complex, 

U(N'N'2)Cp* (5.3), in hand, the reactions of either 5.1 with excess KC8 

(i.e. 2 equivalents or greater) in an arene solvent, or 5.3 with stoichiometric KC8 in an 

arene solvent would be expected to follow route (a) to form bridging arene complexes; 

the former reaction could also follow route (b). 
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5.5.1 Synthesis and characterisation of {U(N'N'2)}2(µ-η6:η6-C6H5R) (R = H, Me) 

The reaction of 5.1 and 2 equivalents of KC8 in toluene resulted in the formation 

of a dark brown solution containing off-white precipitate after stirring for 12 hours.  

Removal of volatiles, extraction into Et2O and filtration gave a dark brown solution, 

which yielded very dark brown crystals of {U(N'N'2)}2(µ-η6:η6-C7H8)  

(5.6, Scheme 5.11) in a 20% isolated yield after concentration and slow-cooling to  

-50 °C.  The same reaction performed in benzene afforded {U(N'N'2)}2(µ-η6:η6-C6H6) 

(5.7, Scheme 5.11), however, crystalline samples of 5.7 could not be obtained. 

 

Scheme 5.11.  Synthesis of bridging arene complexes, 5.6 and 5.7, from 5.1. 

Other synthetic routes to the bridging arene complexes are: the reaction of 5.3 and 

KC8 in toluene to yield 5.6 (Scheme 5.12a), or the exchange of an arene bridge by 

heating 5.6 in C6D6 to yield 5.7 (Scheme 5.12b).  The second reaction was quantitative 

by 1H NMR spectroscopy, but only after heating the sample to 80 °C for 13 days; the 

reverse reaction from 5.7 to 5.6 did not occur.  This is in line with the findings of  

Arnold et al., where the authors describe the preferential formation of diuranium  

benzene-bridged products, {U(X2}2(µ-η6:η6-C6H6) (X = N'', ODtbp), to  

anthracene-bridged products, when both benzene and the more easily-reduced 

dihydroanthracene are present in solution with U(X2)3.  Computational results described 

in the same report correlate with this observation, finding that the stability of the 

benzene-bridged product was highest.  Heating {U(X2)}2(µ-η6:η6-C6H6) dissolved in 

C6D6 in the presence of excess dihydroanthracene also does not elicit a reaction.35 
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Scheme 5.12.  Alternative routes to bridging arene complexes. 

1H NMR spectroscopic analysis of both 5.6 and 5.7 showed the presence of two 

intense resonances, corresponding to the SiMe3 proton environments of the  

N'N'2 ligands, at δH -3.16 and -13.6 (5.6) and -3.12 and -13.2 (5.7).  Signals correlating 

to the CH2CH2 backbone environments were also observed, and the bound arene 

resonances were present at δH 43.3 (3H, C6H5-CH3), -65.0 (1H, p-CH),  

-80.6 (2H, o/m-CH) and -104 (2H, o/m-CH) for 5.6, and at δH -76.2 (6H, C6H6) for 5.7.  

The latter values are similar to those reported for other µ-toluene and µ-benzene 

organouranium complexes (see Table 5.4 and Table 5.5).  Mass spectrometric analysis 

showed the expected parent ions for both 5.6 and 5.7.  Elemental analysis of 5.6 

returned results consistently high in %N values, with expected %C: 32.93, %H: 6.53, 

%N: 6.98, and found %C: 32.81, %H: 6.56, %N: 7.69, for reasons that could not be 

ascertained.  Satisfactory elemental analysis results were also not obtained for 5.7.  It 

was observed that over a period of 48 hours, the sample of 5.7 dissolved in C7D8 from 

which the 1H NMR spectrum was obtained began change in composition, as determined 

by 1H NMR spectroscopy, indicating that the product is not indefinitely stable. 

Crystals of 5.6 suitable for X-ray diffraction studies were obtained from  

slow-cooling a saturated Et2O solution to -50 °C overnight.  Recrystallisation from a 
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saturated THF solution afforded the THF adduct, 5.6.THF, but twinning and disorder in 

the structure did not allow for full data refinement and hence no geometric parameters 

are quoted, only connectivity is established.  The structures of these compounds are 

shown in Figure 5.9 and Figure 5.10. 

 

Figure 5.9.  Molecular structure of {U(N'N'2)}2(µ-C7H8) (5.6). ORTEP representation with 

thermal ellipsoids at the 50% probability level.  Hydrogen atoms and SiMe3 groups omitted for 

clarity; toluene molecule rests on plane of symmetry – other Me group not shown above.   

U1-U2: 4.3132(2) Å, U1-N1: 2.278(3) Å, U1-N2: 2.643(3) Å,  

U1-N3: 2.301(3) Å, N1-U1-N3: 99.91(9), U1-Ct: 2.15661(11) Å,  

U-Carene range: 2.566(3) – 2.618(3) Å, C-Carene range: 1.436(5) – 1.464(5) Å. 

In 5.6, the N'N'2 ligand coordinates in a similar fashion to that seen in 5.3, with 

the two CH2CH2 backbone moieties orthogonal to each other (unlike the symmetric 

arrangement seen in 5.1), and the U1-N2 bond distance of 2.643(3) Å indicates a  

lone-pair interaction between the middle nitrogen and central uranium atom.  The 

bridging arene ligand is essentially planar, with torsion angles around the ring 

calculated as 1.0(3) and 1.0(2) °, whilst the bond distances between the arene ring  

C-C bonds are marginally elongated (ca 0.04-0.07 Å) in comparison to free toluene 

(1.395(1) Å),52 a trend which is observed in many other uranium bridging toluene 

complexes (see Table 5.4).  In comparison to other uranium bridging toluene species, 
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the average U-Carene distance in 5.6 is within the previously reported range  

(1.434(12) – 1.4545(10) Å), and is closest to the average distance reported for 

{U(ODtbp)2}2(µ-C7H8) (1.443(14) vs 1.447(5) Å). 

 

Figure 5.10.  Molecular structure of {U(N'N'2)THF}2(µ-C7H8) (5.6.THF).   

ORTEP representation with thermal ellipsoids at the 50% probability level.   

One molecule of two essentially identical molecules in the asymmetric unit.  

Data not fully refined so metrical parameters are not reported. 

As seen in Figure 5.10, the N'N'2 ligand of 5.6.THF coordinates in a fashion 

halfway between the symmetrical coordination seen in 5.1 and the asymmetric 

orthogonal backbone arrangement observed in base-free 5.6 and 5.3.  The central 

nitrogen atom does not appear to be coordinated to the uranium centre, and the toluene 

ligand still appears to be essentially planar, but this cannot be confirmed due to the 

unrefined nature of the data. 

It is proposed that 5.6 contains two UIII
 centres bridged by a toluene2- species, as 

is most commonly observed for other bridging toluene complexes (see Table 5.4 and 

Table 5.5).  Common structural and spectroscopic features are shared between 5.6 and 
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other UIII/UIII, toluene2- species: the U-Carene bond distances in 5.6 fit most closely 

within the range of those reported for UIII/UIII, toluene2- species (2.566(4) – 2.617(4) Å  

vs 2.503(9) – 2.662(8) Å), and the 1H NMR spectroscopic resonances correlating to the 

bridging toluene ring protons in 5.6 are closest in similar chemical shift to the others 

reported (δH -64.99, -80.55, and -104.20 compared to a range of δH -61.04 – -92.20).  

For all bridging toluene species, the C-Carene bond distances do not help to elucidate the 

extent of reduction of the arene ligand, due to the bond distance values in free toluene 

falling closely within the ESD values of the bound arene distances. 

5.5.2 Reactivity of {U(N'N'2)}2(µ-C7H8) (5.6) 

Reductive reactivity has been reported for other bridging arene species that 

contain two UIII centres bridged by an arene2- ligand.  Both diphenyl disulfide and 

azobenzene are reduced upon exposure to {U(N[R]Ar)2}2(µ-η6:η6-C7H8)  

(where R = Ad, tBu), cleaving the S-S and N=N bonds to form UIV dimers.40  

Quinoxaline will also react with trivalent {U(NNfc)}2(µ-η6:η6-C7H8), yielding a 

tetrameric UIV complex with reduced quinoxaline bridges.43  Reductive cleavage of a 

Co-Co bond is also possible via the reaction of the UV and arene4- complex, 

{U(TsXy)}2(µ-η6:η6-C7H8), with {Co(CO)3(PPh3)}2, resulting in the formation of an 

unprecedented U-Co bond.42 

Novel reactivity is observed when the bridging arene species,  

{U(ODtbp)2}2(µ-C6H6) (where Dtbp = 2,6-tBu2C6H3), is combined with HBBN and 

heated to 90 °C for 16 hours, resulting in the borylation of the activated benzene bridge 

and forming {U(ODtbp)2}2(µ-C6H5BBN).  Similar borylation is observed with 

napthalene, toluene, and biphenyl, when U(ODtbp)3 is heated in the presence of the 

respective arene and HBBN, resulting in a new type of C-B bond forming reaction, 

which is not accessible via group 1 metal-based routes.35 
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In light of the reactions that occur with related species, 5.6 was examined for 

potential reductive behaviour.  Exposure of 5.6 to either stoichiometric or excess 

azobenzene elicited no reaction, as was the case with CO, which did not result in a 

reaction even after heating to 100 °C.  When an excess of CO2 was added to a C7D8 

solution of 5.6 via Toepler pump, 1H NMR spectroscopic data showed the immediate 

and complete decomposition into uninterpretable diamagnetic products. It was 

concluded that the bulky nature of the N'N'2 ligands may inhibit further reactivity of the 

arene bridge or metal centres on steric grounds. 

5.6 Conclusions and chapter summary 

The aim of installing the N'N'2 ligand onto uranium, in place of the carbocyclic 

COTTIPS2 ligand and in tandem with Cp*, was to make a ‘half-sandwich’ complex that 

could be compared in terms of its reactivity to its mixed-sandwich analogue, 

U(COTTIPS2)Cp*.  However, it has become apparent from work towards synthesising 

U(N'N'2)Cp* that the propensity for the N'N'2 ligand to undergo silyl-group migration 

means that this trivalent complex is not as robust, and hence not as useful, as its mixed-

sandwich counterpart.  

Despite many efforts, the isolation of any small molecule reduction products has 

not been successful, potentially due in part to side-reactions involving silyl-group 

migrated derivatives of the original precursor or non-inert behaviour of the  

U-N σ-bonds in the N'N'2 ligand, hence not affording clean reactions or isolable 

products.   

The syntheses of the bridging arene species, {U(N'N'2)}2(µ-η6:η6-C6H5R)  

(R = Me, 5.6; R = H, 5.7), has added to the body of knowledge already collected for 

organouranium bridging-arenes featuring a variety of ligand systems, and in a range of 

oxidation states. 
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5.7   Compound naming for Chapter 5 

5.1 – U(N'N'2)Cp*Cl 

5.2 – U(N'NN")Cp*Cl 

5.3 – U(N'N'2)Cp* 

5.4 – [U(N'N'2)Cp*I.Li]2[LiI(THF)2]2 

5.5 – {UCp*Cl}2(µ-κ2:κ2-O2CN{TMS}CH2CH2N{TMS}CH2CH2N{TMS}O2C)2 

5.6 – {U(N'N'2)}2(µ-η6:η6-C7H8) 

5.7 – {U(N'N'2)}2(µ-η6:η6-C6H6) 
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CHAPTER 6: EXPERIMENTAL DETAILS 

6.1 General procedures and techniques 

Air-sensitive compound manipulations were carried out using standard  

Schlenk-line techniques under an atmosphere of catalytically dried and deoxygenated 

argon, or in MBraun glove boxes under catalytically dried and deoxygenated nitrogen or 

argon atmospheres, with < 1 ppm H2O and < 1 ppm O2.  Nitrogen and argon gases were 

supplied by BOC Gases UK.  All glassware was dried by storage in an oven at 120 °C 

overnight with subsequent cooling under 10-3 mbar vacuum, followed by repeated 

alternate evacuation and purging with argon.  Celite® 545 filter aid was stored in an 

oven at 200 °C and flame dried under vacuum before use.  Filter cannulae were 

equipped with Whatman® 25 mm glass microfibre filters dried in an oven at 120 °C 

overnight prior to use. 

Solvents were pre-dried over sodium wire (with the exception of DCM which was 

not pre-dried) before heating to reflux over the appropriate drying agent for at least  

72 hours before use: pentane, hexane and Et2O were dried over NaK2.88; THF, tBuOMe, 

DME and 1,4-dioxane were dried over K; toluene was dried over Na; DCM was dried 

over CaH2.  Dried solvents were degassed and stored in potassium-mirrored ampoules 

after collection, with the exception of THF, DME and DCM, which were stored in 

ampoules containing flame-dried 4Å molecular sieves.  Solvents used in the MBraun 

glove box were stored in bottles under argon prior to use.  Deuterated NMR solvents 

were purchased from GOSS Scientific Ltd. or Sigma Aldrich, purified by heating at 

reflux over K before transferring to ampoules via freeze-thaw degassing methods, and 

were stored under nitrogen prior to use. 
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6.2 Instrumentation 

NMR spectroscopic analysis was performed using a Varian VNMRS 400 

spectrometer: 1H NMR was run at 399.5 MHz, 7Li NMR at 155.3 MHz, 13C NMR  

at 100.5 MHz, 29Si NMR at 79.4 MHz and 2H NMR at 61.3 MHz on the VNMR 400.   

All shifts were internally referenced to residual solvent resonances set using an external 

SiMe4 reference, with the exception of 2H spectra, which were internally referenced to 

residual deutero-solvent resonances, 7Li NMR spectra, which were externally 

referenced to 1 M LiCl in D2O, and 29Si spectra, which were referenced to an external 

SiMe4 reference.  All spectra were recorded at 303 K unless otherwise specified. 

Mass spectrometry was carried out by Dr. A. Abdul-Sada at the University of 

Sussex, using either a VG Autospec Fisons instrument (electron ionisation at 70 eV) or 

a Kratos MS25 mass spectrometer.  Infrared spectroscopy was carried out either using a 

Perkin Elmer Spectrum ONE machine, with samples prepared as Nujol mulls or thin 

films between NaCl plates in an argon-filled glovebox before transferal to a gas-tight  

IR cell, or using in situ ReactIR™ equipment with a diamond probe, with samples 

prepared as methylcyclohexane solutions before transferal into a specially-designed  

IR cell fitted with gas-tight O-rings and a Rotaflo®  stopcock, connected to a  

high-vacuum/argon line (with an optional Swagelok® connection to a gas line/Toepler 

pump). 

Single crystal X-ray diffraction analysis was performed by Dr. S. M. Roe or  

by Dr. A. S. P. Frey at the University of Sussex, with data collected either on a  

Bruker-Nonius rotating anode diffractometer with a sealed-tube source (Mo) or an 

Aglient Xcalibur diffractometer with a sealed-tube source (Mo or Cu/Kα), both with a 

Kappa CCD area detector and an Oxford Cryosystems low-temperature device (173 K), 

operating in ω scanning mode with ψ and ω scans to fill the Ewald sphere.  The 

programs used for control and integration were  Collect, Scalepack, and Denzo,1 or 

programs associated with CrysAlisPro.2  Absorption corrections were based on 
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equivalent reflections using SADABS.  Crystals were mounted on a glass fiber from 

dried vacuum oil kept over 4 Å sieves in an MBraun glovebox, under argon or nitrogen.  

All solutions and refinements were performed using the WinGX package and all 

software packages within,3 or using OLEX2 and software packages within.4–6  

Non-hydrogen atoms were refined using anisotropic thermal parameters, and hydrogens 

were added using a riding model.  The exception to these conditions is for the data for 

U(COTTIPS2)Cp*(κ2-O2CNH2): the X-ray diffraction analysis was performed by the 

National Crystallography Service at Southampton, using a Rigaku Saturn724+ 

diffractometer with a rotating anode Mo/Kα source and graphite monochromator 

(collection at 100 K), with data collection and reduction controlled by Rigaku 

CrystalClear-SM Expert 3.1 b10,7 and refinement carried out using ShelXL-97.6 

Elemental analyses were carried out by E. M. Pascher at Mikroanalytisches Labor 

Pascher, Germany, or by Des Davis at The University of Bristol, UK.  Samples were 

either flame-sealed under vacuum or submitted as triple-sealed vials prepared in an 

argon-filled glovebox at > 1 atm pressure. 

All computational work was carried out by Dr. L. Maron or Dr. C. E. Kefalidis at 

INSA Toulouse, France.  All the structures were fully optimised with the Becke’s  

3-parameter hybrid functional8 combined with the non-local correlation functional 

provided by Perdew/Wang9 (B3PW91).  As in all the reactivity there is no change in 

oxidation state of the uranium center from U(IV) for all the species involved, the  

5f-in-large-core ECP (augmented by a f polarisation function, α = 1.0) is used as the 

basis set.10  For the silicon atoms the quasi-relativistic energy-adjusted ab-initio 

pseudopotential was used, along with its corresponding energy-optimised valence basis 

set,11 augmented by a d polarisation function.12  For the remaining atoms, the  

6-31G(d,p) basis set was used.13–15  In all computations no constraints were imposed on 

the geometry.  All stationary points have been identified as minima (number of 

imaginary frequencies Nimag = 0) or transition states (Nimag = 1).  Intrinsic Reaction 

Paths (IRPs)16,17 were traced from the various transition structures to make sure that no 
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further intermediates exist.  The vibrational modes and the corresponding frequencies 

are based on a harmonic force field.  Enthalpy energies were obtained at T = 298.15K 

within the harmonic approximation.  In the case of 2.9, U(COTTIPS2)(η5:κ1-C5Me4CH2), 

no p-polarisation functions were used in order to save computational time, due to the 

consideration of the full size of the ligands.  For 3.8, enediolate, the iPr substituents on 

the experimentally-used COTTIPS2
 ligands were replaced by H; this simplification does 

not change the results significantly as it has been shown in previous studies in related 

ligand environment.18,19  GAUSSIAN09 program suite was used in all calculations.20 

6.3 Preparation of reagents 

The following reagents were purchased from Aldrich and used without further 

purification: potassium metal and TMSCl.  The following reagents were purchased from 

Acros and used without further purification: diethylenetriamine,  

1,8-diazabicyclo[5.4.0]undec-7-ene.  KN(TMS)2 was purchased from Fluka and 

recrystallised from toluene before use.  NpLi was purchased from Aldrich as a 

cyclohexane/toluene solution, filtered, and evaporated to yield a solid.  nBuLi (2.5 M) 

was purchased from Acros, passed through Celite® and titrated to determine exact 

molarity.  tBuCl was purchased from Fluka, dried sequentially over sieves and  

freeze-thaw degassed before use.  Isotopically enriched gases (13CO, 13CO2, D2, HD and 

ND3) were supplied by Cambridge Isotope Laboratories Inc., and used without further 

purification.  Cylinders of 12CO (research grade, 100% purity), 12CO2 (100.000% 

purity), H2 (99.999% purity) and NH3 (anhydrous) were all supplied by BOC gases and 

used as supplied. 

KCH(TMS)2, KCH2Ph, LiCH2(TMS), KCH2(TMS), KH, KOEt, tBuLi, NaH, 

KC8, K/Hg amalgam, NaK3, 18-crown-6, 12-crown-4, and MeLi (0.334 M) were kindly 

supplied by members of Lab 14.  U turnings were donated by BNFL and rinsed with 

nitric acid before use. UI3,21 UCl4,22 K2(COTTIPS2),23 UCl3Cp*(THF),22 

MgClCp*(THF),22 KCp* (made by deprotonating HCp* with KN(TMS)2)24 and 
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Li2(N'N2) (made by deprotonating H2(N'N'2) with nBuLi)25 were synthesised according 

to published procedures. 

6.4 Notes on interpreting NMR spectra of paramagnetic organouranium 

complexes reported in this work. 

Due to the effects of paramagnetic U(IV) and U(III) centres, the NMR spectra 

collected during the course of this work generally contain resonances that are shifted 

from their typical diamagnetic positions, and are interpreted from signal multiplicity 

and integration alone (for 1H NMR spectra) or by relative resonance quantities.   
1H NMR spectroscopy is the most commonly used technique in this thesis; resonances 

are extremely sensitive to the overall compound environment, typically appearing at 

chemical shifts from +150 to -150 ppm.  As it is not possible to predict the chemical 

shifts at which ligand resonances will occur, characterising signals by multiplicity and 

integration values is relied upon to aid identification of new compounds.   

The COTTIPS2 ligand gives rise to an easily recognisable set of resonances in  
1H NMR spectra: two doublets of integration 18H each, one septet (sometimes seen as a 

broadened multiplet) of integration 6H – typically at shifts between 0 and -20 ppm – 

and three broad singlets (∆υ1/2 = ca 40 Hz) of integration 2H each – typically located 

between 50 and 100 or -50 and -100 ppm.  These resonances are assigned to the protons 

outlined in Figure 6.1.  In addition, the Cp* ligand appears as a singlet  

(∆υ1/2 = ca 5-10 Hz) of integration 15H, typically between +10 and -10 ppm.  



 

!

218 

SiSiiPr3

HC

CH3

CH3

H H

H

H H

H

CH(CH3)2
CH(CH3)2

 

Green – 2 x doublets, 18H each 

Purple – 1 x septet, 6H each 

Red – 1 x br singlet, 2H 

Blue – 1 x br singlet, 2H 

Orange – 1 x br singlet, 2H 

Figure 6.1.  Diagram outlining multiplicity and integral values of 1H NMR spectroscopic 

resonances corresponding to the COTTIPS ligand in typical U(IV) mixed-sandwich 

complexes. 

The diamidoamine N'N'2 ligand also gives rise to distinctive shifts in 1H NMR 

spectra, and a change in environment around the uranium metal centre also causes 

significant changes in chemical shift for each ligand proton resonance.  The three TMS 

groups are seen as two intense singlets, integrating relative to each other in a ratio of 

2:1, due to the magnetic equivalence of the two terminal TMS groups.  The ligand 

CH2CH2 backbone protons are not always observed due to broadening effects, but often 

appear as 4 sets of broad singlets with integral values of 2H each, or as 8 singlets with 

integral values of 1H each. 

13C{1H} NMR spectra of all the paramagnetic uranium complexes synthesised 

here display weak, broadened and shifted resonances that are not generally of use in 

confirming the structure or identity of the complexes, even after collecting decoupled 

spectra over 10000 scans.  As such, they are not routinely reported in the experimental 

section, unless a 13C-labeled gas has been used during the compound preparation. 

29Si{1H} NMR spectra are reported for many mixed-sandwich compounds in this 

work and typically show one resonance (due to the identical COTTIPS2
 ligand Si 

environments) and appear at chemical shifts between +200/-200 ppm for different 

complexes, providing a useful handle for elucidating the number and identity of species 
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present in a reaction mixture.  Due to the longer collection time needed for these spectra 

in comparison to 1H NMR spectra, complexes that are prone to decomposition in 

solution cannot always be characterised in this way.  For N'N'2 and N'NN'' ligand-

containing complexes, two signals correlating to the two inequivalent TMS-group 

environments are not always seen due to broadening effects.  A recent paper that 

collates 29Si{1H} NMR spectroscopic data from a large number of reported Si-

containing organouranium complexes draws some conclusions relating oxidation state, 

structure, and ligand environment to 29Si{1H} NMR spectroscopic shifts.26 

By virtue of these distinct resonances and their relative integral values, coupled 

with their widely varying chemical shifts, it is possible to identify individual species 

even in complex reaction mixtures.  Attempts have been made to assign all 

paramagnetic 1H NMR spectra collected, where possible. 

6.5 Experimental details for Chapter 2 

6.5.1 Synthesis of U(COTTIPS2)Cp*(THF) (2.1.THF) 

This synthesis is a modification of a published procedure:20 an equimolar mixture of 

KCp* (0.40 g, 2.30 mmol) and UI3 (1.42 g, 2.30 mmol) was dissolved in THF  

(ca 50 cm3) in an ampoule and stirred at ambient temperature for 16 h, during which 

time the solution changed colour from purple to blue-green.  Upon settling, the solution 

was isolated from residual off-white solids via filtration and then cooled to -30 °C.   

A solution of K2COTTIPS2 (0.99 g, 2.00 mmol, 0.87 eq.) in THF (ca 20 cm3) was added 

dropwise via cannula to the cold intermediary UI2Cp*(THF)3 solution over 1 h, before 

the mixture was stirred for a further 12 h resulting in a dark brown solution containing 

white precipitate.  Removal of volatiles under reduced pressure preceded extraction in 

pentane (ca 100 cm3), and filtration through Celite® yielded a dark brown solution.  

Upon reducing the solution volume to 30 cm3 and cooling to -50 °C, black needle-like 

crystals of 2.1 were obtained. 
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Yield: 1.13 g (1.31 mmol) 66% w.r.t. K2COTTIPS2. 

1H NMR (C7D8, 399.5 MHz): δH 48.49 (br s, 2H, COT-H), 1.91 (br s, 4H, THF-CH2), 

1.02 (br s, 4H, THF-CH2), -0.97 (m, br, 6H, iPr-CH), -4.61 (br s, 18H, iPr-CH3),  

-8.17 (br s, 18H, iPr-CH3), -15.41 (br s, 15H, Cp*-CH3), -83.73 (br s, 2H, COT-H),  

-120.39 (s, br, 2H, COT-H).  Spectroscopic data matches previously published results.20 

6.5.2 Synthesis of U(COTTIPS2)Cp*Cl (2.2) 

To a stirring solution of 2.1.THF (1.56 g, 1.80 mmol) in pentane (100 cm3), an excess 

of tBuCl (210 µl, 1.90 mmol) was added via microsyringe resulting in an immediate 

colour change from dark brown to red.  After stirring for 2 h, volatiles were removed 

under reduced pressure to yield sticky red-brown solids.  The addition and subsequent 

removal of small portions of pentane (3 x 10 cm3) and thorough drying under reduced 

pressure yielded 2.2 as an analytically pure free-flowing brown powder.  

Recrystallisation of the powder from a small volume of pentane or THF afforded 

material suitable for X-ray diffraction studies. 

Yield: 1.34 g (1.63 mmol) 90% w.r.t. 2.1. 

1H NMR (C6D6, 399.5 MHz) δH 80.28 (br s, 2H, COT-H), 10.15 (s, 15H, Cp*-CH3),  

-7.44 (m, 6H, iPr-CH), -7.73 (d, 1JHH = 5.4 Hz, 18H, iPr-CH3),  

-8.69 (d, 1JHH = 5.4 Hz, 18H, COT iPr-CH3), -84.70 (br s, 2H, COT-H),  

-103.65 (br s, 2H, COT-H). 

1H NMR (C6D12, 399.5 MHz,) δH 73.06 (br s, 2H, COT-H), 9.45 (s, 15H, Cp*-CH3),  

-7.60 (d, 1JHH = 6.7 Hz, 18H, iPr-CH3), -7.82 (m, 6H, iPr-CH),  

-8.82 (d, 1JHH = 6.7 Hz, 18H, iPr-CH3), -77.09 (br s, 2H, COT-H),  

-101.11 (br s, 2H, COT-H). 

29Si{1H} NMR (C6D12, 79.4 MHz) δSi -68.4 (br s, SiiPr3). 

MS (EI)+: m/z =  826 (M+, 11%), 375 (UCp*, 52%), 157 (SiiPr3, 100%). 
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Anal. Calcd for C36H63Si2ClU: C, 52.38; H, 7.69. Found: C, 52.50; H, 7.71. 

6.5.3 Synthesis of U(COTTIPS2)Cp*(CH2Ph) (2.3) 

KCH2Ph (190 mg, 1.46 mmol, 1.2 eq.) in ca 30 cm3 THF was added dropwise to a 

stirring THF solution of 2.2 (997 mg, 1.21 mmol) at -30 °C.  The mixture was stirred at 

-30 °C for a further 1 h, during which time it became dark brown in colour.  Volatiles 

were removed under reduced pressure and the resultant brown solids were extracted 

with 100 cm3 pentane.  The brown solution was collected via filter cannula, 

concentrated and cooled to -20 °C to yield red-purple crystals. 

Yield: 500 mg (0.57 mmol) 47% w.r.t. 2.2. 

1H NMR (C6D6, 399.5 MHz): δ 17.64 (br, s, 2H, COT-H), 10.47 (t, 2H, m-C6H5),  

7.80 (d, 2H, o-C6H5), 7.01 (v. br, s, 2H, CH2-Ph), 3.76 (s, 15H, Cp*-CH3),  

1.64 (t, 1H, p-C6H5), -8.08 (d, 18H, iPr-CH3), -9.99 (br, s, 18H, iPr-CH3),  

-11.41 (br, s, 2H, COT-H), -11.86 (m, 6H, iPr-CH), -76.79 (br, s, 2H, COT-H). 

29Si{1H} NMR (C6D12, 79.4 MHz) -96.9 (s, SiiPr). 

MS (EI)+: m/z 790 (M+
 -CH2Ph, 100%), 746 (M+ -Cp*, 7%). 

Anal. Calcd for C43H70Si2U: C, 58.60; H, 8.00. Found: C, 58.62; H, 7.94. 

6.5.4 Synthesis of U(COTTIPS2)Cp*(Me) (2.4) 

An excess of MeLi solution (0.334 M in Et2O, 5.5 cm3, 1.82 mmol) was added dropwise 

to a stirring solution of 2.2 (1000 mg, 1.21 mmol) in ca 40 cm3 of Et2O pre-cooled to  

-78 °C.  The resultant dark red solution was allowed to warm to -30 °C over 1 h, by 

which time a colour change to orange had occurred.  Et2O was removed under reduced 

pressure, the solids extracted with 40 cm3 of pentane and the orange solution was 

filtered via cannula to remove residual solids.  Removal of pentane under reduced 

pressure yields 2.4 as an analytically pure orange-red powder.  Recrystallisation from a 
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saturated pentane or Et2O solution stored at -35 °C afforded red crystals suitable for  

X-ray diffraction. 

Yield: 729 mg (0.90 mmol) 75% yield w.r.t. 2.2. 

1H NMR (C6D6, 399.5 MHz) δH 52.79 (br s, 3H, CH3), 14.85 (br s, 2H, COT-H),  

0.93 (s, 15H, Cp*-CH3), -4.44 (br s, 2H, COT-H),  

-7.46 (d, 1JHH = 7.4 Hz, 18H, iPr-CH3), -11.27 (d, 1JHH = 5.4 Hz, 18H, iPr-CH3),  

-12.40 (m, 6H, iPr-CH), -69.11 (br s, 2H, COT-H). 

29Si{1H} NMR (C6D6, 79.4 MHz) δSi -99.3 (s, SiiPr). 

MS (EI)+: m/z = 808 (M+ +2 m/z, 6%), 789 (M+ -CH3, 15%),  

416 (M+ -UCp*CH3, 41%), 373 (M+ -COTTIPS2, 77%), 115 (SiiPr2, 100%). 

Anal. Calcd for C37H66Si2U: C, 55.19; H, 8.26. Found: C, 54.45; H, 8.24. 

6.5.5 Attempted synthesis of U(COTTIPS2)Cp*(tBu) 

The following reaction was performed in a J Young NMR tube: 2.2 (35 mg,  

0.042 mmol) and solid tBuLi (3 mg, ca 0.042 mmol) were combined and C6D12 was 

added before the mixture was agitated.  1H NMR spectroscopic data collected 5 minutes 

after mixing showed only the presence of 2.2, and after 4 hours contained resonances 

attributable to 2.2, trivalent 2.1, and the 'tucked-in' complex, 2.9. 

6.5.6 Attempted synthesis of U(COTTIPS2)Cp*(nBu) 

A THF solution (25 cm3) of 2.2 (83 mg, 0.101 mmol) was cooled to -78 °C and  

ca 1 cm3 of nBuLi (2.08 M in hexanes, ca 2 eq.) was added via syringe.  The reaction 

was stirred for 1 h at -78 °C, then allowed to warm to ambient temperature for 3 hours, 

after which time it was dark brown in colour and contained off-white solids.  Removal 

of volatiles, extraction into pentane and subsequent filtration via filter cannula only 

yielded a brown solution of 2.9. 
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6.5.7 Attempted synthesis of U(COTTIPS2)Cp*(Np) 

Method 1: 2.2 (30 mg, 0.036 mmol) and NpLi (3 mg, 0.044 mmol) were added to a  

J Young NMR tube and dissolved in C6D6, resulting in a red-brown solution.   

The 1H NMR spectrum collected 10 minutes after mixing showed a number of 

paramagnetically-shifted peaks, attributable to 2.2, 2.9, ligand decomposition and other 

unidentifiable products. 

Method 2: Equimolar 2.2 and NpLi (156 mg and 14 mg respectively,  

0.019 mmol) were combined in an ampoule before pentane (ca 40 cm3) pre-cooled to  

-78 °C was added, forming a red-brown slurry.  Slow warming to ambient temperature 

over 2 h yielded a brown solution, determined by 1H NMR spectroscopy to be 

predominantly 2.9. 

Method 3: Et2O (ca 10 cm3) pre-cooled to -78 °C was added to an ampoule containing 

2.2 (92 mg, 0.111 mmol) and NpLi (10 mg, 0.124 mmol), and the resulting orange-red 

mixture was stirred for 20 minutes.  Filtration via filter cannula to remove off-white 

precipitate, followed by concentration of the red solution to ca 2 cm3 and storage at  

-20 °C or -50 °C did not afford crystalline material.  1H NMR spectroscopic analysis of 

an aliquot showed the presence of 2.2 and other resonances that could correlate to 

U(COTTIPS2)Cp*(Np), however, further characterisation was not possible. 

6.5.8 Synthesis of U(COTTIPS2)Cp*(CH2TMS) (2.5) 

An Et2O solution (10 cm3) of LiCH2TMS (14 mg, 0.149 mmol, 1.2 eq.) was added 

dropwise via cannula to a stirring solution of 2.2 (99 mg, 0.120 mmol) in Et2O (10 cm3) 

at -40 °C.  The resulting red solution was stirred at -40 °C for 30 min, then allowed to 

warm to ambient temperature over a further 30 min before filtration to remove the white 

precipitate.  Reduction of the solvent volume to ca 4 cm3 and storage at -50 °C yielded 

red crystals of 2.5 suitable for X-ray diffraction studies. 
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Yield: 41 mg (0.046 mmol) 39% w.r.t. 2.2. 

1H NMR (C6D6, 399.5 MHz) δH 66.87 (br s, 2H, CH2TMS), 11.12 (br s, 2H, COT-H), 

8.55 (s, 9H, CH2TMS), 1.82 (s, 15H, Cp*), -4.76 (br s, 2H, COT-H),  

-8.80 (d, 1JHH = 6.9 Hz, 18H, COT iPr-CH3), -9.09 (d, 1JHH = 6.9 Hz, 18H, iPr-CH3),  

-11.48 (m, 6H, COT iPr-CH), -65.99 (br s, 2H, COT-H). 

29Si{1H} NMR (C6D6, 74.9 MHz) δ 139.7, -102.35 assigned to SiiPr3 and CH2SiMe3. 

MS (EI)+: m/z = 833 (M+ -Me3, 13%), 416 (COTTIPS2, 33%),  

373 (M+ -COTTIPS2CH2TMS, 76%), 87 (CH2TMS, 67%), 59 (SiMe2, 100%). 

Anal. Calcd for C43H70Si2U1: C, 54.76; H, 8.50. Found: C, 54.24; H, 7.91. 

6.5.9 Synthesis of U(COTTIPS2)Cp*(CH{TMS}2) (2.6) 

KCH(TMS)2 (39 mg, 0.182 mmol) in pentane (30 cm3) was added dropwise over  

30 minutes to a stirred solution of 2.2 (112 mg, 0.121 mmol) in 30 cm3 pentane and  

3 cm3 THF at -78 °C.  The resultant red-brown solution was allowed to warm to 

ambient temperature over 12 hours, by which time a brown solution with white 

precipitate had formed.  The solution was filtered and all volatiles were removed under 

reduced pressure.  Extraction in pentane (20 cm3) and re-filtration afforded a brown 

solution, from which all volatiles were removed before re-extraction in a minimum 

amount of tBuOMe.  Storage of the tBuOMe solution at -50 °C for a week resulted in 

the formation of brown microcrystalline solids.  X-ray diffraction quality crystals of 2.6 

were obtained by storing a saturated pentane solution of the microcrystalline solids  

at -35 °C for three months. 

Crude yield: 46 mg (0.048 mmol) 40% w.r.t. 2.2. 

1H NMR (C6D6, 399.5 MHz) δH 74.22 (br s, 1H, CH{TMS}2), 8.17 (br s, 2H, COT-H), 

6.67 (s, 15H, Cp*-CH3), -2.18 (d, 1JHH = 7.4 Hz, 18H, iPr-CH3),  
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-3.45 (d, 1JHH = 7.6 Hz, 18H, iPr-CH3), -5.10 (br s, 2H, COT-H), -5.74 (m, 6H, iPr-CH),  

-12.10 (s, 18H, CH{TMS}2), -52.48 (br s, 2H, COT-H). 

29Si{1H} NMR (C6D12, 79.4 MHz) δSi -60.84, -119.84 assigned to SiiPr and 

CH{SiMe3}2. 

MS (EI)+: m/z = 789 (M+ -CH{TMS}2, 32%), 373 (UCp*, 8%),  

145 (CH{TMS}2 fragment, 100%). 

Anal. Calcd for C43H82Si4U: C, 54.39; H, 8.70. Found: C, 54.50; H, 8.60. 

6.5.10 Synthesis of U(COTTIPS2)Cp*(OCH2CH3) (2.7) 

Method 1: A solution of 2.2 (200 mg, 0.240 mmol in 50 cm3 Et2O) was added dropwise 

to a stirring solution of KCH2TMS (36 mg, 0.290 mmol in 100 cm3 Et2O) at -78 °C.  

The resultant orange-brown solution was stirred and allowed to warm to ambient 

temperature over 12 h before volatiles were removed under reduced pressure.  

Extraction of the orange solids with 10 cm3 of pentane, filtration via filter cannula and 

slow-cooling of the pentane solution to -30 °C afforded orange crystals of 2.7 suitable 

for X-ray diffraction studies. 

Yield: 55 mg (0.09 mmol) 31% w.r.t. 2.2. 

Method 2: 2.2 (218 mg, 0.264 mmol) and an excess of KOEt (47 mg, 0.558 mmol) were 

combined in an ampoule, to which THF (5 cm3) was added.  Stirring the mixture at 

ambient temperature resulted in an orange solution and off-white precipitate.  Removal 

of volatiles, extraction into pentane and filtration via filter cannula gave an orange 

solution.  Concentration of the solution volume to ca 3 cm3 and slow-cooling to -30 °C 

afforded orange crystals of 2.7 (78 mg). Isolation of the crystals and further 

concentration and slow-cooling of the mother liquor afforded more crystals (34 mg). 

Yield: 112 mg (0.134 mmol) 51% w.r.t. 2.2. 
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1H NMR (C6D6, 399.5 MHz) δH 142.19 (br s, 2H, OCH2CH3),  

113.78 (br s, 2H, COT-H), 53.58 (s, 3H, OCH2CH3), -6.30 (s, 15H, Cp*-CH3),  

-7.42 (d, 1JHH = 7.0 Hz, 18H, iPr-CH3), -14.45 (d, 1JHH = 6.4 Hz, 18H, iPr-CH3),  

-17.58 (m, 6H, iPr-CH), -39.55 (br s, 2H, COT-H), -88.73 (br s, 2H, COT-H). 

29Si NMR (C7D8, 79.4 MHz) δSi -136.2 (br s, SiiPr). 

MS (EI)+: m/z = 834 (M+, 43%), 699 (M+ -Cp*, 96%), 157 (SiiPr3, 100%). 

IR (NaCl plate, cm-1): 2959s, 2941s, 2890s, 2863s, 1463m, 1374m, 1259m, 1220w, 

1099s, 1067s, 1030s, 1013s, 932w, 909m, 880m, 799m, 764m, 666m, 639m, 582m. 

Anal. Calcd for C38H68Si2OU: C 54.65, H 8.20; found: C 54.99, H 7.99. 

6.5.11 Attempted reaction of 2.2 and KCH2TMS in tBuOMe 

A solution of 2.2 (75 mg) in tBuOMe (ca 15 cm3) was added to a tBuOMe slurry of 

KCH2TMS, and the mixture was stirred at ambient temperature for 3 days.  1H NMR 

spectroscopic analysis after this time showed mostly unreacted 2.2, and low-intensity 

resonances attributable to ‘U(COTTIPS2)Cp*(OMe)’ and ‘U(COTTIPS2)Cp*(OtBu)’.   

6.5.12 Synthesis of [U(η8:κ1(C)-C8H6SiiPr3{SiiPr2CH(CH3)(CH2)})Cp*Cl][Li(OEt)2] 

(2.8) 

A stirred solution of 2.2 (250 mg, 0.303 mmol) was cooled to -30 °C, and to this a Et2O 

solution of LiCH2TMS (34 mg, 0.362 mmol) was added in a dropwise manner over a 

period of 40 min.  The resultant red solution was stirred at -30 °C for a further hour, 

then all volatiles were removed under reduced pressure whilst the reaction mixture was 

kept below 0 °C.  Extraction of the red-orange solids with pentane (30 cm3), filtration 

via filter cannula and subsequent concentration of the solution was followed by storage 

of the red solution at -50 °C overnight.  Orange microcrystalline solids were isolated, 

identified as a mixture of 2.8 (predominant species), and small quantities of other 

products.  Separation of these products was not possible. 
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Combined yield: 23 mg. 

1H NMR (C7D8, 399.5 MHz) δH 14.09 (d, 2H, iPr-CH2), 5.50 (m, 1H, iPr-CH),  

5.41 (d, 1JHH = 7. 4 Hz, 3H, iPr-CH3), 4.60 (d, 1JHH = 7.0 Hz, 3H, iPr-CH3),  

1.95 (s, 15H, Cp*-CH3), -7.09 (s, 9H, iPr-CH3), -8.19 (m, 3H, iPr-CH),  

-10.45 (s, 9H, iPr-CH3), -10.89 (s, 3H, iPr-CH3), -12.30 (s, 3H, iPr-CH3),  

-14.50 (m, 1H, iPr-CH).  7 x br s of integration 2H each at δH 59.77, 52.54, 20.97, 

17.76, -33.41, -91.76, -101.44 assigned to COT-H and ‘tucked-in’ iPr-CH protons.  

Resonances attributable to the 2 CH2 protons closest to U could not be identified. 

MS (EI)+: m/z = 824 (3%, M+ -Li(OEt2)2), 788 (55%, M+ -Cl.Li(OEt2)2),  

191 (11%, Cl.Li(OEt2)2). 

6.5.13 Synthesis of U(COTTIPS2)(η5:κ1-C5Me4CH2) (2.9) 

A solution of 2.3 (400 mg, 0.50 mmol) in 50 cm3 toluene was heated to 70 °C for 24 h, 

during which time the solution changed colour from red-brown to brown.  Filtration via 

filter cannula to remove the small amount of white solids produced, removal of volatiles 

under reduced pressure and the addition and subsequent removal of 3 x 10 cm3 portions 

of pentane afforded the product as a free-flowing brown powder, contaminated with 

some ligand decomposition products inseparable by recrystallisation.  Storage of a 

highly concentrated pentane or THF solution at -50 °C for 4 weeks yielded a small 

number of red crystals of 2.9 or 2.9.THF, respectively, suitable for X-ray diffraction 

studies.  Satisfactory elemental analysis could not be obtained for this compound. 

Yield: 274 mg (0.347 mmol) 70% w.r.t. 2.3. 

1H NMR (C6D6, 399.5 MHz) δH 57.83 (br s, 2H, COT-H), 25.43 (s, 6H, Cp-CH3),  

-1.26 (m, 6H, iPr-CH), -1.90 (d, 1JHH = 7.4 Hz, 18H, iPr-CH3),  

-3.88 (d, 1JHH = 7.2 Hz, 18H, iPr-CH3), -39.77 (s, 6H, Cp-CH3),  

-70.09 (br s, 2H, Cp-CH2), -76.41 (br s, 2H, COT-H), -85.86 (br s, 2H, COT-H). 

29Si{1H} NMR (C6D6, 79.4 MHz) δSi -67.0 (br s, SiiPr3). 
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MS (EI)+: m/z = 789 (M+, 5%), 115 (SiiPr2, 100%). 

6.5.14 Thermolysis of 2.1: 2.9 and U(COTTIPS2)Cp*(OnBu) (2.10) 

A solution of 2.1 (39 mg, 0.045 mmol in 1 cm3 C7D8) in a J Young tube was heated to 

70 °C for 30 days, during which time the solution changed colour from black to dark 

red.  Removal of volatiles, extraction in tBuOMe and storage at -35 °C overnight 

yielded a mixture of red and brown crystals, identified as a mixture of 2.9 and 

U(COTTIPS2)Cp*(OnBu) (2.10). 

Combined isolated yield: 28 mg.  Approximate yield of 2.10: 6 mg, 0.007 mmol, 15%. 

By 1H NMR spectroscopy, yield of 2.9: 41%; yield of 2.10: 40%. 

1H NMR (C6D6, 399.5 MHz) δH 141.81 (br s, 2H, OCH2CH2CH2CH3),  

113.46 (br s, 2H, COT-H), 55.88 (s, 2H, OCH2CH2CH2CH3),  

30.70 (s, 2H, OCH2CH2CH2CH3), 16.88 (s, 3H, OCH2CH2CH2CH3),  

-6.25 (s, 15H, Cp*-CH3), -7.68 (d, 1JHH = 4.8 Hz, 18H, iPr-CH3),  

-14.34 (s,18H, iPr-CH3), -17.61 (m, 6H, iPr-CH), -39.41 (br s, 2H, COT-H),  

-88.75 (br s, 2H, COT-H). 

29Si NMR (C6D6, 79.4 MHz) δSi -135.8 (br s, SiiPr). 

MS (EI)+: m/z = 862 (M+, 4%), 727 (M+ -Cp*, 11%), 115 (iPr fragment, 100%). 

6.6 Experimental details for Chapter 3 

6.6.1 Synthesis of U(COTTIPS2)Cp*H (3.1) 

Method 1: A pentane solution (0.5 cm3) of 2.3 (67 mg, 0.076 mmol) in a B10-sidearm 

ampoule was frozen and then exposed to ca 10 equivalents of H2 (0.760 mmol) via 

Toepler pump.  Upon warming to ambient temperature the solution changed colour 

from dark brown to red after reaching -30 °C.  Removal of volatiles under reduced 

pressure decomposes the product to give a mixture of 2.9 and 2.1.   
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Method 2: An ampoule with a B10-sidearm was charged with a crystalline sample of 

2.3 (114 mg, 0.129 mmol) and stirred vigorously to produce a dark brown finely ground 

powder.  The reaction vessel was cooled to  -78 °C before the headspace was evacuated, 

then pressurised with 1 bar of H2.  After stirring at -78 °C for 45 minutes, sticky  

red-brown solids and a small amount of dark red crystals were observed.  No yield was 

recorded due to instability of the product. 

Method 3: A solution of 2.3 was dissolved in C6D6 and frozen before being exposed to 

an excess of H2 via Toepler pump.  Upon warming a colour change from dark  

red-brown to cherry red was observed.  1H NMR spectroscopic analysis of the mixture 

shows the presence of 3.1, and also a small quantity of 2.9.  The reaction can also be 

performed in C7D8 or C6D12, or using 2.4 or 2.9 in place of 2.3. 

Data for 3.1 synthesised via method 3: 

1H NMR (C6D6, 399.5 MHz) δH 36.97 (br s, 2H, COT-H), 2.42 (s, 15H, Cp*-CH3),  

-7.66 (d, 1JHH = 4.9 Hz, 18H, iPr-CH3), -9.73 (br s, 24H, iPr-CH3 and  
iPr-CH overlapped), -36.08 (br s, 2H, COT-H), -83.64 (br s, 2H, COT-H).   

No resonance attributable to U-H is observed. 

1H NMR (C6D12, 399.5 MHz) δH 32.53 (br s, 2H, COT-H), 2.11 (s, 15H, Cp*-CH3),  

-7.35 (d, 1JHH = 6.9 Hz, 18H,  iPr-CH3), -9.88 (d, 18H, 1JHH = 6.9 Hz,  iPr-CH3),  

-10.03 (m, 6H iPr-CH), -31.28 (br s, 2H, COT-H), -82.19 (br s, 2H, COT-H).   

No resonance attributable to U-H is observed. 

29Si{1H} NMR (C6D6, 79.4 MHz) δSi -82.66 (br s, SiiPr3). 

6.6.2 Synthesis of U(COTTIPS2)Cp*(η2-OC-CH2Ph) (3.2) 

An ampoule was charged with crystalline 2.3 (56 mg, 0.064 mmol) and 3 cm3
 toluene, 

and the resultant dark brown solution was cooled to -78 °C before the addition of CO 

(ca 0.634 mmol, 10 eq.) via Toepler pump.  After warming to ambient temperature 
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whilst stirring over 2 h a colour change to dark red was observed.  Volatiles were 

removed under reduced pressure before the red solids were extracted in ca 0.5 cm3 Et2O 

and slow-cooled to -30 °C affording dark red plate-like crystals, largely unsuitable for 

X-ray diffraction.  Repetition of the reaction with 1 eq. 13CO or a 1:1 mixture of 

H2/13CO in a J Young NMR tube in C6D6 or C6D12 afforded the same result. 

Yield: 16 mg (0.0176 mmol) 28% yield w.r.t. 2.3. 

1H NMR (C6D6, 399.5 MHz) δH 24.95 (d, 1JHH = 7.3 Hz, 2H, o-C6H5),  

13.62 (t, 1JHH = 7.5 Hz, 2H, m-C6H5), 11.48 (t, 1JHH = 7.8 Hz, 1H, p-C6H5),  

-5.79 (br s, 18H, iPr-CH3), -5.95 (br s, 15H, Cp*-CH3), -9.76 (br s, 18H, iPr-CH3),  

-13.28 (m, 6H, iPr-CH). Additional resonances attributable to COT-H protons not 

observed. 

1H NMR (C6D12, 399.5 MHz) δH 24.63 (d, 1JHH = 7.4 Hz, 2H, o-C6H5),  

13.46 (t, 1JHH = 7.4 Hz, 2H, m-C6H5), 11.39 (t, 1JHH = 7.8 Hz, 1H, p-C6H5),  

-5.81 (br s, 18H, iPr-CH3), -5.94 (br s, 15H, Cp*-CH3), -9.75 (br s, 18H, iPr-CH3),  

-13.28 (m, 6H, iPr-CH). Additional resonances attributable to COT-H protons not 

observed. 

29Si{1H} and 13C{1H} NMR did not show any resonances due to broadening effects. 

IR (NaCl plates, cm-1
, 

13C-labelled product): 3587w, 3036w, 2942s, 2893m, 2864s, 

2721w, 1577w, 1463m, 1381w, 1246m, 1222w, 1173br, 1071w, 1026m, 1013m, 964w, 

940w, 883m, 846s, 801w, 752m, 666m, 637m, 580w, 478s. 

MS (EI)+: m/z = 909 (M+, 7%), 789 (M+ -OC-CH2Ph, 52%), 91 (‘OCCH2Ph’, 100%). 

Anal. Calcd (%) for C45H70Si2OU: C, 58.12; H, 7.76. Found: C, 58.91; H, 8.00. 

6.6.3 Synthesis of  U(COTTIPS2)Cp*(η2-OC-CH3) (3.3) 

A J Young NMR tube was charged with crystalline 2.4 (23 mg, 0.029 mmol) and  

0.6 cm3
 C6D6; the resultant red solution was frozen before the addition of CO  
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(ca 0.043 mmol, 1.5 eq.) via Toepler pump.  After warming to ambient temperature a 

colour change to dark red was observed.  Volatiles were removed under reduced 

pressure before the red solids were extracted in ca 0.5 cm3 Et2O and slow-cooled to  

-30 °C affording dark red microcrystalline solids.  Repetition of the reaction with 13CO 

or 1:1 H2/13CO afforded the same result.  Instability of the product precluded further 

analysis. 

Yield: 8 mg (0.0099 mmol) 35% yield w.r.t. 2.4.  

1H NMR (C6D6, 399.5 MHz) δH 31.93 (s, 3H, CH3), -5.60 (br s, 18H, iPr-CH3),  

-6.04 (br s, 15H, Cp*-CH3), -9.78 (br s, 18H, iPr-CH3), -13.18 (m, 6H, iPr-CH). 

Additional resonances attributable to COT-H protons not observed. 

29Si{1H} and 13C{1H} NMR did not show any resonances due to broadening effects. 

IR (NaCl plates, cm-1, 13C-labelled product): 2944s, 2865s, 2719w, 2363w, 1584w, 

1461s, 1382m, 1365m, 1251w, 1229w, 1131w, 1072m, 1016m, 996m, 882s, 853w, 

752m, 668s, 647s, 580w, 53w. 

MS (EI)+: m/z = 159 (100%, SiiPr). 

6.6.4 Synthesis of U(COTTIPS2)Cp*(η2-OC-CH2TMS) (3.4) 

A J Young NMR tube was charged with crystalline 2.5 (14 mg, 0.016 mmol) and  

0.6 cm3
 C6D6; the resultant red solution was frozen before 2 eq. (ca 0.032 mmol) of CO 

was added via Toepler pump.  After warming to ambient temperature a colour change to 

dark red was observed.  Volatiles were removed under reduced pressure before the red 

solids were extracted in ca 0.5 cm3 Et2O and slow-cooled to -30 °C affording dark red 

microcrystalline solids.  Repetition of the reaction with 13CO afforded the same result. 

Yield: 7 mg (0.0077 mmol)  48% yield w.r.t. 2.5. 
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1H NMR (C6D6, 399.5 MHz) δH 10.17 (s, 9H, CH2TMS), -6.24 (br s, 18H, iPr-CH3),  

-6.39 (br s, 15H, Cp*-CH3), -10.29 (br s, 18H, iPr-CH3), -13.91 (m, 6H, iPr-CH). 

Additional resonances attributable to COT-H and CH2TMS protons not observed. 

29Si{1H} NMR (C6D6, 79.4 MHz) δSi -16.43 (br s, CH2SiMe3). SiiPr3 not observed.  

IR (NaCl plates, cm-1, 13C-labelled product): 3035w, 2843s, 2864s, 2724w, 1584w, 

1544m, 1460s, 1379m, 1246m, 1223w, 1187w, 1142m, 1073w, 1030s, 1018s, 952w, 

883s, 842s, 801w, 756m, 668m, 642m. 

MS (EI)+: m/z = 905 (M+, 2%), 743 (M+ -Cp*, -Me2, 4%), 373 (‘UCp*’, 45%),  

73 (TMS, 100%). 

6.6.5 Reaction of 2.6 with 13CO (3.5) 

A C6D6 solution of 2.6 (ca 10 mg, 0.0105 mmol) in a J Young NMR tube was frozen 

and exposed to an excess (ca 3 eq., 0.032 mmol) of 13CO.  Reaction progress was 

monitored by 1H NMR spectroscopy: after 8 days the reaction proceeded no further.  

Subsequent addition of 0.86 bar of 13CO did not yield any further reaction.  Resonances 

were attributed to an insertion/rearrangement product, but no structural information 

could be obtained.  Attempts to crystallise 3.5 and separate it from residual 2.6 were not 

successful. 

1H NMR (C6D6, 399.5 MHz) δH 13.56 (s, 9H, Si-CH3), 11.47 (s, 1H, OC=CH),  

9.43 (s, 9H, Si-CH3), -3.55 (s, “19H” overlapped with other resonance, Cp*-CH3), 

-8.06 (d, 1JHH = 7.4 Hz, 18H, iPr-CH3), -10.16 (d, 1JHH = 6.9 Hz, 18H, iPr-CH3),  

-12.48 (m, 6H, iPr-CH).  No COT-H proton resonances were observed. 

6.6.6 Synthesis of (η5:η1-C5Me4CH2OC=COCH2C5Me4){U(COTTIPS2)}2 (cis-3.7) 

Exposure of a frozen C6D6 dark brown solution of 2.9 (17 mg, 0.022 mmol) in a  

J Young NMR tube to a an excess of 13CO (0.066 mmol, 3 eq) delivered via Toepler 

pump results in a red solution upon warming; the reaction is complete (as determined by 
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1H NMR spectroscopy) after 18 hours, as a mixture of cis:trans isomers in a  

ca 7:1 ratio.  Removal of volatiles under reduced pressure and extraction of the red 

solids in pentane (ca 2 cm3) affords red crystals suitable for X-ray diffraction, as does 

concentration of the C6D6 solution and storage at ambient temperature. 

Yield (mix of isomers): 20 mg (0.012 mmol) 56% w.r.t 2.9. 

For cis-3.7:  1H NMR (C7D8, 399.5 MHz) δH 92.20 (br, s, 4H, COT-H),  

62.02 (br, s, 4H, COT-H), -4.52 (br s, 36H, iPr-CH3), -11.28 (br s, 36H, iPr-CH3),  

-15.18 (m, 12H, iPr-CH), -33.40 (br s, 4H, Cp*-CH2), -71.54 (br s, 4H, COT-H).  

Resonances attributable to CpMe4 protons not observed. 

13C{1H} NMR (C7D8, 100.5 MHz) δC 300.8 (CH2-13CO). 

29Si{1H} NMR (C6D6, 79.4 MHz) δSi -127.7 (br s, SiiPr3). 

MS (EI)+: m/z = 1636 (M+, 2%), 1072 (U{COTTIPS2}2, 100%). 

IR (NaCl plates, cm-1): 2944s, 2863s, 2722w, 1581w, 1493w, 1463m, 1382m, 1365m, 

1279w, 1251w, 1210m, 1170w, 1109w, 1067w, 1025m, 1018m, 1003m, 961w, 932w, 

919w, 882m, 801w, 755m, 668m, 641m, 582m. 

Anal. Calcd for C74H124Si4O2U: C, 54.39; H, 7.65.  Found: C, 53.83; H, 7.77. 

6.6.7 Synthesis of (η5:η1-C5Me4CH2OC=COCH2C5Me4){U(COTTIPS2)}2 (trans-3.7) 

A C7D8 solution of 2.9 (13 mg, 0.0148 mmol) was cooled to -78 °C before exposure to 

an excess of 12CO (ca 1 bar). After allowing the solution to warm to ambient 

temperature over 18 hours, a colour change to red was observed.  Subsequent addition 

of 12CO2 or 13CO2 (either 1 eq., >1 eq., or an excess) yields the trans isomer in a 100% 

yield, as determined by 1H NMR spectroscopy.  The 13C-labelled product, trans-3.7 can 

be formed from the addition of 12CO2 or 13CO2 to the reaction mixture of 2.9 and an 

excess of 13CO. 

Isolated yield: 7 mg, 0.004 mmol, 29% w.r.t. 2.9. 
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1H NMR (C7D8, 399.5 MHz) δH 96.13 (br, s, 4H, COT-H), 88.01 (br, s, 4H, COT-H),  

-1.46 (s, 12H, Cp-CH3), -1.62 (d, 1JHH = 7.0 Hz, 36H, iPr-CH3),  

-9.14 (br s, 36H, iPr-CH3), -12.66 (m, 12H, iPr-CH), -22.20 (s, 12H, Cp*-CH3),  

-30.54 (br s, 4H, Cp*-CH2), -74.06 (br s, 4H, COT-H). 

13C{1H} NMR (C7D8, 100.5 MHz) δC 346.5 (CH2-13CO). 

29Si{1H} NMR (C7D8, 79.4 MHz) δSi -127.3 (br s, SiiPr3). 

MS (EI)+: m/z = 1637 (M+, 98%), 835 (M+ -UCOTTIPS2CpMe5CH2
13C, 12%), 

IR (NaCl plates, cm-1): 2721w, 1536br, 1463s, 1381m, 1328m, 1132w, 1107w, 1067w, 

1030m, 1013m, 993w, 936w, 879s, 748m, 728m, 671m, 642s, 580m, 523w. 

6.6.8 Synthesis of {U(COTTIPS2)Cp*}2(η1:η1-OCH=CHO) (cis-3.8) 

Method 1: An ampoule was charged with 2.4 (416 mg, 0.517 mmol) and ca 10 cm3 of 

pentane, which was then frozen and degassed before the addition of 1 bar of H2.  Upon 

warming to ambient temperature a colour change from orange-red to red-brown was 

observed.  The solution was stirred for 2 h before the headspace was briefly evacuated, 

the solution frozen, and the ampoule degassed before the addition of 1 bar of CO.  No 

colour change was observed upon warming; some off-white precipitate was formed.  

The solution was stirred for 16 hours before filtration via cannula to remove any solids, 

and the volatiles were subsequently removed under reduced pressure to give a brown 

powder of cis-3.8 in a crude yield of 273 mg (0.333 mmol, 64% yield). Recrystallisation 

from a saturated pentane solution yields the title compound as analytically pure, X-ray 

quality crystals. 

Yield: 23 mg (from 40 mg in pentane), 58%. 

Method 2: A J Young NMR tube was charged with 2.3 (22 mg, 0.025 mmol) dissolved 

in 0.6 cm3 C7D8; the dark brown solution was cooled to -78 °C.  A slight excess of H2 

(1.5 eq, 0.037 mmol) was added via Toepler pump and the solution was warmed to 
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ambient temperature over 10 min, during which time a colour change to red occurred.  

The solution was frozen and the headspace evacuated before the addition of a 1:1 

mixture of H2:13CO (1 eq. of 13CO, 0.050 mmol).  Upon warming to ambient 

temperature a colour change to dark brown was observed, forming the 13C-labelled 

product cis-13C-3.8 in a yield of ca 90%, as determined by 1H NMR spectroscopy, with 

reference to solvent peak integral value. 

1H NMR (C7D8, 399.5 MHz) δH 88.05 (s, 1H, OCH), 79.61 (br s, 2H, COT-H),  

5.66 (s, 15H, Cp*-CH3), -5.12 (d, 1JHH = 7.4 Hz, 18H iPr-CH3),  

-9.23 (d, 1JHH = 6.9 Hz, 18H, iPr-CH3), -11.21 (m, 6H, iPr-CH),  

-44.41 (br s, 2H, COT-H), -48.53 (br s, 2H, COT-H). 

29Si{1H} NMR (C7D8, 79.4 MHz) δSi -116.27 (br s, SiiPr3). 

MS (EI)+: m/z = 1636 (M+ -2H, 12%), 789 (‘U(COTTIPS2)Cp*’, 22%),  

699 (‘U(COTTIPS2)OCO’, 22%), 373 (‘UCp*’, 45%), 157 (SiiPr3, 100%). 

IR (NaCl plates, cm-1): 3584w, 2943s, 2890m, 2865s, 2723w, 1463m, 1382w, 1366br, 

1258w, 1222w, 1128s, 1070br, 1028m, 1016m, 649w, 935w, 919w, 882s, 822m, 803w, 

751m, 670s, 641s. 

Anal. Calcd for C74H128Si4O2U2: C, 54.25; H, 7.88. Found: C, 54.72; H, 7.99. 

13C-labelled product (selected data): 

1H NMR (C7D8, 399.5 MHz) δH 87.99 (d, 1JCH = 170 Hz, 1H, O13CH). 

1H{13C} NMR (C7D8, 399.5 MHz) δH 87.99 (br s, O13CH). 

13C{1H} NMR (C6D6, 100.5 MHz) δC 335.84 (br s, O13CH). 

13C NMR (C7D8, 100.5 MHz) δC 341.40 (d, 1JCH = 176 Hz, O13CH). 
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6.6.9   Reactivity of 2.9 with H2/13CO (3.11) 

A C6D6 solution of 2.9 (20 mg, 0.025 mmol) was frozen and a 1:1 mixture of H2/13CO 

(0.025 mmol per gas component) was delivered to the J Young NMR tube via Toepler 

pump.  Upon warming, a colour change from dark brown to red was observed.   
1H NMR spectroscopic data collected 90 min after warming showed a complete 

consumption of 2.9 and the presence of {U(COTTIPS2)Cp*}2(η1:η1-OCH=CHO) (cis-

3.8), along with another product, 3.11.  Attempted separation of the products by 

crystallisation in a range of solvents (pentane, Et2O, toluene) did not prove possible. 

Yield determined by 1H NMR spectroscopy: 66%. 

1H NMR (C6D6, 399.5 MHz): δH 1.47 (s, 15H Cp*-CH3),  

-2.43 (d, 1JHH = 6.6 Hz, 18H, iPr-CH3), -6.25 (d, 1JHH = 6.8 Hz, 18H, iPr-CH3), 

 -8.67 (d, 1JHH = 6.3 Hz, 18H, iPr-CH3), -9.75 (d, 1JHH = 6.4 Hz, 18H, iPr-CH3),  

-10.77 (m, 6H, iPr-CH), -11.99 (m, 6H, iPr-CH).  Other resonances (br s, 1-2H) present 

at δH 94.62, 81.18, 62.59, -32.99, -58.24, and -58.56 attributable to COT-H protons or 

other ligand proton environments. 

1H{13C} NMR (C7D8, 399.5 MHz, selected data): δH -58.2 (br s, 4H). 

13C{1H} NMR (C6D6, 100.5 MHz): δC 390.8 (q, J = 92 Hz, 74 Hz),  

287.8 (d, J = 92 Hz). 

6.6.10 Attempted synthesis of U(COTTIPS2)Cp*(OMe) (3D) from 3.1, CO, and H2 

A pentane solution of 2.4 (25 mg, 0.031 mmol) in a B10-sidearm ampoule was frozen, 

the headspace evacuated, and then pressurised with 1 bar of H2 from a cylinder.  The 

mixture was thawed and allowed to stir for 1 h at ambient temperature, during which 

time a colour change from dark red to cherry red was observed.  A brief evacuation of 

the headspace to remove excess H2 preceded re-freezing, completely evacuating the 

headspace and subsequent addition of 1 eq. of 13CO via Toepler pump.  Without further 
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evacuation, 1.5 bar of H2 was delivered to the vessel from a cylinder.  The mixture was 

allowed to thaw and stir for 12 h, during which time it became darker red in colour.  

Removal of volatiles gave tacky red-brown solids, which were dissolved in C7D8 and 

examined by 1H NMR spectroscopy.  Analysis showed the solution to contain a mixture 

of 3.8 and several other products, including a small quantity of 3D (as determined by 

comparison to literature data)24 in a ratio of approximately 1:8 3D:3.8.  3D was not 

observed by 13C{1H} NMR spectroscopic analysis. 

6.6.11 Synthesis of U(COTTIPS2)Cp*(κ2-O2CCH2Ph) (3.12) 

A dark brown solution of 2.3 (49 mg, 0.56 mmol) in pentane (ca 5 cm3) was exposed to 

1 bar of CO2 at ambient temperature resulting in an immediate colour change to red.  

The solution was stirred overnight to yield a more vivid red solution with some pink 

solids.  Filtration, concentration of the solution and slow cooling to -30 °C yielded 

cherry red crystals suitable for X-ray diffraction studies.  Repetition of the reaction with 
13CO2 on a smaller scale in a J Young NMR tube in C6D6 afforded the same result. 

Yield: 24 mg (0.026 mmol) 46% w.r.t. 2.3. 

1H NMR (C6D6, 399.5 MHz): δH 7.01 (t, 1JHH = 7.0 Hz, 1H, p-C6H5),  

6.73 (d, 1JHH = 6.7 Hz, 2H, o-C6H5), 6.04 (s, 15H, Cp*-CH3), 4.90 (br s, 2H, CH2-Ph), 

0.81 (br s, 2H, COT-H), -4.82 (d, 1JHH = 7.5 Hz, 18H, iPr-CH3),  

-5.61 (d, 1JHH = 7.4 Hz, 18H, iPr-CH3), -6.93 (m, 6H, iPr-CH),  

-24.25 (br s, 2H, COT-H), -54.01 (br s, 2H, COT-H).   

Resonance attributable to m-C6H5 overlapped with solvent residue at 7.1 ppm. 

13C{1H} NMR (C6D6, 100.5 MHz): δC 21.2 (s, bound 13CO2). 

29Si{1H} NMR (C6D6, 79.4 MHz): δSi -88.9 (br s, SiiPr). 

MS (EI)+: m/z = 924 (M+, 12%), 789 (M+ -O2CCH2Ph, 19%),  

373 (‘U-O2CCH2Ph’, 26%), 157 (SiiPr3, 100%). 
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IR (Nujol, cm-1) 1506w, 1418w, 1261w, 1020m, 882m, 789w, 757m, 669m, 640m, 

581m. 

Anal. Calcd for C44H70Si2O2U: C, 57.11; H, 7.63. Found: C, 56.23; H, 7.77. 

6.6.12 Synthesis of U(COTTIPS2)Cp*(κ2-O2CCH3) (3.13) 

A red-orange solution of 2.4 (40 mg, 0.050 mmol) in 4 cm3 toluene was cooled to  

-78 °C before being exposed to CO2 (1.5 eq., 0.075 mmol) via Toepler pump.  Upon 

warming to ambient temperature whilst stirring a colour change to red was observed.  

The solution was concentrated to ca 1 cm3 and slow-cooled to -30 °C affording red 

crystalline material suitable for X-ray diffraction studies.  Performing the reaction with 
13CO2 affords the same result. 

Yield: 28 mg (0.033 mmol) 66 % w.r.t 2.4. 

1H NMR (C6D6, 399.5 MHz) δH 5.80 (s, 15H, Cp*-CH3), 4.24 (d, 3H, CH3),  

-2.26 (br s, 2H, COT-H), -4.61 (d, 1JHH = 7.4 Hz, 18H, iPr-CH3),  

-5.76 (d, 1JHH = 5.4 Hz, 18H, iPr-CH3), -6.66 (m, 6H, iPr-CH),  

-21.71 (br s, 2H, COT-H), -52.44 (br s, 2H, COT-H). 

13C{1H} NMR (C6D6, 399.5 MHz) δC 32.4 (bound 13CO2). 

29Si{1H} NMR (C6D6, 74.9 MHz) δSi -111.02 (br s, SiiPr). 

MS (EI)+: m/z = 849 (M+, 7%), 373 (‘UCp*’, 57%), 157 (SiiPr3, 100%). 

IR (Nujol, cm-1) 1501w, 1225m, 1068w, 1028s, 1016s, 993w, 933m, 882s, 767s, 680m 

669s, 637s, 528m. 

Anal. Calcd for C38H66Si2O2U1: C, 53.75; H, 7.83. Found: C, 53.27; H, 7.77.  
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6.6.13 Synthesis of U(COTTIPS2)Cp*(κ2-O2CCH2TMS) (3.14) 

A dark orange frozen sample of 2.5 (ca 0.126 mmol) in 5 cm3 pentane – prepared 

immediately before commencing the reaction – was exposed to 1 equivalent of CO2  

via Toepler pump.  The solution became dark red upon warming to ambient temperature 

and spontaneously produced red microcrystalline solids after 12 h.  Recrystallisation 

from the slow evaporation of a saturated pentane solution yielded a small number of red 

crystals suitable for X-ray diffraction studies.  Repetition of the reaction with 13CO2 

afforded the same result.  Elemental analysis was not obtainable for this compound. 

Yield: 65 mg (0.07 mmol) 55% w.r.t. 2.5. 

1H NMR (C6D6, 399.5 MHz) δH 10.54 (br s, 2H, CH2SiMe3), 5.25 (s, 15H, Cp*-CH3), 

0.31 (s, 9H, CH2SiMe3), -5.01 (d, J = 7.2 Hz, 18H, iPr-CH3),  

-6.09 (d, J = 7.2 Hz, 18H, iPr-CH3), -7.23 (br s, 2H, COT-H), -7.58 (m, 6H, iPr-CH),  

-13.01 (br s, 2H, COT-H), -50.83 (br s, 2H, COT-H).  

13C{1H} NMR (C6D6, 100.5 MHz) δC 57.4 (bound 13CO2). 

29Si{1H} NMR (C6D6, 79.4 MHz) δSi -10.2, -92.5 assigned to CH2SiMe3 and SiiPr. 

MS (EI)+: m/z = 920 (M+, 22%), 785 (M+ -Cp*, 83%), 157 (SiiPr3, 100%). 

IR (Nujol, cm-1) 1504w, 1234m, 1021m, 920m, 667m, 640m, 540m.  

6.6.14 Attempted reaction of 2.6 and 13CO2 

A C6D6 solution of 2.6 (35 mg, 0.036 mmol) in a J Young NMR tube was frozen 

before being exposed to 1 equivalent (0.036 mmol) of 13CO2.  No reaction was observed 

by 1H NMR spectroscopy.  Next, 0.86 bar of 13CO2 was added to the vessel – no 

reaction was observed.  Heating the sample to 70 °C for 48 h yielded crystalline 3.15. 
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6.6.15 Synthesis of {U(COTTIPS2)(µ-η5:κ1-C5Me4CH2-O2
13C)}2 (3.15) 

Exposure of a frozen C6D6 solution of U(COTTIPS2)(η5:η1-C5Me4CH2) (20 mg,  

0.023 mmol) in a J Young NMR tube to an excess of 13CO2 via Toepler pump afforded 

an orange solution with red precipitate upon warming.  Removal of volatiles under 

reduced pressure and recrystallisation of the red solids from a saturated THF solution 

afforded crystals of 3.15.  Crystals suitable for X-ray diffraction were formed from a 

C6D6 solution stored at ambient temperature.  The reaction can also be performed in  

d8-THF, C7D8, or C6D12. 

Yield: 22 mg (0.013 mmol) 57% w.r.t. 2.9. 

1H NMR (d8-THF, 399.5 MHz) δH 4.80 (s, 6H, Cp-CH3), -0.47 (m, 6H, iPr-CH),  

-0.12 (s, 6H, Cp-CH3), -0.21 (s, 18H, iPr-CH3), -1.95 (s, 18H, iPr-CH3),  

-3.49 (s, 18H, iPr-CH3), -4.18 (s, 18H, iPr-CH3), -6.70 (m, 6H, iPr-CH),  

-10.76 (br s, 6H, Cp-CH3), -11.37 (br s, 6H, Cp-CH3).   

Additional 8 x br s, 2H each, at δH 49.44, 49.18, 21.61, 15.44, -55.49, -59.51, -76.02,  

-80.25 assigned to COT-H and Cp-CH2 protons. 

13C{1H} NMR (C7D8, 100.5 MHz) δC 60.37 (bound 13CO2). 

29Si{1H} NMR data could not be collected due to insolubility of the product. 

MS (EI)+: m/z = 834 (M+ -U{COTTIPS2}C5Me4CH2O2
13C, 100%). 

IR (Nujol, cm-1) 3232w, 2277s, 1611m, 1542s, 1457m, 1372m, 1262w, 1079w, 1014m, 

880m, 807w, 673m, 640m, 575w, 490m, 458s.  

Anal. Calcd. for C74H124Si4O4U2: C, 53.34; H, 7.50.  Found: C, 52.69; H, 7.26. 

6.6.16 Synthesis of U(COTTIPS2)Cp*(O2CH) (3.16) 

2.4 (175 mg, 0.217 mmol) was dissolved in ca 3 cm3 pentane, giving a dark red 

solution, which was frozen after the headspace was evacuated.  The ampoule was 

pressurised with 1 bar of H2 from a cylinder and the reaction mixture was warmed to 
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ambient temperature over 1 h, forming 3.1 in situ; no obvious colour change was 

observed.  The dark red solution was cooled to -78 °C and the ampoule headspace was 

evacuated before being pressurised with 0.8 bar of CO2 from a cylinder.  The dark red 

solution was stirred and allowed to warm to ambient temperature over 16 h, during 

which time red crystalline solids formed – these were isolated and washed with  

3 x 2 cm3 cold pentane portions.  Further crystalline product suitable for X-ray 

diffraction studies was collected from slow-cooling the mother liquor to -35 °C.  

Performing the reaction with 13CO2 in a J Young NMR tube in tandem with a Toepler 

pump yields the labelled product, 13C-3.16.  The partially deuterated product, 13C-3.16-

dx (where x = 1-64) can be obtained from the reaction of 2.3 with D2 and 13CO2. 

Yield: 60 mg (0.072 mmol) 33% w.r.t. 2.4. 

1H NMR (C6D6, 499.5 MHz) δH 13.82 (br s, 2H, COT-H), 8.55 (br s, 1H, O2C-H),  

7.53 (s, 15H, Cp*-CH3), -4.61 (d, 1JHH = 7.3 Hz, 18H iPr-CH3),  

-4.91 (d, 1JHH = 7.3 Hz, 18H, iPr-CH3), -5.67 (m, 6H, iPr-CH),  

-40.80 (br s, 2H, COT-H), -59.24 (br s, 2H, COT-H). 

29Si{1H} NMR (C6D6, 79.4 MHz) δSi -84.00 (br s, SiiPr3). 

MS (EI)+: m/z = 835 (M+, 56%), 700 (M+ -Cp*, 100%). 

IR (NaCl, cm-1): 1558m, 1463m, 1382w, 1362w, 1260s, 1089s, 1016s, 881m, 800s, 

669s, 641w. 

13C-labelled product: 

1H NMR (C6D6, 399.5 MHz, selected data) δH 8.58 (d, JCH = 209 Hz, 1H, O2
13C-H). 

13C{1H} NMR (C6D6, 100.5 MHz) δC -19.97 (br s, O2
13CH). 

13C NMR (C6D6, 100.5 MHz) δC -20.05 (d, 1JCH = 210.4 Hz, O2
13CH). 

IR (ReactIR in C7H14, 13CO2, selected data, cm-1): 1588m. 

Anal. Calcd for (13C)C37H66Si2O2U1: C, 53.27; H, 7.72.  Found: C, 54.16; H, 7.77.  
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6.6.17 Reaction of 3.2 with CO2 

A J Young NMR tube was charged with microcrystalline 3.2 (6 mg, 0.007 mmol) 

dissolved in C6D6; the dark red-brown solution was frozen before exposure to an excess 

of 13CO2 (0.039 mmol, ca 6 eq.).  Upon warming the solution became red in colour.   
1H NMR spectroscopic analysis showed the disappearance of the acyl and the formation 

of a new product.  Over the course of 24 h, the initially-formed product decomposes. 

1H NMR (C6D6, 399.5 MHz) δH 7.04 (t, 1JHH = 7.4 Hz, 1H p-C6H5),  

6.49 (br s, 15H, Cp*-CH3), 6.47 (t, 1JHH = 7.5 Hz, 2H m-C6H5), 4.21 (br s, 2H, COT-H), 

3.38 (d, 1JHH = 7.1 Hz, 2H, o-C6H5), -4.16 (m, 36H, 2 x iPr-CH3 overlapped),  

-5.55 (m, 6H, iPr-CH), -32.85 (br s, ~1H, CH2Ph), -54.17 (br s, 2H, COT-H).  

Additional COT-H resonance not observed. 

13C{1H} NMR (C6D6, 100.5 MHz) δC 238.3, 143.85 (d, J = 73 Hz), 98.51 (d, J = 73.6), 

75.16 (d, J = 104 Hz). 

ReactIR (methylcyclohexane solution): no signal observed. 

6.6.18 Reaction of 3.3 with CO2 

A J Young NMR tube was charged with 2.4 (24 mg, 0.030 mmol) and C7D8; the 

orange-red solution was cooled to -78 °C before being exposed to a slight excess of CO 

(0.036 mmol, 1.2 eq).  Upon warming to ambient temperature the solution changed 

colour to dark red, and 1H NMR spectroscopic analysis confirmed the formation of the 

η2-acyl 3.3.  The solution was again cooled to -78 °C before being exposed to a slight 

excess of 13CO2 (0.0358 mmol, 1.2 eq); upon warming no colour change was observed.  

The formation of the product was determined by NMR spectroscopic analysis.   

The reaction can also be performed in C6D6.  The product decomposes over the course 

of 48 h in solution, or when subjected to reduced pressure. 

1H NMR (C6D6, 399.5 MHz) δH 6.15 (s, 15H, Cp*-CH3), -2.09 (br s, 2H, COT-H),  

-4.20  (d, 1JHH = 7.2 Hz, 18H, iPr-CH3), -4.99 (d, 1JHH = 7.3 Hz, 18H, iPr-CH3),  
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-6.11 (m, 6H, iPr-CH), -9.60 (br s, 3H, OC-CH3), -21.63 (br s, ~1H, COT-H),  

-52.95 (br s, 2H, COT-H). 

13C{1H} NMR (C7D8, 100.5 MHz) δC 110.1, 32.4. 

ReactIR (methylcyclohexane solution; 13CO, 13CO2, selected data, cm-1): 1653m. 

6.6.19 Reaction of 3.4 with CO2 

A crystalline sample of 2.5 (12 mg, 0.014 mmol) dissolved in C6D6 was placed in a  

J Young NMR tube; the red solution was frozen before exposure to a slight excess of 
13CO (0.027 mmol, 2 eq.).  Upon warming to ambient temperature there was no obvious 

colour change and 1H NMR spectroscopic analysis confirmed the formation of the  

η2-acyl 3.4.  The solution was frozen again, before being exposed to an excess of 12CO2 

(0.082 mmol, 6 eq.).  Upon warming to ambient temperature no colour change was 

observed.  A reaction yielding 2 products was confirmed by 1H NMR spectroscopic 

analysis; over a period of 1 h resonances attributed to one of the two products 

disappeared.  The same reaction was also performed in C7D14 in ReactIR equipment, 

using 13CO and 13CO2 – only one product is observed due to time delay in collecting  
1H NMR spectra. 

Product synthesised with 12CO, 13CO2: 

Product A (major; remains present after 1 h): 1H NMR (C6D6, 399.5 MHz, selected 

data): δH 30.13 (s, 2H, COT-H), 30.08 (d, 1JHH = 8.9 Hz, 2H, CH2SiMe3),  

1.11 (s, 15H, Cp*-CH3, overlapped), -3.37 (d, 1JHH = 6.9 Hz, 18H, iPr-CH3),  

-3.94 (s, 9H, CH2SiMe3), -4.64 (d, 1JHH = 6.4 Hz, 18H, iPr-CH3),  

-6.06 (m, 6H, iPr-CH), -7.96 (br s, 2H, COT-H), -44.33 (br s, 2H, COT-H). 

Product B (minor; not present after 1 h): 1H NMR (C6D6, 399.5 MHz, selected data):  

δH 5.43 (s, 15H, Cp*-CH3), -1.21 (s, 9H, CH2SiMe3),  

-4.06 (d, 1JHH = 6.8 Hz, 18H, iPr-CH3), -4.11 (d, 1JHH = 6.8 Hz, 18H, iPr-CH3),  

-5.71(m, 6H, iPr-CH), -6.28 (br s, 2H, CH2SiMe3).  No COT-H resonances observed. 



 

!

244 

13C{1H} NMR (C6D6, 100.5 MHz) δC 131.07 (br s). 

13C NMR (C6D6, 100.5 MHz) δC 131.07 (d, JCH = 10.4 Hz). 

Product synthesised with 13CO, 13CO2: 

Product A:  1H NMR (C7D14, 399.5 MHz, selected data): δH 30.23 (s, 2H, COT-H),  

29.82 (d, 1JHH = 8.9 Hz, 2H, CH2SiMe3), 0.86 (s, 15H, Cp*-CH3, overlapped),  

-3.45 (br s,18H, iPr-CH3), -4.09 (s, 9H, CH2SiMe3),   

-4.64 (br s, 18H, iPr-CH3, overlapped), -5.87 (m, 6H, iPr-CH),  

-7.77 (br s, 2H, COT-H), -44.33 (br d, JCH = 118 Hz, 2H). 

13C NMR (C7D14, 399.5 MHz) δC 192.5 (d, J = 73 Hz), 132.3 (d, J = 73 Hz). 

ReactIR (methylcyclohexane solution; 13CO, 13CO2, selected data, cm-1): 1655m. 

6.6.20 Reaction of cis-3.8 with CO2: 3.17 and isomerisation to trans-3.8 

A crystalline sample of cis-3.8 (3.3 mg) dissolved in C6D6 in a J Young NMR tube was 

frozen before exposure to ca 1 eq. of 13CO2.  Upon warming, a colour change from red 

to red-orange was observed.  1H NMR spectroscopic analysis confirmed the complete 

consumption of cis-3.8 and an essentially 100% conversion into 3.17.  Repeating the 

reaction with substoichiometric 13CO2 does not yield a complete conversion of cis-3.8 

to 3.17.  When performing the reaction with 12CO2, no resonances corresponding to a 
13C-atom are present in the 13C{1H} NMR spectrum.  Crystallisation of the product was 

not successful from pentane, toluene, THF or Et2O.  Heating 3.17 (15 mg) to 80 °C for 

18 h yields trans-3.8 in a 100% yield (as determined by 1H NMR spectroscopy).  

Recrystallisation of crude trans-3.8 yields red-orange crystals suitable for X-ray 

diffraction studies. 

Data for 3.17: 

1H NMR (C6D6, 399.5 MHz) δH 58.60 (s, 2H, COT-H), 29.90 (s, 1H, OCH),  

15.38 (s, 2H, COT-H), 10.06 (s, 15H, Cp*-CH3), -1.74 (s, 15H, Cp*-CH3),  
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-3.05 (d, 1JHH = 7.0 Hz, 18H, iPr-CH3), -3.87 (d, 1JHH = 7.3 Hz, 18H, iPr-CH3),  

-4.71 (m, 6H, iPr-CH), -6.91 (d, 1JHH = 7.1 Hz, 18H, iPr-CH3),  

-11.89 (br s, 18H, iPr-CH3), -14.35 (m, 6H, iPr-CH), -32.82 (br s, 1H, OCH),  

-55.11 (br s, 2H, COT-H), -57.24 (br s, 2H, COT-H).  Other COT-H resonances not 

observed (or overlapped with other resonances). 

13C{1H} NMR (C6D6, 100.5 MHz) δC -55.4 (br s, 13C). 

29Si{1H} (C6D6, 79.4 MHz) δSi -84.3, -115.1 (s, 2 x SiiPr environments). 

MS (EI)+: m/z = 1638 (2%). 

IR: ReactIR, methylcyclohexane (cm-1, selected data): 1331w. 

 

 

Data for trans-3.8: 

1H NMR (C6D6, 399.5 MHz) δH 153.0 (br s, 2H, OCH), 93.40 (br s, 4H, COT-H), 2.80 

(s, 15H, Cp*-CH3), -3.54 (d, 1JHH = 7.0 Hz, 18H, iPr-CH3), -10.10 (d, 1JHH = 6.5 Hz, 

18H, iPr-CH3), -12.04 (m, 6H, iPr-CH), -41.22 (br s, 2H, COT-H), -58.99 (br s, 2H, 

COT-H). 

MS (EI)+: m/z = 1638 (M+, 18%), 789 (‘UCOTTIPS2Cp*’, 37%). 

6.6.21 Reaction of 2.7 with CO2 (3.18) 

Crystalline 2.7 (7 mg) was dissolved in C6D6 in a J Young NMR tube; the solution was 

frozen and an excess (ca 3 eq.) of 13CO2 was delivered to the vessel via Toepler pump.  

Upon thawing, no obvious colour change was observed.  A partial conversion of 2.7 to a 

new product (3.18) was observed 20 minutes after gas addition, which persists for 

several days in solution but is no longer seen after the sample is subjected to reduced 
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pressure.  The same reaction can be performed in C7D8.  Adding further equivalents of 
13CO2 does not alter the outcome of the reaction. 

1H NMR (C6D6, 399.5 MHz): δH 6.28 (s, 15H, Cp*-CH3),  

1.29 (t, 1JHH = 6.9 Hz, 3H, OCH2CH3), -4.68 (d, 1JHH = 7.4 Hz, 18H, iPr-CH3),  

-5.39 (d, 1JHH = 7.5 Hz, 18H, iPr-CH3). Broad singlets ca 1-2H each at δH 5.27, 2.62,  

-29.21, -55.96 assigned to 3 x COT-H and OCH2CH3 proton environments.  

13C{1H} NMR (C6D6, 100.5 MHz): δC -49.26 (br s, 13CO2). 

ReactIR (methylcyclohexane solution, selected data, cm-1): 1300m. 

6.7 Experimental details for Chapter 4 

6.7.1 Synthesis of U(COTTIPS2)Cp*(NH2) (4.1) 

Method 1:  A crystalline sample of 2.3 (210 mg, 0.238 mmol) dissolved in toluene  

(ca 20 cm3) was heated in an ampoule to 65 °C for 16 h, during which time a colour 

change from dark red-brown to dark brown was observed, indicating the formation  

of 2.9.  The solution was cooled to -78 °C, the headspace evacuated and NH3  

(0.238 mmol, 1 eq.) was added via Toepler pump.  After warming to ambient 

temperature and stirring overnight a colour change to orange-red was observed; 

filtration via filter cannula and removal of volatiles under reduced pressure, followed by 

the addition and subsequent removal of small portions of Et2O (3 x 5 cm3) yielded the 

product as an orange powder.  Slow-cooling a saturated tBuOMe solution yields  

block-shaped red crystals of 4.1.tBuOMe suitable for X-ray diffraction studies.  The 

same reaction can be performed with ND3 to yield 4.1-d3. 

Yield: 160 mg (0.199 mmol) 83% w.r.t. 2.3. 

Method 2: A J Young NMR tube was charged with 2.4 (10 mg, 0.012 mmol) dissolved 

in C6D6; the red solution was frozen before exposure to a stoichiometric amount of NH3 
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(0.012 mmol).  Upon warming no obvious colour change was observed.  The same 

reaction can be performed with ND3 to yield 4.1-d2. 

Yield: > 95 % by 1H NMR. 

Method 3:  Solid 2.2 (118 mg, 0.143 mmol) and KNH2 (21 mg, 0.382 mmol, 2.7 eq.) 

were combined in an ampoule to which ca 20 cm3 of Et2O was added.  The resulting 

mixture was stirred for 24 h, by which time the solution was orange-red and contained 

off-white precipitate.  Filtration via filter cannula and removal of volatiles under 

reduced pressure, followed by the subsequent addition and removal of small portions of 

Et2O (3 x 5 cm3) afforded 4.1 as an orange powder. 

Yield: 81 mg (0.100 mmol) 70% w.r.t. 2.2. 

Method 4:  An ampoule was charged with NaNH2 (77 mg, 1.965 mmol) and pre-cooled 

to -78 °C; to this a solution of 2.2 (1352 mg, 1.638 mmol, 0.83 eq. in 100 cm3 Et2O) was 

added over 10 minutes.  The resultant red suspension was allowed to warm to ambient 

temperature and stirred vigorously for 4 days.  Filtration of the orange-red solution via 

filter cannula and subsequent removal of volatiles under reduced pressure yielded 

orange-red solids.  Recrystallisation from ca 5 cm3 tBuOMe or Et2O afforded 

analytically pure red microcrystalline solids after isolation and washing with  

3 x 0.5 cm3
 cold solvent portions. 

Yield: 829 mg (1.029 mmol) 74% w.r.t. 2.2. 

For 4.1: 

1H NMR (C6D6, 399.5 MHz) δH 202.28 (br s, ~1H, NH2), 102.57 (br s, 2H, COT-H),  

-6.08 (d, 1JHH = 7.2 Hz, 18H, iPr-CH3), -6.36 (s, 15H, Cp*-CH3),  

-13.91 (br s, 18H, iPr-CH3), -17.59 (m, 6H, iPr-CH), -32.13 (br s, 2H, COT-H),  

-91.11 (br s, 2H, COT-H). 

29Si NMR (C6D6, 79.4 MHz), δSi -135.26 (SiiPr3). 
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MS (EI)+: m/z = 806 (M+, 20%), 789 (M+ -NH2, 22%), 670 (M+ -Cp*, 26%),  

69 (SiiPr3 fragment, 100%). 

IR (Nujol mull, cm-1): 3582w, 3309w, 3032m, 2721w 1581w, 1497m, 1257m, 1220m, 

1047s, 1032s, 1013s, 934m, 886s, 802m, 755m, 670s, 642s, 581m. 

Anal. Calcd (%) for C36H65Si2NU(C4H10O): C, 54.58; H, 8.59; N, 1.59.  

Found: C, 54.50; H, 8.09; N, 1.20. 

For 4.1-d3: 

2H NMR (C7H8, 61.3 MHz) δD 202.13 (br s, ND2), -6.17 (br s, Cp*-CH2D). 

For 4.1-d2: 

2H NMR (C6H6, 61.3 MHz) δD 201.83 (br s, ND2). 

6.7.2 Attempted synthesis of U(COTTIPS2)Cp*(N{TMS}2) (4.2) 

A J Young NMR tube was charged with 2.2 (25 mg, 0.030 mmol) and KN(TMS)2 

(7 mg, 0.030 mmol); the solids were dissolved in C7D8.  No change was observed after 

thorough mixing.  Heating the solution to 55 °C for 18 h afforded a colour change from 

red-brown to yellow-brown, and the formation of a new product (4.2) was observed by 
1H NMR spectroscopy.  Repetition of the reaction on larger scales and subsequent 

workup did not yield an isolable product or further characterising data – extensive 

decomposition was observed. 

1H NMR (C7D8, 399.5 MHz): δH 23.84 (br s, ~1H, COT-H), 5.90 (s, 15H, Cp*-CH3), 

-1.22 (s, 18H, iPr-CH3), -3.72 (d, 1JHH = 7.4 Hz, 18H, iPr-CH3), -4.31 (m, 6H, iPr-CH), 

-12.20 (v br s, ca 13H, N(SiMe3)2), -64.32 (br s, 2H, COT-H).  Other COT-H resonance 

not located. 
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6.7.3 Synthesis of U(COTTIPS2)Cp*(κ2-O2CNH2) (4.3) 

Crystalline 4.1 (19mg, 0.022 mmol) was dissolved in C6D6 in a J Young NMR tube 

before being frozen and exposed to CO2 (0.044 mmol, 2 eq.); a colour change from 

orange-red to red was observed.  Removal of volatiles under reduced pressure and 

extraction of the red solids with ca 1 cm3 pentane afforded red crystals suitable for  

X-ray diffraction.  The same reaction can be performed with 4.1-dx and 13CO2 to yield 

the perdeuterated products, 13-4.3-dx (where x = 2, 3). 

Yield: 12 mg (0.014 mmol) 64% yield w.r.t. 4.1. 

1H NMR (C6D6, 399.5 MHz) δH 15.63 (s, 2H, NH2), 4.63 (s, 15H, Cp*-CH3),  

-4.70 (d, 1JHH = 7.5 Hz, 18H, iPr-CH3), -6.38 (d, 1JHH = 7.5 Hz, 18H, iPr-CH3),  

-7.44 (m, 6H, iPr-CH), -9.65 (br s, 2H, COT-H), -10.16 (br s, 2H, COT-H),  

-50.05 (br s, 2H, COT-H). 

29Si NMR (C6D6, 79.4 MHz), δSi -94.53 (SiiPr3). 

MS (EI)+: m/z = 850 (M+, 1%), 833 (M+ -NH2, 1%), 806 (M+ - NH2OC, 4%),  

715 (M+ -Cp*, 8%), 373 (UCp*, 30%), 115 (SiiPr fragment, 100%). 

IR (NaCl, cm-1): 3423s, 1588s, 1509m, 1456s, 1448s, 1421s, 1375m, 1260m, 1090, 

1070m, 1030s, 1016s, 993m, 964m, 924w, 915w, 882s, 766m, 702w, 671m, 640, 582w, 

455s. 

Anal. Calcd (%) for C37H65NO2Si2U(C4H10O): C, 53.33; H, 8.17; N, 1.51.   

Found: C, 53.29; H, 7.67; N, 1.75. 

For 13C-4.3: 

13C{1H} NMR (C6D6, 399.5 MHz) δC 25.77 (br s, O2
13C-NH2). 

For 13C-4.3-d3: 

2H NMR (C6D6, 61.3 MHz) δD 15.65 (d, JCD =  16.7 Hz, O2
13C-ND2),  

4.50 (s, Cp*-CH2D). 
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For 13C-4.3-d2: 

2H NMR (C6D6, 61.3 MHz) δD 15.55 (d, JCD =  17.0 Hz, O2
13C-ND2). 

6.7.4 Reaction of 4.1 and CO 

A sample of 2.9 (19 mg, 0.024 mmol) was dissolved in C6D6 in a J Young NMR tube, 

frozen, and exposed to 1.2 eq (0.029 mmol) of NH3.  1H NMR spectroscopic analysis 

confirmed the formation of 4.1.  The solution was frozen, the headspace evacuated, and 

1.2 eq (0.029 mmol) of 13CO was delivered to the vessel.  No reaction was detected by 
1H NMR spectroscopy.  Heating the reaction mixture to 50 °C for 24 hours did not 

afford a change, nor did the addition of an excess of 13CO (0.86 bar).  13C{1H} NMR 

spectroscopy showed the presence of free 13CO in solution. 

6.7.5 Synthesis of [U(COTTIPS2)Cp*(NH)[K(18-crown-6)] (4.4) 

A THF slurry of KH (7.5 mg, 0.186 mmol) and 18-crown-6 (49 mg, 0.186 mmol) was 

cooled to -30 °C, and to this was added a THF solution of 4.1 (150 mg, 0.186 mmol) 

pre-cooled to -60 °C (total solvent volume ca 30 cm3).  The resulting orange-brown 

solution was stirred and allowed to warm to ambient temperature for 2 days, by which 

time a colour change to dark red had occurred and off-white precipitate was present.  

Filtration via filter cannula and removal of volatiles yielded a red oil.  The addition of 

cold Et2O (5 cm3, -60 °C) resulted in the precipitation of a pink powder and an orange 

solution, which was filtered away via filter cannula – this was repeated until the 

washings were colourless.  The residual pink powder (4.4) was dried under reduced 

pressure, and is sparingly soluble in toluene/benzene with the addition of THF.  Red 

needles of 4.4 were obtained from a saturated Et2O solution stored at ambient 

temperature. 

Yield:  65 mg (0.059 mmol) 32% w.r.t. 4.1. 



 

!

251 

1H NMR (C7D8/d8-THF, 399.5 MHz) δH -8.90 (br s, 18H, iPr-CH3),  

-10.18 (br s, 15H, Cp*-CH3), -17.32 (br s, 18H, iPr-CH3), -21.70 (br s, 6H, iPr-CH). 

Broad resonance at δH 7.81 attributed to 18-crown-6; broad, low-integral resonances (ca 

1-2H) at δH 152.01, -79.90, -120.43, and -133.64 could be attributed to COT-H and U-

NH protons. 

MS (EI)+ only returned values corresponding to ligand fragments (m/z = 416, 374). 

IR (NaCl, cm-1): 1460s, 1377m, 1351m, 1249w, 1112m, 963m, 836w, 801w, 722w. 

Anal. Calcd (%) for C48H88KSi2NO6U(C5H12O): C, 53.20; H, 8.42; N, 1.17.  

Found: C, 52.85; H, 8.39; N, 1.01. 

6.7.6 Reaction of 4.1, KH, and 222-crypt 

An ampoule was charged with equimolar quantities of 4.1 (80 mg, 0.100 mmol),  

KH (4 mg) and 222-crypt (37 mg), followed by 15 cm3 of THF pre-cooled to -40 °C.  

The resulting orange-pink slurry was stirred for 2 days, after which time it was dark  

red-brown in colour.  Filtration via filter cannula and removal of volatiles under reduced 

pressure yielded a red-brown oil.  1H NMR spectroscopic analysis of an aliquot of crude 

product showed the conversion of 4.1 into a new product, tentatively characterised as 

[U(COTTIPS2)Cp*(NH)][K(222-crypt)2], which appeared to show a change in 

coordination of 222-crypt after 4 days in solution.  Attempts to manipulate the  

red-brown oil further resulted in decomposition; no isolable product could be obtained. 

1H NMR (C6D6/d8-THF, 399.5 MHz, selected data) δH 17.04 (s, 6H, 222-crypt),  

16.85 (s, 6H, 222-crypt), 15.58 (s, 6H, 222-crypt), 12.41 (s, 18H, 222-crypt),  

12.21 (s, 18H, 222-crypt), 11.07 (s, 18H, 222-crypt), -4.13 (br s, 18H, iPr-CH3),  

-9.27 (br s, 15H, Cp*-CH3), -17.83 (br s, 18H, iPr-CH3), -21.38 (br s, 6H, iPr-CH). 

Resonances attributable to COT-H and U-NH proton environments not observed. 

After 4 days in solution: 
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1H NMR (C6D6/d8-THF, 399.5 MHz, selected data) δH 11.05 (s, 18H, 222-crypt),  

10.91 (s, 18H, 222-crypt), 9.74 (s, 18H, 222-crypt), -4.15 (br s, 18H, iPr-CH3),  

-9.37 (br s, 15H, Cp*-CH3), -17.91 (br s, 18H, iPr-CH3), -21.43 (br s, 6H, iPr-CH). 

Resonances attributable to COT-H and U-NH proton environments not observed. 

6.7.7 Reaction of 4.1, NaH, and 12-crown-4 

An equimolar quantity of 4.1 (253 mg, 0.310 mmol) and NaH (7.5 mg) was suspended 

in THF (15 cm3) pre-cooled to -78 °C, and to this was added dropwise an Et2O solution 

of 12-crown-4 (0.620 mmol, 0.00109 M) resulting in an orange solution.  No 

discernable colour change was observed after stirring for 5 days; 1H NMR spectroscopic 

analysis determined that no reaction had occurred. 

6.7.8 Reaction of 4.1, KH, and 12-crown-4 

A THF solution of 4.1 (250 mg, 0.310 mmol) and an excess of 12-crown-4 (2 eq.,  

0.620 mmol, 0.00109 M solution in Et2O) cooled to -30 °C was added to a THF 

suspension (5 cm3) of KH (12.6 mg, 0.314 mmol) and stirred whilst warming to 

ambient temperature.  No obvious colour change was observed after 7 days; 1H NMR 

spectroscopic analysis determined that no reaction had occurred. 

6.7.9 Reaction of 4.1, KH, and excess 18c6 

An ampoule was charged with 4.1 (87 mg, 0.108 mmol), KH (4 mg, 0.108 mmol) and 

18c6 (57 mg, 0.216 mmol, 2 eq.), and to this was added THF (20 cm3) pre-cooled to  

-60 °C.  An aliquot collected from the reaction mixture after warming to ambient 

temperature and stirring for 2 days, and analysed by 1H NMR spectroscopy showed the 

presence of resonances corresponding to unreacted 4.1 and a product with similar 

resonances to 4.4.  Variable temperature 1H NMR studies determined that the K ion was 

still bound to the metal centre. 
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1H NMR (C7D8/d8-THF, 399.5 MHz) δH -10.13 (br s, 15H, Cp*-CH3),  

-10.98 (br s, 18H, iPr-CH3), -16.77 (br s, 18H, iPr-CH3), -21.54 (br s, 6H, iPr-CH). 

Broad resonance at δH 5.46 attributed to 18c6; broad, low-integral resonances (ca 1-2H) 

at δH 152.92 and -120.83 could be attributed to COT-H or U-NH protons. 

6.7.10 Attempted oxidation of 4.4 with AgBPh4 

A test reaction was performed: an excess of AgBPh4 was added to a C7D8/d8-THF 

solution of 4.4 (containing some 4.1) and mixed thoroughly.  1H NMR spectroscopic 

analysis of the reaction mixture revealed the disappearance of all resonances attributable 

to 4.4 and no evidence for a new product. 

6.7.11 Reaction of 4.4 with 0.5 eq. I2 

Pink 4.4 (29 mg, 0.026 mmol) was dissolved in ca 10 cm3 THF, and to this was added a 

freshly-prepared solution of I2 in THF (0.013 mmol, 120 µl, 0.109 M).  The reaction 

mixture immediately became dark brown from the addition of I2.  Stirring for 1 h, 

removal of all volatiles, and extraction into C7D8 for 1H NMR spectroscopic analysis 

showed the reaction mixture to contain U(COTTIPS2)Cp*I (from comparison to a 

genuine sample), no residual 4.4, and a number of other paramagnetically-shifted 

resonance which could not be assigned. 

6.7.12 Attempted syntheses of “U(COTTIPS2)Cp*(N)” 

Method 1: A THF solution of 4.4 (92 mg, 0.083 mmol) was pre-cooled to -20 °C and 

added to a THF slurry of KH (6.6 mg, 0.166 mmol) and 18c6 (44 mg, 0.166 mmol).  An 

aliquot was obtained after the reaction mixture was stirred for 12 h, and 1H NMR 

spectroscopic analysis showed the presence of resonances very similar in chemical shift 

and integral values to that of 4.4 and unreacted 18c6.  Further workup did not yield an 

isolable product. 
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1H NMR (C6D6, 399.5 MHz) δH -9.99 (br s, 15H, Cp*-CH3),  

-11.41 (br s, 18H, iPr-CH3), -16.56 (br s, 18H, iPr-CH3), -21.40 (br s, 6H, iPr-CH). 

Method 2: An ampoule was charged with 4.1 (260 mg, 0.323 mmol), KH (25.9 mg, 

0.645 mmol) and 18c6 (170 mg, 0.645 mmol) before ca 30 cm3 THF was added, which 

had been pre-cooled to -78 °C.  The resulting dark brown-orange solution was stirred at 

-78 °C for 2 h, then allowed to warm to ambient temperature whilst stirring for 18 h, 

during which time no obvious colour change was observed.  An aliquot obtained for  
1H NMR spectroscopic analysis returned results showing the presence of unreacted 4.1, 

and a number of broad, paramagnetically-shifted resonances that could not be assigned.  

Stirring for a further 12 h, followed by filtration via filter cannula, removal of volatiles 

and the addition of Et2O (ca 5 cm3) to the red-brown tacky solids yielded a  

brown-green solution.  Slow-cooling to -30 °C yielded red-green crystals of 

U(COTTIPS2)2 and colourless crystals of K(18-crown-6). 

Method 3: Pink 4.4 (23 mg, 0.021 mmol) was dissolved in ca 10 cm3 THF and cooled to 

-78 °C; to this was added 0.5 eq. of I2 (0.011 mmol, 96 µl, 0.109 M in THF) via 

microsyringe.  The brown mixture was allowed to warm to ambient temperature whilst 

stirring for 4 h.  Removal of volatiles, extraction of the brown solids in pentane, 

filtration via filter cannula and re-extraction in THF gave a brown solution separated 

from off-white solids.  This was cooled to -78 °C and then added to a THF slurry of KH 

(1 mg, 0.021 mmol) and 18c6 (6 mg, 0.021 mmol) also pre-cooled to -78 °C, and the 

resulting mixture was stirred for 2 days.  Removal of volatiles from the orange-brown 

solution, extraction into Et2O (ca 10 cm3) followed by filtration via filter cannula gave a 

brown solution.  Volatiles were removed under reduced pressure before the remaining 

orange-browns solids were dissolved in C7D8 for 1H NMR spectroscopic analysis, 

which showed only the presence of resonances similar in chemical shift to 4.4 alongside 

organic decomposition resonances.  Further workup did not yield isolable material. 
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1H NMR (C7D8, 399.5 MHz, selected data) δH -10.13 (br s, 15H, Cp*-CH3),  

-11.77 (br s, 18H, iPr-CH3), -16.52 (br s, 18H, iPr-CH3), -21.47 (br s, 6H, iPr-CH). 

6.8 Experimental details for Chapter 5 

6.8.1 Synthesis of U(N'N'2)Cp*Cl (5.1) 

An ampoule was charged with equimolar amounts of UCl4 (1.524 g, 4.013 mmol) and 

LiCp* (0.569 g, 4.013 mmol) before the addition of THF (100 cm3), pre-cooled to  

-30 °C.  The resultant mixture was stirred for 16 h, affording a red solution with white 

solids.  After cooling to -30 °C, Li2(N'N'2) (1.264 g, 3.812 mmol, 0.95 eq.) in THF  

(ca 30 cm3) was added dropwise to the mixture and stirred for 12 h, giving an orange 

solution with white precipitate.  Extraction in toluene and filtration through Celite® 

resulted in an orange solution.  Storage at -50 °C overnight yielded yellow-green 

crystals of U(N'N'2)Cp*Cl. 

Yield: 2.209 g (3.039 mmol) 80% yield w.r.t. Li2(N'N'2). 

1H NMR (C6D6, 399.5 MHz) δH 29.73 (br s, 2H, N'N'2-CH2 backbone),  

24.84 (br s, 18H, terminal N{SiMe3}), -0.06 (s, 15H, Cp*-CH3),  

-14.17 (s, 9H, middle N{SiMe3}), -19.44 (br s, 2H, N'N'2-CH2 backbone).  

Resonances at -32.74 and -48.38 (v br s, < 1H) attributed to other N'N'2-CH2 backbone 

environments. 

29Si{1H} (C6D6, 79.4 MHz) δSi -45.64, -50.60 (middle and terminal SiMe3). 

MS (EI)+: m/z  = 725 (M+, 3%), 690 (M+
 -Cl, 2%), 408 (M+ -{N'N'2}, 13 %),  

217 (N'N'2 fragment, 100%). 

Anal. Calcd for C23H50Si3N3ClU: C, 38.03; H, 6.93; N, 5.78.  

Found: C, 38.12; H, 6.91; N, 5.86. 
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6.8.2 Thermolysis of 5.1: {U(N'NN'')Cp*Cl}2 (5.2) 

A crystalline sample of 5.1 (75 mg, 0.103 mmol) was dissolved in toluene (ca 5 cm3) 

and the resulting orange solution was heated at 70 °C for 48 hours, during which time 

the solution became orange-red in colour.  Removal of volatiles under reduced pressure 

and subsequent slow-cooling of the solids dissolved in ca 2 cm3 toluene yielded red 

crystalline material of 5.2. 

Yield: 20 mg (0.028 mmol) 26% w.r.t. 5.1; yield by 1H NMR spectroscopy: > 90%. 

1H NMR (C6D6, 399.5 MHz) δH 102.63 (br s, 2H, N'NN''-CH backbone),  

49.49 (br s, 2H, N'NN''-CH backbone), 44.61 (br s, 2H, N'NN''-CH backbone),  

37.83 (br s, 2H, N'NN''-CH backbone), 37.05 (br s, 2H, N'NN''-CH backbone), 

5.37 (br s, 2H, N'NN''-CH backbone), 2.63 (br s, 2H, N'NN''-CH backbone),  

0.17 (s, 36H, N{SiMe3}2), -2.43 (s, 30H, Cp*-CH3), -4.94 (s, 18H, N{SiMe3}),  

-29.44 (2H, N'NN''-CH backbone).  Resonances at δH -2.43 (s, 5H) and -3.62 (s, 3H) 

could not be rationally assigned. 

MS (EI)+: m/z = 725 (M+ - U(N'NN'')Cp*Cl, 3%), 690 (M+ -U(N'NN'')Cp*Cl2, 2%), 

590 (U(N'NN'')Cl, 70%), 217 (N'NN'' fragment, 100%). 

Anal. Calcd for C46H100Cl2N6Si6U2: C, 38.03; H, 6.94; N, 5.78.  

Found: C, 37.89; H, 6.97; N, 5.56. 

6.8.3 Synthesis of U(N'N'2)Cp* (5.3)  

An ampoule was charged with 5.1 (500 mg, 0.688 mmol) and KC8 (93 mg, 0.688 mmol) 

before the addition of 100 cm3 toluene pre-cooled to -78 °C, giving an orange-bronze 

solution which was allowed to warm to ambient temperature whilst stirring for 24 h.  

Filtration via filter cannula was followed by the reduction of solvent volume under 

reduced pressure; slow-cooling the dark green solution to -50 °C yielded yellow-green 

crystals of unreacted 5.1 (26 mg, 5%), which were separated from the reaction mixture.  

Removal of volatiles and subsequent extraction with Et2O (ca 5 cm3) followed by  
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slow-cooling to -50 °C yielded very dark green crystals of 5.3 suitable for X-ray 

diffraction studies.  Recrystallisation from saturated THF afforded a small number of 

crystals of 5.3.THF.  The reaction result was the same if an Ar or N2 atmosphere was 

used. 

Yield: 159 mg (0.230 mmol) 33% w.r.t. 5.1. 

1H NMR (C7D8, 399.5 MHz) δH 65.18 (br s, 2H, N'N'2-CH2 backbone),  

37.54 (br s, 2H, N'N'2-CH2 backbone), 30.30 (br s, 2H, N'N'2-CH2 backbone),  

-9.36 (s, 15H, Cp*-CH3), -16.02 (br s, 2H, N'N'2-CH2 backbone),  

-18.16 (s, 18H, terminal N{SiMe3}), -26.45 (s, 9H, middle N{SiMe3}). 

5.3.THF: 1H NMR (C7D8, 399.5 MHz) δH -9.03 (s, 15H, Cp*-CH3),  

-14.99 (s, 18H, terminal N{SiMe3}), -24.34 (s, 9H, middle N{SiMe3}).  N'N'2 ligand 

backbone CH2 resonances and bound THF could not be located. 

29Si{1H} NMR (C6D6, 79.4 MHz) δSi 130.4 (SiMe3).  Other SiMe3 resonance was not 

located due to product instability. 

MS (EI)+: m/z = 691 (M+, 7%), 682 (M+ -3 x H3, 30%), 591 (M+ -SiMe3, 47%),  

555 (M+ -N'N'2, 5%), 217 (N'N'2 fragment, 50%), 73 (SiMe3, 100%). 

Elemental analysis could not be obtained for this compound due to instability. 

6.8.4 Reaction of 5.1 and KC8 in THF 

An ampoule was charged with 5.1 (494 mg, 0.680 mmol), KC8 (92 mg, 0.680 mmol), 

and ca 30 cm3 THF pre-cooled to -78 °C.  The addition of solvent afforded a dark 

purple solution, which became dark brown-green after stirring at -78 °C for 2 h.  An 

aliquot was collected at this point for 1H NMR spectroscopic analysis: no 5.1 was 

present in solution, and a number of new paramagnetic resonances were observed 

(detailed below).  The solution was stirred further and warmed to ambient temperature 

before filtration via filter cannula and concentration of solvent volume under reduced 

pressure.  Slow-cooling to -50 °C did not afford any crystalline material.  Removal of 
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volatiles, extraction into Et2O (5 cm3) and slow-cooling to -30 °C yielded a small 

number of blue needles, determined to be Cp*U{µ-(N'NN'')3}U, by X-ray diffraction 

studies.  Decomposition precluded further characterisation. 

1H NMR (C6D6, 399.5 MHz, selected data) δH 5.58 (s, 18H, N{SiMe3}),  

-5.45 (s, 9H, N{SiMe3}) – this product is suspected to contain the N'NN'' ligand and has 

been seen in many other reaction mixtures. 

1H NMR (C6D6, 399.5 MHz, selected data) δH 2.76 (s, 3H), 2.73 (s, 3H), -0.08 (s, 3H),  

-0.12 (s, 3H), -2.64 (s, 2H), -3.07 (s, 2H) – integrals reported relative to each other and 

could not be assigned, or rationalised to correspond to the structure determined by  

X-ray crystallographic studies. 

6.8.5 Reaction of 5.1 and KC8 in Et2O 

An ampoule was charged with 5.1 (176 mg, 0.241 mmol) and KC8 (33 mg, 0.241 mmol) 

before the addition of Et2O (ca 20 cm3) pre-cooled to -78 °C.  Stirring for 10 min at  

-78 °C did not dissolve 5.1; the slurry was allowed to warm to ambient temperature 

whilst stirring for 2 h, during which time it became deep emerald green in colour.  

Further stirring for 16 h yielded a green-brown solution, which was filtered via cannula 

and all volatiles were removed under reduced pressure, yielding dark brown-green tacky 

solids.  Attempts to isolate crystalline material by recrystallisation from various solvents 

did not yield isolable material. 

1H NMR (C6D6, 399.5 MHz, selected data) δH 5.58 (s, 18H, N{SiMe3}),  

-5.45 (s, 9H, N{SiMe3}) – as seen in section 6.8.4. 

6.8.6 Attempted reduction of 5.1 with K/Hg in toluene 

A toluene solution of 5.1 (520 mg, 0.716 mmol in 50 cm3) was stirred in an ampoule 

before the addition of K/Hg (14 g, 0.2% w/w K/Hg, 0.716 mmol).  The resulting 

mixture was stirred for 12 days, during which time the solution remained orange and the 
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K/Hg did not change in appearance.  THF (30 cm3) was added to the ampoule and 

stirring was continued for 7 days, after which time a colour change to red-orange was 

seen.  1H NMR spectroscopic analysis of an aliquot showed the complete consumption 

of 5.1.  Filtration and removal of volatiles yielded a dark brown oil, and the addition of 

5 cm3 Et2O afforded an orange precipitate.  Removal of the precipitate via filter cannula 

and subsequent extraction of the oil in toluene (10 cm3) and slow-cooling to -50 °C did 

not yield any crystalline material.  Further recrystallisation attempts did not yield an 

isolable product. 

1H NMR (C6D6, 399.5 MHz) δH 5.59 (s, 18H), -0.86 (s, 4 H), -5.45 (s, 9H).  Assignment 

of these resonances was not possible – as seen in section 6.8.4 

MS (EI)+
 (crude sample): m/z = 835 (15%), 790 (18%), 417 (28%), 373 (UCp*, 62%), 

73 (SiMe3, 96%), 45 (Me3, 100%). 

MS (EI)+ (after recrystallisation attempts): m/z = 217 (N'N'2 fragment, 38%), 174 (N'N'2 

fragment, 100%). 

6.8.7 Synthesis of [U(η2-N'N'2)Cp*I.Li]2[LiI(THF)2]2 (5.4) 

Equimolar UI3 (1300 mg, 2.101 mmol) and KCp* (366 mg, 2.101 mmol) were stirred in 

THF (50 cm3) for 16 h, after which time the mixture was deep green in colour and 

contained off-white precipitate.  Removal of volatiles and extraction of the green-brown 

solids with toluene preceded filtration via filter cannula, affording a dark green solution 

of UI2Cp*(THF)x, which was then cooled to -78 °C.  A toluene solution (10 cm3) of 

Li2(N'N'2) (628 mg, 1.927 mmol, 0.9 eq.) was added dropwise to the UI2Cp*(THF)x 

solution over a period of 50 min, during which time no colour change was observed.  

The dark green mixture was allowed to warm to ambient temperature whilst stirring for 

1 h, and became dark purple in colour.  Volatiles were removed under reduced pressure 

giving sticky purple solids, which were extracted into pentane (60 cm3, then 3 x 10 cm3 

rinses) and filtered via filter cannula to yield a purple solution.  Slow-cooling to -20 °C 

afforded dark purple crystalline and microcrystalline material of 5.4. 
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Yield: 739 mg (0.736 mmol) 39% w.r.t. Li2(N'N'2). 

1H NMR (C7D8, 399.5 MHz) δH 9.72 (br s, 1H, N'N'2-CH backbone),  

9.32 (s, 9H, middle N{SiMe3}), 2.56 (br s, 8H, THF-CH2), 0.27 (br s, 8H, THF-CH2),  

-6.41 (br s, 15H, Cp*-CH3), -6.73 (br s overlapped, 2H, N'N'2-CH2 backbone),  

-8.92 (s, 18H, terminal N{SiMe3}), -21.24 (br s, 1H, N'N'2-CH backbone),  

-103.28 (br s, 1-2H, N'N'2-CH2 backbone).  Other resonances attributable to  

N'N'2-CH backbone environments not observed. 

29Si{1H} NMR (C7D8, 74.9 MHz) δSi 28.99, -191.04 (assigned to 2 x SiMe3). 

7Li{1H} NMR (C7D8, 155.3 MHz) δLi -3.85 (br s) assigned to both Li environments – 

likely broad, overlapped signals. 

MS (EI)+: m/z = 687 (‘U(N'N'2)I.Li’ -2 H, 4%), 641 (‘UI{LiI(THF)2}’, 5%), 552 

(‘{LiI(THF)2}2’, 15%), 217 (N'N'2 fragment, 44%), 73 (SiMe3, 100%). 

6.8.8 Attempted reduction of 5.4 with KC8 

A test reaction was performed in a J Young NMR tube: a C7D8 solution of 5.4 (20 mg, 

0.020 mmol) and an excess of KC8 (3 mg, 0.022 mmol, 1.1 eq.) were combined and 

mixed thoroughly.  A colour change from purple to brown was observed over the course 

of 16 h, with regular mixing maintained for the first 6 h.  1H NMR spectroscopic 

analysis returned a spectrum containing a large number of paramagnetically-shifted 

resonances that could not be sufficiently assigned. 

7Li{1H} NMR (C7D8, 155.3 MHz) δLi 34.65 (br s), 2.36 (br s). 

6.8.9 Reaction of 5.2 with 1.2 eq. KC8 in toluene 

A toluene solution of 5.1 (200 mg, 0.275 mmol in 30 cm3) was heated to 70 °C for 48 h, 

during which time it changed colour from orange to orange-red.  Volatiles were 

removed under reduced pressure to afford orange-red solids, to which were added a 
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slight excess of KC8 (45 mg, 0.330 mmol, 1.2 eq.) and 30 cm3 of toluene, pre-cooled to 

-78 °C.  After stirring at -78 °C for 10 min, the brown-orange slurry was allowed to 

warm to ambient temperature whilst stirring for 2 h, during which time a colour change 

to dark red-purple-brown was observed; an aliquot was collected at this point.  Stirring 

was continued for 48 h before the mixture was filtered via filter cannula and all volatiles 

were removed under reduced pressure, affording ca 108 mg of dark red-purple solids.  

Subsequent attempts to crystallise the material from a range of common solvents were 

not successful.  1H NMR spectra collected from the crude reaction mixture could not be 

sufficiently assigned, but are reported below with integrals relative to suspected 

bridging arene complex, {U(N'NN'')}2(µ-C7H8), 5.58 and -5.45 ppm. 

1H NMR (C6D6, 399.5 MHz, aliquot 1): δH 53.38 (s, 2H), 51.73 (s, 1H),  

5.58 (s, 18H, N{SiMe3}2), 3.12 (s, 18H), 3.05 (s, 13H), -0.56 (s, 18H), -0.61 (s, 12H),  

-2.68 (s, 12H), -2.92 (s, 8H), -5.45 (s, 9H, N{SiMe3}), -55.55 (s, 1H), -67.05 (s, 1H). 

1H NMR (C6D6, 399.5 MHz, crude mixture): δH 53.37 (s, 1.5H), 51.72 (s, 1H),  

5.58 (s, 18H, N{SiMe3}2), 3.11 (s, 16H), 3.05 (s, 10H), -0.29 (s, 15H), -0.56 (s, 15H),  

-0.61 (s, 10H), -2.69 (s, 10H), -2.93 (s, 6H), -5.45 (s, 9H, N{SiMe3}), -55.55 (s, 1H),  

-67.04 (s, 1H). 

MS (EI)+: m/z = 825 (U(N'NN'')Cp*2, 8%), 690 (U(N'NN'')Cp*, 18%),  

651 (U(N'NN'')(C7H8), 100%). 

6.8.10  Reaction of 5.2 with 2.2 eq. KC8 in toluene 

A test reaction was performed: a J Young NMR tube was charged with 5.1  

(28 mg, 0.039 mmol) and C7D8, then heated to 70 °C for 48 h, forming 5.2.  An excess 

of KC8 (12 mg, 0.089 mmol, 2.2 eq.) was then added, resulting in a colour change to 

dark red.  1H NMR spectroscopic analysis confirmed the consumption of 5.2 and the 

formation of a new product, suspected to be {U(N'NN''}2(µ-C7D8).  Preparative-scale 
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reactions performed in an identical manner with C7H8 did not yield clean or isolable 

material suitable for X-ray crystallographic studies after workup. 

1H NMR (C7D8, 399.5 MHz) δH 28.74 (s, 2H, N'NN''-CH backbone),  

5.56 (s, 36H, N{SiMe3}2), -0.22 (s, 3H, N'NN''-CH backbone),  

-5.50 (s, 18H, N{SiMe3}), -18.36 (s, 2H, N'NN''-CH backbone),  

-20.81 (s, 2H, N'NN''-CH backbone), -23.02 (br s, 7H, N'NN''-CH backbone signals 

overlapped). 

MS (EI)+: m/z = 826 (6%, U(N'NN'')Cp*2), 691 (U(N'NN'')Cp*, 30%),  

651 (U(N'NN'')(C7H8), 100%). 

6.8.11  Reactivity of U(N'N'2)Cp* (5.3) with CO 

General procedure: Crystalline 5.3 was dissolved in C7D8 in a J Young NMR tube, 

forming a dark green solution, which was promptly cooled to -78 °C.  The headspace 

was evacuated, and a measured quantity of CO added via Toepler pump – a colour 

change to red-brown was observed immediately after gas addition.  Then, the vessel was 

sealed and allowed to warm to ambient temperature.  1H NMR spectra were collected 

immediately after warming, and several hours later – many paramagnetic resonances are 

present, selected resonances only described below.  Preparative-scale reactions of 5.3 

and 1 bar of 12CO did not yield any isolable products. 

With 1 eq. 13CO: (5.3 = 15 mg, 0.022 mmol). 

1H NMR (C7D8, 399.5 MHz, selected data) δH 4.63 (br s, 16H), 3.37 (s, 30H),  

-1.35 (s, 7H). 

13C NMR (C7D8, 100.5 MHz, selected data) δC 184.97 (free 13CO), -88.03 (br s),  

-93.97 (br s), -125.95 (s), -127.79 (s). 

MS (EI)+: m/z = 780 (U(N'N'2)Cp* + 3CO, 6%), 640 (6%), 555 (10%),  

217 (N'N'2 fragment, 76%), 116 (N'N'2 fragment, 65%), 72 (SiMe3, 100%). 
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ReactIR (methylcyclohexane solution, cm-1, selected resonances): 1946w. 

With 2 eq. 13CO: (5.3 = 26 mg, 0.038 mmol). 

1H NMR (C7D8, 399.5 MHz, selected data) δH 4.63 (br s, 18H), 3.37 (s, 33H),  

-1.35 (s, 8H), -17.62 (s, 7H). 

13C NMR (C7D8, 100.5 MHz, selected data) δC 184.97 (free 13CO), -87.94 (br s),  

-94.31 (br s), -126.00 (s), -127.83 (s). 

With 1 eq. 12CO: (5.3 = 15 mg, 0.022 mmol). 

1H NMR (C7D8, 399.5 MHz, selected data) δH 4.63 (br s, 18H), 3.37 (s, 30H),  

-1.35 (s, 7H), -3.21 (br s, 16H), -18.97 (s, 9H). 

6.8.12  Reactivity of 5.3 with CO2 

A test-scale reaction was performed: 5.3 (23 mg, 0.033 mmol) was dissolved in C6D6 in 

a J Young NMR tube before being frozen and the headspace evacuated.  An excess 

(0.071 mmol, 2.2 eq.) of 13CO2 was added via Toepler pump, and the solution was 

thawed after addition, whereby a colour change from dark green to yellow-orange was 

observed.  1H NMR spectroscopic analysis showed the complete consumption of 5.3, 

and a mixture of new products, the resonances of which could not be assigned. 

13C{1H} NMR (C6D6, 100.5 MHz) δC 184.49 (free 13CO), 124.79 (free 13CO2). 

MS (EI)+: m/z = 73 (SiMe3, 100%), and other ligand fragments – no U-containing 

fragments. 

6.8.13  Reactivity of 5.1 with CO and CO2 

With CO: A sample of 5.1 (20 mg, 0.028 mmol) was dissolved in C6D6 in a  

J Young NMR tube before being frozen and the vessel headspace evacuated.  An excess  

(0.083 mmol, ca 3 eq.) of 13CO was added via Toepler pump, and the solution was 
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allowed to thaw, during which time no colour change from orange was observed.   
1H NMR spectroscopic analysis indicated no reaction had occurred 10 minutes or 24 h 

after gas addition.  Heating the reaction mixture to 70 °C for 24 h only resulted in the 

partial formation of 5.2. 

1H NMR showed resonances corresponding to 5.1 and 5.2 only. 

13C{1H} NMR (C6D6, 100.5 MHz) δC 184.68 (free 13CO). 

With CO2: A test-scale reaction was performed: 5.1 (10 mg, 0.014 mmol) was dissolved 

in C7D8 in a J Young NMR tube and cooled to -78 °C before the vessel headspace was 

evacuated, and an excess (0.043 mmol, ca 3 eq.) of 13CO2 added via Toepler pump.  The 

reaction mixture was allowed to warm to ambient temperature, during which time no 

colour change from orange was observed.  A preparative-scale reaction of 5.1  

(250 mg, 0.344 mmol) and 1 bar of 12CO2 in toluene was performed, yielding similar  
1H NMR spectroscopic resonances; slow-cooling the toluene solution afforded a small 

quantity of X-ray diffraction quality crystals of 5.5, and re-crystallisation from toluene 

gave a dark green-brown glass-like solid on which elemental analysis and mass 

spectrometric analysis were performed. 

Crude yield: 94 mg. 

1H NMR showed many paramagnetically-shifted resonances that could not be 

interpreted. 

13C{1H} NMR (C6D6, 100.5 MHz) δC 125.25 (free 13CO2). 

MS (EI)+: m/z = 1627 (M+, < 1%), 640 (9%), 550 (‘U2Cl2’, 5%),  

147 (O2CN{SiMe3}CH2, 100%). 

Anal. Calcd for C50H100Cl2N6O8Si6U2: C, 36.87; H, 6.19; N, 5.16.  

Found: C, 37.52; H, 6.04; N, 5.51. 



 

!

265 

6.8.14 Synthesis of {U(N'N'2)}2(µ-η6:η6-C7H8) (5.6) 

Method 1: To an ampoule charged with 5.1 (993 mg, 1.367 mmol) and KC8  

(418 mg, 3.094 mmol, 2.2 eq.) was added ca 200 cm3 toluene pre-cooled to -78 °C, 

giving an orange-bronze solution.  Stirring and warming to ambient temperature for  

16 h afforded a dark brown solution and off-white precipitate, from which all volatiles 

were removed under reduced pressure.  Extraction of the dark brown solids in Et2O  

(ca 40 cm3) and subsequent filtration via filter cannula yielded a dark brown solution 

which, when slow-cooled to -50 °C, yielded black crystals of 5.6.  Recrystallisation 

from THF yields a small quantity of 5.6.THF. 

Yield: 331 mg (0.275 mmol) 20% w.r.t 5.1. 

Method 2: Crystalline 5.3 (37 mg, 0.054 mmol) and KC8 (7 mg, 0.054 mmol) were 

dissolved in toluene (ca 10 cm3) and stirred for 17 h, during which time a colour change 

from dark green to brown was observed.  1H NMR spectroscopic analysis of the crude 

product confirmed the identity of the product as 5.6. 

1H NMR (C7D8, 399.5 MHz) δH 43.27 (s, 3H, C6H5-CH3),  

33.41 (s, 4H, N'N'2-CH2 backbone), 32.23 (s, 4H, N'N'2-CH2 backbone)  

0.44 (s, 4H, N'N'2-CH2 backbone), -3.16 (s, 36H, terminal SiMe3),  

-8.93 (s, 4H, N'N'2-CH2 backbone), -13.59 (s, 18H, middle SiMe3),  

-64.95 (s, 1H, p-C6H5), -80.53 and -104.16 (s, 2H each, o- and m-C6H5). 

29Si NMR (C7D8, 79.4 MHz) δSi -17.48, -84.20 (terminal and middle N-SiMe3). 

MS (EI)+: m/z = 1203 (M+, 12 %), 651 (M+ -U(N'N'2), 100 %). 

Anal. Calcd (%) for C33H78N6Si6U2: C, 32.93; H, 6.53; N, 6.98. 

Found: C, 32.81; H, 6.56; N, 7.69. 
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6.8.15 Synthesis of {U(N'N'2)}2(µ-η6:η6-C6H6) (5.7 and 5.7-d6) 

Method 1: The benzene-bridged complex was synthesised in a manner identical to 5.6, 

but performed in ca 100 cm3 benzene in place of toluene, using 5.1 (204 mg,  

0.280 mmol) and 2 eq. KC8 (76 mg, 0.560 mmol).  No crystalline material of 5.7 could 

be obtained. 

Crude yield: 85 mg (0.275 mmol) 26% w.r.t 5.1. 

1H NMR (d14-methylcyclohexane, 399.5 MHz, selected resonances): 

δH 34.62 (br s, 4H, N'N'2-CH2 backbone), 34.08 (br s, 4H, N'N'2-CH2 backbone),  

-0.56 (br s, 4H, N'N'2-CH2 backbone, overlapped), -2.88 (s, 36H, terminal N{SiMe3}2),  

-8.23 (br s, 4H, N'N'2-CH2 backbone), -12.65 (br s, 18H, middle N{SiMe3}),  

-76.19 (br s, 6H, bridging C6H6). 

1H NMR (C7D8, 399.5 MHz, selected resonances):  

δH 33.64 (br s, 8H, N'N'2-CH2 backbone), -1.09 (br s, 4H, N'N'2-CH2 backbone),  

-3.16 (s, 36H, terminal N{SiMe3}2), -8.93 (br s, 4H, N'N'2-CH2 backbone),  

-13.20 (br s, 18H, middle N{SiMe3}), -76.37 (br s, 6H, bridging C6H6).  

Also present after 7 days: δH 5.55 (s), 4.62 (br s), 3.36 (s), -1.36 (s) and -5.50 (s) – all 

previously observed in other reaction mixtures. 

Method 2 (5.7-d6): A crystalline sample of 5.6 was dissolved in C6D6 in a J Young 

NMR tube and heated to 80 °C for 13 days, resulting in the complete conversion to the 

deuterated benzene bridged product, 5.7-d6, with the release of free toluene.   

1H NMR (C6D6, 399.5 MHz) δH 33.74 (br s, 4H, N'N'2-CH2 backbone),  

33.59 (br s, 4H, N'N'2-CH2 backbone), 7.13-7.00 (m, Ar-CH3C7H8), 2.12 (s, CH3Ph), 

-1.15 (br s, 4H, N'N'2-CH2 backbone), -3.12 (s, 36H, terminal N{SiMe3}2),  

-8.97 (br s, 4H, N'N'2-CH2 backbone), -13.16 (br s, 18H, middle N{SiMe3}). 

MS (EI)+: m/z = 1194 (M+, 100 %), 555 (M+ -C6D6-U{N'N'2}). 

Satisfactory elemental analysis results were not obtained. 
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6.8.16 Reactivity studies of 5.6 with azobenzene, CO, and CO2 

With azobenzene: 5.6 (80 mg, 0.066 mmol) and azobenzene (12 mg, 0.066 mmol) were 

combined in an ampoule before the addition of pentane (ca 20 cm3) pre-cooled to  

-78 °C.  The reaction mixture was allowed to stir and warm to ambient temperature, and 

was observed to be a red-brown solution free of solids after reaching ca 20 °C.  The 

mixture was stirred for a total of 7 days, after which time no reaction had occurred, as 

determined by 1H NMR spectroscopy.  All volatiles were removed under reduced 

pressure, and a hexane solution of excess of azobenzene (50 mg, 0.274 mmol ca 4 eq.) 

was added to the residual brown solids.  Stirring for a further 10 days did not elicit a 

reaction, and only unreacted azobenzene could be retrieved from the reaction mixture. 

With CO: A crystalline sample of 5.6 (20 mg, 0.017 mmol) was dissolved in C7D8, 

cooled to -78 °C, and exposed to an excess (ca 2 eq.) of 13CO.  Upon warming to 

ambient temperature, no reaction was observed by 1H NMR spectroscopy.  The reaction 

mixture was heated to 100 °C for 1 h; no reaction was observed. 

With CO2: The same sample described above was cooled to -78 °C, thoroughly 

degassed, and exposed to an excess (ca 6 eq.) of 13CO2.  Upon warming, the solution 

changed colour from dark brown to light brown-yellow, and formed brown precipitate.  
1H NMR spectroscopic analysis did not show the presence of any paramagnetic species. 
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APPENDIX 1. MISCELLANEOUS DATA 

A1.1 Summary of relevant bond lengths and angles 

Table A1.1 collates available information from crystallographically characterised 

uranium(III) and (IV) mixed-sandwich complexes containing the COTTIPS2 and Cp* 

ligands, featured in this thesis and in the literature.  The centroid-uranium distances and 

angles are listed, as well as uranium-carbon bond distances between the aromatic ring 

carbons. 

Table A1.2 collates available information from crystallographically characterised 

uranium(III) and (IV) complexes featuring the diamidoamine ligand, N'N'2, featured in 

this thesis, in the literature, and from the thesis of Christopher Larch.  Distances 

between uranium and each nitrogen atom are quoted, as are the angles between each 

terminal nitrogen atom and uranium, and the distance between the terminal nitrogen 

atoms (where available) – the latter two providing metrics representing the overall 

coordination geometry of the N'N'2 ligand (Figure A1.1). 

  

Figure A1.1. Metrics used to aid definition of the coordination geometry of the N'N'2 ligand. 
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Table A1.1.  Selected bond distances (Å) and angles (°) of all reported U(III) and U(IV) mixed-sandwich complexes containing COTTIPS2 and Cp* ligands 
(and tucked-in derivatives).  Ct1 is defined as the COT-ring centroid, Ct2 is defined as the Cp*-ring centroid. 

Compound U-Ct1 U-C(COT) range U-Ct2 U-C(Cp*) Ct1-U-Ct2 Ref. 

U(COTTIPS2)Cp*(THF) 1.975(6) 2.674(6)-2.746(6) 2.499(6) 2.763(6)-2.784(6)  144.5(2) 1 

U(COTTIPS2)Cp* a 
1.916(4), 

1.924(5) 

2.616(12)-2.701(12), 

2.618(12)-2.729(12) 

2.461(6), 

2.471(5) 

2.715(12)-2.768(12), 

2.744(12)-2.757(12) 

154.9(2), 

153.1(2) 
2 

U(COTTIPS2)Cp*Cl 1.9142(15) 2.634(4)-2.686(4) 2.465(2) 2.696(5)-2.752(5) 139.85(8) 3 

U(COTTIPS2)Cp*(CH2Ph) a 
1.9297(3), 

1.9304(3) 

2.623(4)-2.716(4), 

2.628(4)-2.712(4) 

2.4899(3), 

2.4836(3) 

2.739(3)-2.801(4), 

2.735(3)-2.810(4) 

137.217(13), 

137.977(13) 
4 

U(COTTIPS2)Cp*(CH3) 1.9368(3) 2.646(3)-2.697(4) 2.4761(3) 2.719(3)-2.783(6) 140.664(13) 4 

U(COTTIPS2)Cp*(CH2TMS) 1.9361(3) 2.635(4)-2.701(4) 2.464(4) 2.728(4)-2.814(4) 137.171(14) 4 

U(COTTIPS2)Cp*(CH{TMS}2) 1.9774(2) 2.657(3)-2.741(3) 2.497(3) 2.787(3)-2.810(3) 141.926(12) 4 

U(COTTIPS2)Cp*(OMe) 1.95590(2) 2.648(5)-2.714(6) 2.4887(2) 2.698(5)-2.884(6) 135.809(9) 5 

U(COTTIPS2)Cp*(OEt) 1.9592(18) 2.638(6)-2.712(5) 2.497(3) 2.718(6)-2.884(6) 135.85(9) 3 

U(COTTIPS2)(η5
:κ

1-C5Me4CH2) 1.9066(3) 2.637(3)-2.694(3) 2.3364(3) 2.437(4)-2.719(4) 150.724(15) 4 

U(COTTIPS2)(η5
:κ

1-C5Me4CH2)(THF) 1.9991(4) 2.692(6)-2.797(5) 2.4124(4) 2.508(6)-2.840(6) 143.794(17) 4 

U(COTTIPS2)Cp*(κ2-O2CCH2Ph) a 
1.953(2), 

1.956(2) 

2.671(6)-2.739(6), 

2.677(7)-2.724(7) 

2.472(4), 

2.469(7) 

2.731(7)-2.766(7), 

2.69(2)-2.73(2),  

140.26(11), 

 140.29(17) 
4 

U(COTTIPS2)Cp*(κ2-O2CCH3) 1.9512(16) 2.650(5)-2.713(5) 2.482(2) 2.725(5)-2.792(5) 137.94(8) 4 



 

 

{U(COTTIPS2) 

(µ1:µ1-κ1:η5-C5Me4CH2OCO)}2 
b 

1.9758(19) 2.668(7)-2.765(6) 2.484(3) 2.665(5)-2.884(7) 136.50(8) 4 

{U(COTTIPS2)}2(C5Me4CH2CO=OCCH2C5Me4) 

(cis) c 

1.953(2), 

1.935(2) 

2.659(7)-2.726(6), 

2.650(6)-2.714(6) 

2.459(3), 

2.457(3) 

2.679(6)-2.810(7), 

2.661(6)-2.811(7) 

140.01(10), 

139.96(10) 
3 

U(COTTIPS2)Cp*(O{SO2CF3}) 1.92109(3) 2.6220-2.6985 2.46846(4) 2.7201-2.7957 137.3501(10) 6 

{U(COTTIPS2)Cp*}2(µ-κ1:κ1-C2O2) c 1.925(8), 

1.923(8) 

2.632(8)-2.686(8), 

2.631(7)-2.693(8) 

2.472(9), 

2.449(9) 

2.720(9)-2.787(9), 

2.684(8)-2.783(9) 

140.0(3), 

140.4(3) 
7 

{U(COTTIPS2)Cp*}2(µ-κ1:κ2-C3O3) c 
1.9678(14), 

1.9121(13) 

2.657(4)-2.753(4), 

2.625(4)-2.690(4) 

2.503(2), 

2.463(2) 

2.744(4)-2.807(4), 

2.700(4)-2.781(4) 

139.8(1). 

141.0(1) 
1 

U(COTTIPS2)Cp*(H) (1) 1.9182(6) 2.643(6)-2.649(5) 2.4945(6) 2.730(7)-2.732(5) 150.20(3) 4 

U(COTTIPS2)Cp*(H) (2) a 
1.917(4), 

1.917(2) 

2.615(8)-2.705(4), 

2.621(8)-2.703(7) 

2.471(4), 

2.464(3) 

2.709(8)-2.775(8), 

2.715(8)-2.76(1) 

152.14(10), 

152.4(2) 
4 

U(COTTIPS2)Cp*(κ2-O2CH) 1.9370(14) 2.642(5)-2.707(4) 2.4732(19) 2.724(4)-2.788(5) 138.31(7) 4 

U(COTTIPS2)Cp*(NH2) 1.9511(17) 2.665(4)-2.720(3) 2.487(2) 2.740(4)-2.791(5) 141.88(7) 3 

U(COTTIPS2)Cp*(κ2-O2CNH2) 1.9551(3) 2.653(4)-2.722(3) 2.4788(4) 2.728(3)-2.795(4) 137.076(12) 3 

a – Values quoted from both of the two crystallographically independent molecules in the asymmetric unit. 

b – Dimeric molecule with half the molecule in the asymmetric unit; only one set of values quoted. 

c – Dimeric molecule; two sets of values quoted. 

  



 

 

Table A1.2.  Selected metrical parameters from all reported crystallographically characterised U(III) and U(IV) complexes containing the N'N'2 ligand.   
Nt is defined as the terminal N atom, Nc is defined as in the middle N atom.  Ct1 is defined as the Cp*-ring centroid.  OS is the complex oxidation state. 

Compound OS U-Nt (Å) U-Nc (Å) U-Ct1 (Å) Nt-U-Nt (°) Nt-Nt(Å) Ref. 

U(N'N'2)Cp*Cl 4 2.250(7), 2.244(6) 

2.246(6), 2.255(6) 

2.759(6) 

2.755(6) 

2.497(4) 

2.494(4) 

140.0(2) 

139.8(2) 

4.228(10) 

4.225(10) 

8 

{U(N'N'2)Cp*(Cl)(Cl/I)}2 4 2.962(5), 2.211(19) 2.647(18) n/a 140.00(7) n/a 9 

{U(N'NN'')Cp*Cl}2 4 2.221(7), 2.169(6) 5.645(7) (avg) 2.457(9) 78.52(3) n/a 9 

U(N'N'2)(N{TMS}2)Cl 4 2.202(8), 2.215(9) 2.852(8) n/a 119.60(3) n/a 9 

U(N'N'2)(CH{TMS}2)Cl 4 2.245(12), 2.144(14) 2.646(13) n/a 134.96(4) n/a 9 

U(N'N'2)2 4 2.2690, 2.2611 

2.2376, 2.2510 

2.9198 

3.9316 

n/a 114.34 

100.77 

3.8065 

3.4579 

10 

{U(N'N'2)Cl2}2 4 2.194(3), 2.215(4) 2.567(3) n/a 142.93(14) 4.1813 10 

U(N'N'2)Cp* 3 2.321(5), 2.342(5) 2.667(6) 2.535(3) 104.41(17) 3.68559(7) 8 

{U(N'N'2)}2(µ-C7H8) 3 2.278(3), 2.301(3) 2.643(3) n/a 99.91(9) 3.505(4) 8 
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A1.2 Computational investigations 

Figure A1.2 overleaf shows the results of the computational investigation, 

performed by Kefalidis and Maron, into the mechanistic pathway involved in the 

formation of cis- and trans-3.7 from the insertion of CO into the U-C bond of the 

‘tucked-in’ complex, 2.9.11  This calculation was carried out using a full system model 

(i.e. the TIPS substituents were included on the COT ring, and the methyl groups were 

included on the Cp ring) and without polarization with a p-function on the hydrogen 

atoms, due to the lack of direct involvement of protons in the reaction pathway. 

Only the first transition state – leading the insertion of CO into the U-C methylene 

bond to form a ‘tethered’ alkoxide – could be located.  The transition state of the C-C 

coupling reaction to form the cis or trans products could not be found.  Estimations of 

the energetics of both final products are given, and it is seen that the trans isomer of 3.7 

is the thermodynamic product by ca. 5 kcal mol-1. 

Additional computational details relating to the calculation are provided in 

Chapter 6. 

 



 

 

 

Figure A1.2.  Results of the computational investigation into the mechanistic pathway of the formation of cis- and trans-3.7.
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APPENDIX 2: CRYSTALLOGRAPHIC INFORMATION 

A2.1 Notes 

Presented here are tables summarising the crystal data and structure refinement 

information of all fully refined crystal structures reported in this thesis: 

Structure Table 
U(COTTIPS2)Cp*Cl (2.2) A2.1 
U(COTTIPS2)Cp*(CH2Ph) (2.3) A2.1 
U(COTTIPS2)Cp*(Me) (2.4) A2.1 
U(COTTIPS2)Cp*(CH2TMS) (2.5)  A2.1 
U(COTTIPS2)Cp*(CH{TMS}2) (2.6) A2.2 
U(COTTIPS2)Cp*(OEt) (2.7) A2.2 
U(COTTIPS2)(η5:κ1-C5Me4CH2) (2.9) A2.2 

U(COTTIPS2)(η5:κ1-C5Me4CH2)(THF) (2.9.THF)  A2.2 
U(COTTIPS2)Cp*H (3.1A) A2.3 
U(COTTIPS2)Cp*H (3.1B) A2.3 
(η5:κ1-C5Me4CH2OC=COCH2C5Me4){U(COTTIPS2)}2 (cis-3.7)  A2.3 

{U(COTTIPS2)Cp*}2(µ-κ1:κ1-OCH=CHO) (cis-3.8) A2.3 

U(COTTIPS2)Cp*(κ2-O2CCH2Ph) (3.12) A2.4 

U(COTTIPS2)Cp*(κ2-O2CCH3) (3.13) A2.4 

{U(C8H6{SiiPr3-1,4}2)(µ1:µ1-κ1:η5-C5Me4CH2OCO)}2 (3.15) A2.4 

U(COTTIPS2)Cp*(κ2-O2CH) (3.16) A2.4 
U(COTTIPS2)Cp*(NH2) (4.1) A2.5 
U(COTTIPS2)Cp*(κ2-O2CNH2) (4.3) A2.5 
U(N'N'2)Cp*Cl (5.1) A2.5 
U(N'N'2)Cp* (5.3)  A2.5 
U(N'N'2)Cp*(THF) (5.3.THF) A2.6 
5.1 and CO2 (5.5) A2.6 
{U(N'N'2)}2(µ-η6:η6-C7H8) (5.6) A2.6 
 

As a supplement to this, cif files, res files, cif checker reports (produced by the 

ICUR online checkCIF facility) and full crystallographic tables are provided on the CD 

accompanying this thesis, organised by chapter number.   

Also on the CD are data files for unrefined structures mentioned in the preceding 

chapters, alongside additional refinement notes, for reference, organised by chapter 

number. 



 

 

Table A2.1. Crystal data and structure refinement for 2.2-2.5 (Chapter 2). Original file names in brackets. 

 2.2 (jah_chloride) 2.3 (jah1053) 2.4 (jah3021) 2.5 (jah5030) 
Formula C36H63ClSi2U C43H70Si2U C37H66Si2U C40H74Si3U 
FW 825.52 881.20 805.11 877.29 
Crystal system Triclinic Triclinic Triclinic Orthorhombic 
Space group P -1 P -1 P -1 P b n n 
a/Å 8.60440(10) 12.9743(2) 8.6909(2) 11.53540(1) 
b/Å 12.8904(2) 17.3522(3) 12.9149(3) 21.3908(2) 
c/Å 17.7078(4) 20.0913(4) 17.6256(4) 34.3625(3) 
α/° 91.5750(10) 82.5670(10) 91.3650(10) 90 
β/° 96.8350(10) 75.3250(10) 96.4370(10) 90 
γ/° 106.682(2) 69.3610(10) 107.0750(10) 90 
V/Å3 1864.08(6) 4090.81(12) 1875.85(7) 8479.00(13) 
Z 2 4 2 8 
Crystal size/mm3 0.10 x 0.06 x 0.04 0.08 x 0.06 x 0.04 0.30 x 0.30 x 0.20 0.12 x 0.08 x 0.06 
θ range/° 3.42 – 27.12 3.41 – 27.55 1.16 – 27.48 2.24 – 27.48 
Completeness to θmax 98.8 98.8 98.5 99.9 
Reflections collected, R(int) 23202, 0.0606 59024, 0.0632 28201, 0.0468  125151, 0.1037 
Independent reflections 8121 18674 8479 9712 
GooF 1.025 0.982 1.219 0.962 
Final R indices [I>2σ(I)] R1 = 0.0358 

wR2 = 0.0751 
R1 = 0.0339 
wR2 = 0.0766 

R1 = 0.0243 
wR2 = 0.0639 

R1 = 0.0329 
wR2 = 0.0759 

R indices (all data) R1 = 0.0475 
wR2 = 0.797 

R1 = 0.0480 
wR2 = 0.0824 

R1 = 0.0310 
wR2 = 0.0773 

R1 = 0.0632 
wR2 = 0.0882 

 



 

 

Table A2.2. Crystal data and structure refinement for 2.6, 2.7, 2.9, 2.9.THF (Chapter 2). Original file names in brackets. 

 2.6 (jah2051) 2.7 (jah2011) 2.9 (jah3009) 2.9.THF (jah3009_THF) 
Formula C43H82Si4U C38H68OSi2U C36H62Si2U C40H70OSi2U 
FW 949.48 835.13 789.07 861.17 
Crystal system Monoclinic Triclinic Monoclinic Monoclinic 
Space group P 21/n P -1 P 21/n P 21/n 
a/Å 13.4982(2) 9.0212(2) 16.0245(2) 12.0255(2) 
b/Å 21.8746(3) 11.9288(4) 8.50720(10) 15.0113(3) 
c/Å 16.1720(2) 19.0026(7) 26.9278(3) 22.2071(5) 
α/° 90 102.366(2) 90 90 
β/° 104.2880(10) 92.598(2) 103.0810(1) 91.1640(10) 
γ/° 90 103.358(2) 90 90 
V/Å3 4627.36(11) 1933.73(11) 3575.64(7) 4007.96(14) 
Z 4 2 4 4 
Crystal size/mm3 0.15 x 0.10 x 0.04 0.06 x 0.06 x 0.04 0.20 x 0.16 x 0.16 0.10 x 0.04 x 0.04 
θ range/° 3.47 – 27.45 3.51 – 27.51 2.85 – 27.88 3.48 – 27.11 
Completeness to θmax 98.6 98.7 99.8 99.6 
Reflections collected, R(int) 60415, 0.0764 29221 (0.0975) 43315, 0.0565 26878, 0.0721 
Independent reflections 10424 8798 8150 8834 
GooF 1.025 1.037 0.714 1.015 
Final R indices [I>2σ(I)] R1 = 0.0297 

wR2 = 0.0613 
R1 = 0.0539 
wR2 = 0.0816 

R1 = 0.0285 
wR2 = 0.0850 

R1 = 0.0474 
wR2 = 0.0814 

R indices (all data) R1 = 0.0434 
wR2 = 0.0652 

R1 = 0.0909 
wR2 = 0.0923 

R1 = 0.0390 
wR2 = 0.0959 

R1 = 0.0845 
wR2 = 0.0906 

 



 

 

Table A2.3. Crystal data and structure refinement for 3.1A/B, cis-3.7, and cis-3.8 (Chapter 3). Original file names in brackets. 

 3.1A (jah2040) 3.1B (jah2040b) cis-3.7 (jah2027)§ cis-3.8 (jah6068)*   
Formula C36H65Si2U C36H63Si2U C74H124O2Si4U2(C6D6) C74H128O2Si4U2   
FW 790.07 790.07 1706.22 1638.19   
Crystal system Monoclinic Monoclinic Monoclinic Triclinic   
Space group P 21/m C c P 21/c P -1   
a/Å 8.4860(2) 13.5888(4) 12.9685(2) 13.4902(3)   
b/Å 22.6545(5) 36.4517(11) 20.9587(2) 15.9128(6)   
c/Å 9.7819(3) 15.9896(4) 30.2323(4) 18.8977(7)   
α/° 90 90 90 70.479(3)   
β/° 100.6330(10) 110.568(2) 100.0710(10) 86.359(2)   
γ/° 90 90 90 88.755(2)   
V/Å3 1848.24(8) 7415.3(4) 8090.61(18) 3815.8(2)   
Z 2 8 8 2   
Crystal size/mm3 0.06 x 0.04 x 0.02 0.16 x 0.08 x 0.06 0.12 x 0.10 x 0.06 0.20 x 0.20 x 0.05   
θ range/° 3.43 – 26.00 2.39 – 27.46 1.19 – 27.47 2.95 – 70.37   
Completeness to θmax 99.7 99.0 99.6 97.5   
Reflections collected, R(int) 27264, 0.0945 39467, 0.0583 100089, 0.0772 27564, 0.1164   
Independent reflections 3724 15160 18434 14221   
GooF 1.098 1.047 1.014 1.041   
Final R indices [I>2σ(I)] R1 = 0.0447 

wR2 = 0.0743 
R1 = 0.0453 
wR2 = 0.0857 

R1 = 0.0460 
wR2 = 0.1191 

R1 = 0.0893 
wR2 = 0.2298 

  

R indices (all data) R1 = 0.0613 
wR2 = 0.0786 

R1 = 0.0602 
wR2 = 0.0918 

R1 = 0.0770 
wR2 = 0.1506 

R1 = 0.0938 
wR2 = 0.2421 

  

 

§ low convergence due to disordered C6D6 molecule that could not be resolved with SQUEEZE; * large shift/su_max due to disorder in one TIPS group that could not be 
satisfactorily modeled – does not affect enediolate geometric parameters quoted  



 

 

Table A2.4. Crystal data and structure refinement for 3.12, 3.13, 3.15 and 3.16 (Chapter 3). Original file names in brackets. 

 3.12 (jah1090) 3.13 (jah3005) 3.15 (jah2010) 3.16 (jah2010)    
Formula C44H62.50O2Si2U* C38H66O2Si2U C80H130O4Si4U2 C37H64O2Si2U    
FW 917.65 849.12 1744.26 835.09    
Crystal system Triclinic Triclinic Monoclinic Triclinic    
Space group P -1 P -1 P 21/a P -1    
a/Å 13.2738(4) 8.9809(2) 11.69590(10) 8.9601(2)    
b/Å 15.4834(3) 11.9911(2) 27.3298(3) 11.9408(3)    
c/Å 22.6645(5) 19.1345(5) 13.4179(2) 18.1699(6)    
α/° 100.0500(10) 101.5340(10) 90 101.4180(10)    
β/° 90.1170(10) 93.1190(10) 115.5660(10) 91.9920(10)    
γ/° 108.2210(10) 104.471(2) 90 103.723(2)    
V/Å3 4348.64(18) 1943.08(7) 3869.05(8) 1945.82(9)    
Z 4 2 2 2    
Crystal size/mm3 0.10 x 0.06 x 0.06 0.06 x 0.06 x 0.02 0.15 x 0.12 x 0.12 0.14 x 0.14 x 0.10    
θ range/° 1.62 – 27.54 3.45 – 28.08 3.40 – 27.08 2.35 – 27.49    
Completeness to θmax 98.0 91.8 97.1 98.7    
Reflections collected, R(int) 55829, 0.1152 29229, 0.0777 29297, 0.0792 33081, 0.0573    
Independent reflections 19661 8675 8254 8814    
GooF 0.995 1.010 1.030 0.876    
Final R indices [I>2σ(I)] R1 = 0.0545 

wR2 = 0.1054 
R1 = 0.0432 
wR2 = 0.0826 

R1 = 0.0407 
wR2 = 0.0792 

R1 = 0.0332 
wR2 = 0.0756 

   

R indices (all data) R1 = 0.1035 
wR2 = 0.1252 

R1 = 0.0603 
wR2 = 0.0876 

R1 = 0.0619 
wR2 = 0.0850 

R1 = 0.0424 
wR2 = 0.0808 

   

 

* partial hydrogen value due to modeling of disorder in Cp* ring 



 

 

Table A2.5. Crystal data and structure refinement for 4.1 and 4.3 (Chapter 4) and 5.1 and 5.3 (Chapter 5). Original file names in brackets. 

 4.1.tBuOMe (jah4028) 4.3 (jah3040) 5.1 (jah5030) 5.3 (jah4027) 
Formula C36H65NSi2U(C5H12O) C37H65NO2Si2U C23H50ClN3Si3U C23H50N3Si3U 
FW 894.25 850.11 726.41 690.96 
Crystal system Monoclinic Triclinic Triclinic Triclinic 
Space group P 21/m P -1 P -1 P -1 
a/Å 9.22460(10) 8.8461(2) 11.2079(2) 11.0789(2) 
b/Å 20.7046(3) 11.9688(3) 15.0687(2) 11.4137(2) 
c/Å 11.5888(2) 19.1218(13) 18.5455(4) 12.4601(3) 
α/° 90 101.496(7) 89.976(1) 83.966(1) 
β/° 101.0660(10) 93.003(7) 89.994(1) 87.542(1) 
γ/° 90 104.307(7) 89.986(1) 77.123(1) 
V/Å3 2127.21(5) 1911.37(15) 3132.12(10 1527.15(5) 
Z 2 2 4 2 
Crystal size/mm3 0.12 x 0.12 x 0.08 0.10 x 0.09 x 0.03 0.18 x 0.06 x 0.06 0.40 x 0.30 x 0.20 
θ range/° 2.45 – 27.09 3.06 – 27.48 3.438 – 27.221 3.41 – 27.10 
Completeness to θmax 99.6 99.3 98.5 98.2 
Reflections collected, R(int) 31233, 0.0674 41797, 0.0434 45052, 0.0659 20021, 0.0495 
Independent reflections 4900 8721 13791 6617 
GooF 1.025 1.050 1.023 1.027 
Final R indices [I>2σ(I)] R1 = 0.0285 

wR2 = 0.0593 
R1 = 0.0266 
wR2 = 0.0687 

R1 = 0.0348 
wR2 = 0.0664 

R1 = 0.0514 
wR2 = 0.1306 

R indices (all data) R1 = 0.0367 
wR2 = 0.0617 

R1 = 0.0287 
wR2 = 0.0699 

R1 = 0.0599 
wR2 = 0.0733 

R1 = 0.0561 
wR2 = 0.1344 

 

 



 

 

Table A2.6. Crystal data and structure refinement for 5.3.THF, 5.5, 5.6 (Chapter 5). Original file names in brackets. 

 5.3.THF (jah4027_THF) 5.5 (jah4055) 5.6 (jah4037) 
Formula C27H50N3OSi3U C32H58ClN3O4Si3U C33H78N6Si6U2 
FW 763.06 906.65 1203.61 
Crystal system Monoclinic Triclinic Triclinic 
Space group P 21/a P -1 P -1 
a/Å 18.7655(4) 11.4075(3) 10.4888(3) 
b/Å 9.0156(1) 12.2726(3) 10.5825(2) 
c/Å 19.9341(5) 16.4659(4) 13.3131(4) 
α/° 90 69.949(1) 74.9160(10) 
β/° 90.941(1) 70.785(1) 72.7220(10) 
γ/° 90 83.216(2) 60.9680(10) 
V/Å3 3372.04(12) 2044.82(9) 1221.76(6) 
Z 4 2 1 
Crystal size/mm3 0.12 x 0.04 x 0.04 0.14 x 0.12 x 0.08 0.18 x 0.16 x 0.12 
θ range/° 1.022 – 27.443 2.32 – 27.51 2.56 – 27.50 
Completeness to θmax 99.9 98.7 98.8 
Reflections collected, R(int) 58596, 0.0496 35082, 0.0588 21004, 0.0563 
Independent reflections 7696 9287 5550 
GooF 1.162 1.060 0.985 
Final R indices [I>2σ(I)] R1 = 0.0507 

wR2 = 0.0690 
R1 = 0.0392 
wR2 = 0.0946 

R1 = 0.0243 
wR2 = 0.0601 

R indices (all data) R1 = 0.1146 
wR2 = 0.1216 

R1 = 0.0517 
wR2 = 0.1006 

R1 = 0.0287 
wR2 = 0.0621 
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ABSTRACT: A series of U(IV) mixed-sandwich alkyls of the
form [U(COTTIPS2)Cp*R] (R = Me, CH2Ph, CH2TMS,
CH(TMS)2; COTTIPS2 = C8H6(Si

iPr3-1,4)2; Cp* = C5Me5;
TMS = SiMe3) have been synthesized and structurally
characterized, and their reactivity toward H2 and CO2 has
been investigated. The alkyls R = Me, CH2Ph, CH2TMS react
at room temperature with a stoichiometric amount of CO2 to
form κ2-carboxylate complexes. Reaction of all four alkyls with
H2 yields a monomeric, terminal hydride complex, [U-
(COTTIPS2)Cp*H], which is unstable with respect to hydrogen
loss and reacts with CO2 to give the κ

2-formate complex [U(COTTIPS2)Cp*(κ2-O2CH)]. Additionally, a common decomposition
product of the alkyls and hydride complexactivation of a Cp* methyl group to give a “tucked-in” alkylhas been isolated and
structurally characterized and its insertion chemistry toward CO2 has been examined.

■ INTRODUCTION

Studies on the synthesis of uranium alkyl complexes were first
reported in the early 1970s1−4 and subsequently followed by
the pioneering work of Andersen and Marks on organometallic
uranium hydrides.5,6 Since then, a range of uranium alkyl
complexes have been reported featuring a variety of supporting
ligand systems, both carbocylic and noncarbocylic in nature.
Alkyl complexes utilizing the ubiquitous cyclopentadienyl (Cp)
ligand and its substituted derivatives,7−11 hard-donor li-
gands,12−17 and bis(hydrotris(3,5-dimethylpyrazolyl)borate)
ligands18,19 have all been described, and the ability of U−C
bonds to insert, in particular, CO2 has been exemplified by the
formation of a number of κ2-carboxylate complexes.16,20−24

Uranium hydride complexes are still rare, and those reported
feature substituted Cp ligands,25−28 with the exception of
Andersen’s bis(trimethylsilyl)amide hydride complex [UH(N-
{TMS}2)3].

29 Correspondingly, there are very few examples of
CO2 insertion into uranium− or indeed actinide−hydride
bonds.21,30

Our recent work in organometallic uranium chemistry has
largely focused on the reductive activation of small molecules
by U(III) complexes, in particular mixed-sandwich complexes
incorporating sterically demanding cyclooctatetraenyl and
cyclopentadienyl ligands: e.g., [U(COTTIPS2)Cp*].31,32 We
envisaged that this ligand framework might also be suitable to
support a U(IV)−alkyl bond and hence a monomeric, reactive
hydride via a σ-bond metathesis reaction with hydrogen.
Examples of alkyls of the form [U(COT)Cp*R] (where R =
CH(TMS)2, Ph, Me, Et, CH2CMe3) have been reported by
Evans et al.,11,33 but no such mixed-sandwich hydrides,
carboxylates, or formates have been previously reported.

In this paper we describe the synthesis and characterization
of four alkyl complexes of the type [U(COTTIPS2)Cp*R]
(where R = Me, CH2Ph, CH2TMS, CH(TMS)2) and the
insertion of CO2 into the U−C σ bond of three of the
aforementioned alkyls to form the κ2-carboxylates [U-
(COTTIPS2)Cp*(κ2-O2C-R)] (R = Me, CH2Ph, CH2TMS).
Hydrogenolysis of the alkyls results in the formation of a
monomeric, terminal hydride complex, [U(COTTIPS2)Cp*H],
which will insert CO2 into the U−H bond to give the first
structurally characterized, organouranium(IV) bidentate for-
mate complex, [U(COTTIPS2)Cp*(κ2-O2CH)].

■ RESULTS AND DISCUSSION
Synthesis of Alkyl Complexes. The mixed-sandwich

chloride complex [U(COTTIPS2)Cp*Cl] (1) was first prepared
in high yield by treatment of [U(COTTIPS2)Cp*(THF)] with
tert-butyl chloride in pentane (Scheme 1). This synthetic route
has previously been employed by Finke to prepare [Cp*2UCl2]
from [Cp*2UCl(THF)] by treatment with alkyl chlorides,
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Scheme 1. Synthetic Route to U(IV) Alkyls
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although the latter reaction proceeds much less cleanly than the
formation of 1, which is the only product observed.34

NMR-scale reactions of 1 with an excess of alkylating agent
in d6-benzene resulted in conversion of 1 to the alkyls
[U(COTTIPS2)Cp*R] (R = Me (2), CH2Ph (3), CH2TMS(4),
CH(TMS)2 (5)) in >90% conversion after ca. 1 h, as
determined by 1H NMR spectroscopy (Scheme 1). However,
the alkyls did not persist indefinitely in solution and
decomposed at room temperature over a few days (vide
infra). Scaling up and optimization of the reactions gave alkyls
2−5 in isolated yields ranging from 39 to 75%. All four
complexes were structurally characterized by X-ray crystallog-
raphy, and the structures are shown in Figures 1−4, with

selected distances and angles in Table 1. The U−Calkyl distances
range between 2.462(4) and 2.543(4) Å; that in the

CH(TMS)2 derivative 5 (2.497(3) Å) is slightly longer than
the previously reported U−C bond length of 2.469(3) Å in the
only other related, crystallographically characterized alkyl
complex, [U(COT)Cp*CH(TMS)2],

11 presumably due to
bulky substituents on the COT ring in 5. The ring centroid
distances in 5 (1.9774(2) and 2.5211(2) Å) are similarly
slightly longer than those in [U(COT)Cp*CH(TMS)2] (1.969
and 2.499 Å), and the ring centroid−U−ring centroid angle is
slightly wider (141.926(12) vs 138.2°).
In view of the modest (ca. 40%) isolated yields of the alkyls 4

and 5 in particular, their formation on a preparative scale was
monitored by NMR: indeed, 1H NMR spectroscopic analysis of
the crude reaction mixtures showed approximately 50% of the
desired alkyl product and another, new paramagnetic complex.
Upon close examination of the spectra it was evident that the
second product did not contain a freely rotating Cp* ring (a
singlet resonance of integration 15H) but instead two
resonances at 25.4 and −39.8 ppm, integrating to 6H each,
suggesting that a Cp* methyl group had been activated to form
a “tuck-in” complex, [U(COTTIPS2)(η5:η1-C5Me4CH2)] (6;
Scheme 2).
This behavior has also been observed in the mixed-sandwich

system [U(COT)Cp*R] (where R = Me, Et, CH2CMe3, Ph),
where the “tuck-in” complex [U(COT)(η5:η1-C5Me4CH2)] is
formed with concomitant release of free alkane.33 Other
metallocene and nonmetallocene ligand system alkyl complexes
have also shown a propensity to form “tuck-in” species.15,35−38

Indeed we subsequently found that all the alkyl complexes 2−5
decompose either in solution or in the solid state to form the

Figure 1. Molecular structure of 2 with thermal ellipsoids at the 50%
probability level. Non-alkyl ligand hydrogen atoms are omitted for
clarity.

Figure 2. Molecular structure of one crystallographically independent
molecule of 3 in the asymmetric unit, with thermal ellipsoids at the
50% probability level. Hydrogen atoms and iPr groups are omitted for
clarity.

Figure 3. Molecular structure of 4 with thermal ellipsoids at the 50%
probability level. Hydrogen atoms and iPr groups are omitted for
clarity.

Figure 4. Molecular structure of 5 with thermal ellipsoids at the 50%
probability level. Hydrogen atoms and iPr groups are omitted for
clarity.

Table 1. Selected Distances (Å) and Angles (deg) for
Compounds 2−5a

2 3b 4 5

U1−
Ct1

1.9368(3) 1.9297(3)
{1.9304(3)}

1.9361(3) 1.9774(2)

U1−
Ct2

2.4761(3) 2.4899(3)
{2.4836(3)}

2.4880(3) 2.5211(2)

U1−
C37

2.462(4) 2.532(4)
{2.543(4)}

2.464(4) 2.497(3)

Ct1−
U1−
Ct2

140.664(13) 137.217(13)
{137.977(13)}

137.171(14) 141.926(12)

aCt1 is defined as the COT ring centroid, and Ct2 is defined as the
Cp* ring centroid. bNumbers in brackets represent values from the
second independent molecule in the asymmetric unit.
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“tuck-in” complex 6 over a period of a few days with the release
of free alkane (CH4, CH3Ph, SiMe4, or CH2(TMS)2
respectively), 4 and 5 being particularly prone to this reaction.
Alternatively, heating any of the alkyl complexes to 70 °C for
24 h also resulted in the formation of 6, together with small
amounts of ligand degradation products, which proved
impossible to completely separate from 6 despite repeated
recrystallizations. However, recrystallization of 6 from saturated
pentane or THF solutions did afford a few X-ray-quality crystals
of base-free complex or the THF adduct, 6·THF, respectively.
The structures of 6 and 6·THF are shown in Figure 5, with
selected distances and angles in Table 2.

Four other uranium−cyclopentadienyl “tuck-in” species have
been crystallographically characterized: a 1,3,4,6,7,8-hexahydro-
2H-pyrimido[1,2-a]pyrimidinato (hpp) complex, U(Cp*)-
(η5:η1-C5Me4CH2)(hpp),

39 with a U−Ctuck‑in bond length of
2.566(4) Å, a “tuck-in tuck-over” hydride complex36 with a
Ctuck‑in bond length of 2.568(8) Å, a “tuck-in” with an activated
SiMe3 methyl group attached to a parent Cp ring, U(Cp*)-
(η5:η1-C5Me4SiMe2CH2)Cl,

40 with a Ctuck‑in bond length of
2.416(3) Å, and the double “tuck-in” with the related TMS-
substituted Cp ring system, U(η5:η1-C5Me4SiMe2CH2)2,

41 with

both Ctuck‑in bond lengths of 2.453(3) Å. The U1−C14 distance
of 2.569(4) Å in 6 is similar to the Cp*-methyl group “tuck-in”
bond lengths but longer than the SiMe3-substituted “tuck-in”
U−C distances, due to the more strained geometry of the
molecule. As shown in Table 2, coordination of THF to the
metal center alters the overall geometry of the molecule: both
uranium−centroid distances increase, as do each of the U1−
ring C(Cp*) bond lengths. The U1−C14/C33 bond lengthens
significantly, and the Ct1−U1−Ct2 angle decreases as the
coordination sphere widens to allow THF binding. In 6, the
“tuck-in” methylene group lies symmetrically between the iPr
groups attached to the COT ring, whereas in 6·THF the THF
molecule lies in this position instead, with the “tuck-in” group
to one side.

Carbon Dioxide Insertion into U−C Alkyl Bonds. The
alkyl U−C σ bond in 2−4 will readily insert CO2 to form
carboxylate products with the −O2CR ligand bound in a κ2

fashion to the metal center (Scheme 3), a reaction conveniently

monitored by 13C NMR using 13CO2. No reaction was
observed between 5 and CO2, presumably due to the large
steric bulk of the −CH(TMS)2 ligand blocking access to the
uranium center. Upon exposure of either 1 equiv or an excess
(3−10 fold) of CO2 to a hydrocarbon solution of alkyls 2−4, an
immediate color change from orange to deep red occurred,
indicating formation of the carboxylates [U(COTTIPS2)Cp*(κ2-
O2CR)] (R = Me (7), CH2Ph (8), CH2TMS (9)).
Carboxylates 7 and 8 have been crystallographically

characterized, and the structures are shown in Figures 6 and
7, respectively. Attempts to collect X-ray diffraction data from
numerous samples of 9 have only yielded poor-quality data,
which would not refine sufficiently. However, connectivity
could still be established, and 9 does contain an κ2-
O2CCH2TMS ligand as anticipated (see the Supporting
Information for a partially refined structure of 9). Both 7 and

Scheme 2. Formation of “Tuck-in” Complex 6

Figure 5. Molecular structures of 6 (left) and 6·THF (right) with
thermal ellipsoids at the 50% probability level. Hydrogen atoms and
iPr groups are omitted for clarity.

Table 2. Selected Bond Distances (Å) and Angles (deg) for
Structures 6 and 6·THFa

6 6·THF

U1−Ct1 1.9066(3) 1.9991(4)
U1−Ct2 2.3364(3) 2.4124(4)
U1−ring C(Cp*) range 2.437(4)−2.791(4) 2.508(6)−2.840(6)
U1−C14/C33 2.569(4) 2.646(6)
U1−O1 n/a 2.585(4)
Ct1−U1−Ct2 150.724(15) 143.794(17)
U1−C14−C9/U1−C33−
C28

63.3(2) 68.6(3)

aCt1 is defined as the COT ring centroid, and Ct2 is defined as the
Cp* ring centroid.

Scheme 3. Insertion of CO2 into U−Calkyl Bonds To Form
κ2-Carboxylate Complexes

Figure 6. Molecular structure of 7 with thermal ellipsoids at the 50%
probability level. Non-alkyl ligand hydrogen atoms and iPr groups are
omitted for clarity. Selected bond lengths (Å) and angles (deg): U1−
O1 = 2.409(5), U1−O2 = 2.408(5); O1−C40−O2 = 120.4(8).
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8 are structurally similar, featuring terminal bidentate
carboxylate ligands with near-identical U−Ocarboxylate and O−
C−O bond lengths and angles. In 7, the acetate moiety is
symmetrical with identical U−Oacetate bond lengths within
standard error, whereas the U−Ocarboxylate bonds in 8 vary
marginally from 2.405(5) to 2.424(5) Å, which may be an effect
of the location of the attached benzyl group positioned between
the iPr groups to avoid steric crowding.
As the “tuck-in” complex 6 is essentially a tethered alkyl, it

also reacts with CO2 to form an insertion product. After
exposure to 1 equiv (or an excess) of CO2 to a d8-toluene
solution of 6, the brown solution became orange in color and
deposited a large amount of red precipitate. Recrystallization of
the red solid from either THF or hot benzene yielded red
crystals of the dimeric CO2 insertion product [{U(COTTIPS2)-
(η5:η1-C5Me4H2-μ

1:μ1-O2C)}2] (10; Figure 8).

Three other U(IV) bidentate terminal acetate complexes
have been structurally characterized, and only one is
mononuclear. Domingos et al. reported the X-ray crystal
structure of U(Tp*)(OAc)3, a tris-acetato complex formed by
the reaction of the parent trichloride complex with
NaO2CMe.42 The six U−Oacetate bond lengths range between
2.406(12) and 2.439(11) Å, generally greater than in 7, with
more acute O−C−O angles (118.2(8)−120.0(6) °), presum-
ably due to greater steric crowding around the metal center
from the three acetate ligands. The other acetate complexes are
both tetranuclear and contain Cp ligands, featuring both

bridging and terminal acetate ligands; however, in both cases
the terminal acetates also interact weakly with another U atom.
Brianese et al.43 report the U−Oacetate distances in their acetate
cluster as 2.24(1) and 2.69(1) Å, the differing lengths being an
effect of the weak interaction with a second uranium center,
with an O−C−O angle of 119(1)°, similar to the angle in 7. In
the tetrakis-Cp uranium acetate dioxide complex described by
Rebizant et al.44 the terminal acetate ligands contain more
symmetrical U−Oacetate bond lengths of between 2.50(1) and
2.57(1) Å but smaller O−C−O angles of 116(2) and 117(2)°
in comparison to 7 and the other reported acetate complexes,
again likely due to effects of the weak interaction with a second
uranium center. No other U(IV) terminal phenyl carboxylate
complexes have been structurally characterized; however, a
U(III) phenyl carboxylate, (Tp*)2U(κ2-O2CCH2Ph), has been
synthesized by Bart et al. via the insertion of CO2 into the U−C
bond of the parent alkyl complex, (Tp*)2U(CH2Ph).

24 The
structure of this phenyl carboxylate is, like that of 8, terminal
and bidentate, with near-identical U−Ocarboxylate bond lengths of
2.490(7) and 2.494(7) Å and an O−C−O angle of 119.9(9)°. 8
has an almost identical O−C−O angle; however, the U−
Ocarboxylate distances are notably shorter, owing to the differing
ionic radii of U(III) and U(IV). While 10 differs from the
reported carboxylates, as it has a bridging −O2C moiety which
is “tethered” to the Cp* ring, the U1−O1 and U1−O2 bond
lengths in 10 are comparable to the U−Ocarboxylate lengths in 7
and 8. The O1−C37−O2 angle of 122.8(5)° in 10 is short in
comparison with the O−C−O angles in the bridging acetate
ligands contained in the tetranuclear acetate compounds
described above, which range from 122(2) to 125(1)° in the
acetate cluster and from 124(2) to 128(2) ° in the tetrakis-Cp
uranium acetate, due to the close proximity of the two U
centers in 10 enforced by the “tethered” ligands.

Hydride Complex: Synthesis and Reactivity. It was
hoped that the alkyls 2−6 would undergo σ-bond metathesis
with hydrogen to form a hydride complex with the elimination
of free alkane, or, in the case of 6 + H2, re-forming the Cp* ring
(Scheme 4). Indeed, exposure of a hydrocarbon solution of any

of the alkyls 2−6 to 1 equiv or an excess (3−10 equiv) of H2
resulted in a red solution which, by 1H NMR spectroscopy,
contained a single new product featuring the COTTIPS2 and
Cp* ligands with no other identifiable features other than the
presence of free alkane eliminated after hydrogenolysis. This
product is reasoned to be the hydride complex [U(COTTIPS2)-
Cp*H] (11). Over a period of 24 h the “tuck-in” complex 6 is

Figure 7. Molecular structure of one of the two crystallographically
independent molecules of 8 in the asymmetric unit, with thermal
ellipsoids at the 50% probability level. Hydrogen atoms and iPr groups
are omitted for clarity. Selected bond lengths (Å) and angles (deg):
U1−O41 = 2.405(5), U1−O42 = 2.423(5); O41−C41−O42 =
118.7(8).

Figure 8. Molecular structure of 10 with thermal ellipsoids at the 50%
probability level. Hydrogen atoms, iPr groups, and a cocrystallized
molecule of benzene are omitted for clarity. Selected bond lengths (Å)
and angles (deg): U1−O1 = 2.405(3), U1−O2 = 2.404(3); O1−
C37−O2 = 122.8(5).

Scheme 4. Decomposition Routes of 11
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also observed in solution; this increases in proportion relative
to 11 over a further week, and resonances corresponding to the
trivalent mixed-sandwich complex [UIII(COTTIPS2)Cp*] also
appear and slowly increase in intensity. Removal of the reaction
mixture headspace so that no excess H2 is present results in an
increase in proportion of 6 and [UIII(COTTIPS2)Cp*] relative
to the hydride 11; removal of all volatiles results in the
complete decomposition of 11 into a mixture of 6 and
[UIII(COTTIPS2)Cp*]. It is proposed that the hydride 11 and
the “tuck-in” 6 exist in equilibrium and that 11 will also lose H2
to form the trivalent species [UIII(COTTIPS2)Cp*] when not
under a hydrogen headspace (Scheme 4), in a fashion similar to
that reported for [UCp*2H2], which also readily loses H2 to
form a U(III) complex.25

As a result of this limited stability it has not been possible to
analyze 11 by mass spectrometry, elemental analysis, or infrared
spectroscopy using standard techniques. In situ IR spectroscopy
using a React IR system, featuring an IR probe inside a gastight
IR cell that can be attached to a Toepler pump, was employed
to follow the reaction of the benzyl alkyl 3 and H2. However,
no new vibrational band corresponding to a hydride ligand
(expected to occur at ca. 1400 cm−1)45 was observed during the
course of the reaction due to strong ligand resonances masking
the area of interest. In a further attempt to confirm the
existence of the hydride ligand in 11, the reactions of the alkyls
2−6 with D2 were carried out in order to locate the resultant
deuteride ligand resonance using 2H NMR spectroscopy.
However, these reactions all resulted in a complex mixture of
partially deuterated species. As 11 and the “tuck-in” complex 6
are in equilibrium, H/D exchange into the Cp* ring Me groups
can occur and was indeed observed. 2H NMR spectroscopic
studies on the reaction of the benzyl alkyl 3 and an excess of D2
(ca. 3 equiv) followed over the course of 2 weeks showed
increasingly intense and numerous resonances at shifts
corresponding not only to deuterium in the Cp*-Me groups
of 11, 6 ,and the U(III) complex [UIII(COTTIPS2)Cp*] (see
Scheme 4) but also to the iPr-CH3 groups of all three species
present. Although no evidence has yet been seen for the
existence of a stable “tuck-in” complex formed by activation of a
COT-TIPS group, it is possible that deuterium incorporation
into the iPr-CH3 groups occurs via a transient “iPr tuck-in”,
whose reversible formation is too rapid to be observed on the
NMR time scale. In any event, no resonance assignable to a
deuteride ligand was observed within a window of ±600 ppm
throughout these deuterium studies. It is likely that the signal is
extremely broadened due to contact shift effects caused by the
paramagnetic uranium center.
Despite the tendency of 11 to lose H2, it was possible to

collect X-ray diffraction data for two samples of 11 formed
under different reaction conditions: one via the reaction of a
concentrated pentane solution of 3 and 1 bar of H2 and the
other from the reaction of solid 3 and 1 bar of H2. In both
cases, a small number of red crystals were formed; these were
extracted from the reaction vessels and rapidly mounted under
a cryostream for X-ray diffraction studies. Refinement of the
data collected resulted in two structures, both monoclinic, with
one in the P21/m space group (11A, Figure 9) and the other in
space group Cc (11B, Figure 10) with two crystallographically
distinct molecules in the asymmetric unit (see Table 3 for
selected bond lengths and angles).
In 11B, one molecule contains a persistent Q peak 1.04(2) Å

from uranium center U2 that could be assigned as a hydrogen
atom. Inspection of the bond lengths and angles of the two

structures reveals that 11A and 11B differ marginally; while the
Ct1−U1 and Ct2−U1 distances are marginally longer, the
Ct1−U1−Ct2 angle is 2° smaller. In comparison to the other
crystallographically characterized U(IV) COTTIPS2/Cp* com-
plexes within this work, the U−Ct1 distances of 11A and 11B,
although among the shortest, lie within the expected range
(1.0966(3)−1.9991(4) Å), as do the Ct2−U distances (range
2.33464(3)−2.5211(2) Å), consistent with 11 also being a
U(IV) complex. The Ct1−U1−Ct2 angle is greater in 11A and
11B than in the other U(IV) complexes reported herein,
presumably due to the small steric bulk of the hydride ligand in
comparison to the alkyl and carboxylate ligands, which force a
more acute Ct1−U−Ct2 angle.
By analogy to the formation of the κ2-carboxylates by CO2

insertion into an alkyl U−C bond, CO2 was added to the
hydride complex 11 (formed in situ) and resulted in formation
of the κ2-formate complex [U(COTTIPS2)Cp*(κ2-O2CH)]
(12), thus also providing additional evidence for the hydride
ligand in 11. The hydrogen atom attached to the formate group
can be observed in the 1H NMR spectrum at δ 8.6 ppm, and an
IR stretch at 1558 cm−1 assigned to the formate group rapidly
appears after the addition of 12CO2 to a methylcyclohexane
solution of the hydride 11 in the React IR apparatus. The
proton-coupled 13C NMR spectrum of 12 synthesized with
13CO2 shows a doublet with JCH = 210 Hz at −20.1 ppm, with

Figure 9. Molecular structure of 11A with thermal ellipsoids at the
50% probability level. Hydrogen atoms are omitted for clarity.

Figure 10. Molecular structure of 11B, showing two crystallo-
graphically independent molecules in the asymmetric unit (thermal
ellipsoids at the 50% probability level). Hydrogen atoms and iPr
groups are omitted for clarity. U1−U2 = 11.167 Å.

Table 3. Selected Bond Distances (Å) and Angles (deg) for
Structures 11A and 11Ba

11A 11B (U1) 11B (U2)

U−Ct1 1.9182(6) 1.917(4) 1.917(2)
U−Ct2 2.4945(6) 2.471(4) 2.464(3)
Ct1−U−Ct2 150.20(3) 152.14(10) 152.4(2)

aCt1 is defined as the COT ring centroid, and Ct2 is defined as the
Cp* ring centroid.
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the peak at δ 8.6 ppm, due to the formate hydrogen, in the 1H
NMR spectrum split into a doublet with the same coupling
constant.
Recrystallization of 12 from pentane at −35 °C afforded a

red crystalline solid suitable for X-ray diffraction studies; the
molecular structure (Figure 11) confirms a monomeric, κ2-

formate complex. Only two other examples of crystallo-
graphically characterized U(IV) formate complexes are present
in the literature, as reported by Takao et al. in 2009.46 Both
complexes are hexanuclear, containing bridgingnot termi-
nalformate ligands, and are formed from the addition of
formic acid to an aqueous U(IV) solution. The U−Oformate
bond distances in the two complexes range from 2.396 to 2.495
Å, and the bridging formate O−C−O angles range from 123.16
to 135.85°; as expected, the O1−C37−O2 angle in 12 is more
acute than in the bridging formate moieties, while the U1−
Oformate bond distances lie in the middle of the reported range.
In comparison to the carboxylate complexes reported in this
work, the formate complex has longer U−O distances and a
larger O1−C37−O2 angle than 7 or 8; however, the overall
geometries of the three complexes 7, 8, and 12 are very similar.

■ CONCLUSION
A series of new mixed-sandwich uranium(IV) alkyl complexes
have been synthesized, and their reactivity toward CO2 and H2
has been investigated. Particularly noteworthy is the synthesis
of a monomeric hydride complex and the insertion of CO2
therein to form the first crystallographically characterized
uranium(IV) bidentate formate complex.

■ EXPERIMENTAL SECTION
General Information. All manipulations involving air- or

moisture-sensitive materials were performed under an inert atmos-
phere of argon using standard Schlenk techniques or in an MBraun
N2- or Ar-filled glovebox. Solvents were dried over appropriate drying
agents (NaK3, pentane and Et2O; K, THF; Na, toluene) before
distilling under N2 and degassing before use. Solvents were stored over
K mirrors, with the exception of THF, which was stored over activated
4 Å molecular sieves. Deuterated solvents were dried over K, vacuum-
distilled and freeze−pump−thawed before storage under N2. NMR
spectra were recorded on a Varian VNMR 400 MHz spectrometer at
303 K, with 1H NMR spectra run at 399.5 MHz and 13C NMR spectra
run at 100.5 MHz. Chemical shifts are quoted in parts per million and
are referenced internally to residual protic solvent shifts (1H) or
deuterated solvent shifts (13C). EI-MS was performed by Dr. A. K.
Abdul-Sada at the University of Sussex using a VG Autospec Fisions

instrument (EI at 70 eV). IR spectra were recorded as Nujol mulls on
a Perkin-Elmer Spectrum One FTIR instrument or using a ReactIR
system attached to a Toepler pump. Elemental analyses were
performed by Mikroanalytisches Labor Pascher or the University of
Bristol Microanalysis Service. The compounds [UIII(COTTIPS2)Cp*-
(THF)],31 KCH2Ph,

47 LiCH2TMS,48 and KCH(TMS)2
49 were

prepared according to published procedures.
[U(COTTIPS2)Cp*Cl] (1). An excess of tBuCl (210 μL, 1.90 mmol)

was added via microsyringe to a stirred pentane solution (100 mL) of
[UIII(COTTIPS2)Cp*(THF)] (1.56 g, 1.80 mmol), resulting in an
immediate color change from dark brown to red. Volatiles were
removed under reduced pressure, yielding 1 as a red-brown powder
(1.34 g, 90%). Recrystallization from a saturated pentane or THF
solution afforded red crystals of 1. 1H NMR (C6D6): δH 80.28 (br s,
2H, COT-H), 10.15 (s, 15H, C5Me5), −7.44 (m, 6H, iPr-CH), −7.73
(d, JHH = 5.4 Hz, 18H, iPr-CH3), −8.69 (d, JHH = 5.4 Hz, 18H, COT
iPr-CH3), −84.70 (br s, 2H, COT-H), −103.65 (br s, 2H, COT-H).
Anal. Calcd for C36H63Si2UCl: C, 52.41; H, 7.64. Found: C, 52.44; H,
7.78.

[U(COTTIPS2)Cp*Me] (2). MeLi (1.82 mmol, 0.334 M solution in
Et2O) was added dropwise to a solution of 1 (1000 mg, 1.21 mmol) in
40 mL of Et2O precooled to −78 °C. After it was stirred for 1 h, the
resultant orange solution was dried under reduced pressure, extracted
in pentane, and filtered via filter cannula to remove residual white
solids. Removal of volatiles under reduced pressure yielded 2 as an
orange-red powder (729 mg, 75%). 1H NMR (C6D6): δ 52.79 (br s,
3H, Me), 14.85 (br s, 2H, COT-H), 0.93 (s, 15H, C5Me5), −4.44 (br s,
2H, COT-H), −7.46 (d, JHH = 7.4 Hz, 18H, iPr-CH3), −11.27 (d, JHH
= 5.4 Hz, 18H, iPr-CH3), −12.40 (m, 6H, iPr−CH), −69.11 (br s, 2H,
COT-H). Anal. Calcd. for C37H66Si2U1: C, 55.19; H, 8.26. Found: C,
54.45; H, 8.24. MS (EI)+: m/z 789 (M+ − CH3). X-ray-quality crystals
of 2 were obtained by recrystallization from a saturated Et2O solution
at −30 °C.

[U(COTTIPS2)Cp*(CH2Ph)] (3). KCH2Ph (190 mg, 1.46 mmol) was
added as a THF solution (30 mL) dropwise to a red solution of 1 (997
mg, 1.21 mmol in 40 mL THF) precooled to −30 °C. Stirring at −30
°C for 1 h resulted in a brown solution; volatiles were removed under
reduced pressure, and extraction in pentane and storage of the brown
solution at −20 °C yielded 3 as dark red X-ray-quality crystals (500
mg, 47%). 1H NMR (C6D6): δ 17.64 (br, s, 2H, COT-H), 10.45 (t,
JHH = 7.3 Hz, 2H, m-C6H5), 7.76 (d, JHH = 7.7 Hz, 2H, o-C6H5), 6.96
(br, s, 2H, CH2-Ph), 3.75 (s, 15H, C5Me5), 1.62 (t, JHH = 7.3 Hz, 1H,
p-C6H5), −8.09 (d, JHH = 7.2 Hz, 18H, iPr-CH3), −10.00 (d, JHH = 7.3
Hz, 18H, iPr-CH3), −11.44 (br, s, 2H, COT-H), −11.87 (m, 6H, iPr-
CH), −76.80 (br, s, 2H, COT-H). Anal. Calcd for C43H70Si2U: C,
58.60; H, 8.00. Found: C, 58.62; H, 7.94. MS (EI)+: m/z 789 (M+ −
CH2Ph).

[U(COTTIPS2)Cp*(CH2TMS)] (4). LiCH2TMS (14 mg, 0.14 mmol)
in Et2O (10 mL) was added as a white slurry to a solution of 1 (99 mg,
0.12 mmol) precooled to −40 °C. After it was stirred for 1 h, the
resultant red-orange solution was filtered via filter cannula to remove
white solids and the solvent volume concentrated to ca. 4 mL. Storage
of the solution at −50 °C overnight afforded red rodlike crystals of 4
of suitable quality for X-ray studies (41 mg, 39%). 1H NMR (C6D6):
δH 8.49 (s, 9H, SiMe3), 1.80 (s, 15H, C5Me5), −8.83 (d, JHH = 6.9 Hz,
18H, iPr-CH3), −9.12 (d, JHH = 6.9 Hz, 18H, iPr-CH3), −11.51 (m,
6H, iPr-CH); additional resonances at δH 66.83 (br s, 2H), 11.10 (br s,
2H), −4.81 (br s, 2H), and −66.00 (br s, 2H) were attributed to
COT-H and CH2TMS protons but could not be definitively assigned.
MS (EI)+: m/z 833 (M+ − Me3). Anal. Calcd for C43H70Si2U: C,
54.76; H, 8.50. Found: C, 54.24; H, 7.91.

[U(COTTIPS2)Cp*(CH{TMS}2)] (5). KCH(TMS)2 (47 mg, 0.24
mmol) in pentane (30 mL) was added as a white slurry to a red
solution of 1 (200 mg, 0.24 mmol) as a pentane/THF (30 mL/5 mL)
solution precooled to −78 °C. After it was stirred for 12 h, the brown
solution was filtered via filter cannula and volatiles were removed
under reduced pressure, giving 5 as a brown powder: crude yield 40%.
1H NMR (C6D6): δ 74.22 (br s, 1H, CH(TMS)2), 8.17 (br s, 2H,
COT-H), −6.67 (s, 15H, C5Me5), −2.18 (d, JHH = 7.4 Hz, 18H, iPr-
CH3), −3.45 (d, JHH = 7.6 Hz, 18H, iPr-CH3), −5.10 (br s, 2H, COT-

Figure 11. Molecular structure of 12 with thermal ellipsoids at the
50% probability level. iPr groups and COT and Cp ligand based
hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and
angles (deg): U1−O1 = 2.451(3), U1−O2 = 2.455(3); O1−C37−O2
= 122.2(5).
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H), −5.74 (m, 6H, iPr-CH), −12.10 (s, 18H, CH{SiMe3}2), −52.48
(br s, 2H, COT-H). MS (EI)+: m/z 789 (M+ − CH(SiMe3)2). X-ray-
quality crystals were grown from a saturated pentane solution at −35
°C. Thermal instability precluded meaningful microanalysis.
[U(COTTIPS2)(η5:η1-C5Me4CH2)] (6). A toluene solution (50 mL) of

2 (400 mg, 0.50 mmol) in a greaseless-joint ampule was heated at 70
°C in an oil bath for 24 h, during which time the solution changed
color from red to brown. Filtration away from the small amount of
white solids via filter cannula and removal of all volatiles under
reduced pressure yielded 6 as a brown powder (274 mg, crude yield
70%). 1H NMR (C6D6): δ 57.83 (br s, 2H, C5CH2), 25.43 (s, 6H,
C5Me), −1.26 (m, 6H, iPr-CH3), −1.90 (d, JHH = 7.4 Hz, 18H, iPr-
CH3), −3.88 (d, JHH = 7.2 Hz, 18H, iPr-CH3), −39.77 (s, 6H, C5Me),
−70.09 (br s, 2H, COT-H), −76.41 (br s, 2H, COT-H), −85.86 (br s,
2H, COT-H). MS (EI)+: m/z 788 (M+). Small amounts of ligand
degradation products, which proved impossible to completely separate
from 6 despite repeated recrystallizations, precluded satisfactory
microanalysis despite repeated attempts.
[U(COTTIPS2)Cp*(κ2-O2CCH3)] (7). A toluene solution (5 mL) of 2

(40 mg, 0.050 mmol) was cooled to −78 °C and exposed to 1.5 equiv
of CO2 (0.075 mmol) via Toepler pump; upon warming the solution
changed color to a more vivid red. Concentration of the solution to 1
mL and slow cooling to −35 °C afforded red X-ray-quality crystals of 7
(28 mg, 66%). Alternatively, using 13CO2 in the method above yields
the labeled product 13C-7. 1H NMR (C6D6) δ 5.80 (s, 15H, C5Me5),
4.24 (d, 3H, Me), −2.26 (br s, 2H, COT-H), −4.61 (d, J = 7.4 Hz,
18H, iPr-CH3), −5.76 (d, J = 5.4 Hz, 18H, iPr-CH3), −6.66 (m, 6H,
iPr-CH), −21.71 (br s, 2H, COT-H), −52.44 (br s, 2H, COT-H).
13C{1H} NMR (C6D6, selected data): δ 32.4 (s, O2

13C-Me). IR (Nujol,
cm−1): 1501 w, 1225 m, 1068 w, 1028 s, 1016 s, 993 w, 933 m, 882 s,
767 s, 680 m, 669 s, 637 s, 528 m. Anal. Calcd for C38H66Si2O2U: C,
53.75; H, 7.83. Found: C, 53.27; H, 7.77. MS (EI)+: m/z 849 (M+).
[U(COTTIPS2)Cp*(κ2-O2CCH2Ph)] (8). A pentane solution (5 mL)

of 3 (49 mg, 0.056 mmol) was exposed to 1 bar of CO2 at ambient
temperature, resulting in an immediate color change from brown to
red. Stirring overnight yielded a more vivid red solution containing
some pink solids. Filtration of the solution via filter cannula and
concentration to ca. 2 mL and slow cooling to −35 °C afforded 8 as X-
ray-quality red crystals (24 mg, 46% yield). Alternatively, exposing a
d6-benzene solution of 3 to 1 equiv of 13CO2 via Toepler pump
afforded the labeled product 13C-8. 1H NMR (C6D6): δ 7.01 (t, 1H, p-
C6H5), 6.73 (d, 2H, o-C6H5), 6.04 (s, 15H, C5Me5), 4.90 (br s, 2H,
CH2-Ph), 0.81 (br s, 2H, COT-H), −4.82 (d, 18H, iPr-CH3), −5.61
(br s, 18H, iPr-CH3), −6.93 (m, 6H, iPr-CH), −24.25 (br s, 2H, COT-
H), −54.01 (br s, 2H, COT-H); resonance attributable to m-C6H5
overlapped with solvent residue at 7.1 ppm. 13C{1H} NMR (C6D6,
selected data): δ 21.6 (s, O2

13C-CH2Ph). IR (Nujol, cm−1): 1506 w,
1418 w, 1261 w, 1020 m, 882 m, 789 w, 757 m, 669 m, 640 m, 581 m.
Anal. Calcd for C44H70Si2O2U: C, 57.11; H, 7.63. Found: C, 56.23; H,
7.77. The low percentage of C is often found with organouranium
complexes and is attributed to incomplete combustion.50 MS (EI)+:
m/z 924 (M+), 789 (M+ − O2CCH2Ph).
[U(COTTIPS2)Cp*(κ2-O2CCH2TMS)] (9). A pentane (5 mL)

solution of 4 (36 mg, 0.042 mmol) was frozen and exposed to 1.5
equiv of CO2 via Toepler pump. When it was warmed to ambient
temperature, the solution turned dark red and spontaneously
deposited 9 as a red powder. Slow evaporation of the pentane
solution yielded further powdery material (65 mg, 55%). Repeating the
reaction with 13CO2 afforded the labeled product 13C-9. 1H NMR
(C6D6): δ 10.54 (br s, 2H, CH2TMS), 5.25 (s, 15H, C5Me5), 0.31 (s,
9H, SiMe3), −5.01 (d, J = 7.2 Hz, 18H, iPr-CH3), −6.09 (d, J = 7.2 Hz,
18H, iPr-CH3), −7.23 (br s, 2H, COT-H), −7.58 (m, 6H, iPr-CH),
−13.01 (br s, 2H, COT-H), −50.83 (br s, 2H, COT-H). 13C{1H}
NMR (C6D6, selected data): δ 57.4 (s, O2

13C-CH2TMS). IR (Nujol,
cm−1): 1504 w, 1234 m, 1021 m, 920 m, 667 m, 640 m, 540 m. MS
(EI)+: m/z 920 (M+), 785 (M+ − Cp*). Small amounts of ligand
degradation products, which proved impossible to completely separate
from 9 despite repeated recrystallizations (and coupled with the
limited stability of 9 in solution), precluded satisfactory microanalysis
despite repeated attempts.

[{U(COTTIPS2)(η5:η1-C5Me4CH2-μ1:μ1-O2
13C)}2] (10). A d8-toluene

solution of 6 (20 mg, 0.023 mmol) in a J. Young NMR tube was
cooled to −78 °C and then exposed to ca. 3 equiv (0.07 mmol) of
13CO2 via Toepler pump, resulting in an orange solution and red
precipitate upon warming to ambient temperature. Removal of
volatiles under reduced pressure afforded red solids; recrystallization
from a saturated THF solution yielded X-ray-quality crystals of 10.
Performing the reaction in d6-benzene and heating the solution to 70
°C for 1 h yielded X-ray-quality crystals of 10 upon cooling to ambient
temperature. 1H NMR (d8-THF): δ 49.44 (br s, 2H, C5Me4CH2),
49.18 (br s, 2H, C5Me4CH2), −21.61 (br s, 2H, COT-H), −15.44 (br
s, 2H, COT-H), −4.80 (s, 6H, C5Me), −0.47 (m, 6H, iPr-CH), −0.12
(s, 6H, C5Me), −0.21 (s, 18H, iPr-CH3), −1.95 (s, 18H, iPr-CH3),
−3.49 (s, 18H, iPr-CH3), −4.18 (s, 18H, iPr-CH3), −6.70 (m, 6H, iPr-
CH), −10.76 (br s, 6H, C5Me), −11.37 (br s, 6H, C5Me), −55.49 (br
s, 2H, COT-H), −59.51 (br s, 2H, COT-H), −76.02 (br s, 2H, COT-
H), −80.25 (br s, 2H, COT-H). 13C{1H} NMR (d8-toluene): 60.37
(bound 13CO2). IR (Nujol, cm−1): 3232 w, 2277 s, 1611 m, 1542 s,
1457 m, 1372 m, 1262 w, 1079 w, 1014 m, 880 m, 807 w, 673 m, 640
m, 575 w, 490 m, 458 s. MS (EI)+: m/z 834 (M+ − U{COTTIPS2}-
C5Me4CH2O2

13C). Anal. Calcd for C74H124Si4O4U2: C, 53.34; H, 7.50.
Found: C, 52.69; H, 7.26.

[U(COTTIPS2)Cp*H] (11). Method A. A pentane solution (0.5 mL)
of 3 in a greaseless-joint ampule was frozen and exposed to an excess
of H2 (ca. 0.76 mmol) via Toepler pump. After the mixture was
warmed to room temperature, a color change from brown to red
occurred. While still under a headspace of H2, cooling the solution to
−30 °C yielded a small quantity of red-brown crystals of 11A suitable
for X-ray diffraction studies.

Method B. A crystalline sample of 3 (114 mg, 0.129 mmol) in a
greaseless-joint ampule was stirred vigorously to produce a finely
ground brown powder which was cooled to −78 °C before being
exposed to 1 bar of H2. After the mixture was stirred for 45 min at −78
°C, a small amount of dark red crystals of 11B were observed, suitable
for X-ray studies.

Method C. A d6-benzene solution of any alkyl 2−6 in a J. Young
NMR tube exposed to ca. 3 equiv of H2 resulted in a red solution,
identified as >90% conversion to 11 as determined by 1H NMR
spectroscopy. 1H NMR (C6D6): δ 36.97 (br s, 2H, COT-H), −2.42 (s,
15H, C5Me5), −7.66 (d, JHH = 4.9 Hz, 18H, iPr-CH3), −9.73 (br s,
24H, iPr-CH3 and

iPr-CH overlapped), −36.08 (br s, 2H, COT-H),
−83.64 (br s, 2H, COT-H); resonance attributable to U-H could not
be located. Further analysis and recording of isolated yields were not
possible due to instability of the complex.

[U(COTTIPS2)Cp*(κ2-O2CH)] (12). A pentane (3 mL) solution of 3
(175 mg, 0.217 mmol) in a high-pressure ampule was frozen before
being exposed to 1 bar of H2, forming 11 in situ upon warming to
ambient temperature with stirring over 1 h. The red solution was
cooled to −78 °C, and the ampule headspace evacuated and then
pressurized with 0.8 bar of CO2. When the solution was warmed, the
color deepened and red crystalline 12 formed spontaneously within
the ampule; the solids were isolated, and the mother liquor was cooled
to −30 °C to yield X-ray-quality crystals (combined yield 60 mg,
33%). Performing the reaction as a d6-benzene solution in a J. Young
NMR tube with 13CO2 afforded the labeled product 13C-12. 1H NMR
(C6D6): δH 13.82 (br s, 2H, COT-H), 8.58 (d, JHH = 210 Hz, 1H,
O2

13C-H), 7.53 (s, 15H, C5Me5), −4.61 (d, JHH = 7.3 Hz, 18H iPr-
CH3), −4.91 (d, JHH = 7.3 Hz, 18H, iPr-CH3), −5.67 (m, 6H, iPr-CH),
−40.80 (br s, 2H, COT-H), −59.24 (br s, 2H, COT-H). 1H{13C}
NMR (C6D6, selected data): δ 8.55 (br s, 1H, O2

13C-H). 13C{1H}
NMR (C6D6, selected data): δC −19.97 (br s, O2

13CH). 13C NMR
(C6D6, selected data): δC −20.05 (d, JCH = 210.4 Hz, O2

13CH). Data
for 13C-12 are as follows. MS (EI)+: m/z 835 (M+), 700 (M+ -Cp*). IR
(cm−1, React IR in methylcyclohexane, selected data): 1558 s. Anal.
Calcd for C37H64Si2O2U: C, 53.27; H, 7.72. Found: C, 54.16; H, 7.77.

X-ray Crystallographic Studies. All data sets were collected on a
Bruker-Nonius Kappa CCD area detector diffractometer with a sealed-
tube source (Mo Kα) and an Oxford Cryosystems low-temperature
device, operating in ω scanning mode with ψ and ω scans to fill the
Ewald sphere. The programs used for control and integration were
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Collect,51 Scalepack, and Denzo.52 Absorption corrections were based
on equivalent reflections using SADABS.53 The crystals were mounted
on a glass fiber with silicon grease, from dried vacuum oil kept over 4
Å sieves in a MBraun glovebox under Ar. All solutions and refinements
were performed using the WinGX package54 and all software packages
within. All non-hydrogen atoms were refined using anisotropic thermal
parameters, and hydrogens were added using a riding model. Crystal
structure and refinement data are given in Tables S1−S3 of the
Supporting Information.
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(26) Berthet, J. C.; Le Marećhal, J. F.; Ephritikhine, M. J. Chem. Soc.,
Chem. Commun. 1991, 360.
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Mixed sandwich thorium complexes incorporating
bis(tri-isopropylsilyl)cyclooctatetraenyl and
pentamethylcyclopentadienyl ligands: synthesis,
structure and reactivity†

Zoë E. Button, Jessica A. Higgins, Markéta Suvova, F. Geoffrey N. Cloke* and
S. Mark Roe

The Th(IV) mixed-sandwich halide complexes Th(COTTIPS2)Cp*X (where COTTIPS2 = 1,4-{SiiPr3}2C8H6, X =

Cl, I) have been synthesised, and structurally characterised. When Th(COTTIPS2)Cp*I is reduced in situ in

the presence of CO2, a mixture of dimeric carboxylate and oxalate complexes {Th(COTTIPS2)-

Cp*}2(μ-κ1:κ2-CO3) and {Th(COTTIPS2)Cp*}2(μ-κ2:κ2-C2O4) are formed, possibly via a transient Th(III)

species. Th(COTTIPS2)Cp*Cl is readily alkylated to yield the benzyl complex Th(COTTIPS2)Cp*CH2Ph, which

reacts with CO2 to form a carboxylate and with H2 to form a hydride; the latter inserts CO2, giving the

bridging formate complex {Th(COTTIPS2)Cp*(μ-κ1:κ1-O2CH)}2.

Introduction
The activation of small molecules by uranium(III) complexes is
currently an area of considerable interest, and we and others
have reported a number of novel reductive transformations of,
for example, CO, CO2 and N2 by molecular U(III) compounds.1

Extension of this reduction chemistry to thorium is potentially
of considerable interest, especially in view of the Th(IV)/Th(III)
redox couple which is expected to be considerably more nega-
tive than that of uranium. However, unlike uranium, access to
the trivalent oxidation state of thorium is not straightforward.
Indeed, only a handful of unambiguously characterised Th(III)
complexes have been reported in the literature: Th(Cp″)3
(where Cp″ = C5H3{SiMe3}2, C5H3{SiMe2tBu}2), [Th(COT″)2]-
[K(DME)2] (where COT″ = 1,4-{SitBuMe2}2C8H6), and
ThCp*2(iPrNC(Me)NiPr).2–5 It was envisaged that the mixed-
sandwich ligand system consisting of dianionic COTTIPS2

(where COTTIPS2 = 1,4-{SiiPr3}2C8H6) and monoanionic Cp*
ligands may provide sufficient steric and electronic stabilis-
ation to isolate a Th(III) compound, which would be expected
to display high reactivity towards CO or CO2 in a manner
similar to the analogous trivalent uranium system U(COTTIPS2)-

Cp*.6,7 Alternatively, the in situ reduction of a mixed sandwich
Th(IV) halide precursor in the presence of a small molecule
may produce a transient Th(III) intermediate, which could
induce reductive transformations.

In addition to the reduction chemistry, the reactivity of
Th–C and Th–H bonds in thorium(IV) systems towards small
molecules such as CO2 is also of interest. This was first
reported by Marks and Moloy in 1985, who demonstrated the
ability of Th(Cp*)2(Me)2 to insert 2 equivalents of CO2 to form
a bis-acetate, Th(Cp*)2(OAc)2, and that Th(Cp*)2(OCHtBu2)(H)
will insert 1 equivalent of CO2 to yield a formate complex,
Th(Cp*)2(OCHtBu2)(κ2-O2CH).8 Subsequently, a number of
Th(IV) alkyl complexes have been synthesised, both in
metallocene9–16 and non-metallocene17–20 ligand frameworks,
and a small number of these have shown insertion reactivity
towards CO2.20–22 Th(IV) hydride complexes have also been syn-
thesised, mainly supported by cyclopentadienyl-based ligands,
and containing both bridging and terminal hydride ligands,
however their CO2 insertion chemistry has not been extensively
explored.10,13–16,23–29 Alkyl and hydride compounds of the
mixed-sandwich thorium system containing an unsubstituted
COT ring and a Cp* ligand have been described by Sattelberger
et al.; the crystal structure of Th(COT)Cp*(CH{TMS}2) was
reported, along with some evidence for the formation of an oli-
gomeric hydride, [Th(COT)Cp*H]x.14 It was anticipated that the
increased solubility and greater steric shielding provided by use
of the silyl-substituted COTTIPS2 ligand might allow the stabilis-
ation and structural characterisation of such a hydride complex.

In this paper we describe the synthesis and characterisation
of two Th(IV) halide complexes, Th(COTTIPS2)Cp*X (where

†Electronic supplementary information (ESI) available: Crystallographic data col-
lection details for compounds 1–6 and 8, along with the unrefined molecular
structure of 6, and cyclic voltammograms of 1 and 2 are given in the ESI. CCDC
1008139–1008144 for compounds 1–5 and 8. For ESI and crystallographic data in
CIF or other electronic format see DOI: 10.1039/c4dt02362e
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X = Cl, I), attempted reduction of the latter, and the formation
of dimeric carbonate and oxalate complexes, {Th(COTTIPS2)-
Cp*}2(μ-κ1:κ2-CO3) and {Th(COTTIPS2)Cp*}2(μ-κ2:κ2-C2O4), from
the in situ reduction of the iodide with NaK3 under an atmo-
sphere of CO2. Furthermore, we also present the synthesis of a
Th(IV) alkyl and a hydride complex, and the results of their
reactivity towards CO2, and a comparison with the related U(IV)
chemistry using the same mixed-sandwich ligand system.30

Results and discussion
Synthesis and characterisation of halide complexes

The thorium mixed-sandwich chloride complex, Th(COTTIPS2)-
Cp*Cl (1), was prepared from the reaction of ThCl4 and
MgClCp*(THF)(PhMe)0.5, forming the intermediate
ThCp*Cl3(THF)2 without isolation, followed by the addition of
K2(COTTIPS2) to yield 1 as light yellow crystals after workup. A
sub-stoichiometric quantity of K2(COTTIPS2) was used to
inhibit the very favourable formation of the ‘thorocene’
complex, Th(COTTIPS2)2. The related iodide complex,
Th(COTTIPS2)Cp*I (2), can be synthesised by stirring a toluene
solution of 1 with an excess of TMSI for three days. After
removal of volatiles, 2 can be isolated as light yellow crystals
from toluene, slow-cooled to −35 °C. Attempts to synthesise 2
via the analogous mono-Cp* iodide complex, ThCp*I3(THF)x,
from ThI4(THF)4 and MgClCp(THF)(PhMe)0.5 and subsequent
reaction with K2(COTTIPS2) were unsuccessful due to the appar-
ent instability of ThCp*I3(THF)x.

Both 1 and 2 were characterised by mass spectrometry, dis-
playing the anticipated M+ parent ions at m/z = 818 and 910
respectively. The 1H and 13C{1H} NMR data are consistent with
the expected η5- and η8-coordination of the Cp* and COTTIPS2

ligands, and the elemental analyses returned the expected
values. The molecular structures of 1 and 2 are shown in Fig. 1
and 2, and geometric parameters are summarised in Table 1.
Both 1 and 2 crystallise in the triclinic P1̄ space group, contain-
ing two independent molecules in the unit cell, and are struc-
turally similar; the Th–halide bond distance in 2 is, as

anticipated, longer than in 1 (2.6865(16) v. 3.1104(5) Å), and
the Ct1–Th1–Ct2 angle in 2 is marginally smaller than in 1,
due to the larger size of the iodide ligand. The Th–X (where
X = Cl, I) bond distances in 1 and 2 are consistent with those
previously reported for other terminal thorium halide com-
plexes (averages: 2.70(6) Å for Th–Cl, 3.09(9) Å for Th–I).31

Attempted synthesis of Th(III) mixed-sandwich complexes and
in situ reductive reactions with small molecules

Since the synthesis of a Th(III) mixed sandwich complex was
one of the principle aims of this work, reaction of both halides
1 and 2 with reducing agents was investigated. Initial cyclic
voltammetry studies showed irreversible reduction waves for 1
and 2 at −3.33 and −3.32 V (with respect to the ferrocene/ferro-
cenium couple), respectively, presumably corresponding to a
one-electron reduction of the metal centre (see ESI† for
voltammograms and full details). Shortly after this event was
detected, decomposition of the thorium complexes ensued,
apparent from diminishing current response over successive
cycles and from deposition of material on the working elec-
trode surface, and eventual discolouration of the solution after
many cycles. Attempted chemical reduction of 1 or 2 with KC8

resulted in no reaction, even after sonication; reacting 1 or 2
with NaK3 yielded the substituted ‘thorocene’ Th(COTTIPS2)2
and a dark precipitate, presumably thorium metal, both at
ambient and elevated temperatures. Thus it would appear that
any Th(III) mixed sandwich species disproportionates to Th(IV)
and “Th(0)”.

Fig. 1 Molecular structure of 1 with thermal ellipsoids at the 50% prob-
ability level. Hydrogen atoms omitted for clarity.

Fig. 2 Molecular structure of 2 with thermal ellipsoids at the 50% prob-
ability level. Hydrogen atoms omitted for clarity.

Table 1 Selected bond distances (Å) and angles (°) for 1 and 2. Ct1 is
the Th–COT centroid, Ct2 is the Th–Cp* centroid, X is the halide ligand

1 2

Th–X 2.6865(16) 3.1104(5)
Th–Ct1 1.9846(3) 1.980(18)
Th–Ct2 2.5292(3) 2.530(7)
Ct1–Th–Ct2 140.531(15) 140.2(4)
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In view of the above results, in situ reactions of toluene
solutions of 1 or 2 with NaK3 under an atmosphere of either
13CO or 13CO2 were performed. The chloride 1 showed no reac-
tivity towards either gas, while 2 did not react with 13CO,
instead yielding Th(COTTIPS2)2 and elemental thorium after
14 days. However stirring 2 with an excess of 13CO2 and NaK3

for a period of 12 days resulted in the appearance of two new
resonances, at δ 167 and 172 ppm, in the 13C{1H} NMR spec-
trum of a reaction aliquot. Workup and selective crystallisation
yielded two new dinuclear thorium species: a Th(IV) carbon-
ate (3), and a Th(IV) oxalate (4) in low yields (12 and 2%
respectively), the molecular structures of which are shown in
Fig. 3 and 4.

The carbonate 3 crystallises in the triclinic space group P1̄,
containing half of the dimeric structure in the asymmetric
unit, with the carbonate moiety bound in an κ1:κ2 fashion to
two thorium centres, modelled in this structure as a
50 : 50 mixture of superimposed κ1:κ2 and κ2:κ1 moieties,
similar to the U(IV) carbonate previously reported in this

mixed-sandwich system (for more detail, see ESI†).7 As a result
of this superimposition, metrical parameters describing the
carbonate unit cannot be reliably reported, however, the rest of
the structure can be accurately described. The oxalate 4 also
crystallises in P1̄ with half the molecule in the asymmetric
unit, and does not contain disorder around the central oxalate
moiety. The Th1–O1 and Th1–O2 bond distances are virtually
identical (2.473(2) and 2.475(3) Å respectively), as are the
O1–C001 and O2–C001 bond distances (1.264(4) and 1.260(4) Å
respectively). The bond between C001 and C001′ (symmetry
generated) is single in nature, at 1.518(7) Å. There are no other
Th(IV) oxalates supported by metallocene frameworks reported
in the literature, however, several inorganic thorium oxalates
have been reported containing bridging oxalate moieties as
part of larger structural frameworks, i.e. Th(C2O4)2(H2O)2·
2H2O.32–36 The Th–Ooxalate bond distances in 4 lie just outside
the lower range of those found in the latter (2.481(2)–2.578(7) Å),
whilst the O–Coxalate bond distances in 4 are above the upper
range of those found in the inorganic oxalates (1.242(3)–
1.261(4) Å). The difference in oxalate bond distances in 4 as
compared to those in the purely inorganic oxalates is likely
due to the supporting ligands: the oxophilic thorium centre in
4 is only bound to soft carbocyclic ligands, rather than to
other, hard oxygen donors. The C–Coxalate bond distance in 4
is, however, comparable to those in the other inorganic oxalate
structures (range 1.50(2)–1.545(7) Å). The Th–centroid bond
distances for both Th–Ct1 and Th–Ct2 (COTTIPS2 centroid and
Cp* centroid respectively) in 3 and 4 are greater than in the
halides 1 and 2: the bridging nature of the former structures,
together with the bidentate bonding mode of the oxalate and
carbonate ligands, introduces steric repulsion between the
COTTIPS2 and Cp* ligands, in contrast to the monomeric η1-co-
ordinated halide ligands in 1 and 2. The Ct1–Th–Ct2 angles
are similarly smaller in 3 and 4 than in 1 and 2 (Table 2).

The formation of 3 and 4 could be ascribed to the reduction
of CO2 by a transient Th(III) species generated by the reaction
of 2 with NaK3, but which rapidly disproportionates in the
absence of CO2. However, other pathways cannot be excluded:
for example, alkali metals alone will reduce CO2 to oxalate and
carbonate salts,37 so it is possible that 3 and 4 result from a
transmetallation reaction between sodium/potassium carbon-
ate and oxalate and the iodo-complex 2. However two factors
mitigate against the latter pathway: (i) the reaction to form 3
and 4 does not occur with the chloro-complex 1 which would
be expected to undergo such a transmetallation reaction with
equal facility; (ii) attempts at recreating the transmetallation
reaction by treatment of a toluene solution of 2 with a mixture

Fig. 3 Molecular structure of 3 with thermal ellipsoids at the 50% prob-
ability level. Carbonate core shown is one of two overlapping positions
– for alternative views of the structure, see ESI.† Hydrogen atoms and
iPr groups omitted for clarity.

Fig. 4 Molecular structure of 4 with thermal ellipsoids at the 50% prob-
ability level. Hydrogen atoms, iPr groups and co-crystallising molecule
of toluene omitted for clarity. Th1–O1 = 2.473(2) Å, Th1–O2 =
2.475(3) Å, O1–C001 = 1.264(4) Å, O2–C001 = 1.260(4) Å, C001–C001’ =
1.518(7) Å.

Table 2 Selected bond distances (Å) and angles (°) for 3 and 4. Ct1 is
the Th–COT centroid, Ct2 is the Th–Cp* centroid, X is the halide ligand

3 4

Th–Ct1 2.0226(9) 2.02932(17)
Th–Ct2 2.5388(11) 2.54142(17)
Ct1–Th–Ct2 138.88(3) 139.402(7)
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of excess Na2CO3 and K2CO3 or excess of Na2C2O4 for an
extended period (11 days) failed to produce either 3 or 4.

Synthesis and reactivity of Th(IV) alkyl and hydride complexes

The previously reported U(IV) mixed-sandwich alkyls,
U(COTTIPS2)Cp*(R) (where R = CH3, CH2Ph, CH2TMS,
CH{TMS}2), and hydride, U(COTTIPS2)Cp*(H), are reactive
towards CO2 and will undergo insertion reactions to form the
corresponding monomeric carboxylate and formate products,
U(COTTIPS2)Cp*(κ2-O2CR) (where R = CH3, CH2Ph, CH2TMS, H).30

The thorium benzyl alkyl, Th(COTTIPS2)Cp*(CH2Ph) (5), was
synthesised via salt metathesis between 1 and KCH2Ph, yield-
ing yellow crystalline 5 in a 60% yield. The molecular structure
of 5 (Fig. 5) shows the benzyl ligand in the expected η1-coordi-
nation mode. In comparison to the uranium analogue, the
metal–centroid and metal–CH2Ph bond distances are longer in
5, in accordance with the larger ionic radius of Th(IV) vs. U(IV)
(Table 3). In comparison to other Th(IV) benzyl complexes, the
Th–C bond length is greater than any previously reported
(range: 2.53(2)–5.581(19) Å),31 likely due to the steric demands
imposed by the bulky TIPS groups on the COT ring. Unlike its
uranium analogue, 5 appears to be stable in solution and in
the solid state at ambient temperature. No evidence has been
seen for the existence of a ‘tucked-in’ species – formed via acti-
vation of a Cp* methyl group and loss of toluene – as occurs in
the uranium system.

Exposure of 5 to either 1 equivalent or 1 bar of CO2 yields
the expected κ2 phenyl carboxylate complex, Th(COTTIPS2)Cp*-
(κ2-O2C-CH2Ph) (6). Performing the reaction with 1 equivalent
of 13CO2 affords the corresponding labelled product, 13-6, and
results in a prominent resonance at δ 188 ppm in the 13C{1H}
NMR spectrum assigned to the inserted 13C-labelled carb-
oxylate carbon. This is in agreement with data reported by
Mora et al. for a related Th(IV) carboxylate complex which
includes a 13C NMR resonance at δ 190.3 ppm assigned to the
carboxylate carbon.20 The 1H NMR spectrum of 13-C contains a
doublet at 3.3 ppm ( JCH = 7.6 Hz) of integration 2H corres-
ponding to the two O2

13C-CH2Ph protons, which weakly couple
to the 13C atom. IR spectroscopic analysis of 13-6 shows stretch-
ing frequencies at 1536 and 1383 cm−1, corresponding to C–O
asymmetric and symmetric stretches respectively. The mass
spectrum of 6 shows the expected parent ion at m/z = 919, and
the M+ − Cp* fragment at m/z = 785. Whilst X-ray diffraction
data was collected from several crystalline samples of 6, the
data could not be sufficiently refined: persistent electron
density positioned above the COT-ring, and attributed to twin-
ning in the crystal samples that could not be modelled, pre-
vented satisfactory refinement of the data. However,
connectivity could be established and the phenyl carboxylate
ligand is bound κ2 to the metal centre, and the structure is vir-
tually identical to that of the uranium analogue (see ESI† for
the unrefined structure).

With the alkyl complex 5 in hand, the synthesis of a
hydride complex was explored. Exposure of a d6-benzene or
pentane solution of 5 to 1 bar of H2 resulted in a colour
change from bright yellow to paler yellow over the course of
several hours. The addition of 1 equivalent of H2 yields the
same colour change over a period of 48 hours, during which
time some decomposition occurs, with free ligand and a small
quantity of Th(COTTIPS2)2 observed by 1H NMR spectroscopy.
The 1H NMR spectrum of the product of the reaction between
5 and 1 bar of H2 exhibits resonances attributable to free
CH3Ph, and a new resonance at 23.3 ppm of integration 1H
relative to the other ligand signals, corresponding to a hydride
ligand. Previously reported examples of Th(IV) metallocene
hydride complexes reveal that 1H NMR spectroscopic shifts of
the hydride ligands are at notably low-field ppm values
(between 17.1–20.5 ppm, Table 4). The IR spectrum of the reac-
tion mixture contained intense vibrational bands at 1260,
1089, and 802 cm−1, typical for bridging rather than terminal
hydride complexes, as determined by comparison with pre-
viously reported Th(IV) hydride IR data (Table 4). It is hence
proposed that, unlike the U(IV) analogue, the Th(IV) mixed-
sandwich hydride is bridging, not terminal, in structure,
giving {Th(COTTIPS2)Cp*H}2 (7, Fig. 6). As previously noted, the
larger ionic radius of Th(IV) vs. U(IV) is presumably responsible
for this difference in structure.

Despite our best efforts, the isolation of 7 as a pure crystal-
line material has not been successful, hence elemental ana-
lysis has not been possible. Mass spectral analysis does not
show the expected parent ion for a bridging hydride, however,
an ion at m/z = 784 is observed, corresponding to the fragment

Fig. 5 Molecular structure of one crystallographically independent
molecule of 5 in the asymmetric unit, with thermal ellipsoids at the 50%
probability level. Hydrogen atoms and iPr groups omitted for clarity.

Table 3 Bond distances (Å) and angles (°) in 5 (An = Th) and in
U(COTTIPS2)Cp*CH2Ph (An = U). Ct1 is the COT-ring centroid, Ct2 is the
Cp*-ring centroid. Two values quoted for each compound equate to the
two crystallographically independent molecules in the asymmetric units

An = Th An = U

An–Ct1(Ct3) 2.0025(14) 1.9297(3)
2.0056(14) 1.9304(3)

An–Ct2(Ct4) 2.538(2) 2.4899(3)
2.539(2) 2.4836(3)

Ct1(Ct3)–An–Ct2(Ct4) 138.13(6) 137.217(13)
137.07(7) 137.977(13)

An–C37(C87) 2.597(5) 2.532(4)
2.598(4) 2.543(4)
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‘ThCOTTIPS2Cp*’, along with an ion at m/z = 1065, indicating
the fragmentation and rearrangement product, Th(COTTIPS2)2.
7 appears to be noticeably more stable than the uranium ana-
logue, U(COTTIPS2)Cp*(H) and does not decompose to any sig-
nificant extent to either a trivalent mixed-sandwich product or
to a ‘tucked-in’ product when subjected to reduced pressure.
The lack of ready access to the Th(III) oxidation state may
explain this observation, potentially also implying that the ubi-
quitous ‘tucked-in’ product in the uranium system,
U(COTTIPS2)(η5:η1-C5Me4CH2), may be formed via a U(III) inter-
mediate, hence its absence in the Th(IV) reaction mixtures.
This same marked contrast in stability of a Th(IV) hydride in
comparison to the U(IV) analogue was also noted by Marks
et al. in their studies on the actinide hydrides, {AnCp*2H2}2.24

Further evidence for the formulation and hydride bridging
conformation of 7 arises from reaction of the latter with CO2.
Upon the addition of 1 equivalent of 13CO2 to a frozen
d6-benzene solution of 7, a colour change to deeper yellow
occurs whilst warming to ambient temperature. 1H NMR

spectroscopic analysis of the reaction mixture shows the for-
mation of a single new product 8 and the disappearance of the
hydride resonance at 23.4 ppm; the 13C{1H} NMR spectrum
contains an intense singlet resonance at 177.2 ppm. The 1H
coupled 13C NMR spectrum of 8 exhibits a doublet at
177.2 ppm with JCH = 211 Hz which correlates to a doublet in
the 1H NMR spectrum at 9.0 ppm ( JCH = 211 Hz), consistent
with the a single proton attached to the inserted 13C atom. IR
spectroscopic data shows a vibration at 1543 cm−1, assigned to
a formate ligand.

X-ray diffraction quality crystals of 8 were grown from a
saturated toluene solution cooled to −35 °C, revealing the
structure to be the bridging formate complex, {Th(COTTIPS2)-
Cp*(μ-κ1:κ1-O2

13CH)}2 (Fig. 7). This supports the proposition
that the parent hydride complex, 7, is also bridging in nature.
The dimeric structure of 8 is in contrast to that of the mono-
meric U(IV) formate complex, U(COTTIPS2)Cp*(κ2-O2CH), again
due to the larger ionic radius of Th(IV) vs. U(IV) (Table 5).

Only two other crystallographically characterised Th(IV)
formate complexes have been reported, both of which are hexa-
nuclear: neutral Th6(OH)4O4(H2O)6(HCO2)12·nH2O, and [Th6(μ3-
O)4(μ3-OH)4(HCOO)12(H2O)6]Na3(ClO4)3.5(H2O)5.5(H3O)0.5.38,39 In
each structure, the formate moieties bridge between two Th
centres, as in 8, but the Th atoms are also bound to either
(μ3-O) or (μ3-OH) bridges, which dictate the overall geometry of

Table 4 IR spectroscopic data and 1H NMR spectroscopic shifts of
hydride ligands in reported Th(IV) hydride metallocene complexes
(where available). IR data in cm−1, 1H NMR data in ppma

Complex IR data

1H NMR
data Ref.

{Cp*2Th(H)Cl}2(b) 1229, 1152,
829, 672

19.0 24

{Cp*2Th(H)Me}2 (b) 18.6 27
{Me2Si(CpMe4)2ThH2}2 (b) 1285, 1155,

654, 481
18.36 13

{Cp*Th(O-2,6-tBu-C6H3)H2}3 (b) 18.54 16
{(COT)Cp*Th(H)}x (b) 1147 14
{Th(O-2,6-tBu-C6H3)2H2}3 (b) 1336, 975, 795 20.54 15
{Cp*2Th(H2)} (b/t) 1404, 1370 (t) 19.2 24

1215, 1114,
844, 650 (b)

Cp*2Th(H)(OTf) (t) 20.0 27
Cp*2Th(H)(OSiMe2

tBu) (t) 18.1 27
Cp*2Th(H)(OCMe3) (t) 1359 17.4 24
Cp*2Th(H)(OCHtBu2) (t) 18.0 28
Cp*2Th(H)(O-2,6-tBu-C6H3) (t) 1365 19.1 28
Cp*2Th(H)(1S-endo-bornoxide) (t) 1348 17.7 29
(C5Me4SiMe3)3Th(H) (t) 1460 12.94 25
(C9H6SiMe3)3Th(H) (t) 1485 14.73 25
(N{TMS}2)3ThH (t) 1480 0.63 17

a (b) denotes bridging hydride ligand, (t) denotes terminal hydride
ligand, (b/t) denotes both bridging and terminal hydride ligands.

Fig. 6 Formation of proposed bridging hydride complex, 7, from the
reaction of 5 with 1 bar of H2.

Fig. 7 Molecular structure of 8 with thermal ellipsoids at the 50% prob-
ability level.

Table 5 Selected bond distances (Å) and angles (°) for 8

Metric Value

Th1–O1 2.408(5)
Th1–O2 2.394(4)
O1–C37 1.240(8)
O2–C37 1.231(7)
Th1–O1–C37 169.7(4)
Th1–O2–C37 166.9(5)
O1–C37–O2 126.8(6)
O1–Th1–O2 75.88(16)
Ct1–Th 2.045(3)
Ct2–Th 2.557(4)
Ct1–Th–Ct2 135.15(12)
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the cluster. The Th–Oformate bond lengths in the former
complex range from 2.478(14)–2.523(16) Å, and in the latter
from 2.463–2.543 Å, both significantly longer than in 8. The
O–C–O angles of the bridging formate moieties range from
124(2)–129.3(2)° in both structures, comparable to the O1–C37–O2

angle of 126.6(6)° found in 8. In comparison to the two other
dimeric Th(IV) mixed-sandwich structures reported in this
work, 3 and 4, the Ct1–Th and Ct2–Th distances of 2.045(3)
and 2.557(4) Å in 8 are marginally longer, and the Ct1–Th–Ct2
angle of 135.15(12)° is also greater.

Conclusions
Attempts to prepare a stable Th(III) mixed sandwich complex of
the type ‘ThCOTTIPS2Cp*’ by reduction of Th(IV) halide precur-
sors have been unsuccessful, although such a species may be
implicated in reductions carried out under a CO2 atmosphere
which result in dimeric thorium carbonate and oxalate pro-
ducts. Synthesis of the benzyl derivative Th(COTTIPS2)
Cp*CH2Ph proceeds straightforwardly, and the former reacts
readily with hydrogen to yield a hydride complex and hence a
formate derivative via insertion of CO2 into the Th–H bond.
However, in contrast to the U(IV) chemistry reported for this
mixed-sandwich system, the larger ionic radius of Th(IV) com-
pared to U(IV) results in dimeric structures for both the
hydride and formate complexes. In addition, no evidence has
been seen for the existence of a ‘tucked-in’ Th(IV) complex,
Th(COTTIPS2)(η5:η1-C5Me4CH2), formed via the activation of a
Cp* methyl group, a commonly observed degradation pathway
for alkyls and hydrides in the U(IV) system.

Experimental
General experimental details

Air-sensitive compound manipulations were carried out under
an inert atmosphere of N2 or Ar using standard Schlenck tech-
niques or in an MBraun glove box (N2 or Ar, <1 ppm H2O and
<1 ppm O2). Solvents were pre-dried over sodium wire (with
the exception of DCM which was not pre-dried) before heating
at reflux over the appropriate drying agent (NaK3: pentane,
Et2O; K: THF, 1,4-dioxane; Na: toluene; CaH2: DCM). Dried sol-
vents were degassed and stored in potassium-mirrored
ampoules after collection, with the exception of THF, which
was stored in an ampoule containing flame-dried 4 Å mole-
cular sieves. Deuterated NMR solvents were purchased from
GOSS Scientific Ltd. and purified by heating at reflux over the
appropriate drying agent, vacuum transferred into ampoules
and stored under nitrogen prior to use. NMR spectroscopic
analysis was performed using a Varian VNMR 400 spectro-
meter: 1H NMR was run at 399.5 MHz, 13C NMR at 100.5 MHz.
Chemical shifts are quoted in parts per million and are intern-
ally referenced to residual protic solvent (1H) or deuterated
solvent shifts (13C). EI-MS was performed by Dr A. K. Abdul-
Sada at the University of Sussex using a VG Autospec Fissions

instrument (EI at 70 eV). IR spectra were recorded using NaCl
plates on a Perkin-Elmer Spectrum One FTIR machine.
Elemental analyses were performed by Mr Des Davis at the
University of Bristol. All XRD data sets were collected on a
Bruker-Nonius Kappa CCD area detector diffractometer with a
sealed tube source (Mo or Cu α) and an Oxford Cryosystems
low temperature device, operating in ω scanning mode with ψ
and ω scans to fill the Ewald sphere. Structures were either
determined using Olex2,40 solved with the Superflip structure
solution program using Charge Flipping41 and refined with
ShelXL refinement program,42 or solved using the WinGX
package and all software within.43 CCDC 1008139–1008144
contain the supplementary crystallographic data for com-
pounds 1–5 and 8. ThCl3Cp*(THF)x,44 KCH2Ph,45 and
K2(COTTIPS2)6 were prepared using standard literature pro-
cedures. 13CO2 (99%) was supplied by EuroIsotop and used as
supplied. Gas transfer was via Toepler pump. Electrochemical
studies (cyclic voltammetry) were carried in dry THF contain-
ing 0.1 M [NnBu4][PF6] as the supporting electrolyte using a
BASi Epsilon-EC potentiostat under computer control, per-
formed by A. Kilpatrick of the University of Sussex. Cyclic
voltammetry experiments were performed using a three-
electrode configuration with a glassy carbon disc having an
area of 7.0 mm2 as the working electrode, a platinum wire as
the counter electrode and a silver wire as the pseudoreference
electrode. The Ag wire pseudoreference electrode was
calibrated to the ferrocene/ferrocenium couple in THF,
relative to which all of the standard potentials are reported.
Ferrocene (ca. 3 mg) was added to a 0.1 M solution of electro-
lyte in THF (5 cm3) containing the dissolved metal complexes
(5–8 mM).

Synthesis of Th(COTTIPS2)Cp*Cl (1)

A stirred solution of ThCp*Cl3(THF)2 (492 mg, 0.797 mmol in
20 cm3 of THF) was cooled to −78 °C, and to this was added a
THF solution of K2COTTIPS2 (355 mg, 0.717 mmol, 0.9 eq.)
dropwise over 20 minutes. The resulting off-white suspension
was allowed to stir for a further 18 hours whilst warming to
ambient temperature, during which time it became light
yellow with white solids. Removal of volatiles gave yellow
viscous solids, and extraction with pentane followed by fil-
tration gave a yellow solution which, when slow-cooled to
−50 °C, yielded yellow prisms of 1 suitable for X-ray diffraction
studies. Yield = 382 mg (0.466 mmol), 59% w.r.t.
ThCp*Cl3(THF)2. 1H NMR (C6D6, 399.5 MHz): δH 7.12 (s, 2H,
COT-H), 6.70 (m, 2H, COT-H), 6.41 (m, 2H, COT-H), 1.95 (s,
15H, Cp*), 1.59 (septet, JHH = 7.5 Hz, 6H, iPr-CH), 1.32 (d, JHH

= 7.6 Hz, 18H, iPr-CH3), 1.22 (d, JHH = 7.5 Hz, 18H, iPr-CH3).
13C{1H} NMR (C6D6, 100.5 MHz, 303 K): δC 127.6 (Cp-CCH3),
113.5 (COT-CH), 107.6 (COT-CH), 107.1 (COT-CSi), 105.0 (COT-
CH), 20.1 (iPr-CH3), 19.7 (iPr-CH3), 12.8 (iPr-CH), 11.8 (Cp-
CH3). MS (E)+: m/z 818 (M+, 95%), 775 (M+, -iPr, 33%), 683 (M+

− Cp*, 100%). Anal. Found: C, 53.00; H, 8.00. C36H63Si2ClTh
requires C, 52.76; H 7.75%.
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Synthesis of Th(COTTIPS2)Cp*I (2)

An excess of trimethylsilyliodide (552 mg, 2.76 mmol) was
added to a stirred toluene solution of 1 (420 mg, 0.513 mmol)
at ambient temperature. After stirring for three days, all vola-
tiles were removed from the yellow solution under reduced
pressure, giving light yellow solids. Extraction in toluene (ca.
5 cm3) and slow-cooling to −35 °C yielded light yellow prisms
of 2 in good yield, suitable for X-ray diffraction studies. Yield =
277 mg (0.304 mmol), 59% w.r.t. 1. 1H NMR (C6D6,
399.5 MHz, 303 K): δH 7.18 (s, 2H, COT-H), 6.70 (m, 2H,
COT-H), 6.38 (m, 2H, COT-H), 2.00 (s, 15H, Cp*), 1.62 (septet,
JHH = 7.6 Hz, 6H, iPr-CH), 1.33 (d, JHH = 7.5 Hz, 18H, iPr-CH3),
1.24 (d, JHH = 7.5 Hz, 18H, iPr-CH3). 13C{1H} NMR (C6D6,
100.5 MHz, 303 K): δC 128.8 (Cp-CCH3), 114.4 (COT-CH), 109.0
(COT-CSi), 107.6 (COT-CH), 104.7 (COT-CH), 20.3 (iPr-CH3),
20.2 (iPr-CH3), 13.0 (iPr-CH), 12.7 (Cp-CH3). MS (EI)+: m/z 910
(M+, 13%), 867 (M+, -iPr, 10%), 157 (SiiPr3, 100%). Anal.
Found: C, 47.64; H, 6.87. C36H63Si2ITh requires C, 47.46; H
6.97%.

Synthesis of {Th(COTTIPS2)Cp*}2(μ-κ1:κ2-CO3) (3)

To a pale yellow solution of 2 (0.090 g, 0.0989 mmol) in
toluene (1 cm3) was added an excess of NaK3; the mixture was
cooled to −78 °C and 13CO2 (3 eq.) was added. This mixture
was allowed to stir for 16 days before filtration. Storage at
−35 °C yielded pale yellow rectangular crystals of 3 in poor
yield that were suitable for X-ray diffraction analysis. Yield =
0.010 g (0.00615 mmol), 12% w.r.t. 2. 1H NMR (C7D8,
399.5 MHz, 303 K): δH 6.73 (m, 4H, COT-H), 6.53 (m, 2H,
COT-H), 2.01 (s, 15H, Cp*), 1.62 (septet, JHH = 7.45 Hz, 6H,
iPr-CH), 1.32 (d, JHH = 7.38 Hz, 18H, iPr-CH3), 1.24 (d, JHH =
7.75 Hz, 18H, iPr-CH3). 13C{1H} NMR (C7D8, 100.5 MHz,
303 K): δC 177.5 (Cp-CCH3), 167.8 (CO3), 111.1 (COT-CH), 108.2
(COT-CH), 106.5 (COT-CH), 105.5 (COT-CH), 20.7 (iPr-CH3),
20.5 (iPr-CH3), 13.5 (iPr-CH), 11.9 (Cp-CH3). MS (EI)+: m/z 1494
(M+ − Cp*, 1%), 1449 (M+ − Cp*, -iPr, 2%), 784 (‘Th(COTTIPS2)-
Cp*’, 100%). Anal. Found: C 47.05, H 6.56. C73H126O3Si4Th2

requires C 46.9, H 6.74%.

Synthesis of {Th(COTTIPS2)Cp*}2(μ-κ2:κ2-C2O4) (4)

To a pale yellow solution of 2 (0.100 g, 0.110 mmol) in toluene
(1 cm3) was added an excess of NaK3; the mixture was cooled
to −78 °C and 13CO2 (5 eq.) was added. This mixture was
allowed to stir for 5 days before filtration. Storage at −35 °C
yielded pale yellow rectangular crystals of 4 in poor yield that
were suitable for X-ray diffraction analysis. Yield = 0.002 g
(0.00122 mmol), 2% w.r.t. 2. 1H NMR (C6D6, 399.5 MHz,
303 K): δH 6.82 (m, 2H, COT-H), 6.70 (m, 4H, COT-H), 1.99 (s,
15H, Cp*), 1.63 (septet, JHH = 7.59 Hz, 6H, iPr-CH), 1.31 (d, JHH

= 7.51 Hz, 18H, iPr-CH3), 1.28 (d, JHH = 7.51 Hz, 18H, iPr-CH3).
13C{1H} NMR (C6D6, 125.72 MHz, 303 K): δC 172.1 (C2O4),
128.4 (CpCCH3), 109.9 (COT-CH), 105.3 (COT-CH), 105.2 (COT-
CH), 20.1 (iPr-CH3), 19.8 (iPr-CH3), 12.9 (iPr-CH), 11.7
(Cp-CH3). MS (EI)+: m/z 1657 (M+, 1%), 1552 (M+ − Cp*, 1%).

Synthesis of Th(COTTIPS2)Cp*CH2Ph (5)

KCH2Ph (9 mg, 0.072 mmol) and 1 (60 mg, 0.072 mmol) were
dissolved in 10 cm3 of toluene and stirred for 12 hours, during
which time the solution changed colour from light yellow to a
darker yellow. Removal of volatiles under reduced pressure
and subsequent extraction and filtration in pentane afforded a
yellow solution, from which yellow crystals of X-ray diffraction
quality were isolated upon slow-cooling to −20 °C. Yield:
38 mg (0.043 mmol), 60% w.r.t. 1. 1H NMR (C6D6, 399.5 MHz,
303 K): δH 7.30 (t, JHH = 7.6 Hz, 2H, meta-C6H5), 7.02 (s, 2H,
COT-H), 7.01 (s, 2H, ortho-C6H5), 6.75 (t, JHH = 7.5 Hz, para-
C6H5), 6.63 (m, 2H, COT-H), 6.28 (m, 2H, COT-H), 1.90- (s,
15H, Cp*), 1.45 (septet, JHH = 7.4 Hz, 6H, iPr-CH), 1.27 (d,
JHH = 7.4 Hz, 18H, iPr-CH3), 1.21 (d, JHH = 7.4 Hz, 18H,
iPr-CH3), 1.13 (s, 2H, C6H5CH2). 13C{1H} NMR (C6D6,
100.5 MHz, 303 K): δC 128.4 (Cp-CCH3), 127.7 (Ph-CH), 126.5
(Ph-CH), 124.8 (Ph-CH), 113.3 (COT-CH), 110.4 (COT-CH),
107.9 (COT-CSi), 104.4 (COT-CH), 95.6 (C6H5CH2), 20.4
(iPr-CH3), 20.3 (iPr-CH3), 13.0 (iPr-CH), 11.8 (Cp-CH3). Ph-C
could not be definitively assigned. MS (EI)+: m/z 783
(M+, -CH2Ph, 12%), 157 (SiiPr3, 100%). Anal. Found: C, 59.41;
H, 8.25. C43H70Si2Th requires C, 59.01; H 8.06%.

Synthesis of Th(COTTIPS2)Cp*(κ2-O2
13C-CH2Ph) (

13-6)

A C6D6 solution of 5 (12.6 mg, 0.014 mmol) was cooled to
−78 °C, the ampoule headspace degassed, and a slight excess
(0.024 mmol) of 13CO2 was delivered via Toepler pump. Upon
warming to ambient temperature, a colour change to pale
yellow was observed. Removal of volatiles under reduced
pressure and extraction of the resulting yellow solids into
pentane, followed by slow-cooling to −35 °C yielded pale
yellow crystals of 13-6. Yield: 10.3 mg (0.011 mmol) 80% w.r.t.
5. 1H NMR (C6D6, 399.5 MHz, 303 K) δH 7.25–7.00 (overlapping
signals, 5H, aromatic protons), 6.81 (m, 2H, COT-H), 6.57 (m,
2H, COT-H), 3.36 (d, 2JCH = 7.6 Hz, 2H, CH2-C6H5), 1.82 (s,
15H, Cp*), 1.61 (septet, JHH = 7.5 Hz, 6H, iPr-CH), 1.28 (d, JHH

= 7.4 Hz, 18H, iPr-CH3), 1.25 (d, JHH = 7.5 Hz, 18H, iPr-CH3).
13C{1H} NMR (C6D6, 100.5 MHz, 303 K): δC 188.2 (O2

13C), 130.4
(d, JCC = 1.9 Hz, CH2C6H5), 128.9 (C6H5), 128.7 (Cp-CCH3),
127.5 (C6H5), 125.1 (C6H5), 111.0 (COT-CH), 107.6 (COT-CSi),
106.2 (COT-CH), 105.8 (COT-CH), 20.2 (iPr-CH3), 19.8 (iPr-CH3),
12.9 (iPr-CH), 11.6 (iPr-CH). MS (EI)+: m/z 918 (M+, 15%), 783
(M+ − Cp*, 90%). IR (NaCl plates, cm−1) 2942 s, 2864 s,
2342 w, 1536 br, 1462 m, 1383 m, 1260 w, 1015 w, 927 w,
881 m, 799 w. Anal. Found: C, 57.80; H, 7.80. (13C)
C43H70Si2O2Th requires C, 57.54; H 7.67%.

Synthesis of {Th(COTTIPS2)Cp*H}x (where x = 1 or 2) (7)

A C6D6 solution of 5 (10.7 mg, 0.012 mmol) was frozen, the
headspace evacuated, and 1 bar of H2 was added to the J
Young NMR tube. The reaction mixture was thawed, and a
colour change to pale yellow was observed after 12 hours.
Extraction into a variety of solvents (pentane, ether, TMS2O)
only yielded a viscous yellow-orange oil in all cases. Yield as
determined by 1H NMR spectroscopy: >90%. Crude isolated
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yield: ca. 7 mg (0.009 mmol), 75% w.r.t. 5. 1H NMR (C6D6,
399.5 MHz, 303 K): δH 23.4 (s, 1H, Th–H) 7.14 (s, 2H, COT-H),
6.70 (m, 2H, COT-H), 6.37 (m, 2H, COT-H), 2.02 (s, 15H, Cp*),
1.59 (septet, JHH = 7.5 Hz, 6H, iPr-CH), 1.31 (d, JHH = 7.5 Hz,
18H, iPr-CH3), 1.26 (d, JHH = 7.4 Hz, 18H, iPr-CH3). Resonances
attributed to CH3Ph were also observed at 7.11–7.00 ppm, and
at 2.11 ppm. 13C{1H} NMR (C6D6, 100.5 MHz, 303 K): δC 125.7
(Cp-CCH3), 112.6 (COT-CH), 108.8 (COT-CSi), 105.3 (COT-CH),
20.0 (iPr-CH3), 19.8 (iPr-CH3), 12.7 (iPr-CH), 11.6 (Cp-CH3). IR
(NaCl plates, cm−1) 2943 s, 2865 s, 1463 m, 1383 w, 1218 br,
1260 s, 1089 br s, 1030 s, 931 w, 882 s, 803 s, 758w, 624 s,
669 s.

Synthesis of {Th(COTTIPS2)Cp*(μ-κ1:κ1-O2
13CH)}2 (

13-8)

The in situ reaction of a C6D6 solution of 5 (21 mg,
0.024 mmol) and H2 was performed in a J Young NMR tube
and left for 12 hours to form the hydride, 7. Once frozen, the
vessel headspace was evacuated and 1 equivalent of 13CO2

(0.024 mmol) was added via Toepler pump. A colour change to
bright yellow was observed upon thawing and warming to
ambient temperature. Removal of volatiles under reduced
pressure and extraction in toluene, followed by slow-cooling to
−35 °C yielded off-white crystals of 13-8. Yield: 14 mg
(0.017 mmol), 71% w.r.t. 5. 1H NMR (C6D6, 399.5 MHz, 303 K)
δH 9.02 (d, JCH = 211 Hz, 1H, O2

13C-H), 6.91 (2H, COT-H), 6.76
(m, 2H, COT-H), 6.57 (m, 2H, COT-H), 1.84 (s, 15H, Cp*), 1.63
(septet, JHH = 7.4 Hz, 6H, iPr-CH), 1.29 (d, JHH = 7.4 Hz, 18H,
iPr-CH3), 1.24 (d, JHH = 7.5 Hz, 18H, iPr-CH3). 1H{13C} NMR
(C6D6, 399.5 MHz, 303 K, selected data) δH 9.02 (s, 1H,
O2

13CH). 13C{1H} NMR (C6D6, 100.5 MHz, 303 K): δC 177.2
(O2

13CH), 124.8 (Cp*-CCH3), 110.7 (COT-CH), 108.1 (COT-CH),
107.0 (COT-CSi), 19.8 (iPr-CH3), 12.5 (iPr-CH3), 12.5 (iPr-CH),
11.3 (iPr-CH). 13C NMR (C6D6, 100.5 MHz, 303 K, selected
data) δC 177.2 (d, JCH = 211 Hz, O2

13CH). MS (EI)+: m/z 830
(‘Th(COTTIPS2)Cp*(O2

13CH)’, 10%), 694, (‘Th(COTTIPS2)
(O2

13CH)’, 60%), 667, (‘Th(COTTIPS2)(F)’, 100%), the F is the
result of abstraction from the mass spectrometer calibrant. IR
(NaCl plates, cm−1) 3583 w, 2943 s, 2865 s, 1543 br m, 1494 m,
1462 s, 1380 s, 1350 m, 1252 w, 1032 m, 1070 m, 1015 m,
930 w, 882 s, 752 m, 670 s. Anal. Found: C, 53.80; H, 7.81.
(13C)2C72H128Si4O4Th requires C, 53.65; H 7.77%.
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