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Abstract 

Expanding the Frontiers of f-Element Coordination Chemistry: New Routes to Lanthanide 

Ligand Multiple Bonds, High Valent Lanthanides, and Trans/Cis Isomerization and 

Functionalization of the Uranyl Ion  

by 

Mikiyas K. Assefa 

Reaction of [Ce(NR2)3] (R = SiMe3) with LiNO3 in THF, in the presence of 2,2,2-cryptand, 

results in the formation of the Ce(III) “ate” complex, [Li(2,2,2-cryptand)][Ce(κ2-

O2NO)(NR2)3] in 38% yield. Photolysis of this complex at 380 nm affords [Li(2,2,2-

cryptand)][Ce(O)(NR2)3] in 33% isolated yield after reaction workup. This complex is the first 

reported example of a Ce(IV) oxo complex where the oxo ligand is not supported by hydrogen 

bonding or alkali metal coordination. Also formed during photolysis are [Li(2,2,2-

cryptand)]2[(µ3-O){Ce(µ-O)(NR2)2}3] and [Li(2,2,2-cryptand)][Ce(OSiMe3)(NR2)3], whose 

identities were confirmed by X-ray crystallography. The latter complex can also be prepared 

independently via reaction of [Ce(NR2)3] with LiOSiMe3 in THF, in the presence of 2,2,2-

cryptand. When synthesized in this fashion, it can be isolated in 47% yield.  

Reaction of [Ce(NO3)3(THF)4] with 6 equiv of Li(N=CtBuPh), followed by addition of 0.5 

equiv of I2, affords the homoleptic Ce(IV) ketimide, [Li]2[Ce(N=CtBuPh)6], which can be 

isolated in 44% yield after workup. Similarly, reaction of [ThCl4(DME)2] with 6 equiv of 

Li(N=CtBuPh) in THF affords the isostructural Th(IV) ketimide, [Li]2[Th(N=CtBuPh)6], 

which can be isolated in 53% yield after workup. Both complexes were fully characterized, 

including analysis by X-ray crystallography, allowing for a detailed structural and 
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spectroscopic comparison. The electronic structures of both complexes were also explored 

with density functional theory (DFT) calculations. Additionally, the redox chemistry of 

[Li]2[Ce(N=CtBuPh)6], was probed by cyclic voltammetry, which revealed a highly cathodic 

Ce(IV)/Ce(III) reduction potential, providing evidence for the ability of the ketimide ligand to 

stabilize high oxidation states of the lanthanides. 

Reaction of anhydrous CeCl3 with 2 equiv of [Li(Et2O)]2[1,8-DMC] (1,8-DMC = 1,8-

dimethyl-1,4,8,11-tetraazacyclotetradecane) in THF at 65 °C for 2 d affords [Li][Ce(1,8-

DMC)2] as yellow blocks in 75% yield, after crystallization from a concentrated Et2O solution. 

Similarly, reaction of anhydrous PrCl3 with 2 equiv of [Li(Et2O)]2[1,8-DMC] in THF at 65 °C 

for 2 d affords [Li][Pr(1,8-DMC)2] as pale blue blocks in 63% yield. Both complexes were 

fully characterized, including analysis by X-ray crystallography, UV-Vis/NIR spectroscopy 

and cyclic voltammetry. Oxidation of [Li][Ce(1,8-DMC)2] with 0.5 equiv of I2 in THF affords 

the Ce(IV) bis-cyclam complex [Ce(1,8-DMC)2] as purple plates in 34% yield. In contrast, 

reaction of [Li][Pr(1,8-DMC)2] with 0.5 equiv of I2 or 1 equiv of AgOTf in Et2O or THF only 

results in isolation of [Li(py)(1,8-DMCH2)][X] (X = I, OTf). No praseodymium containing 

material could be isolated from these reactions. Interestingly, reaction of [Li][Pr(1,8-DMC)2] 

with 0.5 equiv of I2, in the presence of 1 equiv of 2,2,2-cryptand, results in formation of the 

Pr(III) iodocyclam complex [Pr(1,8-DMC)(2,2,2-crypt)(I)], which was characterized by X-ray 

crystallography. Both attempts at oxidizing the Pr(III) center in [Li][Pr(1,8-DMC)2] are 

believed to result in either direct ligand protonation or ligand oxidation followed by hydrogen 

atom abstraction from solvent. 

Reaction of Li2(tmtaa) (tmtaaH2 = dibenzotetramethyltetraaza[14]annulene) with 1 equiv of 

[UO2Cl2(THF)3], in an attempt to form cis-[UO2(tmtaa)], affords the bis(uranyl) complex, 
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[Li(THF)3][Li(THF)2][(UO2Cl2)2(tmtaa)], as a red-brown crystalline solid in modest yield. 

This complex can be synthesized rationally by reaction of Li2(tmtaa) with 2 equiv of 

[UO2Cl2(THF)3].  Under these conditions, it can be isolated in 44% yield.  In contrast to the 

Li2(tmtaa) reaction, addition of [K(DME)]2[tmtaa] to 1 equiv of [UO2Cl2(THF)3] results in 

formation of the 2e- oxidation products of (tmtaa)2-. Specifically, three isomers of C22H22N4 

were isolated as a mixture of orange crystals in 41% combined yield. All three isomers were 

characterized by X-ray crystallography. We hypothesize that these ligand oxidation products 

are formed upon decomposition of the unobserved cis uranyl intermediate, cis-[UO2(tmtaa)], 

which undergoes a facile intramolecular redox reaction.   

Reaction of [UO2(N(SiMe3)2)2(THF)2] with 1 equiv of Cy7Si7O9(OH)3 in THF affords 

[U(OSiMe3)3(Cy7Si7O12)] as orange plates in 24% isolated yield. We propose that the 

formation of this complex proceeds through a transient uranyl silsesquioxide intermediate, 

[{Cy7Si7O11(OH)}UO2], which undergoes rapid oxo silylation by HN(SiMe3)2, followed by 

silyloxy ligand scrambling, to form [U(OSiMe3)3(Cy7Si7O12)] and the U(VI) 

bis(silsesquioxane) complex, [U(Cy7Si7O12)2], among other products. The formation of 

[U(Cy7Si7O12)2] was confirmed by its independent synthesis and comparison of its 29Si{1H} 

NMR spectrum with that of the in situ reaction mixture. In contrast to the reaction in THF, the 

reaction of [UO2(N(SiMe3)2)2(THF)2] with Cy7Si7O9(OH)3 in hexanes, followed by 

recrystallization from Et2O/MeCN, results in formation of the uranyl cluster, 

[(UO2)3(Cy7Si7O12)2(Et2O)(MeCN)2], as yellow rods in 42% isolated yield. Overall, the 

conversion of [UO2(N(SiMe3)2)2(THF)2] to [U(OSiMe3)3(Cy7Si7O12)] and [U(Cy7Si7O12)2] is 

likely promoted by the strong electron donor ability of the silsesquioxane ligand, and suggests 
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that the actinide coordination chemistry of mineral surface mimics, such as silsesquioxane, is 

a fruitful arena for the discovery of new reactivity.  
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1.1 Covalency in Lanthanide-Ligand Bonding 

In contrast to their transition metal analogues, lanthanide ligand bonding interactions were 

traditionally thought to be predominantly ionic due to the energy mismatch between the 4f and 

5d valence orbitals of highly electropositive lanthanides and the frontier orbitals of highly 

electronegative co-ligands that are commonly employed in such systems.1–3 The 4f orbitals 

also have limited radial extension which renders them core-like, and prevents interactions with 

ligand-based orbitals. The earliest reports of lanthanide covalency were theoretical studies that 

found that the electrostatic model of ligand field theory did not adequately represent the 

electronic structure and thermodynamic properties of some lanthanide compounds.4–6 These 

studies instead suggested that a covalent model that involved metal-based orbitals would be 

more appropriate. Indeed, it was suggested that covalent bonding may be necessary to account 

for the thermochemical atomization energies of the lanthanide trihalides5 and the dissociation 

energies of gas phase lanthanide chalcogenides.6  

Some of the earliest experimental evidence for lanthanide covalency appeared from an X-

ray photoelectron spectroscopy study of σ and π-bonded organogadolinium compounds.7 This 

study surprisingly found the presence of electron “shakeup” satellite peaks in the XPS spectra 

of the series [CpxGdRy] (R = Cl, CH3, C≡CPh; x = 0, 1, 2, 3; y = 0, 1, 2, 3). These peaks were 

believed to be a result of the transition of a valence band electron into an empty 4f orbital. As 

such, their presence was indicative of orbital overlap between Gd 4f orbitals and the 

appropriate σ and π bonding orbitals on the ligands. Further support for lanthanide covalency 

emerged from electronic absorption spectroscopy studies of selected lanthanide complexes.8,9 

The shielding of the 4f orbitals was originally thought to virtually eliminate any ligand field 

effects on the energies and intensities of the f-f transitions of lanthanide compounds. However, 
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these studies found a notable correlation between ligand basicity and the oscillator strengths, 

band energies and sensitivities of the f-f transitions in the absorption spectra of a series of 

lanthanide chelates and trihalides. This correlation was believed to be due to accompanying 

variations in the degree of metal ligand bond covalency. Covalent effects in lanthanide ligand 

bonding were also observed in studies of complexation of lanthanide β-diketonates by a series 

of nitrogen donor bases in CDCl3.
10 These reactions were analyzed by empirically derived 

parameters originally developed by Drago et al. (EB and CB) to correlate the complexation free 

energies with the electrostatic (EB) and covalent (CB) components of the metal ligand 

interactions.11 This analysis obtained a linear fit for logβ1 and CB with good correlation (R2 = 

0.996), while no correlation was found using EB (R2 = 0.34). These results were also 

rationalized by enhanced covalency in the Ln-Nbase interactions. 

Since these seminal studies, the advent of more sophisticated computational and 

spectroscopic techniques has allowed for a more rigorous analysis of the extent of covalency 

in lanthanides. For example, Denning and coworkers have presented quantitative evidence for 

4f covalency in [YbCp3] using pulsed EPR experiments and DFT calculations.12 Specifically, 

it was suggested that the electronic ground state of [YbCp3] can be represented by an admixture 

of an ionic configuration Yb(III):4f13(Cp3) and a charge transfer configuration 

Yb(II):4f14(Cp3)
-1. The relative weight of the latter configuration (c1

2) – a measure for 

covalency – was determined to be significant through various methods. For instance, 

HYSCORE experiments on [YbCp3] revealed augmentation of the spin density on the 

cyclopentadienyl carbon atoms, a direct effect of the aforementioned charge transfer 

configuration. This effect was quantified by a c1
2 value of 0.126 ± 0.009. Conversely, a 

reduction in spin density on the Yb center was determined from analysis of 171Yb hyperfine 
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interactions, which was quantified by a corresponding c1
2 value of 0.17 ± 0.03. DFT 

calculations performed to evaluate the electronic structure of [YbCp3] were also consistent 

with 4f orbital covalency. Indeed, the MO diagram obtained for [YbCp3] in C3h symmetry 

revealed overlap between the a’(f3c) orbitals on the Yb and the a’ HOMO centered on the Cp 

ligands, which is representative of a charge-transfer electronic configuration (Figure 1.1).  This 

type of covalency in [YbCp3] was attributed to the energy near-degeneracy of the Yb 4f orbitals 

and the Cp-π orbitals that manifests as a result of the strong donor ability of Cp ligand and the 

relatively less negative reduction potential of [YbCp3] (-1.92 V vs Fc/Fc+).13 

Figure 1.1. Schematic of the MO diagram for [YbCp3] (taken from Ref12) 

Quantitative evidence for lanthanide ligand orbital mixing has also emerged from X-ray 

Absorption Spectroscopy studies in recent years. For example, L3-edge XAS was used to 
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quantify Ln 4f and O 2p mixing in the tetravalent lanthanide oxides CeO2, PrO2 and TbO2.
14–

16 The ground states of these compounds can be described by superposition of 4fn5d0 and 

4fn+1L5d0 configurations, where L represents an O 2p hole resulting from O2p→4f charge 

transfer. Accordingly, the L3-edge XAS spectra of all three lanthanide oxides exhibited a 

doublet feature, consistent with the two-configuration description (Figure 1.2). The relative 

weight of the charge transfer configuration can be determined from the ratio of the respective 

peak areas, and provides a direct measure for Ln 4f and O2p orbital mixing. Measured in this 

manner, the amount of covalent character in the Ln-O bonds of CeO2, PrO2 and TbO2 was 

determined to be 28, 32 and 21 %, respectively.14 The relatively high degree of covalency in 

these tetravalent lanthanide oxides was ascribed to the substantial multiple bond character in 

the Ln-O interactions. 

 

Figure 1.2. Ln L3-edge XAS spectra for CeO2, PrO2 and TbO2 (taken from Ref14) 

X-ray Absorption Spectroscopy studies have also revealed that the extent of covalency in 

lanthanides can be heavily dependent on the Ln oxidation state. Kozimor and co-workers have 

utilized ligand K-edge XAS to excellently depict this dependence.17 This technique can be used 

to quantify the intensity of bound-state transitions between ligand 1s orbitals and metal-based 

unoccupied orbitals with partial ligand p character. Since the 1s orbitals are localized on the 
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ligand, the intensities of these transitions are primarily governed by the amount of ligand p 

character in the final state, which in turn serves as a measure of lanthanide ligand orbital 

mixing. Interestingly, Kozimor et al. found the Cl K-edge XAS spectra for the octahedral 

hexachlorocerate anions [CeCl6]
2- (formally CeIV) and [CeCl6]

3- (formally CeIII) to be quite 

different. The spectrum for [CeCl6]
2- exhibited a pre-edge feature at low energy that arises 

from transitions into t1u and t2u symmetric Ce 4f orbitals with partial Cl 3p character, while no 

such transition was observed for [CeCl6]
3– (Figure 1.3). The amount of Cl 3p character in the 

unoccupied 4f orbitals of [CeCl6]
2- was determined to be 9.9(9)% using the corresponding pre-

edge peak intensity.17 The “turning on” of such f orbital mixing for [CeCl6]
2- was rationalized 

by the energy near-degeneracy of Ce 4f and Cl 3p orbitals that is promoted by the higher Ce 

oxidation state. 

 

Figure 1.3. Cl K-edge XAS spectra for [CeCl6]
2-and [CeCl6]

3- (taken from Ref17) 
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1.2 Lanthanide-Ligand Multiple Bonds 

The concepts of covalency and metal-ligand multiple bonding in the lanthanides are closely 

tied to one another. For example, Clark and co-workers have shown that the metallocene 

Ce(IV) complexes Cp2CeZ (Z = O, NH, CH-) exhibit rather covalent Ce-Z interactions that 

also possess significant multiple bond character.18 Indeed, DFT calculations revealed the Ce-

Z bonds in all cases to be composed of one σ and two π interactions, suggestive of a triple bond 

(Figure 1.4). The atomic orbital compositions in these interactions reached up to 39.4% for Ce 

5d and 31.8% for Ce 4f orbitals. In addition, both NBO and Mulliken charge analyses found 

the effective charge on the cerium to be only slightly higher than +2 for all three compounds, 

which is substantially reduced from the theoretical ionic value of +4. These results allude to 

the significant covalent character in the Ce-Z bonds that arises due to an efficient charge 

transfer from the Z ligand to the Ce center. This charge transfer presumably results in a 

simultaneous rise in energy and spatial expansion of the cerium 4f orbitals. The better energy 

match and greater overlap between Ce 4f and Z donor orbitals subsequently allows for a 

stronger Ce-Z interaction. 

 

Figure 1.4. σ and π NLMOs for [Cp2CeCH]- (taken from Ref18) 
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The likelihood of prevalence of covalent character in lanthanide ligand multiple bonds 

makes them attractive synthetic targets for deeper evaluation of the role of the 4f orbitals in 

lanthanide ligand bonding. However, the propensity of lanthanides to achieve high 

coordination numbers and the strong nucleophilicity of the multiply bonded functional group 

often result in oligomerization, which breaks the lanthanide ligand π bonds. For example, 

Lappert and co-workers have demonstrated that reaction of Ce(NR2)3 (R = SiMe3) with O2 in 

hexanes at -27 °C affords [(R2N)2Ce(µ-O)]2, which is formed via dimerization of unsaturated 

and nucleophilic [(R2N)2Ce=O)] units (Scheme 1.1).19 Likewise, reaction of the bulkier cerium 

amide Ce(NR’2)3 (R’ = NC(Me)2(CH2)3CMe2) with O2 in toluene at -27 °C affords tetrameric 

[(R’2N)2Ce(µ-O)]4 via a similar mechanism.19
 The Ce-O distances in these cyclocer(IV)oxanes 

were consistent with Ce-O single bonds, indicating the absence of any π bonding. 

Scheme 1.1. Products of oligomerization of [(R2N)2Ce=O)] and [(R’2N)2Ce=O)]19 

  

Despite the aforementioned unsuccessful attempts in synthesizing lanthanide complexes 

containing metal-ligand multiple bonds, the past ten years has seen significant progress 

towards this end. These successes were made possible by careful choices of reaction conditions 

and supporting co-ligands. For example, addition of stochiometric amounts of MNR2 (M = Na, 

K; R = SiMe3) to the aforementioned reaction of Ce(NR2)3 with O2 in hexanes at -27 °C affords 

the alkali capped Ce(IV) oxos [M]2[Ce(µ-O)(NR2)3]2 (I) in modest yields (Scheme 1.2).19 In 
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this reaction, the introduction of MNR2 saturates the coordination sphere of the cerium in the 

[(R2N)2Ce=O)] units, which prevents their oligomerization to cycloceroxanes. Significant 

progress has also been made towards the use of tailored supporting ligands to stabilize Ce=O 

multiple bonds. For example, Leung and co-workers recently reported the synthesis of a Ce(IV) 

oxo complex ligated by the tripodal Kläui ligand, [(LOEt)2Ce(O)(H2O)]·MeC(O)NH2 (II, LOEt 

= CpCo{P(O)(OEt)2}3, Scheme 1.2).20 Additionally, Hayton and co-workers reported the 

synthesis of the cerium(IV) oxo complex supported by the TREN ligand, [Li(12-crown-

4)][(NN′3)Ce(O)] (III, NN′3 = N(CH2CH2NR)3, R = SitBuMe2), which was synthesized by 

thermal decomposition of a Ce(III) nitrate precursor [Li(12-crown-4)][(NN′3)Ce(κ2-O2NO)].21 

More recently, Schelter and co-workers reported the synthesis of a Ce(IV) oxo supported by 

the tripodal TriNOx ligand, [(TriNOx){Ce(O)}Rb]4 (IV).22 Examples of lanthanide complexes 

bearing Ln=C and Ln=N multiple bonds have also appeared in the literature in recent years. 

For example, Liddle and co-workers recently reported the synthesis of the first Ce(IV) carbene 

complex, [Ce(BIMPTMS)(ODipp)2] (Dipp = 2,6-diisopropylphenyl), employing an NCN-type 

pincer ligand.23 In addition, Anwander and co-workers have recently described the synthesis 

of the first terminal lanthanide imido complex, [(TptBu,Me)Lu=N(3,5-(CF3)2C6H3)(DMAP)], via 

Lewis base-induced methane elimination.24 Similarly, Schelter and co-workers reported the 

synthesis of a series of Ce(IV) imido complexes, [MLn][Ce=N(3,5-(CF3)2C6H3)(TriNOx)] 

(TriNOx = N(o-CH2C6H4N(tBu)O)3; MLn = Li(THF)(Et2O), Li(TMEDA), K(DME)2, 

Rb(DME)2, Cs(DME)2), which were formed via deprotonation of their anilide precursors.22 

This series of cerium imidos exhibited interesting reactivity (see below), which included Si-O 

and C-O activation.  
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Scheme 1.2. Selected complexes bearing lanthanide-oxygen multiple bonds19–22  

 

The metal ligand multiple bonds in the aforementioned lanthanide complexes have been 

shown to exhibit appreciable covalent character according to DFT analyses. For example, NBO 

analysis of the Ce-C bond in [Ce(BIMPTMS)(ODipp)2] found one σ interaction with 13% 

cerium character and one π interaction with 12% cerium character, suggestive of a two-fold 

multiple bond.23 Even more surprising was the dominant 4f (as opposed to 5d) character of the 

cerium component in the σ and π interactions (76 and 80%, respectively). Efficient ligand 

electron density transfer to cerium was also demonstrated by the calculated atomic charges of 
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+1.91 and -1.47 for the cerium and carbon atoms, respectively. Similar type of covalency was 

observed in the series of Ce(IV) imido complexes, [MLn][Ce=N(3,5-(CF3)2C6H3)(TriNOx)]. 

In particular, NBO analysis also found two bonding Ce-N interactions featuring σ and π 

symmetry with corresponding Ce atomic orbital compositions of 10-14% and 17-20%, 

respectively.22 A slightly different bonding picture was observed for the Ce(IV) oxo [Li(12-

crown-4)][(NN′3)Ce(O)], where NBO analysis finds the Ce-O interaction to be a σ + 2π triple 

bond with an average cerium atomic orbital composition of ~15%.21 Quantum theory of atoms-

in-molecules (QTAIM) analysis also revealed the M-O bond order in this complex to be greater 

than that in the analogous Th(IV) oxo complex, suggestive a stronger covalent character in the 

Ce-O bond.21 

Scheme 1.3. Reactivity of lanthanide-ligand multiple bonds20,22 
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The lanthanide complexes mentioned above have found interesting applications in 

mediating difficult transformations such as small molecule activation. For example, Leung’s 

Ce(IV) oxo complex [(LOEt)2Ce(O)(H2O)]·MeC(O)NH2 reacts with CO2 and CO at room 

tempetaure to form the cerium carbonates [(LOEt)2Ce(CO3)]·and [(LOEt)2Ce(µ-

CO3)Ce(H2O)(LOEt)2], respectively (Scheme 1.3).20 Additionally, Schelter’s Ce(IV) imido 

[K(DME)2][Ce=N(3,5-(CF3)2C6H3)(TriNOx)] is capable of cleaving the strong Si-O bond in 

hexamethyldisilyloxane to generate the Ce(IV) silyloxide [Ce(OSiMe3)(TriNOx)] and 

[K][N(SiMe3)(3,5-(CF3)2C6H3)].
22 Similarly, reaction of [Rb(DME)2][Ce=N(3,5-

(CF3)2C6H3)(TriNOx)] with benzophenone results in C-O cleavage to form the Ce(IV) oxo 

[(TriNOx){Ce(O)}Rb]4 and [Ph2C=N(3,5-(CF3)2C6H3)].
22 This reaction represented the first 

transformation of a Ce=N double bond to a Ce=O double bond. Overall, these reactivity studies 

reflect the rather strong nucleophilic character of the metal ligand multiple bonds in these rare 

lanthanide complexes. 

1.3 High Valent Lanthanides 

Generally, a greater degree of covalency in the lanthanides is expected with increasing 

lanthanide oxidation state.14,17,25–29 This, however, poses a problem from a synthetic 

perspective, as all lanthanides have strong preference for trivalent oxidation state in solution. 

The paucity of higher oxidation states in the lanthanides can be explained by their ionization 

energy profile and their Ln(III/IV) redox potentials. In particular, the 4th ionization energies of 

all lanthanides are greater than the sum of their 1st, 2nd and 3rd ionization energies.30 Similarly, 

the Ln(III/IV) redox potentials of all lanthanides exceed +3.1 V except for cerium, which has 

a Ce(III/IV) redox potential of 1.7 V in aqueous solutions.31 This redox potential can be 

significantly lowered in non-aqueous systems by ligation to strong σ and π donor ligands and 
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can reach up to Epc = -2.08 V vs NHE.29,32 The unique stability of tetravalent cerium can be 

explained by its closed shell noble gas electronic configuration. Accordingly, the solution 

chemistry of Ce(IV) has seen significant progress, while that of the remaining lanthanide series 

is virtually non-existent. Indeed, tetravalent lanthanides other than Ce(IV) have historically 

only been encountered in solid-state fluoride and oxide materials containing Tb(IV), Pr(IV), 

Nd(IV) and Dy(IV).14,27,28,33–38 Inspired by this scarcity, and the opportunity to further probe 

covalency and unravel new redox chemistry, access to tetravalent oxidation states in the later 

lanthanides has gained significant research interest in recent years. The most attention has been 

given to stabilizing Tb(IV), Pr(IV), Nd(IV) and Dy(IV) complexes in solution, as these ions 

have the lowest fourth ionization energies30 and the lowest Ln(IV/III) reduction potentials31 

amongst the lanthanide series. These efforts have recently culminated in isolation and full 

characterization of the first examples of molecular Tb(IV) and Pr(IV) complexes that are stable 

both in solution and in the solid state,29,39–42 as well as the gas phase and solid noble-gas matrix 

observation of a Pr(V) ion.43 

According to its Ln(IV/III) redox potential (3.1 V vs NHE),31 Tb(IV) is the next most 

readily accessible tetravalent ion after Ce(IV). However, until recently, examples of tetravalent 

terbium were confined to those (electro)chemically generated in-situ in alkaline carbonate and 

tetrametaphosphate solutions,44,45 and those observed in a handful solid state metal oxides and 

fluorides.14,27,28,33,36,38,46 Few attempts to generate Tb(IV) from molecular Tb(III) carbene, 

nitroxide and alkyl precursors have also been unsuccessful, resulting in either cation exchange 

or ligand oxidation.47–49 Nonetheless, the first example of a molecular Tb(IV) complex that is 

stable in solution was reported by Mazzanti and coworkers in 2019.39 In this report, the 4f7 

Tb(IV) complex [Tb(OSi(OtBu)3)3(κ
2-OSi(OtBu)3)] was prepared by oxidation of the Tb(III) 
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analogue [KTb(O(Si(OtBu)3)4] with [N(C6H4Br)3][SbCl6] in MeCN or THF (Scheme 1.4). This 

material was characterized by various techniques which unambiguously confirmed the 

tetravalent oxidation state of the terbium center. For example, the UV-Vis spectrum of 

[Tb(OSi(OtBu)3)3(κ
2-OSi(OtBu)3)] in toluene revealed a broad absorption at 371 nm ( ε = 4200 

M-1cm-1), similar to that observed for (electro)chemically generated aqueous carbonate and 

tetrametaphosphate solutions of Tb(IV) (365 nm).44,45 In addition, the X-band EPR spectrum 

of [Tb(OSi(OtBu)3)3(κ
2-OSi(OtBu)3)] at 20 K exhibited strong features at g = 8.9, g = 7.7 and 

g = 5.0, which were consistent with those reported for fluoride phosphate glasses and silicates 

containing Tb(IV).50,51 Similar strong features were also observed in the EPR spectrum of the 

isoelectronic 4f7 Gd(III) silyloxide [KGd(O(Si(OtBu)3)4]. Furthermore, temperature-

dependent magnetic susceptibility measurements on [Tb(OSi(OtBu)3)3(κ
2-OSi(OtBu)3)] 

revealed a χMT value of 7.77 emu·K/mol, which is nearly identical to the 7.78 emu·K/mol 

obtained for [KGd(O(Si(OtBu)3)4]. This value is also in agreement with the χMT value 

predicted for a 4f7 ion by first approximation LS coupling (7.88 emu·K/mol). Finally, cyclic 

voltammetry experiments on [Tb(OSi(OtBu)3)3(κ
2-OSi(OtBu)3)] revealed an irreversible 

reduction feature at Epc = 0.10 V vs NHE and a related oxidation feature at Epa = 1.65 V vs 

NHE. The potential for the oxidation feature is consistent with that applied to generate Tb(IV) 

ions in alkaline carbonate solutions (1.3 V vs NHE).45 This potential is also similar to that 

reported for Ce(IV) in aqueous solutions (1.7 V vs NHE), and is significantly lower than the 

standard reduction potential for Tb(IV) (3.1 V vs NHE).31 These data combined indicate strong 

stabilization of the +4 state in [Tb(OSi(OtBu)3)3(κ
2-OSi(OtBu)3)], likely due to the strongly 

donating nature of the silyloxide ligand.  
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Scheme 1.4. Synthesis of [Tb(OSi(OtBu)3)3(κ
2-OSi(OtBu)3)]

39 

 

Also in 2019, La Pierre et al. independently reported another molecular Tb(IV) complex 

that is stable both in solution and the solid state by making use of an imidophosphorane ligand 

incorporating a bulky chelating diamide group.40 Ligands of this type had previously been 

shown to significantly stabilize tetravalent oxidation states in the lanthanides by promoting 

strong covalent character in the metal ligand bonds through both symmetry and energy allowed 

orbital mixing.25 Accordingly, La Pierre et al. showed that the Tb(III) imidophosphorane 

[K(Et2O)][Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] can be rapidly oxidized (<10 min) with 

AgI at room temperature to afford the corresponding S4 symmetric Tb(IV) imidophosphorane 

[Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] in good yield (Scheme 1.5).40 Previous attempts 

by Mazzanti and co-workers to synthesize [Tb(OSi(OtBu)3)3(κ
2-OSi(OtBu)3)] by oxidation of 

[KTb(O(Si(OtBu)3)4] with AgI had resulted in no reaction.39 The facile oxidation of Tb(III) by 

the mild oxidant AgI in La Pierre’s case was ascribed to the unique electronic and steric effects 

of the imidophosphorane ligand framework. Specifically, the incorporated chelating diamide 

group enforces planarity at the chelating amide nitrogen atoms which aligns their lone pairs 

with the σ* orbital of the P-Nimide bond, rendering the ligand more σ basic. Additionally, the 

chelating diamide sterically enforces a zwitterionic resonance structure which increases the π 

basic character of the ligand. Ultimately, both of these effects result in minimal structural 

reorganization during oxidation of the Tb(III) imidophosphorane precursor, thus requiring only 

mild reaction conditions for the synthesis of [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4]. 
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Scheme 1.5. Synthesis of [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4]
40 

 

The significant stability of La Pierre’s Tb(IV) imidophosphorane complex allowed for 

direct confirmation of the terbium oxidation state via L3-edge X-ray Absorption Spectroscopy. 

Particularly, the L3-edge XAS spectrum of [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] 

exhibited a double-peak white line structure that is diagnostic of those obtained for other 

formally Ln(IV) complexes (Figure 1.5).14,17,27,28 This feature corresponds to transitions arising 

from 4fn5d0 and 4fn+1L5d0 configurations, where L represents a hole on the ligand. Fitting of 

the spectrum with Voigt and step-like functions allowed estimation of the relative amount of 

the 4fn+1L5d0 character in the ground state via a weighted ratio of the area under the two peaks. 

This analysis gave a value of 0.39(4) for the charge-transfer configuration component, which 

is similar to the 0.42(3) observed for TbO2.
14 The L3-edge XAS feature energies for the 

aforementioned Tb(IV) and Tb(III) imidophosphorane complexes also support the assignment 

of their respective terbium oxidation states. In particular, the inflection point and the two peak 

maxima of the doublet feature for [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] were shifted 

to higher energy when compared to the feature observed for [K(Et2O)][Tb(NP(1,2-bis-tBu-

diamidoethane)(NEt2))4], consistent with the higher Zeff for Tb(IV) vs Tb(III). Overall, the 

comparison of the L3-edge XAS spectra for [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] with 
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those of [K(Et2O)][Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] and other formally Ln(IV) 

complexes unambiguously confirm the tetravalent oxidation state of the Tb in [Tb(NP(1,2-bis-

tBu-diamidoethane)(NEt2))4]. 

 

Figure 1.5. Terbium L3-edge XAS spectra for[K(Et2O)][Tb(NP(1,2-bis-tBu-

diamidoethane)(NEt2))4] (orange) and [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] (purple) 

(taken from Ref40). 

La Pierre’s Tb(IV) imidophosphorane complex was also characterized by electronic 

absorption spectroscopy, magnetic susceptibility studies and Natural Bond Orbital (NBO) 

analysis. The UV-Vis-NIR spectrum of [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] in 

benzene exhibited a broad absorption at 575 nm (ε = 3700 M-1cm-1) that is assignable to a 

Ligand to Ligand Charge Transfer (LLCT) with an appreciable Ligand to Metal Charge 

Transfer (LMCT) contribution, according to Natural Transition Orbital (NTO) analysis. This 

feature is redshifted when compared to that observed for Mazzanti’s Tb(IV) silyloxide 

complex [Tb(OSi(OtBu)3)3(κ
2-OSi(OtBu)3)] (371 nm, ε = 4200 M-1cm-1),39 which likely 

reflects the lower ionization potential of N2p orbitals vs O2p orbitals. Variable temperature dc 
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magnetic susceptibility measurements on [Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4] 

revealed a room temperature χMT value of 8.55 emu·K/mol, which is comparable to the 

theoretical value for a 8S7/2 ion (7.94 emu·K/mol). Finally, NBO analysis on [Tb(NP(1,2-bis-

tBu-diamidoethane)(NEt2))4] found four Tb-N σ and eight Tb-N π bonding interactions with 

8.31 and 5.69 % Tb contributions, respectively. The ligand to metal donation was found to be 

lower in [K(Et2O)][Tb(NP(1,2-bis-tBu-diamidoethane)(NEt2))4], which also has four Tb-N σ 

and eight Tb-N π bonding interactions, but with smaller Tb contributions of 5.23 and 2.24% , 

respectively. The Tb components in all cases were predominantly 5d and 4f in character. All 

in all, the NBO results support the greater degree of covalency in tetravalent lanthanide-ligand 

bonds over their trivalent counterparts. 

Scheme 1.6. Synthesis of [Pr(OSiPh3)4(MeCN)2]
42  

 

Pr(IV) is the next most easily accessible tetravalent lanthanide ion after Tb(IV), with a 

Ln(IV/III) reduction potential of 3.2 vs NHE.31 Until recently, however, Pr(IV) was only 

observed in extended solid state fluoride and oxide materials,14,27,33,35,36,52,53 and 

(electro)chemically generated in-situ in alkaline carbonate solutions.45 There have also been 

attempts to prepare molecular Pr(IV) complexes by oxidation of a Pr(III) carbene precursor, 

which only resulted in cation exchange.48 Nonetheless, Mazzanti and coworkers recently 

isolated and fully characterized the first example of a molecular Pr(IV) complex 
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[Pr(OSiPh3)4(MeCN)2].
42 This material was prepared by oxidation of the Pr(III) precursor 

[KPr(OSiPh3)4(THF)3] with [N(C6H4Br)3][SbCl6] in MeCN or THF (Scheme 1.6). An 

isomorphous Tb(IV) analogue, [Tb(OSiPh3)4(MeCN)2], can  also be prepared in a similar 

manner by oxidation of [KTb(OSiPh3)4(THF)] with [N(C6H4Br)3][SbCl6] or 

[N(C6H4Br)3][OTf] in MeCN.41 The Ln(IV) ions in both complexes are ligated by two MeCN 

solvent molecules, suggesting that saturation of the coordination sphere at the Ln center is not 

a requirement for stabilizing the +4 state. However, the isolation of the Pr(IV) silyloxide 

complex proved challenging, and required thorough drying of the reaction mixture in vacuo 

followed by addition of fresh solvent prior to workup. In line with these observations, the 

Pr(IV) silyloxide was much less stable in solution when compared to its Tb(IV) analogue. For 

example, THF-d8 solutions of [Pr(OSiPh3)4(MeCN)2] exhibited 30% decomposition after 

standing at room temperature for 3 h,42 whereas [Tb(OSiPh3)4(MeCN)2] was found to be stable 

for several days in THF solutions.41 [Pr(OSiPh3)3(THF)3].was the only identifiable 

decomposition product observed in the former monitoring experiment.   
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Figure 1.6. Variable-temperature magnetic susceptibility data for [KCe(O(SiOPh3)4(THF)3] 

(black), [KPr(OSiPh3)4(THF)3] (green), and [Pr(OSiPh3)4(MeCN)2] (brown) collected at 1T 

(taken from Ref42).  

The +4 oxidation state of the Pr center in [Pr(OSiPh3)4(MeCN)2] was confirmed via a suite 

of characterization techniques. For example, the UV-Vis spectrum of [Pr(OSiPh3)4(MeCN)2] 

in THF exhibited a broad absorption maximum at 363 nm (ε = 3800 M-1cm-1), which is 

comparable to that reported for electrochemically generated solutions of Pr(IV) in alkaline 

carbonate media (283 nm, ε > 1000 M-1cm-1).45 Additionally, the χMT vs T data measured for 

[Pr(OSiPh3)4(MeCN)2] matched with those measured for the isoelectronic 4f1 Ce(III) ion in 

[KCe(O(SiOPh3)4(THF)3] between 300 and 2 K (Figure 1.6). The room temperature χMT value 

for [Pr(OSiPh3)4(MeCN)2] (0.622 emu·K/mol) was also comparable to that obtained for 

[KCe(O(SiOPh3)4(THF)3] (0.544 emu·K/mol). In addition, these values are in agreement with 

the theoretical χMT value calculated for a 4f1 complex (0.8 emu·K/mol), but much lower than 
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the experimental (1.5 emu·K/mol) and theoretical (1.6 emuꞏK/mol) χMT values obtained for 

the 4f2 Pr(III) ion in [KPr(OSiPh3)4(THF)3]. The electrochemical properties of 

[Pr(OSiPh3)4(MeCN)2] were also probed by cyclic voltammetry, which revealed a metal based 

reduction feature at Epc = -0.38 V vs Fc/Fc+ and a related oxidation feature at Epa = 0.67 vs 

Fc/Fc+ with a peak separation of ∆E = 1.05 V.42 The oxidation feature appears at a potential 

0.18 V more positive than that of [Tb(OSiPh3)4(MeCN)2] (Epa = 0.49 V vs Fc/Fc+),41 which is 

consistent with the difference between their respective standard Ln(IV/III) reduction potentials 

(0.1 V).31 Finally, DFT calculations on [KPr(OSiPh3)4(THF)3] and [Pr(OSiPh3)4(MeCN)2] 

found unpaired spin densities of 2.03 and 1.1, respectively, which are consistent with 4f2 Pr(III) 

and 4f1 Pr(IV) complexes. Both spin densities were found to be located at the Pr center, ruling 

out the possibility of ligand radical character in the complexes (Figure 1.7). Curiously, NBO 

analysis on [Pr(OSiPh3)4(MeCN)2] found a Pr-O Wiberg bond index (WBI) of 0.85,42 which 

is higher than the Tb-O WBIs for [Tb(OSiPh3)4(MeCN)2] (0.60-0.65),41 suggesting a more 

covalent M-O bond for Pr(IV) vs Tb(IV). This WBI is also higher than those calculated for 

[KPr(OSiPh3)4(THF)3] (0.41-0.52),42 consistent with a greater degree of covalency with 

increasing oxidation state. On the whole, all the characterization data mentioned above 

conclusively confirm the Pr4+ oxidation state in [Pr(OSiPh3)4(MeCN)2].   
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Figure 1.7. Unpaired spin density plot for [KPr(OSiPh3)4(THF)3] (left) and 

[Pr(OSiPh3)4(MeCN)2] (right) (taken form Ref42). 

Remarkably, pentavalent praseodymium has also been observed in the gas phase and in 

solid noble-gas matrices, which represents the highest oxidation state reported for a lanthanide 

ion. For example, Li and co-workers have used combined gas-phase infrared photodissociation 

spectroscopy, matrix-isolated infrared absorption spectroscopy and ab initio 

multiconfigurational wavefunction theory (WFT) studies to identify a +5 oxidation state for 

the Pr in (η2-O2)PrO2 and PrO2
+.43 Specifically, the IR spectra for PrO2

+ in the gas phase and 

solid argon-matrix experiments exhibited a single peak at 918 and 907 cm-1, respectively, 

assignable to the antisymmetric OPrO stretch. These absorptions matched those calculated for 

PrO2
+ in the singlet Pr(V) state using WFT methods. The WFT analysis also found that the Pr 

center in PrO2
+ has an (f0d0) ground state electronic configuration, consistent with a Pr(V) 

oxidation state. In addition, NBO analysis on PrO2
+ revealed a σ + 2π Pr-O triple bond, 

consistent with the calculated Pr-O mayor bond order of 2.10. The σ bonds consisted of 38.4% 
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Pr character with a 5d/4f contribution of 48:50, while the π bonds consisted of 18.2% Pr 

character with a 5d/4f contribution of 50:49. The significant covalent character in the Pr-O 

bonds is believed to impart stability to the +5 state by partially compensating the high fifth 

ionization energy of Pr(V).  

 

Figure 1.8. DFT optimized structure of (η2-O2)PrO2 (taken from Ref43) 

On the other hand, the argon-matrix IR spectrum for (η2-O2)PrO2 exhibited three 

absorptions at 1141.6, 827.0, and 695.3 cm-1 assignable to the O-O stretch, the antisymmetric 

and symmetric OPrO stretches, respectively. Notably, the observed O-O stretch fell within the 

range expected for a superoxide,54,55 while the band position of the antisymmetric OPrO stretch 

suggested that the two oxygen atoms in the PrO2 fragment of (η2-O2)PrO2 are (O)2-. These data 

suggest (η2-O2)PrO2 can be described as the neutral praseodymium dioxide/superoxide 

complex [(Pr+VO2)
+(O2)

-], which was further corroborated by WFT studies. Specifically, 

geometry optimizations found the lowest-energy structure to be the side-on bound C2v 

symmetric (η2-O2)PrO2 in a doublet ground state (Figure 1.8), consistent with the spectroscopic 

data. The calculated vibrational frequencies for this structure also matched the experimental 

values. Additionally, bonding analysis found the unpaired spin density to be located on the πu* 

MO of the η2-O2 ligand with a Pr(f0d0) metal center, consistent with the dioxide/superoxide 
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description mentioned above. Moreover, WFT calculations found no significant 

multiconfigurational character for both PrO2
+ and (η2-O2)PrO2, which makes the assignment 

of the Pr(V) oxidation state less vague. Interestingly, attempts to prepare analogous pentavalent 

lanthanide oxides using Tb, Nd and Dy, under the same conditions, were unsuccessful. The 

unique ability of Pr to form a +5 ion was attributed to its lowest fifth ionization energy and its 

lowest sum of first to fifth ionization energies amongst the lanthanide series.43 

1.4. Trans/Cis Isomerization of the Uranyl Ion 

Compared to the lanthanides, actinide elements are expected to exhibit a greater degree of 

covalency due the diffuse nature of their 5f valence orbitals that allows for a more optimal 

spatial overlap with ligand frontier orbitals.2,56 Most research on actinide coordination 

chemistry has focused on uranium due to its relatively low radiotoxicity, its stable naturally-

occurring isotopes and its versatile redox chemistry that is akin to that of the transition metals.57 

Indeed, uranium exists a wide range of common oxidations states including the +3,+4,+5 and 

+6 states, although few examples of molecular U(II) complexes have recently appeared in the 

literature.58–63 The +6 oxidation state is the most stable in solution, and the most common form 

of uranium in this oxidation state is the uranyl ion [UO2]
2+.57,64 This fragment is exceptionally 

stable in both solution and the solid state, and exists exclusively as the trans isomer. It also 

exhibits high solubility in aqueous solutions and accounts for >95% of spent nuclear fuel.65 As 

such, it poses a significant health hazard as a ground water contaminant in densely populated 

areas where uranium mining and nuclear power plants are prevalent. The high thermodynamic 

stability of this ion is reflected in its large U-O bond dissociation enthalpy (604 kJ/mol),66 

which 72 kJ/mol greater than the BDE for C-O bond in carbon dioxide (532 kJ/mol).67 The U-

O bond in uranyl is also kinetically inert; experiments on the rate of isotopic oxygen exchange 
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of uranyl with water in 1M perchloric acid solution at room temperature find half-lives greater 

than 30,000 h.68 The exceptional thermodynamic and kinetic stability of the uranyl ion is 

attributed to the strong covalent character in the U-O bonds, which renders them resistant to 

substitution or functionalization.57 However, effective strategies of nuclear waste remediation 

and nuclear fuel reprocessing will require novel methods for facile manipulation of the uranyl 

ion, which has incited interest in deeper investigation of its electronic structure and reactivity. 

 

Figure 1.9. Schematic of the MO diagram for the uranyl ion69 

The electronic structure of the uranyl has seen much debate, especially with respect to the 

ordering of its frontier orbitals.57,66,69–80 There is a general consensus that the frontier orbitals 

consist of mostly oxygen based σu, σg, πu, and πg orbitals, but the relative energies of these 

MOs have been controversial. Some theoretical calculations using Kohn-Sham DFT methods 

have suggested an energetic ordering of πg < πu < σg << σu (Figure 1.9).69 Notably, the atomic 

orbital compositions of these MOs were used to rationalize the exclusively trans geometry 

observed for the O-U-O fragment in uranyl. Specifically, the σu HOMO was calculated to have 

56% U5f, 8% U6p, 34% O2p, 2% O2s atomic orbital compositions which explains the strong 
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covalent nature of the U-O bonds. The involvement of 6p orbitals in the U-O bonding was 

unexpected, but optimal mixing/overlap of these “pseudo-core” orbitals with U5f and O2p 

valence orbitals can only occur in a trans geometry, resulting in a linear O-U-O angle that 

rarely deviates past 170°. This analysis is consistent with the geometry observed for the uranyl 

ion experimentally. Indeed, approximately 93% of all the uranyl structures deposited on the 

Cambridge Structural Database feature O-U-O angles greater than 175°.81 It is important to 

note, however, that O-U-O bending is likely to have a profound effect on the electronic 

structure, reactivity and covalency of the U-O bonds in uranyl, thus providing an opportunity 

to uncover new methods of uranyl manipulation, and gain unique insights into actinide 

covalency and 5f-orbital participation in bonding. Inspired by these promises, there have been 

several efforts directed towards stabilizing the as-yet-unknown cis isomer of the uranyl ion, 

which have culminated in isolation of uranyl complexes with O-U-O angles as low as 

ca.161°.82,83 

Scheme 1.7. Trans/cis isomerization of the uranyl ion84,85 
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There have been several theoretical studies performed to evaluate the thermodynamic 

favorability of a trans to cis isomerization in uranyl.75,76,84–87 In all cases, the cis isomer was 

found to be less stable than the trans isomer. For example, the cis isomer of [UO2(OH)4]
2- was 

found to be 18.0 kcal/mol higher in energy than the trans isomer (Scheme 1.7).84 Similarly, the 

cis isomer of [UO2(NR2)3]
- (R = SiH3) was calculated to be 31.4 kcal/mol higher in energy 

than the trans isomer.85 Both studies reveal that the energy penalty for a trans/cis isomerization 

could be greatly affected by the type of equatorial co-ligands, with those that are strongly 

donating resulting in a lower penalty. This result is consistent with previous reports that find 

that strongly donating equatorial ligands weaken the U-O bonds in uranyl, particularly by 

disrupting its π bonding framework.88–90 Additionally, the calculated values for the differences 

in energy between the cis and trans isomers suggest the cis isomers could be represented as 

local minima on the respective complexes’ potential energy landscape. As such, these results 

suggest that stable cis uranyl complexes could be isolable by careful choice of equatorial co-

ligands and reaction conditions. In practice, however, Oyl-U-Oyl bending of significant 

magnitude has been hard to implement. Interestingly, adsorption of UO2
2+ onto a variety of 

mineral surfaces is predicted to cause greater Oyl-U-Oyl bending than that found in any 

homogeneous coordination complex.91–94 For example, the adsorption of uranyl onto alumina 

or gibbsite is predicted to result in Oyl-U-Oyl angles of ca. 149 and 144, respectively.91,94  In 

both cases, Oyl-U-Oyl bending is likely caused by the close approach of the two oxo ligands to 

the mineral surface upon coordination of uranyl.  To my knowledge, these are the smallest Oyl-

U-Oyl angles predicted for any uranyl-containing species. However, Oyl-U-Oyl bending upon 

uranyl adsorption has not been confirmed experimentally.  
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Scheme 1.8. Synthesis of [UO2(OTf)2(
HN4)] and [UO2(OTf)(THF)(MeN4)][OTf]82 

 

In 2016, Hayton and coworkers synthesized a series uranyl complexes that exhibited the 

lowest O-U-O angles reported to date by making use of a 12-membered macrocycle.82 These 

attempts to prepare a cis uranyl complex were inspired by the observation that the uranyl ion 

cannot fit into the binding pocket of 16- or less-membered macrocycles.95 As such, 

coordination of these macrocycles to uranyl would result in a substantial steric clash with the 

two Oyl oxo ligands that could potentially enforce a cis dioxo stereochemistry. Thus, reactions 

of the 12-membered macrocycles 2,11-diaza[3,3(2,6) pyridinophane (HN4) and N,N-dimethyl-

2,11-diaza[3,3(2,6) pyridinophane (MeN4) with 1 equiv of [UO2(OTf)2(THF)3] in MeCN and 

THF, respectively, afforded the bent uranyl complexes [UO2(OTf)2(
HN4)] and 

[UO2(OTf)(THF)(MeN4)][OTf] in good yields (Scheme 1.8). These complexes exhibited O-U-
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O angles of 162.8(3) and 161.7(5) °, respectively, which are the smallest angles reported at 

that time. The manifestation of these bent geometries was rationalized by the steric repulsion 

between the oxo ligands of the uranyl fragment and the macrocycle backbone, which is a 

consequence of the small binding pocket of the 12-membered macrocycles. The coordination 

to the poorly donating [OTf]- co-ligand also likely plays a role by strengthening the U-N 

interactions when compared to those in analogous Cl- coordinated uranyl pyridinophanes. 

Ultimately, however, these complexes cannot be described as containing cis uranyl, as the O-

U-O distortions are too small. Indeed, the U-N bonds in [UO2(OTf)2(
HN4)] and 

[UO2(OTf)(THF)(MeN4)][OTf] (2.580(7) – 2.635(7) Å and 2.63(1) – 2.73(1) Å, respectively) 

are still considered weak, likely due to the neutral charge on the macrocycles. Additionally, 

the Npyr-U-Npyr angles (59.4(2) and 57.8(3)°, respectively) are relatively acute, which reveal 

that both HN4 and MeN4 are rather flexible. This flexibility in turn limits the steric pressure 

applied onto the uranyl oxo ligands, resulting in small O-U-O angle deformations. However, 

while unsuccessful in enforcing a trans to cis isomerization of uranyl, these results provide 

proof-of-concept that anionic ≤16-membered macrocycles with greater rigidity could 

potentially be employed to isolate an authentic cis uranyl complex. 

Scheme 1.9. Synthesis of [UO2Cl2(phen)2]
83 
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In 2017, Ikeda-Ohno et al. reported another uranyl complex featuring a bent uranyl unit by 

making use of a simple commercially available ligand.83 In this report, UO2Cl2·nH2O was 

treated with 2 equiv of phenanthroline in acetone to afford [UO2Cl2(phen)2], the first uranyl 

phenanthroline complex with a U:phen ratio of 1:2 (Scheme 1.9). This complex exhibited an 

unusual dodecadeltahedron geometry that consists of a {UO2Cl2} unit coordinated by two 

mutually perpendicular phenanthroline ligands. This unique geometry results in a bent O-U-O 

angle of 161.8(1)°, which is comparable to that reported for [UO2(OTf)(THF)(MeN4)][OTf] by 

Hayton and co-workers (161.7(5)°).82 The preference for a dodecadeltahedron geometry in 

[UO2Cl2(phen)2] was attributed to intermolecular π-π stacking interactions between adjacent 

phenanthroline molecules that sandwich the uranium atoms in between. This preferred 

geometry also results in weak but distinct interactions between uranyl oxygen/chlorine atoms 

and nearby hydrogens atoms on the phenanthroline molecules that further reinforce O-U-O 

bending. Notably, DFT calculations revealed that the U-O bond weakens upon formation of 

[UO2Cl2(phen)2], a likely consequence of O-U-O bending. In particular, the Mayer bond order 

of the U-O bond in [UO2Cl2(phen)2] (2.3385) was calculated to be lower than that for free 

linear uranyl (2.4943). Similarly, the ν3 asymmetric U-O stretching frequency for this complex 

(933.14 cm-1) was also calculated to be lower than that for free linear uranyl (1097.88 cm-1). 

Overall, these results suggest that extended π-π networking interactions could potentially be 

harnessed to enforce a trans/cis isomerization in uranyl. 

1.5. Uranyl Oxo Activation 

As mentioned above, Oyl-U-Oyl bending appears to be a promising strategy for uranyl 

manipulation and functionalization. For example, it has been shown that Oyl-U-Oyl bending 

renders the U6+ center easier to reduce.  In particular, Andersen and co-workers have shown 
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that reaction of Cp’2UCl2 (Cp’ = 1,2,4-tBu3C5H2) with KC8 and pyridine-N-oxide affords the 

U(V) oxo cluster Cp’4(bipy)3U6O13, along with Cp’H and (Cp’)2.
96 This reaction likely 

proceeds through a cis uranyl intermediate cis-Cp’2UO2, which undergoes rapid homolytic 

Cp’-U cleavage. A similarly putative cis-Cp*2UO2 intermediate has been proposed for the 

reaction between Cp*2UI(THF) and pyridine-N-oxide in the presence of KC8, which resulted 

in isolation of a Cp*2 dimer and reduced uranium oxides.97 In both instances, bending of the 

Oyl-U-Oyl fragment likely weakens the U-O bonds, rendering the uranium center a much 

stronger oxidant. This phenomenon has potential implications in remediation of nuclear waste, 

where routes to facile reduction of uranyl are being sought for solubility-based separations.98,99 

In addition, it is possible that Oyl-U-Oyl bending may also render the uranyl oxo ligands more 

susceptible to exchange or functionalization. For example, Gibson and co-workers observed 

that the 12-crown-4 ligated peroxo-bridged uranyl(VI) dimer, [(12-crown-4)UO2(µ-

O2)UO2(12-crown-4)]2+ converts to the oxo-bridged U(V) dimer, [(12-crown-4)UO(µ-

O)2UO(12-crown-4)]2+, upon loss of O2 in the gas phase.100 In this case, it is notable that the 

peroxo-bridged precursor is predicted to feature an Oyl-U-Oyl angle of 154, presumably 

because of the steric constraints imposed by coordination of the small 12-crown-4 macrocycle 

to the UO2
2+ ion. 
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Scheme 1.10. Uranyl oxo activation via ligation to polydentate chelating agents101  

 

Coordination of uranyl to polydentate chelating agents has also been shown to effect uranyl 

activation. For example, Clark and co-workers have shown that ligation of the triamidoamine 

TREN tripod Li3NN′3 (NN′3 = N(CH2CH2NR)3, R = SitBuMe2) to [K(18-crown-6)]2[UO2Cl4] 

results in formation of the mixed-valent uranium (V/VI) oxo-imido dimer [K(18-crown-

6)(Et2O)2][UO(µ2-NCH2CH2NN’2)]2 in moderate yield (Scheme 1.10).101 This complex is 

generated via formal loss of a uranyl oxo ligand, elimination of a silyl group from an amido 

nitrogen and 1e- reduction. While the exact mechanism for the formation of this complex is 

unknown, it is possible that the observed ligand decomposition and Oyl cleavage are a 

consequence of the instability of a putative cis uranyl intermediate. Indeed, it is reasonable to 

envision that κ3 coordination of Li3NN′3 to trans uranyl would enforce a cis dioxo 

stereochemistry. If true, this hypothesis suggests that O-U-O bending could be utilized to effect 

uranyl oxo activation via U-O bond cleavage. 
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Scheme 1.11. Uranyl oxo activation via coordination to Lewis acids102 

 

Another mode of uranyl oxo activation is via coordination to strong Lewis acids. For 

example, deprotonation of the uranyl pyrrole-imine complex [UVIO2(THF)(H2L)] (L= a 

polypyrrolic macrocycle) with 2 equiv KN(SiMe3)2 results in elimination of HN(SiMe3)2 and 

coordination of the endo Oyl ligand to both potassium cations (Scheme 1.11).102 These endo 

Oyl→K dative interactions substantially polarize the exo U-O bond, resulting in silylation of 

the exo Oyl ligand by the eliminated HN(SiMe3)2. This result was surprising, as HN(SiMe3)2 is 

generally considered to be a weak electrophile. However, the unique Pac-Man topology of the 

polypyrrolic macrocycle sterically enforces sufficiently strong endo Oyl→K interactions that 

activate the exo U-O bond towards silylation by HN(SiMe3)2. Concurrent addition of FeI2 to 

the reaction mixture affords the stable U(V) silyloxide [UVO(OSiMe3)(THF)(Fe2I2L)], which 

features asymmetrically lengthened U-O bonds. This reaction was termed “reductive 

silylation” of uranyl and was the first reported method of controlled uranyl oxo 

functionalization. Several variants of “reductive silylation” have since appeared in the 

literature, framing this strategy as a general method of uranyl oxo activation.103–113 A similar 
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reductive functionalization of uranyl using silyl sources can be achieved to afford non-uranyl 

U(IV) complexes.103,105,109,110,114–116 For example, addition of excess Me3SiX (X = Cl, Br, I) to 

UO2I2(THF)3 or UO2(OTf)2 in MeCN results complete deoxygenation of uranyl to afford the 

U(IV) tetrahalides UX4(MeCN)4 in good yields.103 This type of activation is driven by the 

formation of strong Si-O bonds which likely eliminates Me3SiOSiMe3 as a byproduct. Other 

types of electrophiles can also functionalize uranyl oxo ligands in a similar manner, which 

include (Bpin)2,
117 [Cp2TiCl]2,

118 and [Sm{N(SiMe3)2}2].
104,119 

Scheme 1.12. Previous example of uranyl oxo ligand scrambling120 

 

Finally, uranyl oxo activation can also be achieved via ligation to strongly donating 

equatorial co-ligands. While it is known that strongly donating equatorial co-ligands weaken 

the uranyl U-O bonds, and even induce dative interactions with electrophiles,88,121 strongly 

donating co-ligands can also activate uranyl via oxo ligand scrambling.122 Indeed, while 

coordination of aryloxides to uranyl has been shown to promote Oyl→M dative interactions,121 

coordination to the more strongly donating alkoxides is known to result in oxo/alkoxide 

scrambling.88,120,123,124 For example, reaction of UO2Cl2 with 2 equiv of KOtBu in THF results 

in isolation of [UO2][U(µ-O)(µ-OtBu)(OtBu)4]2 in modest yield (Scheme 1.12).120 The 

formation of this complex proceeds via initial generation of UO2(O
tBu)2, followed by a formal 

exchange of an (O)2- ligand with two (OtBu)- ligands to form the coordinatively unsaturated 

intermediate UO(OtBu)4. Two equivalents of UO(OtBu)4 then rapidly get trapped by another 
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molecule of UO2(O
tBu)2, forming the final product [UO2][U(µ-O)(µ-OtBu)(OtBu)4]2. Notably, 

an insoluble precipitate is formed during the reaction that is attributable to UO3(THF)x, the 

expected byproduct of oxo/alkoxide substitution in UO2(O
tBu)2. In this example, it was 

suggested that the strongly σ-donating nature of the tert-butoxide equatorial co-ligands renders 

the normally strong and covalent U-O bonds in uranyl easier to cleave, thereby lowering the 

kinetic barrier for oxo/alkoxide exchange. Coordinative unsaturation also seems to play a 

significant role, as addition of OPPh3 during the course of the reaction results in isolation of 

UO2(O
tBu)2(OPPh3)2 instead of the oxo/tert-butoxide scrambling product. Consistent with this 

hypothesis, use of more sterically demanding alkoxides such as KOCHPh2 and KOCH(tBu)Ph 

results in no oxo/alkoxide ligand exchange, but instead affords the uranyl alkoxides 

UO2(OCHPh2)2(THF)2 and UO2{OCH(tBu)Ph}2(THF)2 in modest yields.124 Oxo ligand 

scrambling is also observed in the reaction of KONp (Np = CH2
tBu) with [UO2Cl2(THF)2]2, 

which results in the formation of the homoleptic U(VI) alkoxide [U(ONp)6].
124 This complex 

is presumably formed via successive oxo/neopentoxide redistribution events that also liberate 

UO3 as a byproduct. Given the greater steric profile of KONp vs KOtBu, the complete 

deoxygenation of uranyl in this case may be due to the greater σ-donating ability of 

neopentoxide vs tert-butoxide. Overall, these results confirm the premise that strongly donating 

equatorial co-ligands increase the Lewis basicity of the Oyl ligands in uranyl, rendering them 

prone to further reactivity. 

1.6. General Remarks 

This dissertation is divided into six chapters and covers three main areas of research: 1) 

stabilization of terminal lanthanide-ligand multiple bonds, 2) stabilization of tetravalent 

lanthanide ions in solution, and 3) trans/cis isomerization and functionalization of the uranyl 
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ion. The work described herein attempts to expand our limited understanding of the 

fundamental bonding interactions, covalent character and redox chemistry of the f elements, 

providing the avenue for potential discovery of new applications in nuclear waste treatment 

and redox catalysis. 

Chapter 2 describes the synthesis of the first terminal lanthanide oxo complex that is not 

supported by alkali metal interactions or hydrogen bonding. This complex was generated via 

photolysis of a Ce(III) nitrate precursor, which results in photochemical cleavage of its nitrate 

co-ligand. Also formed during photolysis are a Ce(IV) oxo cluster and a Ce(III) silyloxide 

complex. All three products were characterized by X-ray crystallography, and the mechanism 

of their formation was thoroughly investigated using 1H and 7Li{1H} NMR spectroscopies and 

cyclic voltammetry.    

Chapter 3 details the synthesis and characterization of the first homoleptic cerium and 

thorium ketimide complexes. A detailed comparative spectroscopic and structural study of 

these two complexes was performed using X-ray crystallography, UV-Vis spectroscopy, and 

DFT calculations. In addition, the ability of the ketimide ligand to stabilize high oxidation 

states in the lanthanides was explored using cyclic voltammetry.  

Chapter 4 explores the ability of a dimethyl-substituted cyclam ligand to stabilize the 

tetravalent oxidation state in praseodymium. Model studies were first performed with cerium, 

which found that the cyclam ligand allows easy oxidation of Ce(III) with mild oxidants. Both 

the Ce(III) and Ce(IV) cyclam complexes were fully characterized. Parallel studies on 

oxidation of a Pr(III) cyclam complex are then detailed, and the results explained using cyclic 

voltammetry, 1H NMR spectroscopy and previously reported DFT calculations. Finally, the 
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suitability of the cyclam ligand for facilitating the trans/cis isomerization of the uranyl ion is 

investigated in an appendix.  

Chapter 5 describes my attempts to generate an unprecedented cis-uranyl complex using an 

anionic 14-membered macrocycle. These attempts resulted in isolation of a trans uranyl 

complex with an unusual 2:1 metal to ligand ratio, and observation of products of 2e- oxidation 

of the 14-membered macrocycle. The mechanism for the generation of these products is 

investigated, and explained in terms of the redox properties and electronic structure of the 

putative cis-uranyl intermediate. 

Chapter 6 investigates the ligation of the tripodal silsesquioxane ligand to trans uranyl, 

which results in generation of a U(VI) tris(silyloxide) via an unprecedented oxo silylation 

reaction. Mechanistic studies on this unusual transformation were performed using 29Si{1H} 

NMR spectroscopy and X-ray photoelectron spectroscopy, which identified a new non-

reductive pathway for uranyl oxo silylation. This new mode of uranyl activation could 

potentially be exploited for the development of new strategies for the treatment of nuclear 

waste. Additionally, this work demonstrates that the actinide coordination chemistry of mineral 

surface mimics, such as silsesquioxane, is a fruitful arena for the discovery of new reactivity.  
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2.1 Introduction 

Given their highly reactive nature, all cerium oxo complexes isolated thus far have utilized 

external non-covalent interactions to instill stability to the Ce=O functional group. For 

example, the Ce=O bond in the first reported cerium oxo complex 

[(LOEt)2Ce(O)(H2O)]·MeC(O)NH2 (LOEt = CpCo{P(O)(OEt)2}3) is stabilized by hydrogen 

bonding to an acetamide solvent molecule.1 Similarly, the oxo ligands in the subsequently 

reported cerium oxos [Li(12-crown-4)][(NN′3)Ce(O)] (NN′3 = N(CH2CH2NR)3, R = 

SitBuMe2), and [(TriNOx){Ce(O)}Rb]4, are stabilized by their interactions with a capping 

alkali metal counterion.2-3 The prevalence of these non-covalent interactions can be 

rationalized by the poor overlap of the metal f and d orbitals with oxygen 2p orbitals, which 

results in weak π bonds within the Ce=O fragment, concomitant with considerable oxo 

nucleophilicty.4-7 Indeed, controlling this nucleophilic character has been one of the key 

challenges to synthesizing a terminal lanthanide oxo complex.1 

The unique redox chemistry of the lanthanides also poses a barrier for the synthesis of 

lanthanide oxo complexes. In particular, cerium redox chemistry is dominated by the 

Ce(III/IV) redox couple, and thus formation of a Ce(IV) oxo complex from a Ce(III) precursor 

essentially mandates a 1e- O-atom transfer process. However, traditional O-atom transfer 

reagents, such as N2O, pyridine-N-oxide, and peroxyacids, are 2e- oxidants.8 Gratifyingly, 

nitrate has been previously demonstrated to act as a 1e- O-atom transfer reagent. For example, 

in the recent synthesis of [Li(12-crown-4)][(NN′3)Ce(O)] by Hayton et al., the oxo ligand was 

formed via thermal reduction of a nitrate ligand, via a formal 1e- O-atom transfer (Scheme 2.1). 

Several other examples demonstrating the use of nitrate as a 1e- O-atom source have emerged 

in recent years,9-12 suggesting that [NO3]
- could be a valuable reagent for the generation of f-
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element oxo complexes. This mode of reactivity can also be promoted with light. For example, 

Berry and co-workers demonstrated that photolysis of Ru2(chp)4(NO3) (chp = 6-chloro-2-

hydroxypyridinate) generated a metal oxo with concomitant release of NO2.
9 Similarly, Suslick 

and co-workers reported that photolysis of Mn(TPP)(NO3) also resulted in metal oxo 

generation and release of NO2.
11 However, it should be noted that in both of these examples 

the resulting metal oxo was unstable and not isolated. 

Scheme 2.1. Synthesis of [Li(12-crown-4)][(NN′3)Ce(O)] (scheme adopted from Ref 2) 

 

Drawing on these results, I endeavored to further develop of the use of [NO3]
- as an O-atom 

source for the synthesis of f-element oxo complexes. Building upon the method employed for 

the synthesis of [Li(12-crown-4)][(NN′3)Ce(O)] - which features a partially encapsulated Li 

cation coordinated to the Ce=O fragment - a stronger lithium ion-encapsulating reagent that 

facilitates the generation of an outer-sphere alkali counterion was sought for the synthesis of a 

terminal Ce(IV) oxo complex lacking non-covalent Li-oxo interactions. Conveniently, Mauro 

et al. have previously reported that [Li(2,2,2-cryptand)]+ exhibits a formation constant (Kf) 

value that is three orders of magnitude higher than that for [Li(12-crown-4)]+ in MeCN 
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solutions at 25 °C,13-14 suggesting that 2,2,2-cryptand may be used for full encapsulation of Li 

cations. Herein I describe the utility 2,2,2-cryptand for the generation of the first terminal 

Ce(IV) oxo complex via photochemical cleavage of nitrate in a Ce(III) “ate” precursor. 

2.2 Results and Discussion 

2.2.1 Synthesis and Characterization of [Li(2,2,2-cryptand)][Ce(κ2-O2NO)(NR2)3] (2.1) 

Synthesis of the Ce(III) nitrate precursor was attempted by reaction of [Ce(NR2)3] (R = 

SiMe3) with LiNO3 in THF, in the presence of 2,2,2-cryptand, which resulted in the formation 

of the Ce(III) “ate” complex, [Li(2,2,2-cryptand)][Ce(κ2-O2NO)(NR2)3] (2.1) (eq 2.1). This 

material can be isolated as a yellow crystalline solid in 38% yield after crystallization from a 

concentrated Et2O solution layered with hexanes. The 1H NMR spectrum of 2.1 in py-d5 

displays a broad singlet at -1.32 ppm, assignable to the SiMe3 environment, and three 

resonances at 2.48, 3.45 and 3.51 ppm, assignable to the cryptand moiety. The chemical shift 

of the methyl resonance, along with its broad appearance, support the presence of a 

paramagnetic Ce(III) center in this complex. Similarly, the 7Li{1H} NMR spectrum reveals a 

broad resonance at -1.08 ppm, indicative of a single lithium environment.  
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Complex 2.1 crystallizes in the monoclinic space group P21/c and its solid-state molecular 

structure is shown in Figure 2.1. The structure of 2.1 reveals a pentacoordinate Ce(III) center 

that contains a κ2 nitrate ligand and three monoanionic N(SiMe3)2 co-ligands within its 

coordination sphere. Notably, the Ce-O distances in 2.1 (2.653(2) and 2.562(2) Å) are shorter 

than those observed for the cerium(III) nitrate TREN complex [Li(12-crown-

4)][(NN′3)Ce(NO3)] (2.724(6) and 2.745(6) Å),2 likely because of the bulkier TREN ligand in 

the latter and the absence of Li-O interactions in the former. However, the Ce-N distances in 

2.1 (2.367(2)-2.398(2) Å) are comparable to those reported for other Ce(III) amido complexes 

such as Ce(TMP)3(THF) (TMP = 2,2,6,6-tetramethylpiperidinato) (2.346(2)-2.374(2) Å) and 

[Li(THF)][Ce(NCy2)4] (2.320(2)–2.330(2) Å).15-16 The structure of 2.1 also features an outer-

sphere [Li(2,2,2-cryptand)]+ counter-ion, wherein five of the eight donor atoms in the cryptand 

moiety are bound to the lithium; two nitrogen atoms and one oxygen atom remain 

uncoordinated. Similar binding modes have been observed in other [Li(2,2,2-cryptand)]+ 

complexes.17-20  
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Figure 2.1. ORTEP diagram of 2.1 shown with 50% probability ellipsoids. Hydrogen atoms 

are omitted for clarity. Selected bond distances (Å) and angles (°): Ce1-O1 = 2.653(2), Ce1-

O2 = 2.562(2), Ce1-N1 = 2.385(3), Ce1-N2 = 2.367(2), Ce1-N3 = 2.398(2), N2-Ce1-N1 = 

121.01(8), N2-Ce1-N3 = 112.82(8), N1-Ce1-N3 = 101.96(9). 

2.2.2 Thermal and Photochemical Reactivity of 2.1 

With complex 2.1 in hand, I explored its thermal and photochemical reactivity for the 

generation of a terminal Ce(IV) oxo complex. Thus, a py-d5 solution of 2.1 was stored at room 

temperature in the absence of light and monitored by 1H NMR spectroscopy. Interestingly, the 

1H NMR spectrum revealed that ~80% of this sample still consisted of complex 2.1 after 24 h. 

The remaining components of the mixture are revealed by resonances at 0.69, 0.20, and -0.58 

ppm (Figure A2.9), and were later identified as belonging to [Li(2,2,2-
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cryptand)][Ce(O)(NR2)3] (2.2), [Li(2,2,2-cryptand)]2[(µ3-O){Ce(µ-O)(NR2)2}3] (2.3), and 

[Li(2,2,2-cryptand)][Ce(OSiMe3)(NR2)3] (2.4), respectively (vide infra). These three 

complexes were present in a relative ratio of 2:27:1. This result stands in stark contrast to that 

observed for [Li(12-crown-4)][(NN′3)Ce(NO3)], which is completely consumed upon standing 

at room temperature for 72 h. Thus, the relatively high thermal stability of 2.1 suggests that 

formation of a terminal Ce(IV) oxo complex through thermal activation of the nitrate co-ligand 

in 2.1 is not synthetically viable.  

Given the relatively high thermal stability of 2.1, I sought a photolytic route to activate its 

nitrate co-ligand. Gratifyingly, Schelter and co-workers have previously reported that 

photolysis of [Ce(NR2)3] resulted in formation of a relatively long-lived excited state,21 that is 

strongly reducing and elicits reduction of PhCH2Cl to bibenzyl.22 Drawing inspiration from 

their results, I recorded the UV-vis spectrum of 2.1, which revealed two absorptions at 380 nm 

( = 200 M-1·cm-1) and 336 nm (ε = 140 M-1·cm-1) (Figure 2.2). The former transition is 

assignable to a metal-based 4f→5dz
2 transition, while the latter is assignable to a 4f→5dxz/yz 

transition, by analogy with the assignments reported for [Ce(NR2)3].  For comparison, the 

corresponding transitions for [Ce(NR2)3] occur at 413 nm and 341 nm, respectively.22 The ca. 

30 nm blue shift observed for the 4f→5dz
2 transition in 2.1 is likely due to the presence of the 

additional nitrate co-ligand, as well as its overall negative charge.   
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Figure 2.2. UV-Vis spectrum of 2.1 in Et2O (0.95 mM). 

Given the similar optical properties of 2.1 and [Ce(NR2)3], I hypothesized that photolysis 

of 2.1 would induce reduction of the nitrate ligand to afford a terminal Ce(IV) oxo complex. 

Thus, a 2:1 tol-d8/py-d5 solution of 2.1 in a J-Young NMR tube was exposed to 380 nm LED 

light for 6 h at -5 C (Figure 2.3). A 1H NMR spectrum of this sample revealed an 

approximately 80% consumption of 2.1, as evidenced by integration of its SiMe3 resonance 

relative to the NCH2 resonance of the 2,2,2-cryptand moiety. In addition, the appearance of a 

sharp singlet at 0.80 ppm, and broad singlets at 0.28, -0.21, and -0.43 ppm was observed 

(Figure A2.8). I have assigned the sharp singlet at 0.80 ppm to the terminal Ce(IV) oxo 

complex [Li(2,2,2-cryptand)][Ce(O)(NR2)3] (2.2), while I have tentatively assigned the 

resonance at 0.28 ppm to the Ce(IV) oxo cluster [Li(2,2,2-cryptand)]2[(µ3-O){Ce(µ-

O)(NR2)2}3] (2.3). In addition, the resonances at -0.21 and -0.43 ppm, which integrate to 9 and 

54 protons, respectively, are assignable to the Ce(III) silyloxide [Li(2,2,2-
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cryptand)][Ce(OSiMe3)(NR2)3] (2.4). After 6 h of photolysis, these three species were present 

in an approximately 11:2.5:1 ratio, according to NMR spectroscopy. Interestingly, large scale 

photolysis reactions, as well as photolyses for longer times resulted in decreased yields of 2.2. 

The use of the 2:1 tol-d8/py-d5 solvent system was also critical to maximize the amount of 2.2 

formed in the reaction mixture. For example, photolyses performed in neat py-d5 resulted in 

formation of complexes 2.2 and 2.3 in nearly equal amounts, suggesting that complex 2.3 is 

likely the thermodynamic sink of the reaction. Moreover, photolyses performed in neat tol-d8 

proved impractical because of the low solubility of complex 2.1 in that solvent. Finally, 

photolyses conducted in NMR tubes resulted in the most efficient consumption of 2.1, likely 

due to their high surface-to-volume ratio (which made photolysis more efficient). 
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Figure 2.3. 1H NMR spectrum of the photolysis of 2.1 in 2:1 tol-d8/py-d5. * indicates the 

presence of 2.1. ^ indicates the presence of 2.2. $ indicates the presence of 2.3. # indicates the 

presence of 2.4. 

As mentioned above, work-up of small-scale photolysis reactions afforded complex 2.2 as 

yellow plates in the highest isolated yield (33%). However, pure samples of complex 2.2 can 

be isolated in bulk by photolyses of multiple small-scale reactions that were combined during 

work-up. When synthesized via this fashion, complex 2.2 can be isolated in 18% yield. In one 

instance, I obtained small amounts of pale yellow crystals and colorless plates during 

crystallization, which were subsequently identified as 2.3 and 2.4, respectively, by X-ray 

crystallography.  

Scheme 2.2. Synthesis of complexes 2.2, 2.3, and 2.4 via photolysis of 2.1. 

 



59 

2.2.3 Structural and Spectroscopic Characterization of [Li(2,2,2-

cryptand)][Ce(O)(NR2)3] (2.2), [Li(2,2,2-cryptand)]2[(µ3-O){Ce(µ-O)(NR2)2}3] (2.3) and 

[Li(2,2,2-cryptand)][Ce(OSiMe3)(NR2)3] (2.4) 

Complex 2.2 crystallizes in the monoclinic space group P21/c (Figure 2.4). The solid-state 

molecular structure of 2.2 reveals a pseudo-tetrahedral cerium center featuring a terminal, non-

bridging Ce=O linkage. The Li counter-ion in 2.2 is fully encapsulated by the 2,2,2-cryptand 

moiety, prohibiting any Li-oxo interaction, and rendering 2.2 a separated cation-anion pair.  In 

particular, six of the eight donor atoms in the cryptand moiety are bound to the lithium ion; 

one nitrogen atom and one oxygen atom remain uncoordinated. Importantly, the Ce-O bond 

length in 2.2 (1.840(7) Å) is the shortest reported to date, indicating formal Ce=O multiple 

bond character. For example, the Ce-O distances observed for [Li(12-crown-4)][(NN′3)Ce(O)] 

(1.902(2) Å), [(TriNOx){Ce(O)}Rb]4 (1.887(4)–1.902(4) Å), and [M]2[Ce(µ-O)(NR2)3]2 (M = 

Na, K; R = SiMe3), (1.908(3) Å),2-4 are somewhat longer, likely due to the presence of alkali 

metal-oxo interactions in their structures.2-3  Consistent with this hypothesis, the potassium 

analogue of complex 2.2, [K(18-crown-6)][Ce(O)(NR2)3], which also features an alkali metal-

oxo interaction, was previously calculated to exhibit a slightly longer Ce-O distance at 1.904 

Å.2 Interestingly, the Ce-O distance in 2.2 is very similar to that observed for hydrogen-bond 

stabilized [(LOEt)2Ce(O)(H2O)]·MeC(O)NH2 (1.857(3) Å),1 suggesting that the hydrogen 

bonding interaction in its structure does not substantially disrupt the Ce=O bond. For further 

comparison, the Ce-N distances in 2.2 (2.353(8)-2.397(8) Å) are slightly longer than those 

reported for other Ce(IV) amides. For example, the Ce-N distances in Ce(NCy2)4 range from 

2.238(5) to 2.247(6) Å, while those of [Ce(X)(NR2)3] (X = Cl, Br) are 2.217(3) and 2.219(7) 

Å, respectively.16, 23-24 This lengthening may be a consequence of the strongly donating nature 
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of the oxo ligand, along with the complex’s overall negative charge. In line with this 

observation, [Li(12-crown-4)][(NN′3)Ce(O)] also features longer than expected Ce-N 

distances.2 

 

Figure 2.4. ORTEP diagram of 2.2 shown with 50% probability ellipsoids. Hydrogen atoms 

are omitted for clarity. Selected bond distances (Å) and angles (°): Ce1-O1 = 1.840(7), Ce1-

N1 = 2.397(8), Ce1-N2 = 2.353(8), Ce1-N3 = 2.383(8), N2-Ce1-N1 = 116.4(3), N3-Ce1-N1 = 

113.4(3), N2-Ce1-N3 = 116.8(3), O1-Ce1-N1 = 103.9(3), O1-Ce1-N2 = 101.7(3), O1-Ce1-N3 

= 101.5(3). 
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Complex 2.2 is soluble in toluene, Et2O, benzene, and pyridine, but decomposes in THF, 

acetonitrile, and dichloromethane (forming HN(SiMe3)2 as the only identifiable product). It 

also features moderate thermally sensitivity in 2:1 tol-d8/py-d5, according to 1H NMR 

spectroscopy. For example, a solution of 2.2 in 2:1 tol-d8/py-d5 stored at room temperature for 

4 d decomposes to a mixture of 2.3, 2.4, and LiN(SiMe3)2 (along with other unidentified 

products) with about 70% conversion, according to integration of the SiMe3 resonance of 2.2 

relative to the CHD2 resonance of tol-d8 (Figure A2.10). Under these conditions, complexes 

2.3 and 2.4 are present in an approximately 3:1 ratio. Finally, the UV-Vis spectrum of 2.2 in 

Et2O features a broad absorption at 306 (ε = 830 M-1·cm-1), which is significantly blue-shifted 

when compared to that of 2.1. This blueshift alludes to the relative photochemical stability of 

2.2 to the photolysis reaction conditions. Unfortunately, the Raman spectrum of 2.2 did not 

exhibit obvious features that could definitively be assigned to the Ce=O stretch. 

The 1H NMR spectrum of 2.2 in py-d5 features a sharp singlet at 0.69 ppm integrating to 54 

protons that is assignable to the SiMe3 environment. This spectrum also features resonances at 

2.56, 3.52, and 3.59 ppm, each integrating to 12 protons, that are assignable to the cryptand 

moiety. The chemical shift of its SiMe3 resonance is nearly identical to that assigned to this 

complex in the spectrum of the crude reaction mixture (Figure A2.8). Additionally, the 7Li{1H} 

NMR spectrum of 2.2 features a broad singlet centered at -1.00 ppm. This chemical shift is in 

the range previously reported for the Li[2,2,2-cryptand]+ ion.25-26  

Complex 2.3 crystallizes in triclinic space group P-1 (Figure 2.5), as the Et2O solvate 

2.3·Et2O. Its structure consists of a partial cubane Ce3O4 core, wherein each Ce center is ligated 

by two N(SiMe3)2 co-ligands. Additionally, the structure of 2.3 exhibits two outer-sphere 

[Li(2,2,2-cryptand)] cations, confirming the tetravalent oxidation state of each cerium atom. 



62 

The Ce-O(2-oxo) distances observed for 2.3 (2.071(7) - 2.133(7) Å) are comparable to those 

reported for the structurally related Ce(IV) oxo cluster, [{(µ-O)Ce(NR2)2}3].
4 The Ce-O(3-

oxo) distances observed in 2.3 are expectedly longer (2.289(7) - 2.310(7) Å), but are similar to 

those reported for other [Ce3(3-oxo)] clusters.27-28 I can rule out the presence of a hydroxo 

ligand in 2.3 on the basis of its structural data. In particular, the Ce-O distances of 2- or 3-

hydroxo ligands are anticipated to be substantially longer than the Ce-O distances observed for 

2.3.29-30 Finally, as in 2.2, the Ce-N distances in 2.3 (2.366(8)-2.415(9) Å) are somewhat longer 

than those typically reported for Ce(IV) amides.16, 23-24 Unfortunately, multiple attempts to 

isolate pure samples of 2.3 in bulk have been unsuccessful, which prevented its complete 

characterization.  

 

Figure 2.5. ORTEP diagram of 2.3 shown with 50% probability ellipsoids. Hydrogen atoms, 

diethyl ether solvate and two [Li(2,2,2-crpytand)] counter-ions are omitted for clarity. Selected 



63 

bond distances (Å) and angles (°): Ce1-O1 = 2.294(7), Ce1-O2 = 2.078(7), Ce1-O4 = 2.133(7), 

Ce2-O1 = 2.310(7), Ce2-O3 = 2.109(7), Ce2-O4 = 2.071(7), Ce3-O1 = 2.289(7), Ce3-O2 = 

2.130(7), Ce3-O3 = 2.100(7), Ce1-N1 = 2.391(8), Ce1-N2 = 2.366(8), Ce2-N5 = 2.389(8), 

Ce2-N6 = 2.380(9), Ce3-N3 = 2.386(9), Ce3-N4 = 2.415(9), Ce3-O1-Ce1 = 99.8(3), Ce3-O1-

Ce2 = 99.6(3), Ce1-O1-Ce2 = 99.5(3). 

Complex 2.4 crystallizes in the monoclinic space group P21/n and its solid-state molecular 

structure is shown in Figure 2.6. The structure of 2.4 consists of a pseudo-tetrahedral Ce(III) 

center ligated by one silyloxide and three silylamide co-ligands, along with an outer-sphere 

[Li(2,2,2-cryptand)]+ moiety. The Ce-O bond length in 2.4 (2.214(3) Å) is significantly longer 

than that found in 2.2 (1.840(7) Å), further supporting the presence of Ce=O multiple bond 

character in 2.2. However, this distance is similar to the average Ce-OSiPh3 distance in 

Ce(OSiPh3)3(THF)3 (2.22 Å).31 Additionally, complex 2.4 exhibits an average Ce-N distance 

(2.41 Å) that is comparable to that observed for 2.1 (2.38 Å), consistent with its anticipated 

Ce(III) oxidation state. Finally, the Ce-O-Si bond angle (178.9(2)) in 2.4 indicates some extent 

of π bonding within this unit, and is similar to that observed for Ce(OSiPh3)3(THF)3 (av. 

174)31 and [(NN′3)Ce(OSiMe2
tBu)] (167.2(2)).2    
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Figure 2.6. ORTEP diagram of 2.4 shown with 50% probability ellipsoids. Hydrogen atoms 

and [Li(2,2,2-cryptand)] counterion are omitted for clarity. Selected bond distances (Å) and 

angles (°): Ce1-O1 = 2.214(3), Ce1-N3 = 2.430(4), Ce1-N4 = 2.396(4), Ce1-N5 = 2.413(4), 

O1-Si1 = 1.607(4), N4-Ce1-N3 = 109.97(13), N4-Ce1-N5 = 117.68(14), N5-Ce1-N3 = 

117.42(13), Si1-O1-Ce1 = 178.9(2). 

Gratifyingly, the formulation of 2.4 was further confirmed by its independent synthesis and 

full characterization. Complex 2.4 can be prepared separately via reaction of [Ce(NR2)3] with 

LiOSiMe3 in THF, in the presence of 2,2,2-cryptand (eq 2.2). Synthesized via this route, 2.4 

can be isolated as a white solid in 47% yield after work-up.  
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The 1H NMR spectrum of 2.4 in py-d5 features two broad singlets at -0.37 and -0.59 ppm, 

integrating to 9 and 54 protons, respectively. These resonances are assignable to the OSiMe3 

and N(SiMe3)2 methyl environments, respectively. Importantly, these resonances are nearly 

identical to those assigned to this complex in the spectrum of crude reaction mixture (Figure 

A2.8).  Also observed in the 1H NMR spectrum of 2.4 are resonances at 2.56, 3.52 and 3.60 

ppm, each integrating to 12 protons, which are assignable to the cryptand moiety. Finally, its 

7Li{1H} NMR spectrum consists of a single resonance at -0.97 ppm.   

2.2.4 Mechanistic Considerations for the Formation of 2.2, 2.3 and 2.4 

To explain the mechanism of formation of 2.2, 2.3, and 2.4, I propose that photolysis of 

2.1 first generates 2.2 and NO2, via homolytic cleavage of the N-O bond in its nitrate co-ligand 

(Scheme 2.3). However, 2.2 is thermally unstable and decomposes via (1) ligand scrambling 

and oligomerization to form 2.3; and, (2) abstraction of a trimethylsilyl cation to form a 

transient Ce(IV) silyloxide, [CeIV(OSiMe3)(NR2)3], followed by 1e- reduction to form 2.4. 

Alternatively, this ligand cannibalization pathway could proceed via direct ·SiMe3 abstraction 

by 2.2 to form 2.4. To support these hypotheses, I note that complex 2.2 is thermally unstable 

in 2:1 tol-d8/py-d5, and slowly decomposes to form a mixture of 2.3 and 2.4 in a 3:1 relative 

ratio (Figure A2.10). This ratio is essentially identical to that observed for the two species in 
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the in situ 1H NMR spectrum of photolysis (Figure A2.8), suggesting that their formation is 

likely a direct result of thermal decomposition of 2.2. Additionally, there is a minor resonance 

at 0.53 ppm in the 1H NMR spectrum of the photolysis reaction mixture (Figure A2.8) that is 

assignable to LiN(SiMe3)2 − a compound also formed during thermal decomposition of 2.2 

(Figure A2.10). Its presence is consistent with the proposed conversion of 2.2 to 2.3 via ligand 

scrambling and loss of LiN(SiMe3)2. Finally, Hayton and co-workers have previously 

demonstrated that the Ce(IV) silyloxide, [(NN′3)Ce(OSitBuMe2)], was formed as a minor by-

product during the conversion of [Li(12-crown-4)][(NN′3)Ce(κ2-O2NO)] to the Ce(IV) oxo, 

[Li(12-crown-4)][(NN′3)Ce(O)],2 presumably via a similar adventitious [SiR3]
+ abstraction.  
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Scheme 2.3. Proposed mechanism for formation of complexes 2.2, 2.3, and 2.4. 

 

2.2.5 Electrochemistry of 2.4 

To determine which ligand cannibalization pathway is operative for the formation of 2.4, I 

investigated its electrochemistry by cyclic voltammetry. The cyclic voltammogram of 2.4 in 

THF features a redox feature centered at -0.53 V at 200 mV/s (vs Fc/Fc+, Figure 2.7) assignable 

to the Ce(III/IV) couple. The large difference between the potentials of the anodic and cathodic 

peaks of this feature (0.72 V at 200 mV/s) is suggestive of an ECE-type mechanism. Notably, 

the potential of this feature is comparable to those previously reported for cerium complexes 
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with similar ligand frameworks, including [Ce(F)(NR2)3] (-0.56 V), [Ce(Cl)(NR2)3] (-0.30 V) 

and [Ce(Br)(NR2)3] (-0.31 V),32-34. However, its electrochemical irreversibility suggests that 

the proposed [CeIV(OSiMe3)(NR2)3] intermediate is rather unstable. Therefore, complex 2.4 

may not be formed via a straightforward 1e- reduction of a [CeIV(OSiMe3)(NR2)3] intermediate. 

Instead, the cyclic voltammetry data may be evidence for a concerted ·SiMe3 abstraction by 

2.2 to form 2.4. A similar ·SiMe3 abstraction by the uranyl fragment has been reported by 

Arnold and co-workers.35-37 

 

Figure 2.7. Cyclic voltammogram of complex 2.4 (200 mV/s scan rate, vs. Fc/Fc+). Measured 

in THF with 0.1 M [NBu4][PF6] as the supporting electrolyte. 

2.3 Summary  

In summary, I report the synthesis of the first lanthanide oxo complex where the oxo ligand 

is not supported by hydrogen bonding or alkali metal coordination, namely, [Li(2,2,2-
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cryptand)][Ce(O)(NR2)3] (2.2). This complex was generated by photochemical cleavage of a 

nitrate co-ligand in the Ce(III) nitrate precursor [Li(2,2,2-cryptand)][Ce(κ2-O2NO)(NR2)3] 

(2.1). Notably, use of the 2,2,2-cryptand reagent was paramount to generate a non-bridging 

Ce=O linkage by full encapsulation of the Li counterion in 2.2. Also formed in the photolysis 

reaction are the Ce(IV) oxo cluster, [Li(2,2,2-cryptand)]2[(µ3-O){Ce(µ-O)(NR2)2}3] (2.3), and 

the Ce(III) silyloxide complex, [Li(2,2,2-cryptand)][Ce(OSiMe3)(NR2)3] (2.4), which I believe 

to be products of thermal decomposition of 2.2 after its initial generation in the reaction 

mixture. Overall, this work further highlights the utility of [NO3]
- reduction for the generation 

of lanthanide oxo complexes. Additionally, I have shown that cerium oxo formation via this 

method can proceed via both thermal and photochemical routes. Future work will involve 

attempts to synthesize a Ln(III) oxo complex via 1e- O-atom transfer from [NO3]
-. This is 

anticipated to be a greater challenge because the lower Ln oxidation state results in reduced 

Ln-O bond covalency.38 

2.4 Experimental  

2.4.1 General Procedures. All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions in the glovebox or on the Schlenk line, under an 

atmosphere of dinitrogen. Hexanes, diethyl ether (Et2O), and tetrahydrofuran (THF) were dried 

by passage over activated molecular sieves using a Vacuum Atmospheres solvent purification 

system. Isooctane was dried over activated 3Å molecular sieves for 24 h, degassed by bubbling 

dry N2 into the solvent for 30 min, cannula transferred into a new vessel, and again dried over 

3Å molecular sieves for 24 h prior to use.  Pyridine-d5 and toluene-d8 were dried over activated 

3 Å molecular sieves for 24 h prior to use. Ce(NO3)3(THF)4 was prepared by the reported 

literature procedure.39 Lumcrissy 12V flexible LED Lightstrips, emitting at 380 nm, were used 
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for photolyses. All other reagents were purchased from commercial suppliers and used as 

received.  

1H, 13C{1H}, and 7Li{1H} NMR spectra were recorded on an Agilent Technologies 400 

MHz 400-MR DD2 or Varian UNITY INOVA 500 spectrometer. 1H and 13C{1H} NMR 

spectra were referenced to external SiMe4 using residual protio solvent resonances as internal 

standards. 7Li{1H} NMR spectra were referenced indirectly to the 1H chemical shift of SiMe4 

at 0 ppm, according to IUPAC standard.40-41 IR spectra were recorded on a Nicolet 6700 FT-

IR spectrometer. Electronic absorption spectra were recorded on a Shimadzu UV3600 UV-

NIR Spectrometer. Elemental analyses were performed by the Microanalytical Laboratory at 

University of California (Berkeley, CA).  

Raman Spectroscopy. Raman spectra were recorded on a LabRam Aramis microRaman 

system (Horiba Jobin Yvon) equipped with 1200 grooves/mm holographic gratings and a 

Peltier-cooled CCD camera. The 633 nm output of a Melles Griot He-Ne laser was used to 

excite the sample, and spectra were collected in a back scattering geometry using a confocal 

Raman Microscope (high stability BX40) equipped with Olympus objectives (MPlan 50x). 

Sample preparation was performed inside the glovebox: Pure crystalline solid samples were 

placed between a glass microscope slide and coverslip, sealed with a bead of silicone grease, 

and removed from the glovebox for spectral acquisition. 

Cyclic Voltammetry Measurements. CV experiments were performed with a CH 

Instruments 600c Potentiostat, and the data were processed using CHI software (version 6.29). 

All experiments were performed in a glove box using a 20 mL glass vial as the cell. The 

working electrode consisted of a platinum disk embedded in glass (2 mm diameter), the counter 
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electrode and the reference electrode were both platinum wires. Solutions employed for CV 

studies were typically 1 mM in analyte, and 0.1 M in [NBu4][PF6]. All potentials are reported 

versus the [Cp2Fe]0/+ couple. 

2.4.2 Synthesis of LiOSiMe3: To a stirring, colorless solution of LiN(SiMe3)2 (453.0 mg, 

2.707 mmol) in hexanes (3 mL) was added dropwise a solution of HOSiMe3 (0.30 mL, 240 

mg, 2.7 mmol) in hexanes (1 mL). The resulting colorless reaction mixture was stirred for 30 

min at room temperature. Subsequent concentration of this solution to ca. 1 mL and storage at 

-25 °C for 24 h resulted in deposition of white crystals of LiOSiMe3, which were isolated by 

decanting off the supernatant (172.5 mg, 66% yield). 1H NMR (C6D6, 25 °C, 400 MHz): δ 0.19 

(s, SiCH3). 
7Li{1H} NMR (C6D6, 25 °C, 155 MHz): δ 0.65 (s). The 1H NMR spectrum of this 

material is in good agreement with the previously reported spectrum for this compound.42 

2.4.3 Synthesis of Ce(N(SiMe3)2)3: The synthesis of Ce(N(SiMe3)2)3 was modified from a 

literature procedure.43  To a stirring, colorless solution of Ce(NO3)3(THF)4 (428.2 mg, 0.696 

mmol) in THF (4 mL) was added a pale yellow solution of LiN(SiMe3)2 (350.1 mg, 2.092 

mmol) in hexanes (3 mL). Upon addition, the solution immediately turned yellow.  The 

reaction mixture was stirred for 5 h at room temperature, which resulted in the deposition of a 

very fine white precipitate. The volatiles were then removed in vacuo, and the resulting solid 

was triturated with hexanes (1 mL) to yield a yellow powder. The solid was then extracted into 

hexanes (5 mL) and filtered through a Celite column supported on glass wool (0.5 cm × 2 cm). 

The pale orange filtrate was concentrated to ca. 2 mL, and subsequent storage of this solution 

at -25 °C for 24 h resulted in the deposition of a mixture of yellow needles and yellow-orange 

powder.  The crude product was collected by decanting off the supernatant.  The solid was 

redissolved in hexanes (4 mL), and the resulting solution was filtered through a Celite column 
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supported on glass wool (0.5 cm × 2 cm). The volume of the filtrate was then reduced to ca. 3 

mL and the solution was stored at -25 °C for 24 h, resulting in deposition of bright yellow 

needles (110.7 mg). A second crop of crystals was obtained by further concentration of the 

supernatant, followed by storage of the concentrated solution at -25 °C for 24 h (Total: 182.4 

mg, 42 % yield). 1H NMR (C6D6, 25 °C, 400 MHz): δ -3.43 (br s, CH3).  The 1H NMR spectrum 

of this material is in good agreement with the previously reported spectrum for this complex.9 

2.4.4 Synthesis of [Li(2,2,2-cryptand)][Ce(κ2-O2NO)(NR2)3] (2.1): To an orange solution of 

Ce(N(SiMe3)2)3 (177.1 mg, 0.286 mmol) in THF (1 mL) was added LiNO3 (20.0 mg, 0.289 

mmol).  This resulted in immediate formation of a yellow-orange solution. After stirring for 

20 min, a colorless solution of 2,2,2-cryptand (102.0 mg, 0.270 mmol, 0.95 eq) in THF (1 mL) 

was added dropwise, which resulted in an immediate color change to yellow. The solution was 

stirred for a further 20 min. The volatiles were then removed in vacuo, which yielded a yellow 

oil.  The oil was triturated with hexanes (1 mL) and the resulting yellow solid was then 

extracted into Et2O (2 mL) and filtered through a Celite column supported on glass wool (0.5 

cm × 2 cm). The filtrate was then concentrated to ca. 1 mL and layered with hexanes (1 mL). 

Storage of this solution at -25 °C for 24 h resulted in deposition of a mixture of yellow crystals 

and white powder.  The crude solid was collected by decanting off the solvent and was then 

redissolved in Et2O (2 mL). The resulting yellow solution was filtered through a Celite column 

supported on glass wool (0.5 cm × 2 cm). The yellow filtrate was then concentrated to ca. 1 

mL and layered with hexanes (1 mL). Storage of this solution at -25 °C for 24 h resulted in 

deposition of yellow plates, which were isolated by decanting off the supernatant (110.5 mg, 

38 % yield). Anal. Calcd for C36H90CeLiN6O9Si6: C, 40.53; H, 8.50; N, 7.88. Found: C, 40.37; 

H, 8.73; N, 8.00. 1H NMR (py-d5, 25 °C, 400 MHz): δ -1.32 (br s, 54H, NSiCH3), 2.48 (s, 12H, 



73 

NCH2), 3.45 (s, 12H, OCH2CH2N), 3.51 (s, 12H, OCH2CH2O).  7Li{1H} NMR (py-d5, 25 °C, 

155 MHz): δ -1.08 (s). UV-Vis/NIR (Et2O, 0.95 mM, 25 °C, L·mol-1·cm-1): 336 (ε = 140), 380 

(ε = 200). IR (KBr pellet, cm-1): 2951 (s), 2889 (s), 2819 (m), 1919 (vw), 1637 (w), 1491 (s), 

1446 (s), 1385 (m), 1356 (s), 1286 (s), 1242 (vs), 1184 (m), 1130 (m), 1093 (vs), 1009 (m), 

985 (vs), 931 (s), 866 (s), 829 (vs), 769 (s), 754 (m), 685 (w), 665 (s), 598 (s), 563 (vw), 515 

(vw). Raman (neat solid, cm-1): 1479 (m), 1441 (m), 1406 (m), 1294 (m), 1259 (m), 1168 (vw), 

1132 (m), 1096 (w), 1072 (m), 1043 (s), 917 (br m), 855 (m), 825 (w), 742 (w), 678 (m), 571 

(vs), 562 (s), 440 (br w), 347 (w). 

2.4.5 Small Scale Synthesis of [Li(2,2,2-cryptand)][Ce(O)(NR2)3] (2.2): Yellow crystals of 

2.1 (40.0 mg, 0.037 mmol) were dissolved in a 2:1 mixture of tol-d8 and py-d5 (1 mL total 

volume) resulting in formation of a clear yellow solution. This solution was transferred to an 

NMR tube equipped with a J-Young valve, brought out of the glovebox, cooled to -5 °C in a 

salt water/dry ice bath, and photolysed for 6 h using a flexible LED lightstrip that emitted at 

380 nm. The temperature of the bath was kept at ca. -5 °C by periodically adding small pieces 

of dry ice. The color of the solution gradually changed from yellow to yellow-orange over the 

course of the photolysis. A 1H NMR spectrum was then recorded.  Integration of the SiMe3 

resonance assigned to complex 2.1, relative to the NCH2 resonance of the 2,2,2-cryptand 

moiety, revealed approximately 80 % consumption of 2.1. 1H NMR (2:1 tol-d8/py-d5, 25 °C, 

400 MHz): δ -1.18 (br s, 54H, NSiCH3, complex 2.1), -0.43 (s, 54H, NSiCH3, complex 2.4), -

0.21 (s, 9H, OSiCH3, complex 2.4), 0.28 (br s, 108H, NSiCH3, complex 2.3), 0.80 (s, 54H, 

NSiCH3, complex 2.2), 2.28 (t, 12H, JHH = 4 Hz, NCH2), 3.23 (t, 12H, JHH = 4 Hz, 

OCH2CH2N), 3.28 (s, 12H, OCH2CH2O). The sample was then returned to glovebox and the 

volatiles were removed in vacuo. The resulting oil was triturated with Et2O (2 × 1 mL) to yield 
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an orange-brown solid. The solid was then extracted into Et2O (2 mL) and filtered through a 

Celite column supported on glass wool (0.5 cm × 2 cm), resulting in generation of a yellow 

filtrate and leaving a plug of orange-brown solid on the Celite. The filtrate was transferred to 

a 4 mL scintillation vial, which was then placed inside a 20 mL scintillation vial.  Isooctane (1 

mL) was added to the outer vial. Storage of the two-vial system at -25 °C for 72 h resulted in 

the deposition of yellow plates, which were isolated by decanting off the supernatant (12.6 mg, 

33 % yield). In one instance, storage of the two-vial system at -25 °C for 5 d resulted in 

deposition of 2.2, along with the deposition of small amounts of pale-yellow plates and 

colorless plates, which were subsequently identified as 2.3 and 2.4, respectively, by X-ray 

crystallography. Anal. Calcd for C36H90CeLiN5O7Si6: C, 42.36; H, 8.89; N, 6.86. Found: C, 

42.12; H, 8.77; N, 6.86. 1H NMR (py-d5, 25 °C, 500 MHz): δ 0.69 (s, 54H, NSiCH3), 2.56 (t, 

12H, JHH = 6 Hz, NCH2), 3.52 (t, 12H, JHH = 5 Hz, OCH2CH2N), 3.59 (s, 12H, OCH2CH2O). 

13C NMR (py-d5, 25 °C, 125 MHz): δ 6.39 (SiCH3), 54.4 (NCH2), 69.3 (overlapping signals 

for OCH2CH2N and OCH2CH2O). 7Li{1H} NMR (py-d5, 25 °C, 155 MHz): δ -1.00 (s).  UV-

Vis/NIR (Et2O, 0.79 mM, 25 °C, L·mol-1·cm-1): 306 (ε = 830). IR (KBr pellet, cm-1): 2943 

(vs), 2885 (vs), 2821 (s), 2112 (vw), 1900 (vw), 1594 (vw), 1456 (m), 1358 (s), 1300 (m), 1238 

(vs), 1157 (w), 1130 (s), 1095 (vs), 995 (vs), 933 (s), 866 (vs), 825 (vs), 768 (s), 752 (s), 685 

(s), 663 (s), 594 (s), 561 (vw). Raman (neat solid, cm-1): 1479 (s), 1464 (s), 1445 (s), 1372 (w), 

1294 (m), 1266 (m), 1176 (w), 1108 (s), 1068 (w), 1039 (m), 983 (vw), 917 (m), 888 (w), 830 

(m), 737 (s), 418 (br vs), 312 (vw). 

2.4.6 Larger Scale Synthesis of [Li(2,2,2-cryptand)][Ce(O)(NR2)3] (2.2): Yellow crystals 

of 2.1 (264.6 mg, 0.248 mmol) were dissolved in a 2:1 mixture of tol-d8 and py-d5 (5 mL total 

volume) resulting in formation of a clear yellow solution. This solution was then divided into 
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five portions and each portion was transferred to an NMR tube equipped with a J-Young valve.  

The samples were brought out of the glovebox, cooled to -5 °C in a salt water/dry ice bath, and 

photolysed for 7 h using a flexible LED lightstrip that emitted at 380 nm. The temperature of 

the bath was kept at ca. -5 °C by periodically adding small pieces of dry ice. The color of the 

solution gradually changed from yellow to yellow-orange over the course of the photolysis.  A 

1H NMR spectrum of one of these samples was then recorded.  Integration of the SiMe3 

resonance assigned to complex 2.1, relative to the NCH2 resonance of the 2,2,2-cryptand 

moiety, reveals approximately 77 % consumption of 2.1.1H NMR (2:1 tol-d8/py-d5, 25 °C, 400 

MHz): δ -1.12 (br s, 54H, NSiCH3, complex 2.1), -0.42 (s, 54H, NSiCH3, complex 2.4), -0.12 

(s, 9H, OSiCH3, complex 2.4), 0.29 (br s, 108H, NSiCH3, complex 2.3), 0.81 (s, 54H, NSiCH3, 

complex 2.2), 2.37 (t, 12H, JHH = 4 Hz, NCH2), 3.32 (t, 12H, JHH = 4 Hz, OCH2CH2N), 3.38 

(s, 12H, OCH2CH2O).  The five tubes were returned to the glovebox and combined into a single 

20 mL scintillation vial. The volatiles were then removed under reduced pressure and the 

resulting oil was triturated with Et2O (2 × 1 mL) to yield an orange-brown solid. The solid was 

extracted into Et2O (4 mL) and filtered through a Celite column supported on glass wool (0.5 

cm × 2 cm), resulting in generation of a yellow filtrate and leaving a plug of orange-brown 

solid on the Celite. The filtrate was concentrated to ca. 2 mL and transferred to a 4 mL 

scintillation vial, which was then placed inside a 20 mL scintillation vial.  Isooctane (1 mL) 

was added to the outer vial. Storage of the two-vial system at -25 °C for 72 h resulted in the 

deposition of yellow plates, which were isolated by decanting off the supernatant (45.5 mg, 18 
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% yield).  This material was identical to that prepared via the small scale synthesis (described 

above), according to 1H NMR spectroscopy. 

2.4.7 Synthesis of [Li(2,2,2-cryptand)][Ce(OSiMe3)(NR2)3] (2.4): To a stirring, orange 

solution of Ce(N(SiMe3)2)3 (100.1 mg, 0.161 mmol) in THF (3 mL) was added LiOSiMe3 (15.0 

mg, 0.156 mmol) as a solid, which resulted in an immediate color change to pale yellow.  After 

stirring for 45 min, 2,2,2-cryptand (56.2 mg, 0.149 mmol) was added to the pale yellow 

solution. The solution was then stirred for a further 15 min. The volatiles were removed in 

vacuo and the resulting white solid was triturated with hexanes (2 × 2 mL). The solid was then 

extracted into Et2O (3 mL) and filtered through a Celite column supported on glass wool (0.5 

cm × 2 cm). The resulting pale yellow filtrate was concentrated to ca. 2 mL and layered with 

hexanes (1 mL). Storage of this solution at -25 °C for 24 h resulted in deposition of colorless 

crystals, which were isolated by decanting off the supernatant (76.8 mg, 47 % yield). Anal. 

Calcd for C39H99CeLiN5O7Si7: C, 42.82; H, 9.12; N, 6.40. Found: C, 42.69; H, 9.09; N, 6.44. 

1H NMR (py-d5, 25 °C, 400 MHz): δ -0.59 (br s, 54H, NSiCH3), -0.37 (s, 9H, OSiCH3), 2.56 

(s, 12H, NCH2), 3.52 (s, 12H, OCH2CH2N), 3.60 (s, 12H, OCH2CH2O). 7Li{1H} NMR (py-d5, 

25 °C, 155 MHz): δ -0.97 (s).  UV-Vis/NIR (Et2O, 0.68 mM, 25 °C, L·mol-1·cm-1): 276 (ε = 

780), 330 (ε = 630), 347 (ε = 740). IR (KBr pellet, cm-1): 2945 (s), 2889 (s), 2845 (m), 1917 

(vw), 1618 (w), 1471 (w), 1456 (m), 1377 (w), 1358 (m), 1304 (m), 1238 (vs), 1182 (w), 1117 

(w), 1097 (s), 1003 (vs), 964 (vs), 933 (m), 870 (s), 830 (vs), 768 (m), 750 (m), 687 (w), 663 

(m), 609 (w), 592 (m), 517 (vw). Raman (neat solid, cm-1): 1481 (m), 1450 (m), 1408 (w), 
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1378 (vw), 1292 (w), 1265 (w), 1174 (vw), 1110 (m), 1070 (w), 1038 (w), 981 (vw), 915 (w), 

887 (w), 833 (m), 741 (m), 673 (m), 622 (m), 566 (vs), 418 (br m) 347 (br m). 

2.4.8 X-ray Crystallography. Data for 2.1 – 2.4 were collected on a Bruker KAPPA APEX 

II diffractometer equipped with an APEX II CCD detector using a TRIUMPH monochromater 

with a Mo Kα X-ray source (α = 0.71073 Å). The crystals of 2.1 – 2.4 were mounted on a 

cryoloop under Paratone-N oil, and all data were collected at 100(2) K using an Oxford 

nitrogen gas cryostream system. X-ray data for 2.1, 2.2, 2.3 and 2.4 were collected utilizing 

frame exposures of 5, 60, 10 and 5 seconds, respectively. Data collection and cell parameter 

determination were conducted using the SMART program.44 Integration of the data frames and 

final cell parameter refinement were performed using SAINT software.45 Absorption 

corrections of the data were carried out using the multi-scan method SADABS.46 Subsequent 

calculations were carried out using SHELXTL.47 Structure determination was done using 

direct or Patterson methods and difference Fourier techniques. All hydrogen atom positions 

were idealized, and rode on the atom of attachment. Structure solution, refinement, graphics, 

and creation of publication materials were performed using SHELXTL.47 Complexes 2.1 – 2.4 

have been deposited in the Cambridge Structural Database (2.1: CCDC 1569781; 2.2: CCDC 

1569782; 2.3: CCDC 1569783; 2.4: CCDC 1569784). 

One 2,2,2-cryptand moiety in complex 2.3 exhibited positional disorder.  Disordered carbon 

atoms were modelled over two positions with 50% occupancy. Hydrogen atoms were not 

assigned to disordered carbon atoms and disordered carbon atoms were refined isotropically.  
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Table 2.1. Crystallographic details for complexes 2.1 and 2.2. 

 2.1 2.2 

Formula C36H90CeLiN6O9Si6 C36H90CeLiN5O7Si6 

Crystal Habit, Color Plate, Yellow Plate, Yellow 

Crystal Size (mm) 0.30 × 0.25 × 0.10 0.10 × 0.10 × 0.05 

MW (g/mol) 1066.73 1020.72 

crystal system Monoclinic Monoclinic 

space group P21/c P21/c 

a (Å) 11.3890(6) 16.2803(14) 

b (Å) 34.790(2) 15.8306(16) 

c (Å) 14.0047(8) 22.128(2) 

α (°) 90 90.00 

β (°) 92.144(3) 109.570(5) 

γ (°) 90 90.00 

V (Å3) 5545.0(5) 5373.7(9) 

Z 4 4 

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

λ (Å) 0.71073 0.71073 

GOF 1.107 0.981 

Density (calcd) (Mg/m3) 1.278 1.262 

Absorption coefficient (mm-1) 0.999 1.024 

F000 2260 2168 

Total no Reflections 30623 20203 

Unique Reflections 11256 8631 

Final R indices* R1 = 0.0391 

wR2
 = 0.0768 

R1 = 0.0780 

wR2
 = 0.1493 

Largest Diff. peak and hole  

(e- A-3) 

1.383, -0.730 2.609, -0.922 

* For [I > 2(I)] 
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Table 2.2. Crystallographic details for complexes 2.3 and 2.4. 

 2.3·Et2O 2.4 

Formula C76H172Ce3Li2N10O17Si12 C39H99CeLiN5O7Si7 

Crystal Habit, Color Plate, Yellow Plate, Colorless 

Crystal Size (mm) 0.20 × 0.10 × 0.05 0.15 × 0.15 × 0.05 

MW (g/mol) 2269.55 1093.92 

crystal system Triclinic Monoclinic 

space group P-1 P21/n 

a (Å) 15.060(2) 19.3389(7) 

b (Å) 15.339(3) 15.0467(5) 

c (Å) 25.158(4) 21.7679(8) 

α (°) 89.555(5) 90.00 

β (°) 89.167(5) 107.901(2) 

γ (°) 84.713(5) 90.00 

V (Å3) 5786.2(16) 6027.5(4) 

Z 2 4 

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

λ (Å) 0.71073 0.71073 

GOF 0.983 1.076 

Density (calcd) (Mg/m3) 1.303 1.205 

Absorption coefficient (mm-1) 1.340 0.936 

F000 2364 2332 

Total no Reflections 41741 33086 

Unique Reflections 19719 10257 

Final R indices* R1 = 0.0733 

wR2 = 0.1434 

R1 = 0.0469 

wR2
 = 0.1176 

Largest Diff. peak and hole  

(e- A-3) 

1.887, -1.029 1.199, -0.607 

* For [I > 2(I)] 
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2.5 Appendix 

2.5.1 NMR Spectra 

 

Figure A2.1. 1H NMR spectrum of [Li(2,2,2-cryptand)][Ce(κ2-O2NO)(NR2)3] (2.1) in py-d5.  
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Figure A2.2. 7Li{1H} NMR spectrum of [Li(2,2,2-cryptand)][Ce(κ2-O2NO)(NR2)3] (2.1) in 

py-d5. 
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Figure A2.3. 1H NMR spectrum of [Li(2,2,2-cryptand)][Ce(O)(NR2)3] (2.2) in py-d5. 
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Figure A2.4. 13C{1H} NMR spectrum of [Li(2,2,2-cryptand)][Ce(O)(NR2)3] (2.2) in py-d5. 
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Figure A2.5. 7Li{1H} NMR spectrum of [Li(2,2,2-cryptand)][Ce(O)(NR2)3] (2.2) in py-d5. 
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Figure A2.6. 1H NMR spectrum of [Li(2,2,2-cryptand)][Ce(OSiMe3)(NR2)3] (2.4) in py-d5. 

  



86 

 

Figure A2.7. 7Li{1H} NMR spectrum of [Li(2,2,2-cryptand)][Ce(OSiMe3)(NR2)3] (2.4) in py-

d5. 
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Figure A2.8. 1H NMR spectrum of the photolysis of 2.1 after 6 h in 2:1 tol-d8/py-d5. Integration 

of the SiMe3 resonance assigned to complex 2.1, relative to the NCH2 resonance of the 2,2,2-

cryptand moiety, reveals approximately 80 % consumption of 2.1. * indicates the presence of 

2.1. ^ indicates the presence of 2.2. $ indicates the presence of 2.3. # indicates the presence of 

2.4. > indicates the presence of LiN(SiMe3)2. @ indicates a resonance tentatively assigned to 

HN(SiMe3)2. + indicates the presence of unidentified products.  
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Figure A2.9. 1H NMR spectrum of 2.1 in py-d5 after standing at room temperature for 24 h. 

Experimental details:  Yellow crystals of 2.1 (13.5 mg, 0.013 mmol) were dissolved in py-d5 

(0.75 mL), and the resulting yellow solution was transferred to an NMR tube equipped with a 

J-Young valve, and stored at room temperature in the absence of light for 24 h. Integration of 

the SiMe3 resonance assigned to complex 2.1, relative to the NCH2 resonance of 2,2,2-cryptand 

moiety, suggests that approximately 80% of complex 2.1 remains unreacted. * indicates the 

presence of 2.1. ^ indicates the presence of 2.2. $ indicates the presence of 2.3. # indicates the 

presence of 2.4. + indicates presence of unidentified products. 
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Figure A2.10. 1H NMR spectrum of 2.2 in 2:1 tol-d8/py-d5 after standing at room temperature 

for 4d. Experimental Details:  Yellow crystals of 2.2 (7.0 mg, 0.007 mmol) were dissolved 

in 2:1 tol-d8/py-d5 (total volume: 0.75 mL) and the resulting yellow solution was transferred to 

an NMR tube equipped with a J-Young valve and stored at room temperature in the absence 

of light for 4 d. Integration of the SiMe3 resonance assigned to complex 2.2, relative to the 

CHD2 resonance of tol-d8, reveals approximately 70% consumption of complex 2.2. ̂  indicates 

the presence of 2.2. $ indicates the presence of 2.3. # indicates the presence of 2.4. > indicates 

the presence of LiN(SiMe3)2. + indicates presence of unidentified products. 
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Figure A2.11. 7Li{1H} NMR spectrum of 2.2 in 2:1 tol-d8/py-d5 after standing at room 

temperature for 4d. > indicates the presence of LiN(SiMe3)2. % indicates overlapping 

resonances assignable to complexes 2.2, 2.3 and 2.4.  Experimental Details:  See Figure 

A2.10 caption. 
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2.5.2 UV-Vis Spectra 

 

Figure A2.12. UV-Vis spectrum of 2.2 in Et2O (0.79 mM). 
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Figure A2.13. UV-Vis spectrum of 2.4 in Et2O (0.68 mM). 
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2.5.3 Cyclic Voltammetry 

 

Figure A2.14. Partial cyclic voltammogram of the Ce(III)/Ce(IV) redox feature of complex 

2.4 measured in THF with 0.1 M [NBu4][PF6] as the supporting electrolyte (vs. Fc/Fc+). 
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Table A2.1.  Electrochemical parameters for [Li(2,2,2-cryptand)][Ce(OSiMe3)(NR2)3] (2.4) in 

THF (vs. Fc/Fc+, [NBu4][PF6] as the supporting electrolyte). 

Oxidation 

Feature 

Scan Rate, V/s Ep,a, V Ep,c, V E1/2, V ΔEp, V ip,a/ip,c 

 0.010 -0.412 -0.726 -0.57 0.314 2.5 

 0.025 -0.318 -0.769 -0.54 0.451 3.7 

 0.050 -0.276 -0.824 -0.55 0.548 4.2 

 0.100 -0.225 -0.860 -0.54 0.635 4.4 

 0.200 -0.166 -0.883 -0.53 0.717 3.9 

 0.300 -0.125 -0.914 -0.52 0.789 3.4 

 0.500 -0.083 -0.944 -0.51 0.861 3.3 

 1.000 -0.011 -0.995 -0.50 0.984 4.2 

 

  



95 

2.5.4 IR Spectra 

 

Figure A2.15. IR spectrum of 2.1 as a KBr pellet. 
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Figure A2.16. IR spectrum of 2.2 as a KBr pellet. 
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Figure A2.17. IR spectrum of 2.4 as a KBr pellet. 
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2.5.5 Raman Spectra 

 

Figure A2.18. Partial Raman spectrum of 2.1. 
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Figure A2.19. Partial Raman spectrum of 2.2. 
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Figure A2.20. Partial Raman spectrum of 2.4. 
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3.1 Introduction  

The chemistry of high-valent lanthanide ions has remained enigmatic.1-7 Indeed, cerium is 

the only lanthanide element that can easily form stable molecular +4 complexes, which has 

paved the way for extensive study of its redox properties, both in solid-state and solution.8-16  

This redox chemistry is relevant to both fundamental and applied research.17-33 For example, 

multi-configurational ground states have recently been revealed in several molecular and solid-

state Ce(IV) materials.25, 29-37 Moreover, X-ray absorption spectroscopy and density functional 

theory studies on tetravalent cerium have revealed considerable covalency and f orbital 

participation in Ce(IV)-L bonding.24-29, 38 In addition, the Ce(IV/III) redox couple has proved 

instrumental for separation of cerium from mineral ores and in the mechanism of action of 

several ceria-supported catalysts.8, 10, 23, 39, 40 Despite these successes, there still are only a 

handful of ligands that are capable of stabilizing high oxidation states in the lanthanides, 

especially in non-aqueous environments. Examples include nitroxide,9 tetraazaannulene,41 

imidophosphorane,14, 42 atrane,16 binolate,43 silyloxide,44 and methanediide.27, 45, 46  

The ketimide ligand (R2C=N-) is considered to be strongly electron donating, and thus, is 

predicted to stabilize high oxidation states in otherwise oxidizing metal centers. For instance, 

Hayton and co-workers have previously utilized this ligand to synthesize the tetravalent 

transition metal ketimides, M(N=CtBu2)4 (M = Mn, Fe, Co, V, Nb, Ta), in moderate to good 

yields.47-50 Similarly, Hoffman and co-workers have reported the synthesis of the analogous 

group VI ketimides, M(N=CtBu2)4 (M = Cr, Mo, W).51 DFT calculations and ligand field 

analyses on these complexes have found that the ketimide ligand is a strong σ- and π-donor, as 

well as a strong π-acceptor.47, 48, 51, 52 Drawing on these results, the extent to which this ligand 

can stabilize high oxidation states in the lanthanides, specifically in cerium, is explored herein. 
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While the synthesis and redox chemistry of high-valent actinide ketimides has recently been 

explored,53-55 that of the lanthanide analogues is unknown. In this work, the synthesis and 

computational and electrochemical analysis of a homoleptic cerium(IV) ketimide and its 

isostructural thorium(IV) analogue is described.  

Scheme 3.1. σ and π bonding of the ketimide ligand (Scheme adopted from Ref47).  

 

3.2 Results and Discussion 

3.2.1 Synthesis and Characterization of [Li]2[Ce(N=CtBuPh)6] (3.1) 

Reaction of [Ce(NO3)3(THF)4] with 6 equiv of Li(N=CtBuPh) in THF, followed by addition 

of 0.5 equiv of I2, results in the formation of a deep purple solution. Work-up of this solution 

results in isolation of [Li]2[Ce(N=CtBuPh)6] (3.1), as purple plates in 44% yield (Scheme 3.2). 

Intriguingly, 3.1 is also formed in small quantities during the reaction of Li(N=CtBuPh) with 

[Ce(NO3)3(THF)4], in the absence of I2, according to a 1H NMR spectrum of an aliquot of the 

reaction mixture. The oxidation to Ce(IV) under these conditions can likely be attributed to the 

redox activity of the nitrate co-ligand in the [Ce(NO3)3(THF)4] starting material, which has 

been shown to oxidize Ce(III) under certain conditions.56  
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Complex 3.1 is readily soluble in diethyl ether (Et2O), toluene, and THF, but only sparingly 

soluble in non-polar aliphatic solvents, such as hexanes. Its IR spectrum exhibits two strong 

absorptions at 1624 and 1637 cm-1 assignable to the C=N stretches of the ketimide ligand. 

Additionally, its 1H NMR spectrum in C6D6 features a sharp singlet at 1.36 ppm, integrating 

to 54 protons, which is attributable to the tert-butyl protons of the ketimide ligand. This 

spectrum also features two multiplets at 6.62 and 6.99 ppm that integrate to 12 and 18 protons, 

respectively, which are assignable to the ortho and overlapping meta/para protons of the 

ketimide phenyl rings.  The 13C{1H} NMR spectrum of 3.1 in C6D6 exhibits a resonance at 

175.08 ppm assignable to the ketimide C=N environment. This chemical shift is nearly 

identical to that observed for the C=N resonance in the octahedral U(VI) ketimide complex 

[U(N=CtBuPh)6] (180.40 ppm).55 Finally, the 7Li{1H} NMR spectrum of 3.1 in C6D6 features 

a single resonance at 0.06 ppm.  Likewise, the 7Li{1H} NMR spectrum of 3.1 in toluene-d8 

features a single resonance at -0.02 ppm (Figure A3.5). Curiously, though, the 7Li{1H} NMR 

spectrum of 3.1 in THF-d8 features broad resonances at 1.94, 1.75, and 0.65 ppm (Figure A3.7). 

The resonances at 1.94 and 1.75 ppm are assignable to free Li(N=CtBuPh) (Figure A3.16),57 

suggesting that dissociation of one equiv of Li(N=CtBuPh) from 3.1 occurs in this solvent, 

resulting in formation of [Li][Ce(N=CtBuPh)5] (3.1’). Consistent with this hypothesis, the 

7Li{1H} signals assignable to Li(N=CtBuPh) and 3.1’ are present in a 1:1 ratio. No evidence 

for the dissociation of Li(N=CtBuPh) from 3.1 is observed in C6D6 or toluene-d8, suggesting 

that the strong donor ability of THF facilitates formation of the lithium ketimide salt. Finally, 

complex 3.1 features moderate thermal stability: a solution of 3.1 in C6D6 exhibits about 20% 

decomposition after 2 d at room temperature, according to 1H NMR spectroscopy. The 
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principal decomposition product appears to be a Ce(III) complex on the basis of the 

paramagnetically-shifted resonances observed in the 1H NMR spectrum. 

 

Figure 3.1. UV-Vis spectra of 3.1 (0.089 mM) and 3.2 (0.13 mM) in toluene.  

The UV-Vis spectrum of 3.1 in toluene exhibits a strong, broad absorption at 485 nm (ε = 

5600 M-1·cm-1), which is assignable to a ligand-to-metal charge transfer (Figure 3.1, also see 

discussion below). It is quite common for Ce(IV) complexes to be deeply colored. For 

example, [Ce(trop)4]
31 and [Ce(η8-Pn*)2]

30 feature intense and broad LMCT absorptions at 450 

and 530 nm, respectively.  [Ce(cot)2], [Ce(tmtaa)2], and [Ce(BIPMTMS)2] are also deeply 

colored.34, 46, 58, 59 
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Figure 3.2. Variable-temperature magnetic susceptibility (χT) data for 3.1 collected at 1 Tesla. 

The solid-state magnetic susceptibility of 3.1 was also measured using SQUID 

magnetometry. Significantly, this measurement reveals temperature independent 

paramagnetism for 3.1. The value of TIP, extracted from the temperature dependent T data), 

is 4.91  10-4 emu/mol, which is comparable to the TIP values reported for Ce(tmtaa)2 (2.33  

10-4 emu/mol), Ce(cot)2 (1.4  10-4 emu/mol), and Ce(acac)4 (2.1  10-4 emu/mol).31, 35  The 

observation of TIP in Ce(IV) complexes has been interpreted as evidence of multi-

configurational character.31 However, it could also simply indicate field-induced mixing of a 

closed shell singlet ground state with a low lying triplet excited state, as is known for some 

U(VI) complexes and d0 transition metal oxo anions.60-62  
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Figure 3.3. Solid-State Molecular Structure of 3.1. Hydrogen atoms omitted for clarity.  

Crystals of 3.1 suitable for an X-ray diffraction analysis were grown from a dilute pentane 

solution stored at -25 °C. Complex 3.1 crystallizes in the rhombohedral space group R-3, and 

its solid-state molecular structure is shown in Figure 3.3. A selection of metrical parameters 

can be found in Table 3.1. In the solid state, 3.1 adopts a distorted octahedral geometry (e.g., 

N1-Ce1-N1* = 81.8(2)° and N1-Ce1-N1** = 98.2(2)°) about the Ce center, which is ligated 

by six crystallographically equivalent ketimide ligands. The C=N bond distance in 3.1 

(1.256(8) Å) is similar to that observed in the U(V) ketimide, [Li][U(N=CtBuPh)6] (1.260(3) 

Å),55 and other homoleptic transition metal ketimides (1.25 – 1.27 Å).47-51 The Ce-N bond 

length (2.338(5) Å) is longer than those reported for the homoleptic Ce(IV) phosphoiminato 

complex [Ce(NP(pip)3)4] (av. 2.20(2) Å),14 and the Ce(IV) amides [Ce(NiPr2)4] (2.225(1) and 

2.223(1) Å),63 [Ce(NCy2)4] (2.238(5) – 2.247(6) Å),64 and [Ce(N(SiHMe2)2)4] (2.2378(11) – 
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2.2574(11) Å),65 likely due to the higher coordination number in 3.1, as well as the dianionic 

charge at the Ce center. This distance is also considerably longer than the U-N distance in the 

structurally similar U(V) ketimide complex [Li][U(N=CtBuPh)6] (2.217(2) Å),55 consistent 

with the larger ionic radius of Ce(IV). The structure of 3.1 also features two Li cations within 

the secondary coordination sphere. These ions are supported by dative interactions with three 

nitrogen atoms and the ipso carbons of three phenyl rings. The Li-N distance (2.138(19) Å) is 

shorter than that in [Li][U(N=CtBuPh)6] (2.265(16) Å), which features a Li ion with an 

identical binding mode.55 Finally, the Ce-N-C angle (165.9(5)°) is slightly smaller than the U-

N-C angle in [Li][U(N=CtBuPh)6] (176.9(2)°),55 which may be a consequence of the longer 

M-N bond lengths in 3.1.   

Scheme 3.2. Synthesis of complexes 3.1 and 3.2 
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3.2.2 Synthesis and Characterization of [Li]2[Th(N=CtBuPh)6] (3.2) 

To better contextualize the cerium results, the synthesis of the analogous thorium(IV) 

ketimide complex, [Li]2[Th(N=CtBuPh)6] (3.2) was attempted. Complex 3.2 was prepared by 

reaction of [ThCl4(DME)2] with 6 equiv of Li(N=CtBuPh) in THF (Scheme 3.2). Workup of 

the reaction mixture followed by recrystallization from a concentrated THF/hexanes solution 

afforded 3.2 as yellow blocks in 53% yield. Curiously, reaction of UCl4 with 6 equiv of 

Li(N=CtBuPh) only resulted in formation of the 5-coordinate ketimide complex, 

[Li(THF)2][U(N=CtBuPh)5], a difference that likely reflects the smaller ionic radius of 

U(IV).55   

Complex 3.2 is soluble Et2O, toluene, and THF, but features limited solubility in pentanes 

or hexanes. Its UV-Vis spectrum in toluene is missing the obvious ligand-to-metal charge 

transfer band that was observed for 3.1 (Figure 3.1); however, the NMR spectral data of 3.2 

are very similar to those of 3.1. Specifically, its 1H NMR spectrum in C6D6 features a singlet 

at 1.27 ppm, which is assignable to the 54 tert-butyl protons of the ketimide ligand, while 

multiplets at 6.67 and 7.00 ppm correspond to the ortho and overlapping meta/para phenyl 

protons of the ketimide ligand, respectively. In addition, the C=N resonance in the 13C{1H} 

NMR spectrum of 3.2 (178.73 ppm) is observed at a similar chemical shift to that of 3.1. Lastly, 

its 7Li{1H} NMR spectra in C6D6 or toluene-d8 feature single resonances at 0.53 ppm and 0.47 

ppm, respectively (Figures A3.10 and A3.12).  
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Figure 3.4. 7Li{1H} NMR spectra of the titration of 3.2 with Li(N=CtBuPh) in THF-d8. The 

resonance marked with * is assignable to [Li][Th(N=CtBuPh)5] (3.2’), the resonance marked 

with # is assignable to 3.2, and the resonances marked with ^ are assignable to Li(N=CtBuPh). 

Experimental Details: See details for Figure A3.21. 

Interestingly, complex 3.2 also displays evidence of Li(N=CtBuPh) dissociation in THF-d8. 

Specifically, its 7Li{1H} NMR spectrum in this solvent features resonances at 1.90, 1.75, 0.61, 

and 0.04 ppm (Figure A3.14).  The resonances at 1.90 and 1.75 ppm are assignable to 

Li(N=CtBuPh), while the resonances at 0.61 ppm and 0.04 ppm are assignable to 3.2 and 

[Li][Th(N=CtBuPh)5] (3.2’), respectively.  These two Th complexes are present in a 1:5.5 ratio. 

As expected, addition of Li(N=CtBuPh) to this sample results in an increase in the relative 

amount of 3.2, and after addition of 8 equiv, 3.2 and 3.2’ are present in a 1:2 ratio (Figure 
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A3.23). In contrast to the results collected for 3.2, there was no evidence for the formation of 

3.1 upon addition of excess Li(N=CtBuPh) to THF-d8 solutions of 3.1’ (Figure A3.19).  This 

difference can be rationalized by the larger ionic radius of Th4+,66 which allows this ion to 

better accommodate the high charge associated with six strongly donating ketimide ligands. 

Table 3.1. Selected Bond Lengths (Å) and Angles (°) for Complexes 3.1 and 3.2 

 3.1 3.2 

M-N 2.338(5) 2.376(2) 

C-N 1.256(8) 1.257(2) 

Li1-N1 2.138(19) 2.166(4) 

Li1-Cipso 2.918(11) 2.908(2) 

M-N1-C5 165.9(5) 166.24(14) 

N1-M-N1* 81.8(2)  79.78(6) 

N1-M-N1** 98.2(2) 100.22(6) 

 

Storage of a concentrated toluene solution of 3.2 at -25 °C for 24 h afforded crystals suitable 

for X-ray analysis. As expected, complexes 3.1 and 3.2 are isostructural (Table 3.3). 

Additionally, the Th center in 3.2 possesses a distorted octahedral geometry (e.g., N1-Th1-N1* 

= 79.78(6)° and N1-Th1-N1** = 100.22(6)°). The Th-N distance (2.376(2) Å) is slightly longer 

than the Ce-N distance in 3.1 (2.338(5) Å) (Table 1), but significantly longer than the U-N 

distance in the closely related U(V) ketimide, [Li][U(N=CtBuPh)6] (2.217(2) Å),55 in accord 

with their different ionic radii.66 This distance is also considerably longer than those reported 

for the Th(IV) bis(ketimido) complex [Cp*2Th(N=CPh2)2] (2.259(4) and 2.265(5) Å),67 which 

may be due to the dianionic charge at the Th center, as well as the Li coordination to the 

ketimide N atoms.  The lithium cations are hexa-coordinate and possess an octahedral 

geometry, with similar Li-N (2.166(4) Å) and Li-Cipso (2.908(2) Å) distances to those observed 
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for 3.1. The C=N bond length (1.257(2) Å) is also identical to that in 3.1 (1.256(8) Å). Lastly, 

the Th-N-C angle in 3.2 (166.24(14)°) is essentially identical to the Ce-N-C angle in 3.1 

(165.9(5)°), but more acute than the U-N-C angle in [Li][U(N=CtBuPh)6] (176.9(2)°).55  

3.2.3 Electronic Structures of 3.1 and 3.2 

In an effort to understand the electronic structures of 3.1 and 3.2, a series of Kohn-Sham 

density functional theory (DFT) calculations with the TPSS functional68 were performed by 

our collaborators Dr. Dumitru-Claudiu Sergentu and Prof. Jochen Autschbach at University at 

Buffalo, State University of New York, using the X-ray structural parameters of 3.1 and 3.2. 

Figure 3.5 shows molecular orbital (MO) diagrams obtained for 3.1 and 3.2 with DFT. The 

frontier MOs for both complexes exhibit six N-2p lone pairs exhibiting -donation to the metal 

centers, which represents a ligand–metal orbital mixing that is stronger for 3.1 than for 3.2. 

For instance, the Ce-4f contributions (weights) to the frontier HOMOs of 3.1 range from ~7% 

to 12% whereas the Th-5f contributions to the frontier HOMOs of 3.2 range from ~3% to 5%. 

Additionally, the natural localized molecular orbitals (NLMOs) suggest enhanced covalency 

for 3.1 as revealed by the admittedly nitrogen-polarized  and  bonds, with about 10% density 

weight at Ce. The Ce 4f/5d character in the Ce-N bonds of 3.1 may explain its observed 

temperature-independent paramagnetism.60 According to the NLMO analysis, there is greater 

4f orbital participation in both the σ and π NLMOs of 3.1 than 5f orbital participation in the 

corresponding NLMOs of 3.2.  Similar results were recently observed for series of isostructural 

cerium and thorium imido complexes.69 Moreover, Ce(IV)-L bonds involving significant 
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donation into the Ce-4f orbitals have been described previously.27, 45, 70, 71 

 

Figure 3.5. Molecular orbital (MO) diagrams obtained with all-electron scalar relativistic DFT 

for 3.1 (left) and 3.2 (right). Canonical MO isosurfaces at ±0.03 a.u. Taken from Ref72. 

3.2.4 Electrochemistry of 3.1 and 3.2 

To better understand the donor ability of the ketimide ligand, the electrochemical properties 

of 3.1 and 3.2 were investigated by cyclic voltammetry. The cyclic voltammogram of 3.1 in 

THF at a scan rate of 200 mV/s exhibits an irreversible redox feature at Ep,c = -2.16 V (vs. 

Fc/Fc+, Figure 3.6), which is attributed to the Ce(IV/III) reduction of [Li][Ce(N=CtBuPh)5] 

(3.1’). This feature remains irreversible, even at scan rates of 2000 mV/s. This assignment was 

confirmed by comparison with the cyclic voltammogram recorded for complex 3.2, which 

features no reduction features within the solvent window (Figure 3.6).  The cyclic 

voltammograms of 3.1 and 3.2 also exhibit a complex series of irreversible oxidation features 

between -1.1 V and 0 V (vs. Fc/Fc+), which is attributed to ligand oxidation events. Similar 

3.1 3.2 
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ligand-based oxidation features were observed in the cyclic voltammogram of the related 

uranium ketimide, [U(N=CtBuPh)6],
55 as well as for Li(N=CtBuPh) (Figure 3.6). 

 

Figure 3.6. Cyclic voltammograms of 3.1, 3.2 and Li(N=CtBuPh) (200 mV/s scan rate, vs. 

Fc/Fc+). Measured in THF with 0.1 M [NBu4][BPh4] as the supporting electrolyte. 

The Ce(IV/III) redox feature observed for 3.1’ is amongst the lowest reported for this 

element (Table 3.2). For comparison, the cerium(III) tris(binolate) complex 

[Li(THF)]3[(binolate)3Ce(THF)] features an electrochemically irreversible Ce(IV/III) 

reduction feature at -1.09 V (vs. Fc/Fc+),43, 73 which is much more anodic than that observed 

for 3.1’, suggesting that the ketimide ligand better stabilizes the Ce(IV) oxidation state than 

the binolate ligand. For further comparison, the Ce(IV/III) reduction features for the ferrocene-

-3-2.5-2-1.5-1-0.500.5

i/
 a

. u
.

E / V (vs. Fc/Fc+)

3.1

3.2

Li(N=CtBuPh)
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bridged Schiff base complexes [Ce(L)(OtBu)2] (LH2 = 1,1’-di(2,4-bis-tert-butyl-

salicylimino)ferrocene) and [Ce(L’)(OtBu)2] (L’H2 = 1,1’-di(2-tert-butyl-salicyl-(bis-phenyl)-

iminophosphorano)ferrocene) are at -2.07 and -2.39 V (vs. Fc/Fc+), respectively.42 These 

values are more in-line with the redox potential observed for 3.1’. Similarly, the Ce(IV/III) 

reduction potential for [Ce(NP(pip)3)4] in THF was recently determined to be within the range 

of -2.30 to -2.47 V (vs. Fc/Fc+).14  

Table 3.2. Ce(IV/III) Redox Potentials for Selected Cerium Complexes  

Complex Potential (V) Conditions 

[Ce(acac)4]58 0.22 ± 0.02 vs. 

SHE 

0.1 M TBAPF6 in 

MeCN/acetone 

[CeL]4-, 29 -0.454 vs. SHE 1 M KCl 

[Li3][(binolate)3Ce]43 -1.09 vs. Fc/Fc+ 0.1 M TPAB in THF 

[Ce(BIPMTMS)2]46  -1.63 vs. Fc/Fc+  0.1 M TPAB in THF 

[Ce(omtaa)2]41 -1.7 vs. Fc/Fc+ 0.1 M TPAB in THF 

[Ce(OSi(OtBu)3)4]44 -1.72 vs. Fc/Fc+ 0.1 M [NBu4][B(C6F5)4] in THF 

{Ce(atrane)(OAr)}2
16 -1.86 vs. Fc/Fc+ 0.1 M TPAB in THF 

[Ce(pyNO)4]9 -1.95 vs. Fc/Fc+ 0.1 M TPAB in DCM 

[Ce(L’)(OtBu)2]42 -2.07 vs. Fc/Fc+ 0.5 M TPAB in THF 

3.1’ -2.16 vs. Fc/Fc+ 0.1 M TBABPh4 in THF 

[Ce(L”)(OtBu)2]42 -2.39 vs. Fc/Fc+ 0.5 M TPAB in THF 

[Ce(NP(pip)3)4]14 -2.30 – -2.47 vs. 

Fc/Fc+ 

- 

[Ce(NP(pip)3)4]-, 14 -2.64 – -3.10 vs. 

Fc/Fc+ 

- 

TPAB = [nPr4N][B(3,5-(CF3)2C6H3)4], TBAPF6 = [NBu4][PF6], TBABPh4 = [NBu4][BPh4] 
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3.3 Summary  

This chapter details the preparation and structural characterization the first homoleptic 

cerium ketimide, [Li]2[Ce(N=CtBuPh)6] (3.1), along with the first homoleptic thorium 

ketimide, [Li]2[Th(N=CtBuPh)6] (3.2). DFT calculations on 3.1 and 3.2 reveal the presence of 

polarized  and  Ce/Th-N bonding interactions with modest metal-ligand covalency, which 

is somewhat larger for 3.1 than for 3.2. Additionally, an electrochemical analysis of 3.1 

revealed one of the most cathodic Ce(IV)/Ce(III) reduction potentials yet recorded, due, in 

part, to the strongly donating nature of the ketimide ligand along with the anionic charge at the 

Ce center, and indicating considerable stabilization of the Ce(IV) state.  The electrochemical 

findings suggest that, for cerium at least, the ketimide ligand is more strongly donating than 

alkoxide, but less donating than phosphiniminato. Going forward, the ability of the ketimide 

ligand to stabilize Pr4+ and Tb4+ will be examined.  This goal seems all the more plausible 

given the recent isolation and crystallographic characterization of one Pr4+, 74 and three Tb4+ 

complexes.44, 75, 76  
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3.5 Experimental 

3.5.1 General Procedures. All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions in the glovebox or on a Schlenk line, under an atmosphere 
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of dinitrogen. Hexanes, diethyl ether (Et2O), and toluene were dried by passage over activated 

molecular sieves using a Vacuum Atmospheres solvent purification system. Tetrahydrofuran 

(THF) was distilled over Na/benzophenone and stored over activated 3 Å molecular sieves for 

24 h prior to use. C6D6 was dried over activated 3 Å molecular sieves for 24 h prior to use. 

[Ce(NO3)3(THF)4],
77 [ThCl4(DME)2],

78 and Li(N=CtBuPh)79 were prepared according to the 

reported literature procedures. All other reagents were purchased from commercial suppliers 

and used as received.  

1H, 13C{1H}, and 7Li{1H} NMR spectra were recorded on an Agilent Technologies 400 

MHz 400-MR DD2. 1H and 13C{1H} NMR spectra were referenced to external SiMe4 using 

residual protio solvent resonances as internal standards. 7Li{1H} NMR spectra were referenced 

indirectly with the 1H chemical shift of SiMe4 at 0 ppm, according to IUPAC standard.80, 81 IR 

spectra were recorded on a Nicolet 6700 FT-IR spectrometer. Electronic absorption spectra 

were recorded on a Shimadzu UV3600 UV-NIR Spectrometer. Elemental analyses were 

performed by the Microanalytical Laboratory at University of California (Berkeley, CA).  

Cyclic Voltammetry Measurements. CV experiments were performed with a CH 

Instruments 600c Potentiostat, and the data were processed using CHI software (version 6.29). 

All experiments were performed in a glove box using a 20 mL glass vial as the cell. The 

working electrode was glassy carbon (3 mm diameter), the counter electrode was a platinum 

wire, and the reference electrode was a silver wire electroplated with silver chloride. Solutions 

employed for CV studies were typically 1 mM in analyte and 0.1 M in [NBu4][BPh4]. All 

potentials are reported versus the [Cp2Fe]0/+ couple using Cp2Co (-1.31 V vs Fc/Fc+) as an 

internal standard. 
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Magnetic Susceptibility. Magnetic measurements were made using a 7 T Quantum Design 

MPMS 3 SQUID magnetometer. All loading equipment, including quartz wool and quartz 

tubes, were oven-dried at 120 °C for several days prior to use. Complex 3.1 (32.7 mg, 0.029 

mmol) was sandwiched between high purity quartz wool (32.6 mg total) in a 5 mm quartz tube 

that was flame-sealed at one end, and tightly packed to a length of ~2 cm. Latex gloves were 

worn over glovebox gloves during sample loading, and contact with quartz wool was 

minimized to prevent contamination. A vacuum adaptor was attached to the open end of the 

quartz tube, and the sample was subsequently flame-sealed under static vacuum. The 

susceptibility data were corrected for diamagnetic contributions of the ligands using Pascal 

constants.82  No correction was applied to account for the contribution of the quartz tube or 

quartz wool to the overall sample susceptibility.  

3.5.2 Synthesis of [Li]2[Ce(N=CtBuPh)6] (3.1): To a stirring, colorless solution of 

[Ce(NO3)3(THF)4] (152.0 mg, 0.247 mmol) in THF (1 mL) was added a yellow solution of 

Li(N=CtBuPh) (247.7 mg, 1.483 mmol) in THF (1 mL). This addition resulted in an immediate 

color change to deep red-brown. The mixture was allowed to stir for 90 min at room 

temperature, whereupon an orange solution of I2 (31.0 mg, 0.122 mmol) in THF (1 mL) was 

added dropwise. This addition resulted in an immediate color change to deep purple. The 

resulting purple mixture was then stirred for a further 15 min. The volatiles were removed in 

vacuo and the resulting purple oil was triturated with pentane (3 × 2 mL) to yield a purple 

powder. The powder was washed with pentane (4 mL) and the dark brown washings were 

discarded. The remaining residue was then extracted into Et2O (6 mL) and filtered through a 

Celite column supported on glass wool (0.5 cm × 2 cm) to yield a purple filtrate. The filtrate 

was concentrated to ~2 mL and subsequently stored at -25 °C for 24 h, which resulted in 
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deposition of purple plates. The crystals were then washed with pentane (3 × 2 mL) and dried 

in vacuo (68.8 mg). Concentration of the supernatant, followed by layering with equal volume 

of hexanes, and subsequent storage of this solution at -25 °C for 24 h, resulted in deposition of 

a second crop of purple plates. These crystals were also washed with pentane (3 × 2 mL) and 

subsequently dried in vacuo (Total: 122.0 mg, 44% yield). Anal. Calcd for C66H84CeLi2N6: C, 

71.07; H, 7.59; N, 7.53. Found: C, 70.73; H, 7.64; N, 7.59. 1H NMR (C6D6, 25 °C, 400 MHz): 

δ 1.36 (s, 54H, CCH3), 6.62 (m, 12H, o-aryl CH), 6.99 (m, 18H, overlapping peaks for m- and 

p- aryl CH). 1H NMR (Tol-d8, 25 °C, 400 MHz): δ 1.32 (s, 54H, CCH3), 6.56 (m, 12H, o-aryl 

CH), 6.98 (m, 18H, overlapping peaks for m- and p- aryl CH).  1H NMR (THF-d8, 25 °C, 400 

MHz): δ 1.00 (s, 9H, CCH3, Li(N=CtBuPh)), 1.06 (s, 45H, CCH3, [Li][Ce(N=CtBuPh)5]), 7.02 

(m, 12H, o-aryl CH), 7.12 (m, 18H, overlapping peaks for m- and p- aryl CH). 13C{1H} NMR 

(C6D6, 25 °C, 100 MHz): δ 29.15 (CCH3), 45.37 (CCH3), 125.84 (p-aryl CH), 126.16 (o-aryl 

CH), 128.90 (m-aryl CH), 149.40 (ipso-aryl C), 175.08 (NC). 7Li{1H} NMR (C6D6, 25 °C, 155 

MHz): δ 0.06 (s, 2Li). 7Li{1H} NMR (Tol-d8, 25 °C, 155 MHz): δ -0.02 (s, 2Li).  7Li{1H} 

NMR (THF-d8, 25 °C, 155 MHz): δ 0.65 (s, [Li][Ce(N=CtBuPh)5]), 1.75 (s, Li(N=CtBuPh)), 

1.94 (s, Li(N=CtBuPh)). UV-Vis (Toluene, 0.089 mM, 25 °C, M-1·cm-1): 485 ( ε = 5600). IR 

(KBr pellet, cm-1): 3072 (vw), 3055 (vw), 2962 (m), 2899 (w), 2864 (w), 1637 (vs, CN), 1624 

(vs, CN), 1473 (m), 1439 (w), 1385 (w), 1360 (m), 1259 (vw), 1198 (w), 1188 (m), 1074 (br, 

vw), 1070 (w), 1024 (w), 997 (vw), 943 (s), 904 (m), 773 (s), 708 (s), 687 (m), 615 (w), 563 

(m), 436 (m). 

3.5.3 Synthesis of [Li]2[Th(N=CtBuPh)6] (3.2): To a stirring, colorless solution of 

[ThCl4(DME)2] (121.5 mg, 0.219 mmol) in THF (1 mL) was added a yellow solution of 

Li(N=CtBuPh) (220.0 mg, 1.316 mmol) in THF (1 mL). The resulting yellow solution was 
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allowed to stir for 2 h at room temperature. The solvent was then removed in vacuo to yield a 

bright yellow solid, which was extracted into 3:1 hexanes/THF (4 mL) and filtered through a 

Celite column supported on glass wool (0.5 cm × 2 cm). The filtrate was concentrated to ~2 

mL and subsequently stored at -25 °C for 72 h, which resulted in deposition of yellow blocks 

(139.2 mg, 53% yield). X-ray quality crystals were obtained from a concentrated toluene 

solution stored at -25 °C for 24 h. Anal. Calcd for C66H84Li2N6Th: C, 65.66; H, 7.01; N, 6.96. 

Found: C, 65.64; H, 6.85; N, 7.10.  1H NMR (C6D6, 25 °C, 400 MHz): δ 1.27 (s, 54H, CCH3), 

6.67 (m, 12H, o-aryl CH), 7.00 (m, 18H, overlapping peaks for m- and p- aryl CH). 1H NMR 

(Tol-d8, 25 °C, 400 MHz): δ 1.24 (s, 54H, CCH3), 6.63 (m, 12H, o-aryl CH), 6.98 (m, 18H, 

overlapping peaks for m- and p- aryl CH). 1H NMR (THF-d8, 25 °C, 400 MHz): δ 1.00 (s, 9H, 

CCH3, Li(N=CtBuPh)), 1.07 (s, 54H, CCH3, 3.2), 1.11 (s, 45H, CCH3, [Li][Th(N=CtBuPh)5]), 

6.98 (m, 12H, o-aryl CH, 3.2), 7.04 (m, 10H, o-aryl CH, [Li][Th(N=CtBuPh)5]), 7.10 (m, 18H, 

overlapping peaks for m- and p- aryl CH). 13C{1H} NMR (C6D6, 25 °C, 100 MHz): δ 29.22 

(CCH3), 43.13 (CCH3), 125.84 (p-aryl CH), 126.09 (o-aryl CH), 128.79 (m-aryl CH), 148.27 

(ipso-aryl C), 178.73 (NC). 7Li{1H} NMR (C6D6, 25 °C, 155 MHz): δ 0.53 (s, 2Li). 7Li{1H} 

NMR (Tol-d8, 25 °C, 155 MHz): δ 0.47 (s, 2Li).  7Li{1H} NMR (THF-d8, 25 °C, 155 MHz): δ 

0.04 (s, [Li][Th(N=CtBuPh)5]), 0.61 (s, 2Li, 3.2), 1.75 (s, Li(N=CtBuPh)), 1.90 (s, 

Li(N=CtBuPh)). UV-Vis (Toluene, 0.13 mM, 25 °C, M-1·cm-1): 385 (ε = 1595).  IR (KBr pellet, 

cm-1): 3072 (vw), 3057 (vw), 3012 (vw), 2962 (m), 2945 (sh m), 2895 (w), 2864 (w), 1643 (vs, 

CN), 1626 (vs, CN), 1475 (m), 1460 (w), 1439 (w), 1385 (w), 1360 (m), 1261 (vw), 1215 (w), 
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1198 (w), 1190 (m), 1070 (w), 1024 (w), 997 (vw), 945 (s), 904 (m), 773 (s), 704 (s), 687 (m), 

617 (w), 565 (m), 438 (m). 

3.5.4 Computational Details. A series of Kohn-Sham density functional theory (DFT) 

calculations were performed on the crystal structure of [Li]2[Ce(N=CtBuPh)6] (3.1) and 

[Li]2[Th(N=CtBuPh)6] (3.2) in order to assess the ground state metal-ligand bonding. Ground 

state DFT calculations with the TPSS meta-generalized gradient approximation68 (meta-GGA) 

were performed with ORCA v4.1.2,83, 84 using the SDD effective small-core potential85-88 for 

Ce and Th along with def2-TZVP (Ce, N and C), Stuttgart RSC (Th), and def2-SVP (H) 

valence basis sets.89, 90 These calculations used the RIJ approximation with very large RIJ basis 

sets generated with the AutoAux procedure (automatic construction of a general purpose 

auxiliary basis set).91 Additionally, ground state DFT/TPSS calculations were performed with 

the Amsterdam Density Functional package (ADF, v2017)92 using the all-electron scalar-

relativistic zero-order regular approximation (ZORA) Hamiltonian93 with triple- doubly 

polarized (TZ2P) basis sets for all atoms. The extent of metal-ligand bonding was determined 

from the ORCA and ADF calculations via analyses of the natural localized molecular orbitals 

(NLMOs) generated with a locally modified version of NBO6.94 

3.5.5 X-ray Crystallography. Data for 3.1 and 3.2 were collected on a Bruker KAPPA APEX 

II diffractometer equipped with an APEX II CCD detector using a TRIUMPH monochromater 

with a Mo Kα X-ray source (α = 0.71073 Å). The crystals of 3.1 and 3.2 were mounted on a 

cryoloop under Paratone-N oil, and all data were collected at 100(2) K using an Oxford 

nitrogen gas cryostream system. X-ray data for 3.1 and 3.2 were collected utilizing frame 

exposures of 15 and 5 s, respectively. Data collection and cell parameter determinations were 

conducted using the SMART program.95 Integration of the data frames and final cell parameter 
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refinement were performed using SAINT software.96 Absorption corrections of the data were 

carried out using the multi-scan method SADABS.97 Subsequent calculations were carried out 

using SHELXTL.98 Structure determination was done using direct or Patterson methods and 

difference Fourier techniques. All hydrogen atom positions were idealized, and rode on the 

atom of attachment. Structure solution, refinement, graphics, and creation of publication 

materials were performed using SHELXTL.98  

Table 3.3.  Crystallographic details for complexes 3.1 and 3.2. 

 3.1 3.2 

Formula C66H84CeLi2N6 C66H84Li2N6Th 

Crystal Habit, Color Plate, Purple Diamond, Yellow 

Crystal Size (mm) 0.20  0.15  0.10 0.15  0.10  0.05 

MW (g/mol) 1115.39 1207.31 

crystal system Trigonal Trigonal 

space group R-3 R-3 

a (Å) 12.350(3) 12.1710(17) 

b (Å) 12.350(3) 12.1710(17) 

c (Å) 36.693(10) 37.279(5) 

α (°) 90 90 

β (°) 90 90 

γ (°) 120 120 

V (Å3) 4847(3) 4782.5(15) 

Z 3 3 

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

λ (Å) 0.71073 0.71073 

GOF 1.293 1.044  

Density (calcd) 

(Mg/m3) 

1.146 1.258  

Absorption coefficient 

(mm-1) 

0.745 2.380 

F000 1758 1854 

Total no Reflections 3987 8244 

Unique Reflections 2439 2656 

Final R indices* R1 = 0.0846 

wR2
 = 0.2501 

R1 = 0.0194 

wR2
 = 0.0423 

Largest Diff. peak and 

hole (e- A-3) 

1.229, -0.647 0.526, -0.320 

* For [I > 2(I)] 
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3.6 Appendix  

3.6.1 NMR Spectra 

Figure A3.1. 1H NMR spectrum of 3.1 in C6D6. 
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Figure A3.2. 13C{1H} NMR spectrum of 3.1 in C6D6. 
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Figure A3.3. 7Li{1H} NMR spectrum of 3.1 in C6D6. 
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Figure A3.4. 1H NMR spectrum of 3.1 in Tol-d8. 
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Figure A3.5. 7Li{1H} NMR spectrum of 3.1 in Tol-d8. 
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Figure A3.6. 1H NMR spectrum of 3.1 in THF-d8. The resonance marked with * is assignable 

to [Li][Ce(N=CtBuPh)5] (3.1’) and the resonance marked with ^ is assignable to 

Li(N=CtBuPh). 

  

* 

^ 
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Figure A3.7. 7Li{1H} NMR spectrum of 3.1 in THF-d8. The resonance marked with * is 

assignable to [Li][Ce(N=CtBuPh)5] (3.1’) and the resonances marked with ^ are assignable to 

Li(N=CtBuPh). 

 

  

* 

^ 
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Figure A3.8. 1H NMR spectrum of 3.2 in C6D6. 
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Figure A3.9. 13C{1H} NMR spectrum of 3.2 in C6D6. 
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Figure A3.10. 7Li{1H} NMR spectrum of 3.2 in C6D6. 
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Figure A3.11. 1H NMR spectrum of 3.2 in Tol-d8.  
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Figure A3.12. 7Li{1H} NMR spectrum of 3.2 in Tol-d8. 
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Figure A3.13. 1H NMR spectrum of 3.2 in THF-d8. Resonance marked with * is assignable to 

[Li][Th(N=CtBuPh)5] (3.2’) and resonance marked with ^ is assignable to Li(N=CtBuPh). 

 

 

  

* 

^ 
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Figure A3.14. 7Li{1H} NMR spectrum of 3.2 in THF-d8. Resonance marked with * is 

assignable to [Li][Th(N=CtBuPh)5] (3.2’), resonance marked with # is assignable to 3.2, and 

resonances marked with ^ are assignable to Li(N=CtBuPh). 
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Figure A3.15. 1H NMR spectrum of Li(N=CtBuPh) in THF-d8. Resonance marked with * is 

assignable to hexanes. 

  

* 
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Figure A3.16. 7Li{1H} NMR spectrum of Li(N=CtBuPh) in THF-d8. 
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Figure A3.17. 1H NMR spectra of the titration of 3.1 with Li(N=CtBuPh) in THF-d8. 

Experimental Details: Purple crystals of 3.1 (19.5 mg, 0.017 mmol) were dissolved in THF-

d8 (0.75 mL) yielding a deep purple solution. The mixture was transferred to a J. Young NMR 

tube equipped with a rotoflow Teflon valve, brought out of the glovebox, and 1H and 7Li{1H} 

spectra were recorded. The sample was then brought back into the glove box and 

Li(N=CtBuPh) was added as a solid (3.1 mg, 0.018 mmol, 1 equiv). No obvious color change 

was observed.  The sample was brought out of the box and 1H and 7Li{1H} spectra were re-

recorded.  This procedure was repeated three more times, bringing the total amount of 

Li(N=CtBuPh) added to 8 equiv. 

0 equiv 

1 equiv 

2 equiv 

4 equiv 

8 equiv 
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Figure A3.18. 1H NMR spectrum of a mixture of 3.1 and 8 equiv of Li(N=CtBuPh) in THF-

d8. The resonance marked with * is assignable to [Li][Ce(N=CtBuPh)5] (3.1’) and the 

resonance marked with ^ is assignable to Li(N=CtBuPh). 

  

* 

^ 
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Figure A3.19. 7Li{1H} NMR spectra of the titration of 3.1 with Li(N=CtBuPh) in THF-d8.  

Experimental Details: See details for Figure A3.17. 
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Figure A3.20. 7Li{1H} NMR spectrum of a mixture of 3.1 and 8 equiv of Li(N=CtBuPh) in 

THF-d8. The resonance marked with * is assignable to [Li][Ce(N=CtBuPh)5] (3.1’) and the 

resonances marked with ^ are assignable to Li(N=CtBuPh). 

 

  

* 

^ 

^ 



148 

 

Figure A3.21. 1H NMR spectra of the titration of 3.2 with Li(N=CtBuPh) in THF-d8. 

Experimental Details: Yellow crystals of 3.2 (21.2 mg, 0.018 mmol) were dissolved in THF-

d8 (0.75 mL) yielding a yellow solution. The mixture was transferred to a J. Young NMR tube 

equipped with a rotoflow Teflon valve, brought out of the glovebox, and 1H and 7Li{1H} 

spectra were recorded. The sample was then brought back into the glove box and 

Li(N=CtBuPh) was added as a solid (2.9 mg, 0.017 mmol, 1 equiv). No obvious color change 

was observed.  The sample was brought out of the box and 1H and 7Li{1H} spectra were re-

recorded.  This procedure was repeated three more times, bringing the total amount of 

Li(N=CtBuPh) added to 8 equiv.    

0 equiv 

1 equiv 

2 equiv 

4 equiv 

8 equiv 



149 

 

Figure A3.22. 1H NMR spectrum of a mixture of 3.2 and 8 equiv of Li(N=CtBuPh) in THF-

d8. The resonance marked with * is assignable to [Li][Th(N=CtBuPh)5] (3.2’), the resonance 

marked with # is assignable to 3.2, and the resonance marked with ^ is assignable to 

Li(N=CtBuPh). 
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Figure A3.23. 7Li{1H} NMR spectrum of a mixture of 3.2 and 8 equiv of Li(N=CtBuPh) in 

THF-d8. The resonance marked with * is assignable to [Li][Th(N=CtBuPh)5] (3.2’), the 

resonance marked with # is assignable to 3.2, and the resonances marked with ^ are assignable 

to Li(N=CtBuPh). 
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3.6.2 IR Spectra 

Figure A3.24. IR spectrum of 3.1 (KBr pellet). 
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Figure A3.25. IR spectrum of 3.2 (KBr pellet). 
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3.6.3 Cyclic Voltammetry 

 

Figure A3.26. Cyclic voltammogram of complex 3.1 (200 mV/s scan rate, vs. Fc/Fc+). 

Measured in THF with 0.1 M [NBu4][BPh4] as the supporting electrolyte. $ is assignable to 

the irreversible Ce(IV/III) reduction, and % are assignable to irreversible ketimide ligand 

oxidation events.  
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Figure A3.27. Cyclic voltammogram of the irreversible Ce(IV)/Ce(III) reduction event of 

complex 3.1 measured in THF with 0.1 M [NBu4][BPh4] as the supporting electrolyte (vs. 

Fc/Fc+). 
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Figure A3.28. Cyclic voltammogram of complex 3.2 (200 mV/s scan rate, vs. Fc/Fc+). 

Measured in THF with 0.1 M [NBu4][BPh4] as the supporting electrolyte. % are assignable to 

irreversible ketimide ligand oxidation events. 
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Figure A3.29. Cyclic voltammogram of Li(N=CtBuPh) (200 mV/s scan rate, vs. Fc/Fc+). 

Measured in THF with 0.1 M [NBu4][BPh4] as the supporting electrolyte.  
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Table A3.1. Electrochemical parameters for [Li]2[Ce(N=CtBuPh)6] (3.1) in THF (vs. Fc/Fc+, 

[NBu4][BPh4] as the supporting electrolyte) 

Reduction  

Feature 

Scan Rate, V/s Ep,c, V 

 0.025 -2.034 

 0.050 -2.096 

 0.100 -2.122 

 0.200 -2.158 

 0.300 -2.189 

 0.500 -2.228 

 

Oxidation  

Feature 

Scan Rate, V/s Ep,a, V 

1 0.200 -0.082 

2 0.200 -0.231 

3 0.200 -1.067 

 

Table A3.2. Electrochemical parameters for [Li]2[Th(N=CtBuPh)6] (3.2) in THF (vs. Fc/Fc+, 

[NBu4][BPh4] as the supporting electrolyte) 

Oxidation  

Feature 

Scan Rate, V/s Ep,a, V 

1 0.200 -0.261 

2 0.200 -0.997 

 

Table A3.3. Electrochemical parameters for Li(N=CtBuPh) in THF (vs. Fc/Fc+, [NBu4][BPh4] 

as the supporting electrolyte) 

Oxidation  

Feature 

Scan Rate, V/s Ep,a, V 

1 0.200 -0.807 

2 0.200 -1.063 
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3.6.4 Magnetism 

 

Figure A3.30. Variable-temperature magnetic susceptibility (χ) data for 3.1 collected at 1 

Tesla. 
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Figure A3.31. Variable-temperature magnetic susceptibility (1/χ) data for 3.1 collected at 1 

Tesla.  
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Figure A3.32. Variable-field data for 3.1 collected at 2 K. 
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3.6.5 Computational Details 

 

Figure A3.33. Bonding Ce−N (one  and one ) natural localized molecular orbitals 

(isosurface of ±0.03 a.u.) of 3.1 (top) and 3.2 (bottom), obtained with Gaussian type orbital 

(GTO) vs. Slater type orbital (STO) basis sets. The  NLMO has slight five-center character, 

i.e. there is a small delocalization tail toward adjacent C(butyl) and C(phenyl) centers. Only 

NLMO contributions from Ce and N centers are shown below the graphics. There are six 

equivalent such NLMO pairs corresponding to the six Ce-N interactions. 
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4.1 Introduction 

Despite recent advances in the past decade, the macrocyclic chemistry of the lanthanides is 

arguably an area of research still at its infancy. This chemistry is usually undertaken in aqueous 

systems, which has presented interesting opportunities to explore the applications of lanthanide 

chelates as contrasting agents for immunotherapy,1–7 paramagnetic metal tags for biomolecular 

structure analysis,8–12 and PARASHIFT probes for magnetic resonance imaging,13–16 among 

others. However, the non-aqueous chemistry of these materials remains relatively unexplored. 

This chemistry is especially poised to expand our limited understanding of the fundamental 

bonding and redox chemistry of lanthanides, and thus could pave way for new applications in 

nuclear waste treatment and redox catalysis.  

Particularly relevant for these applications is the expansion of the very limited oxidation 

states available to these metals, as nearly all lanthanides exist exclusively in the trivalent 

oxidation state in solution. The main exception is cerium(IV), which has a xenon noble gas 

electronic configuration, although three examples of terbium(IV)17–19 and one example of 

praseodymium(IV)20 are also known to be stable in solution to date (Chapter 1). In this regard, 

ligation of polydentate macrocyclic ligands to lanthanide ions could potentially provide access 

to these rare tetravalent oxidation states. For instance, the macrocyclic and chelate effects of 

such types of ligands could be employed to simultaneously minimize the reorganization energy 

associated with the oxidation of trivalent lanthanides, and also bolster the entropic favorability 

of such oxidations.21–23 For example, Raymond and coworkers have previously utilized an 

octadentate terephthalamide macrocyclic ligand comprising hard catecholate donors for the 

extreme stabilization of tetravalent cerium relative to the trivalent congener, with a 

corresponding stability constant amongst the highest recorded for Ce(IV) (logβ110 = 61(2)).21 
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Cyclic voltammetry studies have also shown promising results that support this hypothesis. 

For example, the double-decker Ce(IV) complexes Ce(OEP)2 (OEP = octaethylporphyrin)24 

and Ce(omtaa)2 (omtaa = dibenzooctamethyltetraazaannulene)25 were reported to exhibit very 

low Ce(IV/III) reduction potentials in their CV traces, indicating strong stabilization of the +4 

state in the cerium. Presumably, this stabilization has some contribution stemming from the 

macrocyclic and chelate effects of OEP and omtaa, which could be used to stabilize even more 

oxidizing ions such as Tb(IV) and Pr(IV). 

Scheme 4.1. Synthetic strategy for preparation of Ln(IV) complexes 

 

One macrocyclic ligand that could be used for this purpose is 1,4,8,11-

tetraazacyclotetradecane (cyclam). The protio and methylated derivatives of this macrocycle 

have previously been utilized to (electro)chemically generate uncommon, high valent metal 

ions, such as Fe(VI),26 Ag(III),27 Cu(III)28 and Ni(III).29 Thus, I describe herein my attempts 

to investigate the viability of synthesizing a molecular Pr(IV) complex by oxidation of a 

suitable Pr(III) cyclam precursor. This investigation will be informed by analogous model 

studies using cerium. Generally, maximizing the coordination number at the metal center and 

ligation to strong σ and π donors are expected to lower the normally high oxidation potential 

of Pr(III) (Scheme 4.1). Utilization of anionic Pr(III) “ate” precursors should also facilitate 
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oxidation of the electron rich metal center to Pr(IV). Therefore, I sought to utilize the dianionic 

derivative of the cyclam ligand, {1,8-dimethyl-1,4,8,11-tetraazacyclotetradecane}2- (1,8-

DMC), for the preparation of a Pr(III) “ate” bis-cyclam complex, which will then be treated 

with various 1e- oxidants. Complemented with benchmark studies using cerium, this chapter 

examines the suitability of the cyclam ligand for the stabilization of the +4 state in 

praseodymium.  

4.2 Results and Discussion 

4.2.1 Synthesis, Characterization and Electrochemistry of [Li][Ce(1,8-DMC)2] (4.1) 

Reaction of 1,8-dimethyl-1,4,8,11-tetraazacyclotetradecane, H2(1,8-DMC), with 2 equiv of 

nBuLi in Et2O/hexanes affords [Li(Et2O)]2[1,8-DMC] as pale yellow plates in 71% yield after 

workup. The 1H NMR spectrum of [Li(Et2O)]2[1,8-DMC] in THF-d8 exhibits a sharp singlet 

at 2.10 ppm integrating to six protons and ten multiplets between 1.54 and 3.22 ppm each 

integrating to two protons, that are assignable to the methyl and diastereotopic methylene 

environments of the cyclam ligand, respectively. This spectrum also exhibits a triplet at 1.11 

ppm and a quartet at 3.38 ppm that are attributable to the two coordinated Et2O solvent 

molecules. Finally, the 7Li{1H} spectrum of [Li(Et2O)]2[1,8-DMC] in THF-d8 features a single 

resonance at -0.56 ppm.  
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Figure 4.1. Solid-state molecular structure of [Li(Et2O)]2[1,8-DMC] shown with 50% 

probability ellipsoids. All hydrogen atoms have been omitted for clarity. Selected bond lengths 

(Å): Li1-N1 = 1.990(3), Li1-N2_i = 2.054(3), Li1-N1_i = 1.997(3), Li1-O1 = 2.004(3), N1-C4 

= 1.438(2), C4-C3 = 1.522(2), C3-N2 = 1.478(2), N2-C2 = 1.461(2), N2-C1 = 1.472(2), C1-

C6_i = 1.520(2), C6_i-C5_i = 1.522(2), C5_i-N1_i = 1.440(2).  

[Li(Et2O)]2[1,8-DMC] crystallizes in the monoclinic P21/n space group with half of the 

molecule in the asymmetric unit (Figure 4.1). The remaining half is symmetry related through 

a center of inversion. In the solid state, this compound exhibits a distorted cyclam dianion 

supporting two Li cations that each bind to both of its amide nitrogen atoms and one of its 

amine nitrogen atoms. Each Li cation also coordinates to an oxygen atom of an Et2O molecule, 

resulting in an overall 4-coordinate geometry, The Li-N (1.990(3) and 2.054(3) Å) and Li-O 

(2.004(3) Å) distances are similar to previously reported Li-N30–33 and Li-O(Et2O)34–36 dative 

interactions. 
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Reaction of anhydrous CeCl3 with 2 equiv of [Li(Et2O)]2[1,8-DMC] (1,8-DMC = 1,8-

dimethyl-1,4,8,11-tetraazacyclotetradecane) in THF at 65 °C for 2 d affords [Li][Ce(1,8-

DMC)2] (4.1) as yellow blocks in 75% yield, after crystallization from a concentrated Et2O 

solution (eq 4.1). Complex 4.1 is soluble and stable in benzene, toluene, Et2O and THF at room 

temperature, but decomposes in the presence of MeCN and CH2Cl2, forming H2(1,8-DMC) as 

the only identifiable decomposition product. Its 1H NMR spectrum in THF-d8 exhibits 20 broad 

resonances between 64.13 and -60.41 ppm, assignable to the diastereotopic CH2 protons on the 

cyclam ring (Figure 4.2). This spectrum also features two sharper resonances at 12.34 and -

17.71 ppm, attributable to the two distinct methyl environments of the cyclam amino groups 

in C2 symmetry.  

 

Figure 4.2. 1H NMR spectrum of 4.1 in THF-d8. 
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The UV-vis spectrum of 4.1 in THF reveals a well-defined feature at 464 nm (ε = 330 M-

1·cm-1), flanked by two broad absorptions at 365 nm (ε = 210 M-1·cm-1) and 565 nm (ε = 95 

M-1·cm-1) (Figure 4.3). These values are comparable to those reported for the homoleptic 

Ce(III) amide [Ce(N(SiMe3)2)3] (341 and 413 nm)37 and the related [Ce(DOTA)]- (DOTA = 

1,4,7,10-tetraazacyclododecane-N,N′,N″,N‴-tetraacetic acid) (317 nm).38 The NIR spectrum 

of 4.1 in toluene also exhibits seven well-defined features between 1148 and 2024 nm (ε = 16 

– 70 M-1·cm-1) that are assignable to f-f transitions. 
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Figure 4.3. UV-Vis spectrum of 4.1 in THF (2.06 mM). 

Crystals of 4.1 suitable for X-ray diffraction analysis were grown from a concentrated 

toluene solution stored at -25 °C for 24 h.  Complex 4.1 crystallizes in the tetragonal P43 space 

group as the toluene solvate, 4.1·C7H8 (Figure 4.4). Its solid-state molecular structure reveals 

a hexa-coordinate Ce center ligated by one κ4 and one κ2 cyclam macrocycle, resulting in a 

distorted trigonal prismatic geometry around the Ce center (CSM = 5.714).39,40 The κ2 

macrocycle also supports an outer sphere Li cation within its binding pocket.  This cation binds 

to both amino and both amido nitrogen atoms, generating a 4-coordinate geometry.  Its 

presence in the structure confirms the trivalent oxidation state of the Ce center. The Ce-

N(amide) bond distances (2.334(16) – 2.504(14) Å) are similar those reported for the 

monoanionic Ce(III) amide [Na(THF)4(Et2O)][Ce(N(SiMe3)2)4] (2.468(5) – 2.472(5) Å),41 and 
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the structurally similar sandwich complexes [Ce(Htmtaa)(tmtaa)] (2.520(16) – 2.594(19) Å),42 

[Ce(Homtaa)(omtaa)] (2.5260(16) – 2.5690(16) Å)25, [Li(THF)][Ce(tmtaa)2] (2.474(5) and 

2.484(4) Å),30 and [Ce(HNTClPP)(TBPP)] (H2NTClPP = 5,10,15,20-tetrakis[(4-tert-

butyl)phenyl]porphyrin, H2TBPP = 5,10,15,20-tetrakis(4-chlorophenyl)porphyrin) (av. 2.495 

Å).43 In contrast, the Ce-N(amine) distances (2.847(15) and 2.857(15) Å) are slightly longer 

than those reported for [Li(THF)][Ce(tmtaa)2] (2.643(5) and 2.680(5) Å),30 but comparable to 

those reported for the closely related Ce(III) DOTA complex 

Na[Ce(DOTA)(H2O)]·NaHCO3·7H2O (2.70(1) – 2.77(1) Å),44 and the Ce (III) 

hexaazacyclooctadecane complex [CeL1][NO3]3·7H2O (L1 = Py2[18]aneN6) (2.743(8) and 

2.799(8) Å).45 Finally, the Li-N distances (1.942(16) – 2.021(18) Å) in 4.1 are comparable to 

previously reported Li-N dative interactions.30–33 

 

Figure 4.4. Solid-state molecular structure of 4.1·C7H8 shown with 50% probability ellipsoids. 

All hydrogen atoms and a toluene solvate have been omitted for clarity. Selected bond lengths 
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(Å): Ce1-N1 = 2.847(15), Ce1-N2 = 2.857(15), Ce1-N3 = 2.504(14), Ce1-N4 = 2.503(14), 

Ce1-N5 = 2.334(16), Ce1-N6 = 2.347(16), Li1-N3 = 1.942(16), Li1-N4 = 1.943(16), Li1-N11 

= 2.019(18), Li1-N12 = 2.021(18).  

To investigate the stability of Ce4+ state within the cyclam ligand environment, I probed the 

electrochemical properties of 4.1 by cyclic voltammetry. The cyclic voltammogram of 4.1 in 

THF at 200 mV/s scan rate exhibits a reversible Ce(III)/Ce(IV) oxidation feature at -1.32 V vs 

Fc/Fc+ (Figure 4.5). This value is amongst the lowest reported for a reversible Ce(III)/Ce(IV) 

redox processes measured by cyclic voltammetry. For comparison, Schelter and co-workers 

have previously reported a reversible metal-based reduction feature for [Ce(omtaa)2] at -1.7 V 

vs Fc/Fc+.25 The structurally related sandwich complex Ce(OEP)2 also exhibits a low, 

reversible reduction feature at -1.06 V vs Fc/Fc+.24 Similarly, the Ce(IV) carbene complex 

[Ce(BIPMTMS)2] exhibits a quasi-reversible reduction feature at -1.63 V vs Fc/Fc+.46 More 

recently, Mazzanti and co-workers reported a highly reducing reduction potential for the 

electron rich Ce(IV) silyloxide [Ce(O(Si(OtBu)3)4] at -1.72 V vs Fc/Fc+.17 A similarly reducing 

reduction potential was also observed for the Ce(IV) ketimide [Li]2[Ce(N=CtBuPh)6] at -2.16 

V vs Fc/Fc+ (Chapter 3). Importantly, the highly cathodic value of the redox feature for 4.1, 

along with its electrochemical reversibility, indicate strong stabilization of the +4 state of 

cerium within the cyclam ligand environment. In addition, these observations suggest that a 

neutral homoleptic Ce(IV) cyclam complex should be easily isolable, as is demonstrated 

below. 
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Figure 4.5. Cyclic voltammogram of 4.1 at 200 mV/sec, measured in THF using [NBu4][PF6] 

as the supporting electrolyte. * indicates presences of a minor unidentified impurity. 

4.2.2 Synthesis and Characterization of [Ce(1,8-DMC)2] (4.2) 

On the basis of the electrochemical data collected for 4.1, I2 was chosen as a suitable oxidant 

for its 1e- oxidation. Thus, reaction of 4.1 with 0.5 equiv of I2 in THF results in formation of a 

deep purple solution, from which [Ce(1,8-DMC)2] (4.2) can be isolated as purple plates in 34% 

yield (eq 4.2). Complex 4.2 is readily soluble in Et2O and THF, but only sparingly soluble in 

hexanes. Its 1H NMR spectrum in C6D6 exhibits a sharp resonance at 2.39 ppm integrating to 

twelve protons that is assignable to the four equivalent methyl environments of the cyclam 

amino groups (Figure 4.6). This spectrum also features ten resonances between 1.44 and 4.99 

ppm, each integrating to four protons, that are assignable to the diastereotopic CH2 
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environments on the cyclam backbone. As expected, these resonances exhibit a complex 

splitting pattern, which necessitated the use of COSY NMR experiments to make specific 

assignments. Additionally, the number of signals in this spectrum are consistent with the S4 

symmetry observed for 4.2 in the solid state (see below). The 13C{1H} NMR spectrum of 4.2 

in C6D6 exhibits five resonances at 44.28, 44.57, 49.71, 54.21, 62.93 ppm assignable to the 

CH2 environments, and a resonance at 25.48 ppm assignable to the methyl environment of the 

cyclam ligand. The number of signals in this spectrum are also consistent with an S4 symmetry 

for 4.2 in solution.  

 

Figure 4.6. 1H NMR spectrum of 4.2 in C6D6. 

The UV-Vis spectrum of 4.2 in THF exhibits a broad, intense LMCT absorption at 561 nm 

(ε = 5914 M-1·cm-1) (Figure 4.7). This value is slightly red-shifted when compared against 
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those reported for other deeply colored, homoleptic Ce(IV) complexes such as Ce(trop)4 (450 

nm, ε = 2000 M-1·cm-1),47 Ce(η8-Pn*)2 (530 nm, ε = 17000 M-1·cm-1),48 Ce(cot)2 (469 nm, ε = 

8000 M-1·cm-1)48 and Ce(acac)4 (~400 nm, ε = ~3000 M-1·cm-1).
49 Finally, 4.2 features 

moderate thermal stability according to 1H NMR spectroscopy; monitoring of a C6D6 solution 

of 4.2 stored at room temperature for 2 d reveals ~20% decomposition. The sole decomposition 

product to be identified was H2(1,8-DMC) on the basis of its diagnostic methyl resonance 

observed at 2.09 ppm. 

 

Figure 4.7. UV-Vis spectrum of 4.2 in THF (0.081 mM). 
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Complex 4.2 crystallizes in the triclinic P-1 space group with two molecules in the 

asymmetric unit (Figure 4.8). Due to the similar metrical parameters, the structure of only one 

independent molecule will be analyzed herein. The solid-state molecular structure of 4.2 

reveals an eight-coordinate cerium center ligated by two κ4 cyclam macrocycles in an overall 

triakis tetrahedron geometry (CSM = 1.100).39,40 The cyclam macrocycles are rotated by 90° 

with respect to each other, resulting in an overall S4 symmetry for 4.2 in the solid state. The 

Ce-N(amide) distances (2.280(7) – 2.295(7) Å) in 4.2 are shorter than those observed for 4.1 

(2.334(16) – 2.504(14) Å) and Ce(OEP)2 (av. 2.475(1) Å),50 but similar to those reported for 

other homoleptic Ce(IV) amides such as [Ce(NiPr2)4] (2.225(1) and 2.223(1) Å),51 [Ce(NCy2)4] 

(2.238(5) – 2.247(6) Å),52 and [Ce(N(SiHMe2)2)4] (2.2378(11) – 2.2574(11) Å).53 

Additionally, these distances are shorter than those reported for [Ce(tmtaa)2] (2.427(4) – 

2.462(3) Å)42 and [Ce(omtaa)2] (2.4367(15) – 2.4600(16) Å),25 likely due to the delocalization 

within the β-diketiminate subunit of the tetraaza annulides in the latter complexes. Finally, the 

Ce-N(amine) distances (2.978(7) – 3.024(7) Å) in 4.2 are surprisingly longer than those in 4.1 

(2.847(15) and 2.857(15) Å) and the Ce(IV) bipyridine complex [Ce(bpdc)2]·H2O (H2bpdc = 

2,2’-bipyridine-6,6’-dicarboxylic acid) (2.530(4) – 2.541(4) Å),54 suggesting that the stronger 
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Ce-amide interactions in 4.2 are somewhat offset by weaker Ce-amine interactions, which may 

be due to the mismatch between the hard Ce(IV) ion and the soft amine donor. 

 

Figure 4.8. Solid-state molecular structure of 4.2 shown with 50% probability ellipsoids. All 

hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Ce1-N1 = 2.978(7), 

Ce1-N2 = 2.280(7), Ce1-N3 = 2.289(6), Ce1-N4 = 3.024(7), Ce1-N5 = 2.293(7), Ce1-N7 = 

2.295(7), Ce1-N8 = 3.005(8). 

4.2.3 Synthesis, Characterization and Electrochemistry of [Li][Pr(1,8-DMC)2] (4.3) 

Drawing inspiration from my cerium results, I sought to replicate the synthetic route for the 

preparation of a homoleptic Pr(IV) bis-cyclam complex. Thus, reaction of anhydrous PrCl3 

with 2 equiv of [Li(Et2O)]2[1,8-DMC] in THF at 65 °C for 2 d affords a pale blue solution 
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from which [Li][Pr(1,8-DMC)2] (4.3) can be isolated as pale blue blocks in 63% yield (eq. 

4.3). Complex 4.3 exhibits similar stability and solubility in organic solvents as 4.1. Its 1H 

NMR spectrum in THF-d8 exhibits 20 broad resonances between 89.20 and -65.82 ppm, 

assignable to the diastereotopic CH2 protons on the cyclam ring, as well as two resonances at 

16.66 and -18.75 ppm, attributable to the two distinct methyl environments of the cyclam 

amino groups. As in 4.1, the number of signals in this spectrum are consistent with C2 

symmetry for 4.3 in solution. Lastly, the UV-vis spectrum of 4.3 does not exhibit any obvious 

features, but its NIR spectrum in toluene reveals seven distinct f-f transitions between 1148 

and 2022 nm with extinction coefficients ranging from 17 to 60 M-1·cm-1. 

 

Storage of a concentrated Et2O solution of 4.3 at -25 °C for 24 h affords crystals suitable 

for X-ray diffraction analysis. Complex 4.3 crystallizes in the monoclinic P21/n space group 

and its solid-state structure is shown in Figure 4.9. Complex 4.3 is isostructural to its cerium 

analogue 4.1, featuring a distorted trigonal prism geometry about the Pr center with a 

Continuous Shape Measure value of 6.183.39,40 The κ2 macrocycle also supports an outer 

sphere Li cation with Li-N interactions ranging from 1.985(7) to 2.003(7) Å. The Pr-N(amide) 

bond lengths (2.304(3) – 2.450(3) Å) are slightly shorter than the Ce-N(amide) distances in 4.1 

(2.334(16) – 2.504(14) Å) and the Pr-N distances in the Pr(III) benzamidinate [Pr{4-
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MeOC6H4C(NSiMe3)2}3] (2.463(4) - 2.530(4) Å).55 These distance are, however, within the 

range reported for the monoanionic Pr(III) amide [K(THF)6][Pr(N(SiMe3)2)4] (2.423(8) – 

2.431(8) Å).41 The Pr-N(amine) distances (2.809(3) and 2.849(3) Å) are also shorter than the 

Ce-N(amine) distances in 4.1 (2.847(15) and 2.857(15) Å), but longer than previously reported 

Pr(III)-amine distances (2.587(5) – 2.745(3) Å).44,56,57  

 

Figure 4.9. Solid-state molecular structure of 4.1 shown with 50% probability ellipsoids. All 

hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Pr1-N1 = 2.304(3), 

Pr1-N2 = 2.849(3), Pr1-N3 = 2.325(3), Pr1-N4 = 2.809(3), Pr1-N5 = 2.448(3), Pr1-N7 = 

2.450(3), Li1-N8 = 1.985(7), Li1-N5 = 1.988(7), Li1-N6 = 1.995(7), Li1-N7 = 2.003(7). 

To explore the possibility of its chemical oxidation, I probed the electrochemical properties 

of 4.3 by cyclic voltammetry. The cyclic voltammogram of 4.3 in THF at 200 mV/s scan rate 
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exhibits an irreversible oxidation feature at 0.92 V vs Fc/Fc+ (Figure 4.10). This value is much 

more positive than those measured for Pr(III)/Pr(IV) redox processes using cyclic 

voltammetry. For example, the Pr(IV) and Tb(IV) silyloxide complexes 

[M(OSiPh3)4(MeCN)2] (M = Pr, Tb) exhibit irreversible, metal-based reduction features at Epc 

= -0.38 and -0.96 V (vs Fc/Fc+), with related oxidation features at Epa = 0.67 and 0.49 V (vs 

Fc/Fc+), respectively,20 suggesting that this feature may be due to a ligand-based oxidation. In 

this regard, Hrobarik et al. have previously shown that electrochemical oxidation of 

[Hg(cyclam)][BF4]2 results in generation of a formally Hg(III) cyclam complex, which, 

however, exhibits significant ligand-based radical cation character, on the basis of DFT 

calculations.58 Indeed, the Mulliken spin density analysis of [Hg(cyclam)]3+,59 found the bulk 

of the spin to be located on the cyclam nitrogen atoms, with a fraction of only less than one 

tenth on the metal center.58 As such, these results point towards the possibility of redox 

noninnocence of the cyclam ligand, which is traditionally thought to be a redox inactive 

macrocycle. Thus, given the highly anodic oxidation potential observed for 4.3, it is likely that 

the redox feature is ligand centered. To investigate ligand-based reactivity in 4.3, its chemical 

oxidation was attempted using various oxidants.  
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Figure 4.10. Cyclic voltammogram of 4.3 at 200 mV/sec, measured in THF using 

[NBu4][B(C6F5)4] as the supporting electrolyte. * indicates presence of a minor unidentified 

impurity.  

4.2.4 Synthesis and Characterization of [Pr(1,8-DMC)(2,2,2-crypt)(I)] (4.4) 

Reaction of 4.3 with 0.5 equiv of I2 or 1 equiv of AgOTf in Et2O or THF results in formation 

of a yellow solution from which no praseodymium-containing species could be isolated. The 

products isolated from these reactions after workup were instead [Li(py)(1,8-DMC)][X] (X = 

I, OTf) (eq 4.4), whose formulations were confirmed by preliminary analyses of X-ray 

crystallographic structural data. Addition of excess equivalents of oxidants also resulted in 

similar reaction outcomes. While protonation of the cyclam ligand in [Li(py)(1,8-DMC)][X] 

could not be corroborated from the preliminary crystal structure, given the formation of I- (and 
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Ag0) and absence of any tractable Pr species, it is likely that ligand oxidation has occurred, 

forming an aminyl radical. This result is surprising given that I2 should not be able to oxidize 

4.3 on thermodynamic grounds, according to the aforementioned cyclic voltammetry studies. 

Nonetheless, there currently is not enough data to unambiguously confirm ligand-based 

reactivity in this reaction. Intriguingly, a 1H NMR spectroscopy analysis of crystals of 

[Li(py)(1,8-DMC)][I] reveals overlapping resonances in the diamagnetic methyl and 

methylene regions, suggesting that any paramagnetic aminyl radical formed likely abstracts 

hydrogen atoms from the solvent to form diamagnetic [Li(py)(1,8-DMCH2)][I].  

 

To engender a more electron rich metal center, and more easily oxidized, I added 2,2,2-

cryptand to 4.3 prior to oxidation. Thus, addition of 0.5 equiv of I2 to a mixture of 4.3 and 1 

equiv of 2,2,2-cryptand, in THF, results in formation of a pale orange solution from which few 

X-ray quality single crystals of [Pr(1,8-DMC)(2,2,2-crypt)(I)] (4.4) could be isolated (eq 4.5). 

Due to the low yield, full characterization of this complex was not possible, but I have obtained 

a reliable crystal structure, which I discuss below. 



191 

 

Complex 4.4 crystallizes in the triclinic P-1 space group as the THF solvate 4.4·0.5THF 

(Figure 4.11). In the solid state, 4.4 exhibits a hepta-coordinate Pr center ligated by a κ4 cyclam 

macrocycle, a κ2 cryptand moiety and an iodide co-ligand, suggesting a trivalent oxidation 

state for the praseodymium. The 2,2,2-cryptand coordinates via two of its oxygen atoms with 

an average Pr-O distance of 2.616 Å. Ancillary binding of 2,2,2-cryptand to lanthanide(III) 

ions is extremely rare,60–64 which highlights the challenges inherent in stabilizing Pr(IV). 

Notably, the Pr-N(amide) (2.266(5) and 2.296(6) Å) and Pr-N(amine) (2.766(6) and 2.829(6) 

Å) distances in 4.4 are comparable to those in 4.3 (2.304(3) – 2.450(3) Å and 2.809(3) and 

2.849(3) Å, respectively), consistent with a Pr(III) oxidation state. The Pr-I distance in 4.4 

(3.2052(7) Å) is also similar to the Pr(III)-I bond lengths in [(NNTBS)Pr(THF)(µ-I)]2 (NNTBS = 

1,1’-Fc(NSiMe2
tBu)2) (3.238(1) and 3.261(1) Å).65 

  



192 

 

Figure 4.11. Solid-state molecular structure of 4.4·0.5THF shown with 50% probability 

ellipsoids. All hydrogen atoms and a THF solvate have been omitted for clarity. Selected bond 

lengths (Å): Pr1-N1 = 2.766(6), Pr1-N2 = 2.266(5), Pr1-N3 = 2.829(6), Pr1-N4 = 2.296(6), 

Pr1-I1 = 3.2052(7), Pr1-O1 = 2.617(4), Pr1-O2 = 2.615(4). 

The in situ 1H NMR spectrum of the reaction between 4.3 and I2, in the presence of 2,2,2-

crpytand, reveals formation of both paramagnetic and diamagnetic products (Figure 4.12). In 

particular, the spectrum reveals a single broad methyl resonance at -61.58 ppm, and eight broad 

methylene resonances between -21.25 and 68.53 ppm that are tentatively assigned to the single 

cyclam environment of 4.4. The two remaining methylene resonances for 4.4 are probably 

overlapping with the large diamagnetic signals in the region between 0 and 7 ppm. While it is 

possible that these diamagnetic resonances may be attributable to [Li(1,8-DMCH2)][I], the 

formation of this compound in this reaction has yet to be confirmed by X-ray crystallographic 

analysis of the remaining unidentified products present in the reaction mixture. Given these 
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spectroscopic data and the low yield of 4.4, obvious uncertainties remain as to which species 

transfers an electron to I2 to generate 4.4. 

 

Figure 4.12. In situ 1H NMR spectrum (in THF-d8) of the reaction of 4.3 with I2 in the presence 

of 2,2,2-cryptand. 

4.3 Summary 

This chapter describes the synthesis, structural and electrochemical characterization of the 

Ce(III) and Pr(III) bis-cyclam complexes [Li][Ce(1,8-DMC)2] (4.1) and [Li][Pr(1,8-DMC)2] 

(4.3). Both complexes were isostructural, exhibiting short M-N(amide) bond lengths and long 

M-N(amine) distances. Cyclic voltammetry studies revealed a highly cathodic oxidation 

potential for 4.1 and a highly anodic oxidation potential for 4.3. Consistent with these findings, 
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oxidation of 4.1 with I2 easily afforded a stable Ce(IV) cyclam complex [Ce(1,8-DMC)2] (4.2) 

in moderate yield, while treatment of 4.3 with I2 or AgOTf only resulted in isolation of 

[Li(py)(1,8-DMCH2)][X] (X = I, OTf). Interestingly, reaction of 4.3 with I2 in the presence of 

2,2,2-cryptand does not result in oxidation of the Pr(III) center, but instead affords the Pr(III) 

cryptate complex [Pr(1,8-DMC)(2,2,2-crypt)(I)] (4.4) in low yield. In both reactions of 4.3, it 

is unclear what species is oxidized, but 1H NMR spectroscopy suggests formation of 

diamagnetic [Li(py)(1,8-DMCH2)][X] as a major product. Its formation may occur by direct 

protonation, or by ligand oxidation followed by H-atom abstraction. The latter mechanism is 

consistent with the redox-noninnocence of the cyclam ligand originally put forward by 

Hrobarik et al. in 2008.58 However, to definitely affirm ligand-based reactivity, the 

electrochemistry of [Li(Et2O)]2[1,8-DMC] needs to be investigated independently by cyclic 

voltammetry in future studies. Exploring the reactivity of [Li(Et2O)]2[1,8-DMC] with I2 or 

AgOTf would also shed invaluable insight into the operative reaction mechanism. 

Additionally, independent synthesis of [Li(py)(1,8-DMCH2)][X] (X = I, OTf) by reactions of 

LiX with H2(1,8-DMC), followed by detailed structural and NMR spectroscopic comparisons 

could confirm its formation in both oxidation reactions of 4.3. Future work will also focus on 

utilizing macrocyclic ligands with stronger σ and π donors, as well as greater steric rigidity, to 

prepare highly elusive tetravalent lanthanide ions. 

4.4 Experimental  

4.4.1 General Procedures. All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions in the glovebox or on a Schlenk line, under an atmosphere 

of dinitrogen. Hexanes, diethyl ether (Et2O), and toluene were dried by passage over activated 

molecular sieves using a Vacuum Atmospheres solvent purification system. Tetrahydrofuran 
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(THF) was distilled over Na/benzophenone and stored over activated 3 Å molecular sieves for 

24 h prior to use. C6D6, pyridine-d5 and THF-d8 were dried over activated 3 Å molecular sieves 

for 24 h prior to use. All other reagents were purchased from commercial suppliers and used 

as received.  

1H, 13C{1H}, and 7Li{1H} NMR spectra were recorded on an Agilent Technologies 400 

MHz 400-MR DD2. 1H and 13C{1H} NMR spectra were referenced to external SiMe4 using 

residual protio solvent resonances as internal standards. 7Li{1H} NMR spectra were referenced 

indirectly with the 1H chemical shift of SiMe4 at 0 ppm, according to IUPAC standard.66,67 IR 

spectra were recorded on a Nicolet 6700 FT-IR spectrometer. Electronic absorption spectra 

were recorded on a Shimadzu UV3600 UV-NIR Spectrometer. Elemental analyses were 

performed by the Microanalytical Laboratory at University of California (Berkeley, CA).  

Cyclic Voltammetry Measurements. CV experiments were performed with a CH 

Instruments 600c Potentiostat, and the data were processed using CHI software (version 6.29). 

All experiments were performed in a glove box using a 20 mL glass vial as the cell. The 

working electrode was glassy carbon (2 mm diameter), the counter electrode was a platinum 

wire, and the reference electrode was a silver wire electroplated with silver chloride. Solutions 

employed for CV studies were typically 1 mM in analyte and 0.1 M in [NBu4][PF6] (for 4.1) 

or [NBu4][B(C6F5)4] (for 4.3). All potentials are reported versus the [Cp2Fe]0/+ couple. 

4.4.2 Synthesis of [Li(Et2O)]2[1,8-DMC]: To a cold (-25 °C) stirring orange solution of 1,8-

dimethylcyclam (2.0 mL, 8.3 mmol) in Et2O (2 mL) was added dropwise a cold (-25 °C) pale 

yellow solution of n-BuLi in hexanes (6.6 mL, 16.5 mmol) diluted with Et2O (2 mL). This 

addition resulted in an immediate color change to orange-brown concomitant with deposition 
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of a fine brown precipitate. The resulting mixture was allowed to stir for 15 min at room 

temperature, whereupon the solution was filtered over a Celite column supported on a medium 

porosity glass frit to yield a yellow orange filtrate. The filtrate was concentrated to 8 mL in 

vacuo and stored at -25 °C for 24 h which resulted in deposition of pale yellow plates. These 

crystals were isolated by decanting off the supernatant and dried under reduced pressure 

(1.6442 g). Concentration of the supernatant and subsequent storage at -25 °C for 24 h resulted 

in deposition of a second crop of crystals (Total yield: 2.2947 g, 71% yield. 1H NMR (600 

MHz, THF-d8): δ 1.11 (t, JHH = 6 Hz, 12H, OCH2CH3), 1.54 (d, JHH = 18 Hz, 2H, CH2CH2CH2), 

1.76 (d, JHH = 12 Hz, 2H, CH2CH2), 2.02 (q, JHH = 12 Hz, 2H, CH2CH2CH2), 2.10 (s, 6H, CH3), 

2.34 (d, JHH = 12 Hz, 2H, CH2CH2CH2), 2.56 (t, JHH = 12 Hz, 2H, CH2CH2CH2), 2.84 (d, JHH 

= 12 Hz, 2H, CH2CH2), 3.07 (m, 2H, CH2CH2CH2), 3.11 (t, JHH = 12 Hz, 2H, CH2CH2CH2), 

3.15 (t, JHH = 12 Hz, 2H, CH2CH2), 3.22 (td, JHH (t) = 12 Hz, JHH (d) = 3.5 Hz,  2H, CH2CH2), 

3.38 (q, JHH = 6 Hz, 8H, OCH2CH3), 
7Li{1H} NMR (THF-d8, 25 °C, 155 MHz): δ -0.56 (s, 

2Li).  

4.4.3 Synthesis of [Li][Ce(1,8-DMC)2] (4.1): To a pale yellow solution of [Li(Et2O)]2[1,8-

DMC] (598.3 mg, 1.540 mmol) in THF (7 mL) was added anhydrous CeCl3 (190.1 mg, 0.771 

mmol). The resulting mixture was transferred to a Schlenk flask equipped with a Roto-Kontes-

Flow valve and stirred at 65 °C for 2 d, which resulted in dissolution of the CeCl3 and formation 

of a golden yellow solution. The volatiles were removed in vacuo, and the resulting residue 

was extracted into Et2O (5 mL) and filtered over a Celite column supported on glass wool to 

yield a yellow filtrate. Storage of this solution at -25 °C for 48 h resulted in deposition of bright 

yellow blocks, which were isolated by decanting off the supernatant (292.2 mg). Further 

concentration of the supernatant followed by storage at -25 °C for 48 h afforded an additional 



197 

crop of crystals (total yield: 348.9 mg, 75% yield). Anal. Calcd for C24H52CeLiN8: C, 48.06; 

H, 8.74; N, 18.68. Found: C, 48.34; H, 8.60; N, 18.58. 1H NMR (400 MHz, THF-d8) δ -60.41 

(s br, 2H, CH2), -20.64 (s br, 2H, CH2), -18.78 (s, 2H, CH2), -17.71 (s, 6H, CH3), -9.75 (s br, 

2H, CH2), -8.47 (s br, 2H, CH2), -7.50 (s br, 2H, CH2), -5.03 (s br, 2H, CH2), -3.27 (s br, 2H, 

CH2), -2.37 (s br, 2H, CH2), 5.09, (s br, 2H, CH2), 5.16 (s br, 2H, CH2), 5.41 (s br, 2H, CH2), 

5.99 (s br, 2H, CH2), 6.80 (s br, 2H, CH2), 11.04 (s br, 2H, CH2), 11.62 (s br, 2H, CH2), 12.34 

(s, 6H, CH3), 13.16 (s, 2H, CH2), 13.67 (s br, 2H, CH2), 35.57 (s br, 2H, CH2), 64.13 (s br, 2H, 

CH2). UV-Vis (THF, 2.06 mM, 25 °C, M-1·cm-1): 365 (ε = 210), 464 (ε = 330), 565 (ε = 95). 

NIR (Toluene, 8.3 mM, 25 °C, M-1·cm-1): 1148 (ε = 59), 1194 (ε = 32), 1392 (ε = 33), 1442 

(sh, ε = 22), 1486 (sh, ε = 16), 1878 (ε = 63), 2024 (ε = 70). IR (KBr pellet, cm-1): 2941 (s), 

2856 (sh s), 2816 (sh s), 2791 (s), 1664 (m), 1618 (m), 1460 (s), 1369 (sh vw), 1348 (w), 1298 

(w), 1261 (vw), 1217 (vw), 1147 (sh m), 1134 (s), 1074 (sh m), 1045 (s), 962 (vw), 918 (vw), 

864 (vw), 820 (sh vw), 814 (w), 795 (w), 744 (m), 586 (br m), 469 (vw), 434 (vw), 418 (vs). 

4.4.4 Synthesis of [Ce(1,8-DMC)2] (4.2): To a stirring yellow solution of 4.1 (313.1 mg, 0.522 

mmol) in THF (2 mL) was added dropwise an orange solution of I2 (66.2 mg, 0.261 mmol) in 

THF (1 mL). This addition resulted in an immediate color change to deep purple, whereupon 

the solution was allowed to stir for 30 min at room temperature. The volatiles were removed 

in vacuo and the resulting tacky solid was triturated with pentane (1 mL) to yield a purple 

powder. The powder was extracted into Et2O (2 × 4 mL) and filtered over a Celite column 

supported on glass wool. The resulting purple filtrate was concentrated in vacuo to ~2 mL, and 

subsequently stored at -25 °C for 48 h which resulted in deposition of purple plates (105.4 mg, 

34% yield). Anal. Calcd for C24H52CeN8: C, 48.62; H, 8.84; N, 18.90. Found: C, 48.43; H, 

8.55; N, 18.72. 1H NMR (C6D6, 25 °C, 400 MHz): δ 1.44 (t, JHH = 4 Hz, 4H, CH2CH2), 1.52 
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(dtt, JHH (d) = 16 Hz, JHH (t) = 4 Hz,  4H, CH2CH2CH2), 1.68 (tt, JHH (t) = 12 Hz, JHH (t) = 8 

Hz, 4H, CH2CH2CH2), 2.39 (s, 12H, CH3), 2.41 (q, JHH = 4 Hz, 4H, CH2CH2 ), 2.46 (td, JHH 

(t) = 12 Hz, JHH (d) = 4 Hz, 4H, CH2CH2CH2 ), 3.62 (td, JHH (t) = 12 Hz, JHH (d) = 6.7 Hz, 4H, 

CH2CH2 ), 3.87 (dd, JHH (d) = 12 Hz, JHH (d) = 4 Hz, 4H, CH2CH2), 4.11 (dd, JHH (d) = 14Hz, 

JHH (d) = 6 Hz, 4H, CH2CH2CH2), 4.93 (td, JHH (t) = 12 Hz, , JHH (d) = 4 Hz, 4H, CH2CH2CH2), 

4.99 (td, JHH (t) = 12 Hz, , JHH (d) = 4 Hz, 4H, CH2CH2). 
13C{1H} NMR (C6D6, 25 °C, 100 

MHz): δ 25.48 (CH3), 44.28 (CH2), 44.57 (CH2), 49.71 (CH2), 54.21 (CH2), 62.93 (CH2). UV-

Vis (THF, 0.081 mM, 25 °C, M-1·cm-1): 561 (ε = 5914),  IR (KBr pellet, cm-1): 2962 (s), 2926 

(s), 2858 (s), 2835 (s), 2789 (vs), 2758 (sh vs), 2671 (m), 1456 (s), 1446 (s), 1381 (m), 1348 

(s), 1298 (m), 1284 (sh w), 1261 (vw), 1242 (m), 1217 (s), 1194 (w), 1161 (s), 1140 (s), 1078 

(vs), 1055 (sh s), 1014 (vw), 964 (m), 926 (vw), 920 (m), 868 (s), 845 (m), 804 (m), 796 (sh 

w), 750 (w), 638 (w), 592 (w), 490 (w), 457 (m), 432 (vw), 422 (sh vw). 

4.4.5 Synthesis of [Li][Pr(1,8-DMC)2] (4.3): To a pale yellow solution of [Li(Et2O)]2[1,8-

DMC] (730.4 mg, 1.880 mmol) in THF (7 mL) was added anhydrous PrCl3 (232.4 mg, 0.940 

mmol). The resulting mixture was transferred to a Schlenk flask equipped with a Roto-Kontes-

Flow valve and stirred at 65 °C for 2 d, which resulted in dissolution of the PrCl3 and formation 

of a pale blue solution. The volatiles were removed in vacuo, and the resulting solid was 

extracted into Et2O (8 mL) and filtered over a Celite column supported on glass wool to yield 

a pale blue filtrate. Concentration of this solution and subsequent storage at -25 °C for 24 h 

resulted in deposition of pale blue blocks, which were isolated by decanting off the supernatant 

(357.1 mg, 63% yield). Anal. Calcd for C24H52LiN8Pr: C, 48.00; H, 8.73; N, 18.66. Found: C, 

48.20; H, 8.68; N, 18.34. 1H NMR (THF-d8, 25 °C, 400 MHz): δ -65.82 (s br, 2H, CH2), -24.83 

(s br, 2H, CH2), -19.58 (s, 2H, CH2), -18.75 (s, 6H, CH3), -4.22 (s br, 2H, CH2), -2.79 (s br, 
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2H, CH2), -0.44 (s br, 2H, CH2), 2.14 (s br, 2H, CH2), 2.37 (s br, 2H, CH2), 2.56 (s br, 2H, 

CH2), 2.62, (s br, 2H, CH2), 4.34 (s br, 2H, CH2), 5.82 (s br, 2H, CH2), 7.63 (s br, 2H, CH2), 

11.74 (s br, 2H, CH2), 16.66 (s, 6H, CH3), 16.80 (s br, 2H, CH2), 17.64 (s br, 2H, CH2), 20.27 

(s, 2H, CH2), 22.91 (s br, 2H, CH2), 49.88 (s br, 2H, CH2), 89.20 (s br, 2H, CH2). UV-Vis NIR 

(Toluene, 10.3 mM, 25 °C, M-1·cm-1): 1148 (ε = 48), 1194 (ε = 27), 1394 (ε = 30), 1442 (sh, ε 

= 20), 1488 (sh, ε = 17), 1880 (ε = 56), 2022 (ε = 60). IR (KBr pellet, cm-1): 2941 (br s), 2792 

(br sh, s), 2659 (br sh, s), 1670 (m), 1595 (m), 1464 (vs), 1416 (sh m), 1375 (w), 1350 (m), 

1296 (w), 1261 (w), 1217 (vw), 1213 (m), 1184 (w), 1163 (m), 1134 (m), 1076 (w), 1053 (m), 

1024 (w), 993 (w), 962 (m), 928 (m), 914 (w), 893 (vw), 877 (w), 864 (w), 850 (w), 816 (vw), 

810 (m), 793 (w), 737 (m), 634 (m), 607 (m), 584 (m), 511 (w), 449 (vw), 447 (w), 420 (w), 

402 (s). 

4.4.6 Reaction of 4.3 with I2: To a cold (-25 °C) pale blue solution of 4.3 (114.3 mg, 0.190 

mmol) in Et2O (5 mL) was added a cold (-25 °C) orange solution of I2 (24.1 mg, 0.095 mmol) 

in Et2O (1 mL). This addition resulted in an immediate color change to yellow, concomitant 

with deposition of copious amounts of yellow precipitate. The resulting mixture was allowed 

to stir for 5 min at room temperature, whereupon the solution was filtered over a Celite column 

supported on glass wool to yield a colorless filtrate and a large plug of yellow solid on the 

Celite. The plug was then dissolved into pyridine (1 mL) to yield a yellow filtrate. The filtrate 

was transferred into a 4 mL vial, which was placed inside a 20 mL vial. Diethyl ether (2 mL) 

was added to the outer vial. Storage of the two-vial system at -25 °C for 4 d resulted in 

deposition of yellow plates which were identified as [Li(py)(1,8-DMC)][I] by X-ray 

crystallography. The X-ray data, however, was incomplete, and thus structural details are not 

included herein. 1H NMR (py-d5, 25 °C, 400 MHz): δ 1.25 – 3.25 (m, 26H, overlapping peaks 
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for CH3 and CH2). 
7Li{1H} NMR (py-d5, 25 °C, 155 MHz): δ 0.92 (s, 1Li). Subsequent 

concentration of the supernatant and storage at -25 °C for several days only results in 

deposition of more [Li(py)(1,8-DMC)][I]. Crystals of [Li(1,8-DMC)][I] were also obtained, in 

small amounts, from the colorless Et2O filtrate collected during workup, and no praseodymium 

containing species could be isolated from this fraction as well. Finally, reactions of 4.3 with 1 

equiv of AgOTf using an identical procedure only results in isolation of [Li(py)(1,8-

DMC)][OTf]. 

4.4.7 Synthesis of [Pr(1,8-DMC)(2,2,2-crypt)(I)] (4.4): To a cold (-25 °C) pale blue solution 

containing a mixture of 4.3 (49.4 mg, 0.082 mmol) and 2,2,2-cryptand (31.1mg, 0.083 mmol, 

1 equiv) in THF (1 mL) was added a cold (-25 °C) orange solution of I2 (10.4 mg, 0.041 mmol) 

in THF (1 mL). This addition resulted in formation of a cloudy orange solution along with 

deposition of a small amount of fine white precipitate. The mixture was allowed to stir for 5 

min at room temperature, whereupon the solution was filtered over a Celite column supported 

on glass wool to yield a pale orange filtrate. The volatiles were removed from the filtrate in 

vacuo to yield a pale orange oil, which was triturated with pentane (2 × 1 mL).  The resulting 

pale orange solid was extracted into Et2O (2 mL) and filtered over a Celite column supported 

on glass wool to yield a pale yellow-orange filtrate and a plug of white solid on the Celite. The 

filtrate was then transferred into a 4 mL vial, which was placed inside a 20 mL vial. Hexanes 

(1 mL) was added to the outer vial. Storage of the two-vial system at -25 °C for 2 d resulted 

deposition of colorless plates of 4.4. In situ 1H NMR (THF-d8, 25 °C, 400 MHz): δ -61.58 (br 

s, 6H, CH3, 4.4), -21.25 (br s, 2H, CH2, 4.4), -16.89 (br s, 2H, CH2, 4.4), -9.97 (br s, 2H, CH2, 

4.4), -2.02 (br s, 2H, CH2, 4.4), 0.01 – 7.01 (br m, overlapping peaks for CH3 and CH2), 7.22 

(br s, 2H, CH2, 4.4), 41.29 (br s, 2H, CH2, 4.4), 61.82 (br s, 2H, CH2, 4.4), 68.53 (br s, 2H, 
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CH2, 4.4). Two methylene resonances for 4.4 were not observed likely due to their overlap 

with the large diamagnetic signals between 0 and 7 ppm. In situ 7Li{1H} NMR (THF-d8, 25 

°C, 155 MHz): δ 0.42 (s, 1Li) 

4.4.8 X-ray Crystallography. Data for [Li(Et2O)]2[1,8-DMC] and 4.1-4.4 were collected on 

a Bruker KAPPA APEX II diffractometer equipped with an APEX II CCD detector using a 

TRIUMPH monochromater with a Mo Kα X-ray source (α = 0.71073 Å). The crystals of 

[Li(Et2O)]2[1,8-DMC] and 4.1-4.4 were mounted on a cryoloop under Paratone-N oil before 

data collection. Data for [Li(Et2O)]2[1,8-DMC], 4.1, 4.2, 4.3 and 4.4 were collected at 100(2), 

118(2), 100(2), 100(2) and 113(2) K, respectively, using an Oxford nitrogen gas cryostream 

system. X-ray data for [Li(Et2O)]2[1,8-DMC], 4.1, 4.2, 4.3 and 4.4 were collected utilizing 

frame exposures of 10, 2, 15, 5 and 2 s, respectively. Data collection and cell parameter 

determinations were conducted using the SMART program.68 Integration of the data frames 

and final cell parameter refinement were performed using SAINT software.69 Absorption 

corrections of the data were carried out using the multi-scan method SADABS.70Subsequent 

calculations were carried out using SHELXTL.71 Structure determination was done using 

direct or Patterson methods and difference Fourier techniques. All hydrogen atom positions 

were idealized, and rode on the atom of attachment. Structure solution, refinement, graphics, 

and creation of publication materials were performed using SHELXTL.71  

Both cyclam ligands and the toluene solvate in the structure of 4.1 exhibited positional 

disorder, which was addressed by constraining the affected atoms with the SADI and EADP 

commands. In addition, hydrogen atoms were not added to the carbon atoms of both cyclam 

rings and the toluene solvate. The THF solvate in the structure of 4.4 also exhibited positional 

disorder, which was addressed by constraining the affected atoms with the SADI command. 
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Additionally, the THF solvate was refined isotropically and no hydrogen atoms were added to 

its carbon atoms.  

Table 4.1.  Crystallographic details for [Li(Et2O)]2[1,8-DMC], 4.1 and 4.2. 

 [Li(Et2O)]2[1,8-DMC] 4.1·C7H8 4.2 

Formula C20H46Li2N4O2 C31H60CeLiN8 C24H52CeN8 

Crystal Habit, 

Color 

Plates, Yellow Block, Yellow Plate, Purple 

Crystal Size (mm) 0.2 × 0.1 × 0.05 0.2 × 0.15 × 0.15 0.15 × 0.10 × 0.05 

MW (g/mol) 388.49 691.93 592.85 

crystal system Monoclinic Tetragonal Triclinic 

space group P21/n P43 P-1 

a (Å) 8.9271(10) 10.877(3) 9.420(4) 

b (Å) 12.9241(12) 10.877(3) 17.550(7) 

c (Å) 10.3861(10) 29.035(9) 18.797(8) 

α (°) 90 90 64.076(7) 

β (°) 90.908(6) 90 81.839(8) 

γ (°) 90 90 83.125(7) 

V (Å3) 1198.1(2) 3435(2) 2761(2) 

Z 2 4 4 

T (K) 100(2) 118(2) 100(2) 

λ (Å) 0.71073 0.71073 0.71073 

GOF 1.244 1.126 0.907 

Density (calcd) 

(Mg/m3) 

1.077 1.338 1.426 

Absorption 

coefficient (mm-1) 

0.068 1.357 1.676 

F000 432 1452 1240 

Total no 

Reflections 

4257 22844 16895 

Unique Reflections 2031 7035 11919 

Final R indices* R1 = 0.0469 

wR2
 = 0.0961 

R1 = 0.0881 

wR2
 = 0.2198 

R1 = 0.0649 

wR2
 = 0.1398 

Largest Diff. peak 

and hole (e- A-3) 

0.195, -0.209 2.360, -1.346 1.719, -1.645 

* For [I > 2(I)]  
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Table 4.2.  Crystallographic details for complexes 4.3 and 4.4. 

 4.3 4.4·0.5THF 

Formula C24H52LiN8Pr C32H66IN6O6.5Pr 

Crystal Habit, 

Color 

Block, Blue Plate, Colorless 

Crystal Size (mm) 0.2 × 0.15 × 0.1 0.15 × 0.15 × 0.05 

MW (g/mol) 600.58 906.71 

crystal system Monoclinic Triclinic 

space group P21/n P-1 

a (Å) 10.0319(9) 10.127(2) 

b (Å) 23.937(2)) 12.352(3) 

c (Å) 11.8650(11) 17.677(4) 

α (°) 90 91.431(5) 

β (°) 93.331(2) 105.550(6) 

γ (°) 90 105.912(5) 

V (Å3) 2844.3(4) 2037.0(9)) 

Z 4 2 

T (K) 100(2) 113(2) 

λ (Å) 0.71073 0.71073 

GOF 0.718 1.187 

Density (calcd) 

(Mg/m3) 

1.402 1.478 

Absorption 

coefficient (mm-1) 

1.739 2.000 

F000 1256 928 

Total no 

Reflections 

13451 18243 

Unique Reflections 6516 9867 

Final R indices* R1 = 0.0328 

wR2 = 0.0774 

R1 = 0.0574 

wR2
 = 0.1232 

Largest Diff. peak 

and hole (e- A-3) 

0.841, -0.566 2.084, -2.692 

* For [I > 2(I)] 
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4.5 Appendix  

4.5.1 Synthesis and Characterization of [Li]2[UO2(1,8-DMC)2] (4.5) 

Given the anticipated rigidity of the macrocyclic ligand framework within 1,8-DMC, its 

suitability for the synthesis of a cis-uranyl cyclam complex was investigated. Thus, reaction of 

[UO2Cl2(THF)3] with 1 equiv of [Li(Et2O)]2[1,8-DMC] in THF results in formation of an 

orange-brown solution from which the 1:2 product [Li]2[UO2(1,8-DMC)2] (4.5) can be isolated 

as orange plates in 22% yield (based on uranium) (eq A4.1). Complex 4.5 was structurally 

characterized by X-ray crystallography (Figure A4.1), which revealed a uranyl unit ligated by 

two κ2 cyclam macrocycles that coordinate via both of their amide nitrogen atoms, resulting in 

an octahedral geometry about the uranium center. Each cyclam macrocycle also supports an 

outer-sphere Li cation within its binding pocket that binds to both its amide and amine nitrogen 

atoms. The uranyl fragment in 4.5 sits at a special position, resulting in a perfectly linear O-U-

O angle and an overall D2h symmetry for 4.5 in the solid state. In addition, the U-Oyl bond 

length (1.805(8) Å) in 4.5 is typical of the uranyl fragment (~1.78 Å), while the U-N distances 

(2.384(10) and 2.374(11) Å) are slightly longer than previously reported uranyl-amide bond 

distances.33,72–77 The Li-N distances (1.94(2) – 2.02(2) Å) are also similar to previously 

reported Li-N dative interactions.30–33   
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The unwanted reaction stoichiometry observed in eq A4.1 is reminiscent of that detected in 

the reaction between [K3(DME)2][Cy7Si7O12] and [UO2Cl2(THF)3], in the presence of 2,2,2-

cryptand, to form [K(2,2,2-cryptand)]2[K2UO2(Cy7Si7O12)2] (Chapter 6), as well the reaction 

between Li2(tmtaa) and [UO2Cl2(THF)3] in THF to form 

[Li(THF)3][Li(THF)2][(UO2Cl2)2(tmtaa)] (Chapter 5). These transformations were thought to 

be promoted by the presence of Lewis acidic alkali cations in the reaction mixtures. The Li 

cation in [Li(Et2O)]2[1,8-DMC] also likely plays a key role in the formation of 4.5. 

Protonolysis of [UO2(NR2)2(THF)2] (R = SiMe3) with H2(1,8-DMC), an alternative to salt 

metathesis, proved impractical due to the very weak acidity of H2(1,8-DMC). All in all, these 

results suggest that the 1,8-dimethyl cyclam ligand is not suitable for facilitating the desired 

trans/cis isomerization of the uranyl ion. 

Experimental Details: To a stirring yellow green solution of [UO2Cl2(THF)3] (84.1 mg, 0.151 

mmol) in THF (1 mL) was added a pale yellow solution of [Li(Et2O)]2[1,8-DMC] (58.5 mg, 

0.150 mmol, 1 equiv) in THF (1 mL). This addition resulted in an immediate color change to 

dark orange-brown. The resulting mixture was allowed to stir for 1 h at room temperature, 

whereupon the volatiles were removed in vacuo to yield a dark orange residue. The residue 

was extracted into Et2O (2 mL) and filtered over a Celite column supported on glass wool to 

yield an orange filtrate. The filtrate was concentrated to ~1 mL and stored at -25 °C for 24 h, 

which resulted in deposition of orange plates of 4.5 (24.0 mg, 22% yield based on uranium). 

1H NMR (C6D6, 25 °C, 400 MHz): δ 1.46 (m, 4H, CH2), 1.96 (s, 12H, CH3), 2.19 (m, 4H, 

CH2), 2.47 (m, 4H, CH2), 3.45 (m, 4H, CH2), 4.30 (m, 4H, CH2), 4.56 (m, 4H, CH2), 5.89 (m, 

4H, CH2), 5.99 (m, 4H, CH2), 6.19 (t, JHH = 12 Hz, 4H, CH2), 6.32 (t, JHH = 12 Hz, 4H, CH2).
 

7Li{1H} NMR (C6D6, 25 °C, 400 MHz): δ 4.27 (s, 2Li). 
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Figure A4.1. Solid-state molecular structure of 4.5 shown with 50% probability ellipsoids. All 

hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): U1-

O1 = 1.805(8), U1-N2 = 2.384(10), U1-N4 = 2.374(11), Li1-N1 = 1.98(2), Li1-N2 = 2.02(2), 

Li1-N3 = 1.94(2), Li1-N4 = 1.99(2), O1-U-O1_i = 180.0. 

X-ray Crystallography. Data for 4.5 were collected on a Bruker KAPPA APEX II 

diffractometer equipped with an APEX II CCD detector using a TRIUMPH monochromater 

with a Mo Kα X-ray source (α = 0.71073 Å). The crystals of 4.5 were mounted on a cryoloop 

under Paratone-N oil, and data were collected at 100(2) K using an Oxford nitrogen gas 

cryostream system. X-ray data for 4.5 were collected utilizing frame exposures of 15 s. Data 

collection and cell parameter determinations were conducted using the SMART program.68 

Integration of the data frames and final cell parameter refinement were performed using 

SAINT software.69 Absorption corrections of the data were carried out using the multi-scan 

method SADABS.70Subsequent calculations were carried out using SHELXTL.71 Structure 
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determination was done using direct or Patterson methods and difference Fourier techniques. 

All hydrogen atom positions were idealized, and rode on the atom of attachment. Structure 

solution, refinement, graphics, and creation of publication materials were performed using 

SHELXTL.71  

Complex 4.5 contains two cyclam nitrogen atoms and two cyclam carbon atoms in its 

asymmetric unit that exhibit positional disorder. This disorder was addressed by constraining 

the affected atoms with the EADP command.  
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Table A4.1.  Crystallographic details for complexes 4.5. 

 4.5 

Formula C24H52Li2N8O2U 

Crystal Habit, Color Plate, Orange 

Crystal Size (mm) 0.2 × 0.15 × 0.05 

MW (g/mol) 736.64 

crystal system Triclinic 

space group P-1 

a (Å) 8.595(16) 

b (Å) 8.848(15) 

c (Å) 11.76(2) 

α (°) 68.24(4) 

β (°) 85.25(4) 

γ (°) 62.08(4) 

V (Å3) 730(2) 

Z 1 

T (K) 100(2) 

λ (Å) 0.71073 

GOF 1.030 

Density (calcd) (Mg/m3) 1.677 

Absorption coefficient 

(mm-1) 

5.597 

F000 366 

Total no Reflections 3022 

Unique Reflections 2042 

Final R indices* R1 = 0.0560 

wR2
 = 0.1253 

Largest Diff. peak and hole 

(e- A-3) 

3.377, -2.296 

* For [I > 2(I)] 
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4.5.2 NMR spectra  

 

Figure A4.2. 1H NMR spectrum of [Li(Et2O)]2[1,8-DMC] in THF-d8. 
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Figure A4.3. 7Li{1H} NMR spectrum of [Li(Et2O)]2[1,8-DMC] in THF-d8. 
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Figure A4.4. 13C{1H} NMR spectrum of 4.2 in C6D6. 
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Figure A4.5. 1H NMR spectrum (in C6D6) of the monitoring of the thermal stability of 4.2. 
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Figure A4.6. 1H NMR spectrum of 4.3 in THF-d8. 
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Figure A4.7. 1H NMR spectrum of [Li(py)(1,8-DMC)][I] in py-d5. 
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Figure A4.8. 7Li{1H} NMR spectrum of [Li(py)(1,8-DMC)][I] in py-d5. 
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Figure A4.9. In situ 7Li{1H} NMR spectrum (in THF-d8) of the reaction of 4.3 with I2 in the 

presence of 2,2,2-cryptand. 
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Figure A4.10. 1H NMR spectrum of 4.5 in C6D6. ~ indicates resonances assignable to THF, # 

indicates resonances assignable to Et2O, ^ indicates resonances assignable to hexanes, and ? 

indicates resonances assignable to minor unidentified impurities. 
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Figure A4.11. 7Li{1H} NMR spectrum of 4.5 in C6D6. ? indicates resonances assignable to 

minor unidentified impurities. 
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4.5.3 Cyclic Voltammetry  

Figure A4.12. Partial cyclic voltammogram of the reversible Ce(III/IV) couple of 4.1 

measured in THF with [NBu4][PF6] as the supporting electrolyte. 
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Figure A4.13. Partial cyclic voltammogram of the irreversible oxidation feature of 4.3 

measured in THF with [NBu4][B(C6F5)4] as the supporting electrolyte. 
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Table A4.2. Electrochemical parameters for [Li][Ce(1,8-DMC)2] (4.1) in THF, (vs. Fc/Fc+, 

[NBu4][PF6] as the supporting electrolyte). 

Oxidation  

Feature 

Scan Rate, V/s Ep,a, V Ep,c, V E1/2, V ∆Ep, V ip,a/ip,c 

 0.010 -1.29 -1.36 -1.33 0.07 1.42 

 0.025 -1.29 -1.37 -1.33 0.08 1.48 

 0.050 -1.29 -1.38 -1.34 0.09 1.36 

 0.100 -1.28 -1.38 -1.33 0.10 1.25 

 0.200 -1.27 -1.40 -1.34 0.13 1.19 

 0.300 -1.25 -1.41 -1.33 0.16 1.21 

 0.500 -1.23 -1.42 -1.33 0.19 1.21 

 

Table A4.3. Electrochemical parameters for [Li][Pr(1,8-DMC)2] (4.3) in THF, (vs. Fc/Fc+, 

[NBu4][B(C6F5)4] as the supporting electrolyte). 

Oxidation  

Feature 

Scan Rate, V/s Ep,a, V 

 0.025 0.586 

 0.050 0.731 

 0.100 0.821 

 0.200 0.924 

 0.300 0.917 

 0.500 1.006 
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4.5.4 UV Vis/NIR Spectra  

 

Figure A4.14. NIR spectrum of 4.1 in toluene (8.3 mM). 
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Figure A4.15. UV-Vis spectrum of 4.3 in toluene (10.3 mM). 
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Figure A4.16. NIR spectrum of 4.3 in toluene (10.3 mM). 
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4.5.5 IR Spectra  

 

Figure A4.17. IR spectrum of 4.1 (KBr pellet). 
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Figure A4.18. IR spectrum of 4.2 (KBr pellet). 
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Figure A4.19. IR spectrum of 4.3 (KBr pellet). 
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5.1 Introduction 

The exceptional stability the ubiquitous uranyl ion (trans-UO2
2+) is evidenced by its 

resistance to oxo functionalization and its low oxidation potential.1, 2 For example, the standard 

U(VI)/U(V) redox potential for UO2
2+(aq) is -0.35 V (vs. Fc/Fc+),3 and the coordination of 

anionic donor ligands only serves to lower this potential. Interestingly, disruption of the 

O=U=O bonding framework within uranyl has been shown to effect its U(VI)/U(V) and 

U(V)/U(IV) redox potentials.4, 5 For example, Hayton and co-workers demonstrated that a 700 

mV shift of the U(VI)/U(V) couple in [UO2(
Aracnac)2] (

Aracnac = ArNC(Ph)CHC(Ph)O; Ar = 

3,5-tBu2C6H3) to more oxidizing potentials can be achieved by coordination of B(C6F5)3 to one 

of the Oyl ligands.6 Schelter and co-workers also demonstrated that coordination of potassium 

cations to the uranyl oxo ligands in [K(toluene)]2[UO2(NPh(3,5-(CF3)2C6H3))4] resulted in a 

similar shift of the U(VI)/U(V) couple to more oxidizing potentials when compared to that 

observed for the cation-anion separated pair [K(16-crown-6)]2[UO2(NPh(3,5-(CF3)2C6H3))4].
7  

Both results can be interpreted as a consequence of a decrease in electron donation from the 

oxo ligands to the U6+ ion. 
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Scheme 5.1. Previous attempts to generate a cis-uranyl complex (Scheme 5.1a is adopted from 

Ref 8 and Scheme 5.1b is adopted from Ref 9) 

 

It is also possible that the U(VI)/U(V) redox potential in uranyl can be affected by a trans/cis 

isomerization.  For example, reaction of Cp’2UCl2 (Cp’ = 1,2,4-tBu3C5H2) with KC8 and 

pyridine-N-oxide, in THF, results in formation of the U(V) oxo cluster, Cp’4(bipy)2U6O13, the 

protonated ligand Cp’H, as well as the dimer (Cp’)2.
8 This result was rationalized by a 

mechanism that invokes the initial formation of a cis uranyl intermediate, cis-Cp’2UO2, which 

quickly decomposed via homolytic Cp’-U cleavage. A similarly putative cis-Cp*2UO2 

intermediate has been predicted for the reaction between Cp*2UI(THF) and pyridine-N-oxide 

in the presence of KC8.
9 Therefore, it is likely that a trans/cis isomerization disrupts the O-U-

O bonding framework in uranyl, which makes the U6+ center a stronger oxidant. Incidentally, 
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the successful synthesis of a stable cis-uranyl complex could provide unique insights into 5f 

orbital involvement in the U-O bonds1 and the Inverse Trans Influence (ITI).10-13 

Scheme 5.2. Perturbation of the O-U-O angle in uranyl by ligation to macrocyclic ligands 

(Scheme adopted from Ref 14) 

 

I have been exploring the coordination of macrocylic ligands to the uranyl ion in an effort 

to effect a trans/cis isomerization of the uranyl fragment.  Hayton and co-workers recently 

reported that ligation of the neutral 12-membered macrocycles, HN4 (HN4 = 2,11-

diaza[3,3](2,6) pyridinophane) and MeN4 (MeN4 = N,N’-dimethyl-2,11-diaza[3,3](2,6) 

pyridinophane), to trans-uranyl did, in fact, result in deformation of the O-U-O angle, most 

likely due to the steric pressure applied by the macrocycle backbone on the O-U-O fragment.14 

However, the changes were only small; the observed O-U-O angles in this series of complexes 

ranged from 162 - 168°.  More recently, Hayton and co-workers attempted to synthesize cis-

[UO2(tmtaa)] by reaction of the 14-membered macrocycle, tmtaaH2 (tmtaaH2 = 

dibenzotetramethyltetraaza[14]annulene), with UO2(N(SiMe3)2)2(THF)2.  This reaction 

resulted in clean formation of trans-[UO2(
2-tmtaaH)(N(SiMe3)2)(THF)],15 which is the 

product of partial protonation of the bis(silylamide) starting material.  Surprisingly, 
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thermolysis of this product did not drive the protonolysis to completion, revealing that 

HN(SiMe3)2 elimination does not provide sufficient driving force to cause the desired trans/cis 

oxo isomerization.  Drawing on these results, I have turned my attention to the alkali metal 

salts of (tmtaa)2- on the assumption that MCl (M = Li, K) salt elimination would provide the 

requisite thermodynamic driving force for uranyl isomerization.  In this regard, Arnold and co-

workers recently reported that reaction of M2(tmtaa) (M = Li, K) with UX4 afforded 

[UX2(tmtaa)]n (X = Cl, n = 2; X = I, n = 1), demonstrating that 4 coordination of (tmtaa)2- to 

uranium was indeed possible.16 Herein, I report my attempts to ligate (tmtaa)2- to the trans-

uranyl ion in order to promote a trans/cis isomerization.   

5.2 Results and Discussion 

5.2.1 Synthesis and Characterization of [Li(THF)3][Li(THF)2][(UO2Cl2)2(tmtaa)] (5.1) 

Addition of Li2(tmtaa) to 1 equiv of [UO2Cl2(THF)3] in THF resulted in formation of a deep 

brown solution, from which a few red-brown crystals of 

[Li(THF)3][Li(THF)2][(UO2Cl2)2(tmtaa)] (5.1) were isolated in modest yield (eq 5.1). 

Complex 5.1 features an unexpected M:L ratio of 2:1.  It can be synthesized rationally by 

reaction of Li2(tmtaa) with 2 equiv of [UO2Cl2(THF)3].  Under these conditions it can be 

isolated in 44% yield as an impure, red-brown solid.  Complex 5.1 is insoluble in hexanes and 

Et2O, but it is soluble in THF.  It quickly decomposes in the presence of pyridine, 

dichloromethane, and acetonitrile.  It is temperature sensitive in both solution and the solid-

state, and attempts to purify the isolated material by recrystallization only led to further 

decomposition.  While I have been unable to identify the products of decomposition, I surmise 
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that the temperature sensitivity of 5.1 is a consequence of a facile (tmtaa)2- oxidation reaction, 

as revealed by the reactivity of K2(tmtaa) with [UO2Cl2(THF)3] (see below). 

 

Complex 5.1 crystallizes in the monoclinic space group P21/n (Figure 5.1). Its solid-state 

molecular structure reveals two [UO2Cl2] fragments that are bridged via a highly puckered 

(tmtaa)2- ligand.  A similar tmtaa binding mode is observed in [(Rh(CO)2)2(tmtaa)].17 Its 

structure also resembles that of the bis(uranyl) complex, [{UO2(py)}2(L
A)] (LA = anthracenyl-

bridged polypyrrolic macrocycle), recently reported by Arnold and co-workers.18 The two 

uranyl fragments in 5.1 are linear (O-U-O = 176.8(3)° and 178.0(3) °), while the U-Oyl bond 

lengths (1.764(6)-1.792(6) Å ) are typical of the uranyl fragment.19  The U-Ntmtaa bond lengths 

(2.383(7)-2.419(7) Å) in complex 5.1 are also comparable to the U-N bond lengths in other 

uranyl β-diketiminate complexes.20-22  The most notable structural feature of 5.1 is the presence 

of a [Li(THF)2]
+ cation that coordinates to both of the endo oxo ligands.  The Li-Oyl distances 

1.925(15) and 1.884(16) Å are within the reported range of UVI=O---Li interactions.7, 23-28 

Interestingly, the U-Oyl distances for the endo oxo ligands are identical to those of the exo oxo 

ligands by the 3σ criterion, indicating that the Li-O dative interaction does not significantly 
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perturb the uranyl bonding framework.  The structure of 5.1 also features a [Li(THF)3]
+ cation, 

which is bound to a Cl- ligand with Li-Cl distance of 2.364(16) Å.  

 

Figure 5.1. Solid-state molecular structure of [Li(THF)3][Li(THF)2][(UO2Cl2)2(tmtaa)] (5.1), 

with 50% probability ellipsoids. All hydrogen atoms have been removed for clarity. Selected 

bond lengths (Å) and angles (°) for 5.1: U1-O3 = 1.786(6), U1-O4 = 1.764(6)¸ U2-O1 = 

1.792(6), U2-O2= 1.776(5), U1-N1 = 2.396(7), U1-N2 = 2.383(7), U2-N3 = 2.419(7), U2-N4 

= 2.410(7), Li1-O1 = 1.925(15), Li1-O3 = 1.884(16), Li2-Cl3 = 2.364(16)¸ U1-Cl1 = 2.714(2), 

U1-Cl2 = 2.658(2), U2-Cl3 = 2.659(2), U2-Cl4 = 2.679(2), O3-U1-O4 = 176.8(3), O1-U2-O2 

= 178.0(3), U1-O3-Li1 = 171.8(6), U2-O1-Li1 = 168.4(6). 
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The 1H NMR spectrum of 5.1 in THF-d8 exhibits broad singlets at 8.11 and 7.22 ppm, which 

correspond to the two different aryl-CH environments (Figure A5.1). In addition, the spectrum 

features two sharp singlets at 4.49 and 1.94 ppm, which are assignable to the γ-CH and methyl 

environments, respectively. There are also resonances at 3.62 and 1.77 ppm, each integrating 

for 20 protons, in agreement with the incorporation of five THF molecules. Finally, its 7Li{1H} 

spectrum in THF-d8 exhibits a single sharp resonance at -1.43 ppm (Figure A5.2), suggesting 

rapid exchange of the two different Li environments in this solvent. 

5.2.2 Synthesis and Characterization of Three Isomers of C22H22N4 (Compounds 5.2, 5.3 

and 5.4) 

The surprising ligation of two uranyl fragments to a single (tmtaa)2- ligand, along with the 

absence of LiCl salt elimination during the reaction, demonstrated that a new route for the 

synthesis of cis-[UO2(tmtaa)] was needed.  I hypothesized that the relatively Lewis acidic Li+ 

cation may actually play a templating role during the formation of 5.1.  Accordingly, I sought 

a replacement for Li2(tmtaa) and turned my attention to its potassium salt, K2(tmtaa),16 on the 

assumption that KCl elimination would offer sufficient thermodynamic driving force to 

promote cis-[UO2(tmtaa)] formation.  Additionally, Oyl
K+ dative interactions are much 

longer than Oyl
Li+ interactions,3 suggesting that K+ would not serve as an effective template 

for the unwanted 2:1 binding mode.  Thus, reaction of [UO2Cl2(THF)3] with 1 equiv of 

[K(DME)]2[tmtaa] in pyridine resulted in formation of a dark brown solution, from which three 

isomers of C22H22N4 (compounds 5.2, 5.3, and 5.4) were isolated as a mixture of orange 

crystalline solids in 41% combined yield (Scheme 5.3).  Also formed in the reaction is a small 

amount of tmtaaH2 (see below).  The identities of 5.2, 5.3, and 5.4 were confirmed by X-ray 
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diffraction and each is the product of the two electron oxidation of the {tmtaa)2- dianion.  While 

tmtaa is a widely used macrocyclic ligand in transition metal chemistry,17, 29-33 to my 

knowledge this is the first example where the products of its 2e- oxidation have been isolated 

and characterized, although the 1e- oxidation of the tmtaa ligand is known.34-36 

Scheme 5.3. Synthesis of compounds 5.2, 5.3, and 5.4. 

 

Compound 5.2 crystallizes in the monoclinic space group P21/n, while compound 5.3 

crystallizes in the monoclinic space group P21/c, as the THF solvate 5.3∙C4H8O (Figure 5.2). 

Compounds 5.2 and 5.3 are zwitterionic isomers that differ by a change in the stereochemistry 

of their β-diketiminate fragments.  They feature C1 and Cs symmetry, respectively (see below).  

Both compounds contain a new pyrazolium ring, which is generated by N-N bond formation 

in the parent tmtaa fragment.  The two isomers feature similar N-N bond lengths (5.2: 1.380(2) 

Å; 5.3: 1.396(2) Å). The C-C (5.2: 1.376(3) and 1.385(3) Å; 5.3: 1.388(3) and 1.376(3) Å) and 

C-N distances (5.2: 1.350(2) and 1.347(2) Å; 5.3: 1.346(2) and 1.347(2) Å) of the pyrazolium 

fragments in 5.2 and 5.3 are also similar to each other, as well as with other structurally 

characterized pyrazolium cations.37-41  The N-C (1.338(2) and 1.304(2) Å) and C-C (1.388(3) 

and 1.436(3) Å ) distances within the β-diketiminate fragment of 5.2 are similar to those 

reported for the lithium β-diketiminate salt, 1,5-diphenyl-1,5-diaazapentadienyl lithium, 

which, like 5.2, features Z stereochemistry.42 In addition, the N-C (1.323(3) and 1.328(2) Å) 
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and C-C (1.404(3) and 1.403(3) Å) distances within the β-diketiminate fragment of 5.3 are 

similar to those reported for [K(HC{C(tBu)NDipp}{C(tBu)NHDipp})(THF)3] (Dipp = 2,6-

diisopropylphenyl), which, like 5.3,  exist as the E-isomer in the solid-state.43  
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Figure 5.2. Solid-state molecular structures of 5.2 and 5.3∙C4H8O, and 5.4, shown with 50% 

probability ellipsoids. All hydrogen atoms have been removed for clarity. Selected bond 

lengths (Å) for 5.2: N1-N2 = 1.380(2), N1-C2 = 1.350(2), C2-C3 = 1.376(3), C3-C4 = 

1.385(3), N2-C4 = 1.347(2), N3-C13 = 1.338(2), C13-C14 = 1.388(3), C14-C15 = 

1.436(3)¸C15-N4 = 1.304(2), For 5.3: N1-N2 = 1.396(2), N1-C2 = 1.346(2), C2-C3 = 1.388(3), 

C3-C4 = 1.376(3), N2-C4 = 1.347(2), N3-C15 = 1.323(3), C15-C14 = 1.404(3), C14-C13 = 

1.403(3), C13-N4 = 1.328(2). For 5.4: C28-C29 = 1.384(4), C28-C33 = 1.404(4), C29-C30 = 

1.386(4), C30-C31 = 1.387(4), C31-C32 = 1.381(4), C32-C33 = 1.390(4), C28-N6 = 1.415(3), 

C33-N8 = 1.423(3), C35-N8 = 1.378(3), C35-C36 = 1.359(4), C36-C37 = 1.432(4), C37-N7 = 

1.293(3), C39-N7 = 1.455(3), C39-N8 = 1.512(3), C39-C40 = 1.571(4), C39-C44 = 1.523(4), 

C40-C41 = 1.510(4), C41-C42 = 1.331(3), C42-C43 = 1.451(4), C43-C44 = 1.322(4), C40-N5 

= 1.459(3), C40-N6 = 1.491(3). 
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Compound 5.4 crystallizes in the triclinic space group P-1, with two independent molecules 

in the asymmetric unit (Figure 5.2). Due to their similar metrical parameters, only one of the 

independent molecules will be discussed in detail. The C1 symmetric structure of 5.4 contains 

two new N-C bonds within the tmtaa fragment (N8-C39 and N6-C40), which subsequently 

results in generation of a tetrahydropyrazine ring and two dihydropyrimidine rings.  

Consequently, this results in the de-aromatization of one aryl ring. The loss of aromaticity in 

this ring is evident in its C-C distances. In particular, the C41-C42 and C43-C44 distances 

(1.331(3) and 1.322(4) Å, respectively) are much shorter than those observed for C42-C43, 

C39-C44, C39-C40 and C40-C41 (1.451(4), 1.523(4), 1.571(4), and 1.510(4)Å, respectively). 

In addition, these distances are consistent with those previously reported for the 1,3 

cyclohexadiene fragment within a fused ring framework.44 The metrical parameters of the 

tetrahydropyrazine and dihydropyrimidine rings in 5.4 are also comparable to those reported 

for similar structures.45-47  

Compounds 5.2 and 5.3 have similar solubility in THF, whereas 5.4 is slightly more soluble 

in this solvent.  This difference in solubility permits a certain degree of separation, as 5.2 and 

5.3 precipitate from THF solutions before 5.4.  Crystals of 5.2, 5.3, and 5.4 are nearly identical 

in color, and feature very similar morphologies, making their identification by eye very 

challenging.  They are, however, easily distinguished by NMR spectroscopy.  For example, a 

1H NMR spectrum of 5.2 and 5.3, in a 1:4 ratio, in C6D6 exhibits two γ-CH resonances at 5.28 

and 4.99 ppm, as well as 8 aryl CH resonances ranging from 7.05 to 6.33 ppm, which are all 

assignable to 5.2 (Figure A5.4). The number of peaks and their intensities are consistent with 

the C1 symmetry observed for this material in the solid state.  This same spectrum also features 

four aryl resonances at 7.24, 6.96, 6.87, and 6.52 ppm, and two methyl resonances at 2.26 and 
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1.87 ppm, which are assignable to 5.3.  The number of peaks and their intensities are consistent 

with the Cs symmetry observed for this material in the solid state.  A 1H NMR spectrum of 5.3 

and 5.4, in a 1:7 ratio, in C6D6 features two resonances at 5.52 and 5.86 ppm, which are 

assignable to two CH environments of the 1,3 cyclohexadiene fragment in 5.4 (Figure A5.5).  

This observation is not consistent with the C1 symmetry observed for 5.4 in the solid state, and 

suggests that the tetrahydropyrazine ring in 5.4 can undergo a facile ring flip to give an overall 

Cs symmetric structure in solution. In addition, resonances at 1.64 and 2.09 ppm, which are 

present in a 6:6 ratio, are assignable to two methyl environments. This observation is also 

consistent with the proposed Cs symmetry in solution.  Interestingly, it appears that 5.2 and 5.3 

can convert to 5.4 upon heating. Thermolysis of a mixture 5.2, 5.3, and 5.4 (in a 1:4:2 ratio), 

in C6D6, at 50 °C for 24 h results in almost quantitative conversion to 5.4 (Scheme 5.4a), as 

revealed by 1H NMR spectroscopy (Figure A5.9).  Most likely, thermolysis of 5.2 and 5.3 

generates a diradical intermediate via N-N bond homolysis, which rearranges to form the 

thermodynamically more stable isomer, 5.4.  Moreover, treatment of a mixture 5.2, 5.3, and 

5.4 (in a 3:9:1 ratio) with 5 equiv of KC8 in DME result in re-formation of [K(DME)]2[tmtaa] 

after 48 h (Scheme 5.4b), which could be isolated in 26% yield after work-up of the reaction 

mixture (Figure A5.8).  Intriguingly, the chemical reversibility of the tmtaa oxidation implies 

that [tmtaa]2- could be employed in a catalytic uranyl reduction process.   



249 

Scheme 5.4. Reactivity of the oxidized tmtaa products 5.2, 5.3, and 5.4. 

 

5.2.3 Mechanistic Considerations for the Formation of Compounds 5.2, 5.3 and 5.4 

To rationalize the formation of 5.2, 5.3 and 5.4, I hypothesize that reaction of 

[K(DME)]2[tmtaa] with [UO2Cl2(THF)3] generates cis-[UO2(tmtaa)], which is unstable and 

rapidly decomposes via intramolecular electron transfer to form the 2e- oxidation products, 

5.2, 5.3, and 5.4, along with uranium(IV) oxide.  To test this hypothesis, I monitored the 

reaction of [UO2Cl2(THF)3] with [K(DME)]2[tmtaa] in py-d5 by 1H NMR spectroscopy.  A 1H 

NMR spectrum of the reaction mixture recorded after 1 min reveals the presence of compounds 

5.2, 5.3, and 5.4, as well as tmtaaH2, in a 4:6:5:5 ratio, respectively (Figure A5.6). In addition, 

I observe two new -CH resonances at 5.34 and 4.29 ppm, in a 1:1 ratio, which are assignable 

to a new tmtaa environment.  These resonances disappear rapidly on standing, and are not 

observed in the sample after 15 min (Figure 5.3).  The observation of two -CH environments 

for a single tmtaa ligand suggests that tmtaa only coordinates to the uranium center through 

two of its N atoms, as previously observed for [Li(THF)]2[UO2(N(SiMe3)2)2(tmtaa)].15 Given 
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the flexibility of tmtaa, this intermediate is unlikely to possess cis-oxo stereochemistry, but it 

could be a precursor to an unstable, and unobserved, cis-uranyl complex, which then 

decomposes to uranium oxide and 5.2, 5.3, and 5.4, as I originally surmised.  

 

Figure 5.3. Partial in situ 1H NMR spectra of a mixture of [K(DME)]2[tmtaa] and 

[UO2Cl2(THF)3] in py-d5, recorded at room temperature. $ indicates resonances assignable to 

tmtaaH2, ^ indicates resonances assignable to 5.2, + indicates resonances assignable to 5.3, # 

indicates resonances assignable to 5.4, & indicates resonances assignable to 

[K(DME)]2[tmtaa], @ indicates resonances assignable to a new tmtaa environment, % 

indicates the presence of unidentified products, and asterisks indicate the presence of DME 

and THF.  

# 

# 

^ 
+ 

+ 

^ + + 

1 min 

5 min 

10 min 

15 min 

^ 

@ @ 
@ @ @ 

% % 

# 

* * * 

@ & 

# + 
# % ^ ^ 

$ 
$ 

& 



251 

I also observe the formation of a brown powder during the reaction work-up.  An X-ray 

photoelectron spectrum (XPS) of this material reveals the presence of both uranium and 

oxygen (Figure 5.4), suggesting that the brown powder contains the expected uranium oxide 

by-product. Specifically, the spectrum features two prominent peaks at 392.6 and 381.8 eV, 

which are attributable to the U 4f5/2 and U 4f7/2 binding energies, respectively. These values 

are very similar to the binding energies reported for the mixed-valent uranium oxide, U4O9 

(average U oxidation state = 4.5),48 a finding which is broadly consistent with the reaction 

stoichiometry shown in Scheme 5.3.  The XPS spectrum also reveals peaks assignable to 

potassium and chlorine, consistent with the presence of KCl.  A small amount of carbon and 

nitrogen are also observed in this spectrum.  Interestingly, this material is soluble in pyridine.  

Given this property, as well as the XPS data, this solid is unlikely to contain pure uranium(IV) 

oxide, but it could contain an oxide that has incorporated a small amount of tmtaa and pyridine.  

In this regard, Clark and co-workers also isolated a ligand-stabilized uranium oxide cluster, 

Cp’4(bipy)2U6O13, during a related attempt to make cis-uranyl.8   
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Figure 5.4. X-ray photoelectron spectrum of brown powder isolated from the reaction between 

[UO2Cl2(THF)3] and [K(DME)]2[tmtaa]. 

5.2.4 Electrochemistry  

Several transition metal tmtaa complexes have been previously characterized by cyclic 

voltammetry.  For example, Ni(tmtaa) features an irreversible oxidation wave at -0.01 V (vs. 

Fc/Fc+) in acetonitrile,49 while [Rh(CO)2]2(tmtaa) and [Re(CO)3]2(tmtaa) feature irreversible 

oxidation waves at 0.16 V and 0.35 V (vs. Fc/Fc+) in DMF, respectively.50  All three features 

are attributable to ligand-based oxidations.  While the tmtaa oxidation potential is clearly 

dependent on the identity of its complexing ion, these data allow me to place a lower limit on 

the U(VI)/U(V) redox potential of the cis-uranyl fragment (i.e., -0.01 V vs. Fc/Fc+), a value 

that is at least 0.34 V higher than that of trans-UO2
2+(aq).3  Overall, these results further 
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buttress the premise that the putative cis-uranyl ion is a strong oxidant, likely on account of 

diminished d and f orbital participation within its U-O bonding framework.   

5.3 Summary 

Reaction of Li2tmtaa with 1 equiv of [UO2Cl2(THF)3] results in formation of 

[Li(THF)3][Li(THF)2][(UO2Cl2)2(tmtaa)] (5.1) in modest yield.  Higher isolated yields can be 

achieved by reaction of Li2tmtaa with 2 equiv of [UO2Cl2(THF)3].  Under these conditions, 5.1 

can be isolated in 44% yield.  In contrast, reaction of [K(DME)]2[tmtaa] with 1 equiv of 

[UO2Cl2(THF)3] does not result in the isolation of a uranyl-containing tmtaa complex.  Instead, 

I observe the products of 2e- ligand oxidation. These products can be isolated in 41% combined 

yield.  I hypothesize that the ligand oxidation products are formed upon decomposition of 

unobserved cis uranyl intermediate, cis-[UO2(tmtaa)], which is unstable and undergoes a facile 

intramolecular redox reaction.  While ultimately unsuccessful at generating a stable cis-uranyl 

complex, my results suggest that ligation of macrocyclic ligands to uranyl is a promising 

avenue for effecting a trans/cis isomerization.  However, it is clear that successful isolation of 

cis-UO2
2+ will require the deployment of a highly robust and redox-inactive macrocyclic co-

ligand, and efforts to identify promising candidates are currently ongoing.  
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5.5 Experimental 

5.5.1 General Procedures. All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions under an atmosphere of nitrogen. Hexanes, diethyl ether 

(Et2O), and tetrahydrofuran (THF) were dried using a Vacuum Atmospheres DRI-SOLV 

solvent purification system, and stored over 3Å molecular sieves for 24 h prior to use. Pyridine 

was dried over activated 3Å molecular sieves for 24 h, degassed by bubbling dry N2 into the 

solvent for 30 min, cannula transferred into a new vessel, and dried again over 3Å molecular 

sieves for 24 h prior to use. Dimethoxyethane (DME) was distilled over Na/benzophenone, 

and subsequently stored over 3Å molecular sieves for 24 h prior to use. C6D6, pyridine-d5, and 

THF-d8 were dried over activated 3Å molecular sieves for 24 h prior to use. [UO2Cl2(THF)3],
51 

tmtaaH2,
52 and [K(DME)]2[tmtaa]16 were prepared according to the reported literature 

procedures. All other reagents were purchased from commercial suppliers and used as 

received. 

NMR spectra were recorded on a Varian UNITY INOVA 400 MHz spectrometer, a Varian 

unity INOVA 500 MHz spectrometer, or a Varian Unity Inova AS600 600 MHz spectrometer. 

1H and 13C {1H} NMR spectra are referenced to external SiMe4 using the residual protio 

solvent peaks as internal standards (1H NMR experiments) or the characteristic resonances of 

the solvent nuclei (13C NMR experiments). 7Li{1H} NMR spectra were referenced indirectly 

with the 1H resonance of SiMe4 at 0 ppm, according to IUPAC standard.53, 54 IR spectra were 

recorded on a Mattson Genesis FTIR/Raman spectrometer with a NXR FT Raman Module. 

Elemental analyses were performed by the Microanalytical Laboratory at UC Berkeley.  
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X-ray Photoelectron Spectroscopy. XPS data were recorded using a Kratos Axis Ultra DLD 

spectrometer equipped with a monochromated Al-k alpha source (1486 eV). Survey and high-

resolution scans were recorded at 160 eV and 20 eV pass energies, respectively. A low-energy 

electron flood was used for charge neutralization, and peak positions were calibrated against 

the aliphatic C1s peak (285.0 eV). 

Caution! Depleted uranium (isotope 238U) is a weak alpha emitter with a half-life of 4.47×109 

years. Manipulations and reactions should be carried out in a fume hood or inert atmosphere 

glovebox in a laboratory equipped with α- and β-counting equipment. 

5.5.2 Synthesis of Li2(tmtaa). The preparation described below was modified slightly from 

the published procedure for Li2(tmtaa).55 To a stirring, yellow slurry of tmtaaH2 (200.2 mg, 

0.581 mmol) in Et2O (8 mL), was added dropwise a hexanes solution of n-BuLi (0.47 mL, 

1.175 mmol, 2.5 M), which was diluted with Et2O (1 mL). This addition resulted in an 

immediate color change to deep red. The reaction mixture was allowed to stir at room 

temperature for 5 min, whereupon the solution was filtered through a Celite column supported 

on glass wool (0.5 cm × 2 cm).  The resulting red filtrate was concentrated in vacuo (ca. 3 mL), 

which resulted in the deposition of red crystals (87.3 mg).  These crystals were isolated by 

decanting away the supernatant and then dried in vacuo.  The volume of the red supernatant 

was further reduced in vacuo (ca. 1.5 mL), and the solution was subsequently stored at -25 °C 

for 24 h, which resulted in the deposition of a second crop of red crystals (76.8 mg, 79% total 

yield). Spectral data of this material matched those previously reported for this material.55 

5.5.3 Synthesis of [Li(THF)3][Li(THF)2][(UO2Cl2)2(tmtaa)] (5.1). To a cold (-25 °C) 

stirring, yellow slurry of [UO2Cl2(THF)3] (163.2 mg, 0.293 mmol) in THF (1 mL), was added 

dropwise a cold (-25 °C) red solution of Li2(tmtaa) (52.0 mg, 0.146 mmol) in 1:1 Et2O/hexanes 
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(3 mL).  This addition resulted in immediate formation of a brown solution concomitant with 

deposition of a deep brown solid. The reaction mixture was allowed to stir for 1 min at room 

temperature, whereupon the solid was isolated by decanting away the mother liquor.  The solid 

was then dissolved in THF (2 mL) and the resulting deep brown solution was filtered through 

a Celite column supported on glass wool (0.5 cm × 2 cm). The filtrate was very carefully 

layered with hexanes (1 mL) and subsequently stored at -25 °C for 48 h, which resulted in 

deposition of red-brown crystals (89.0 mg, 44% yield).  A 1H NMR spectrum of the isolated 

solid revealed the presence of 5.1 along with an unidentified impurity, in an approximately 5:1 

ratio.  Attempts to purify 5.1 by re-crystallization only led to an increase in amount of this 

impurity because of the thermal instability of 5.1.  As a result, I was unable to obtain an 

acceptable elemental analysis.  X-ray quality crystals of 5.1 were grown from a concentrated 

THF solution, which was layered with hexanes and stored at -25 °C for 48 h.  The normal 

timeframe for crystal growth was 48 h; however, in several instances crystal growth took much 

longer (1 week).  1H NMR (THF-d8, 25 °C, 400 MHz): δ 8.11 (br s, 4H, aryl CH), 7.22 (br s, 

4H, aryl CH), 4.49 (s, 2H, γ-CH), 3.62 (br s, 20H, OCH2), 1.77 (br s, 20H, OCH2CH2), 1.94 

(s, 12H, CH3). 
7Li{1H} NMR (THF-d8, 25 °C, 155 MHz): δ 1.93 (s). IR (KBr pellet, cm-1): 

2958 (m), 2927 (m), 2875 (m), 1622 (w), 1591 (vw), 1541 (m), 1471 (m), 1456 (m), 1446 (m), 

1385 (s), 1367 (sh s), 1275 (w), 1180 (w), 1109 (w), 1039 (s), 1022 (sh s), 922 (br vs), 796 

(w), 748 (w), 669 (w), 467 (br s).  

5.5.4 Reaction of [K(DME)]2[tmtaa] with [UO2Cl2(THF)3]. To a stirring, yellow-green 

solution of [UO2Cl2(THF)3] (77.0 mg, 0.138 mmol) in pyridine (1 mL) was added dropwise a 

deep red solution of [K(DME)]2[tmtaa] (83.1 mg, 0.138 mmol) in pyridine (1 mL).  This 

addition resulted in immediate color change to deep brown. The solution was stirred at room 
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temperature for 15 min, whereupon the volatiles were removed in vacuo and the resulting oil 

was triturated with Et2O (2 × 1 mL) to yield a deep brown powder. The solid was then extracted 

into Et2O (3 × 3 mL) and filtered through a Celite column supported on glass wool (0.5 cm × 

2 cm) to yield an orange filtrate. A brown powder remained in the reaction vial after filtration 

(63.5 mg). The volatiles were removed from the filtrate in vacuo and the resulting yellow-

orange powder was dissolved in THF (1 mL). The orange solution was then stored at -25 °C 

for 72 h, which resulted in deposition of bright orange crystals identified as a mixture of 5.2, 

5.3, and 5.4 (in a 3:9:1 ratio) by X-ray crystallography and 1H NMR spectroscopy (19.5 mg, 

41% yield). X-ray quality crystals of 5.2 were obtained from a concentrated Et2O solution 

stored at -25 °C for 24 h.  X-ray quality crystals of 5.3 were obtained by recrystallization of a 

mixture of 5.2 and 5.3 from a 5:1 Et2O/THF solution.  X-ray quality crystals of 5.4 were 

obtained by recrystallization of a mixture of 5.3 and 5.4 from a concentrated Et2O solution.  

Anal. Calcd C22H22N4: C, 77.16; H, 6.48; N, 16.36. Found: C, 76.83; H, 6.38; N, 15.99. 1H 

NMR of 5.2 (C6D6, 25 °C, 400 MHz): δ 7.05 (t, JHH = 8 Hz, 1H, aryl CH), 7.01 (d, JHH = 9 Hz, 

1H, aryl CH),  6.99 (d, JHH = 8 Hz, 1H, aryl CH),  6.72 (m, 2H, overlapping aryl CH), 6.61 (d, 

JHH = 8 Hz, 1H, aryl CH), 6.42 (t, JHH = 7 Hz, 1H, aryl CH), 6.33 (t, JHH = 7 Hz, 1H, aryl CH), 

5.28 (s, 1H, γ-CH), 4.99 (s, 1H, γ-CH),  2.31 (s, 3H, CH3), 2.27 (s, 3H, CH3), 2.06 (s, 3H, 

CH3), 1.48 (s, 3H, CH3).
 13C{1H} NMR of 5.2 (C6D6, 25 °C, 100 MHz): δ 166.57 (s, 1C, 

NCCH3), 157.09 (s, 1C, NCaryl), 155.09 (s, 1C, NCCH3) 150.34 (s, 1C, NCaryl), 148.03 (s, 1C, 

NCaryl), 145.23 (s, 1C, NCCH3), 144.29 (s, 1C, NCCH3), 132.25 (s, 1C, aryl CH), 131.62 (s, 

1C, aryl CH), 126.40 (s, 1C, aryl CH), 125.84 (s, 1C, NCaryl), 119.28 (s, 1C, aryl CH),, 117.93 

(s, 1C, aryl CH), 111.61 (s, 1C, aryl CH), 105.90 (s, 1C, γ-CH), 99.70 (s, 1C, γ-CH), 29.03 (s, 

1C, CH3), 22.92 (s, 1C, CH3) 13.10 (s, 1C, CH3), 12.25 (s, 1C, CH3). Two aryl CH resonances 
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are not observed possibly due to overlap with the benzene solvent resonances.  1H NMR of 5.3 

(C6D6, 25 °C, 400 MHz): δ 7.24 (d, JHH = 7 Hz, 2H, aryl CH), 6.96 (t, JHH = 6 Hz, 2H, aryl 

CH), 6.87 (d, JHH = 6 Hz, 2H, aryl CH), 6.52 (t, JHH = 5 Hz, 2H, aryl CH), 5.13 (s, 1H, γ-CH), 

4.52 (s, 1H, γ-CH), 2.26 (s, 6H, CH3), 1.87 (s, 6H, CH3).  
13C{1H} NMR of 5.3 (C6D6, 25 °C, 

100 MHz): δ 160.91 (s, 2C, NCCH3), 153.40 (s, 2C, NCaryl), 147.16 (s, 2C, NCCH3), 132.56 

(s, 2C, aryl CH), 131.17 (s, 2C, aryl CH), 121.36 (s, 2C, NCaryl), 116.84 (s, 2C, aryl CH), 

106.44 (s, 1C, γ-CH), 88.19 (s, 1C, γ-CH), 25.18 (s, 2C, CH3), 12.34 (s, 2C, CH3). One aryl 

CH resonance is not observed possibly due to overlap with the benzene solvent resonances.  

1H NMR of 5.4 (C6D6, 25 °C, 400 MHz): δ 6.84 (m, 2H, aryl CH), 6.71 (m, 2H, aryl CH), 5.86 

(m, 2H, C=CH), 5.52 (m, 2H, C=CH), 4.84 (s, 1H, γ-CH), 2.09 (s, 6H, CH3), 1.64 (s, 6H, CH3).  

13C{1H} NMR of 5.4 (C6D6, 25 °C, 100 MHz): δ 162.94 (s, 2C, NCCH3), 144.91 (s, 2C, 

NCCH3), 138.60 (s, 2C, NCaryl), 131.43 (s, 2C, aryl CH), 124.54 (s, 2C, aryl CH), 123.16 (s, 

2C, aryl CH), 122.70 (s, 2C, aryl CH), 99.88 (s, 2C, γ-CH), 85.24 (s, 2C, NC), 25.04 (s, 2C, 

CH3), 21.43 (s, 2C, CH3).  IR of 5.2 and 5.3 (KBr pellet, cm-1): 1589(sh m), 1581(m), 1549(m), 

1516(m), 1468(m), 1460(m), 1444(sh m), 1410(sh s), 1396(vs), 1385(sh m), 1367(m), 1309(sh 

w), 1299(m), 1272(sh w), 1265(m), 1207(m), 1173(w), 1155(w), 1103(w), 1029(w), 1024(w), 

1007(m), 928(w), 850(w), 827(w), 810(m), 802(m), 771(w), 742(sh m), 744(s), 733(m), 

719(s), 677(m), 627(m), 602(w), 543(w), 490(m).  IR of 5.3 and 5.4 (KBr pellet, cm-1): 1649 

(m), 1614 (m), 1583 (w), 1558 (m), 1524 (m), 1497 (s), 1458 (m), 1419 (m), 1406 (m), 1362 

(m), 1298 (s), 1281 (s), 1184 (w), 1163 (vw), 1107(vw), 1099 (m), 1065 (m), 1022 (m), 966 
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(w), 933 (w), 881 (w), 849 (m), 783 (m), 768 (s), 756 (s), 741 (w), 690 (vw), 667 (m), 644 (w), 

590 (w), 586 (s), 534 (w), 526 (w), 428 (w), 399 (w). 

5.5.5 X-ray Crystallography. Data collection for 5.1 – 5.4 was carried out on a Bruker 

KAPPA APEX II diffractometer equipped with an APEX II CCD detector using a TRIUMPH 

monochromater with a Mo Kα X-ray source (α = 0.71073 Å). Crystals were mounted on a 

cryoloop under Paratone-N oil and data were collected at 100(2) K, using an Oxford nitrogen 

gas cryostream system. A hemisphere of data was collected using ω scans with 0.5° frame 

widths.  Frame exposures of 15, 10, 10, and 5 seconds were used for 5.1, 5.2, 5.3, and 5.4, 

respectively. Data collection and cell parameter determination were conducted using the 

SMART program.56 Integration of the data frames and final cell parameter refinement were 

performed using SAINT software.57 Absorption correction of the data was carried out using 

the multi-scan method SADABS.58 Subsequent calculations were carried out using 

SHELXTL.59 
 

Structure determination was done using direct or Patterson methods and 

difference Fourier techniques. All hydrogen atom positions were idealized, and rode on the 

atom of attachment.  Structure solution, refinement, graphics, and creation of publication 

materials were performed using SHELXTL.59  Structures 5.1 – 5.4 have been deposited into 

the Cambridge Crystallographic Database (CCDC 1834597-1834600). Further 

crystallographic details can be found in Table 5.1. 
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Table 5.1. X-ray Crystallographic Information for 5.1-5.4. 

 5.1 5.2 5.3·C4H8O 5.4  

empirical formula  U2O9N4Li2Cl4C42H62 N4C22H22 N4OC26H30 N4C22H22 

Crystal habit, color  rod, red-brown block, orange hexagon, orange rod, orange 

crystal size (mm)  0.2 × 0.1 × 0.05 0.1 × 0.1 × 0.05 0.1 × 0.1 ×0.05 0.20 × 0.15 × 0.05 

crystal system  monoclinic monoclinic monoclinic triclinic  

space group  P21/n P21/n P21/c P-1 

vol (Å3)  5031.0(5) 1799.6(3) 2186.02(17) 1796.3(12) 

a (Å)  17.5804(10) 12.2806(14) 8.9736(4) 9.861(4) 

b (Å)  12.5497(7) 10.4045(12) 12.4407(6) 11.617(4) 

c (Å)  22.8161(12) 14.8419(14) 19.6623(8)  16.019(6) 

α (°)  90  90 90 98.494(12) 

β (°)  91.943(3) 108.383(6) 95.202(3) 93.783(13) 

γ (°)  90 90 90 96.653(13) 

Z  4 4 4 4 

fw (g/mol)  1398.69 342.43 414.54 342.43 

density (calcd) 

(Mg/m3)  

1.847 1.264 1.260 1.266 

abs coeff (mm-1)  6.695 0.077 0.078 0.077 

F000  2688 728 888 728 

Total no. reflections  17271 10996 7282 11523 

Unique reflections  7173 2589 3027 5136 

final R indices [I > 

2σ(I)]  

R1 = 0.0426 

wR2 = 0.0736 

R1 = 0.0368 

wR2 = 0.1038 

R1 = 0.0373 

wR2 = 0.0850 

R1 = 0.0488     

wR2 = 0.1028 

largest diff peak and 

hole (e-Å-3)  

1.290 and -1.188 0.294 and -0.235 0.231 and -0.246 0.251 and -0.266 

GOF  1.063 0.783 0.999 0.994 

Location of largest 

diff peak 

0.18 Å from C42 0.54 Å from H14 0.54 Å from H14 0.63 Å from H36 
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5.6 Appendix 

5.6.1 NMR Spectra 

 

Figure A5.1. 1H NMR spectrum of complex 5.1 in THF-d8. ^ indicates resonances assignable 

to complex 5.1, + indicates the presence of an unidentified impurity, and asterisks indicate the 

presence of hexanes. 
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Figure A5.2. 7Li {1H} NMR spectrum of complex 5.1 in THF-d8.  
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Figure A5.3. In situ 1H NMR spectrum of the reaction of Li2tmtaa with 2 equiv of 

[UO2Cl2(THF)3] in THF-d8  after standing for 5 min. ^ indicates resonances assignable to 

complex 5.1, + indicates the presence of an unidentified impurity, and asterisks indicate the 

presence of Et2O and hexanes.  Experimental Details: Li2tmtaa (5.0 mg, 0.014 mmol) was 

dissolved in THF-d8 (0.75 mL), which resulted in formation of a deep red solution. The solution 

was then transferred to an NMR tube equipped with a J-Young valve, removed from the 

glovebox, and its 1H-NMR spectrum was recorded. The NMR tube was returned to the 

glovebox and [UO2Cl2(THF)3] (15.1 mg, 0.027 mmol) was added to the solution as a solid, 

and the mixture was allowed to stand for 5 min at room temperature. The NMR tube was 

removed from the glovebox and a 1H NMR spectrum of the in situ reaction mixture was 

recorded.  
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Figure A5.4. 1H NMR spectrum of a mixture of 5.2 and 5.3 (in a 1:4 ratio) in C6D6. ^ indicates 

resonances assignable to 5.2, + indicates resonances assignable to 5.3, and asterisks indicate 

the presence of THF and hexanes.  
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Figure A5.5. 1H NMR spectrum of a mixture of 5.3 and 5.4 (in a 1:7 ratio) in C6D6. + indicates 

resonances assignable to 5.3, # indicates resonances assignable to 5.4, and asterisks indicate 

the presence of THF and hexanes.  
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Figure A5.6. In situ 1H NMR spectrum (in py-d5) of a mixture of [K(DME)]2[tmtaa] and 

[UO2Cl2(THF)3] after standing for 1 min at room temperature. Compounds 5.2, 5.3, 5.4, 

tmtaaH2 and a new tmtaa product are present in a 4:6:5:5:4 relative ratio, respectively. ^ 

indicates resonances assignable to 5.2, + indicates resonances assignable to 5.3, # indicates 

resonances assignable to 5.4, $ indicates resonances assignable to tmtaaH2, & indicates 

resonances assignable to [K(DME)]2[tmtaa]), @ indicates resonances assignable to a new 

tmtaa environment, and asterisks indicates the presence of DME and THF. 1H NMR (py-d5, 25 

°C, 500 MHz): δ 13.03 (s, 2H, NH, tmtaaH2), 7.76 (d, JHH = 10 Hz, 2H, aryl CH, 5.3), 7.32 (m, 

2H, aryl CH, 5.4), 7.25 (t, JHH = 10 Hz, 2H, aryl CH, 5.3), 7.16 (m, 4H, aryl CH, tmtaaH2), 

7.13 (m, 4H, aryl CH, tmtaaH2), 7.09 (m, 2H, aryl CH, 5.4), 7.01 (d, JHH = 5 Hz, 2H, aryl CH, 

5.2), 6.93 (m, 4H, aryl CH, [K(DME)]2[tmtaa]), 6.92 (m, 4H, aryl CH, [K(DME)]2[tmtaa]), 

6.88 (t, JHH = 10 Hz, 2H, aryl CH, 5.3), 6.78 (d, JHH = 10Hz, 2H, aryl CH, 5.2), 6.57 (t, JHH = 

15 Hz, 2H, aryl CH, new product), 6.54 (t, JHH = 10 Hz, 2H, aryl CH, 5.2), 6.47 (d, JHH = 10 

Hz, 2H, aryl CH, new product), 6.44 (t, JHH = 10 Hz, 2H, aryl CH, new product), 6.35 (s, 1H, 

γ-CH, 5.3), 6.29 (m, 2H, aryl CH, new product), 6.27 (s, 1H, γ-CH, 5.2), 5.93 (m, 2H, C=CH, 
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5.4), 5.68 (m, 2H, C=CH, 5.4), 5.34 (s, 1H, γ-CH, new product), 5.04 (s, 2H, γ-CH, 5.4), 4.90 

(s, 1H, γ-CH, 5.2), 4.86 (s, 2H, γ-CH, tmtaaH2), 4.66 (s, 2H, γ-CH, [K(DME)]2[tmtaa]), 4.61 

(s, 1H, γ-CH, 5.3), 4.29 (s, 1H, γ-CH, new product), 3.67 (s, 4H, OCH2, THF), 3.51 (s, 4H, 

OCH2, DME), 3.28 (s, 6H, OCH3, DME), 2.58 (s, 3H, CH3, 5.2), 2.39 (s, 6H, CH3, new 

product), 2.26 (s, 6H, CH3, 5.3), 2.25 (s, 6H, CH3, 5.3), 2.17 (s, 3H, CH3, 5.2) 2.16 (s, 12H, 

CH3, [K(DME)]2[tmtaa]), 2.11 (s, 12H, CH3, tmtaaH2), 2.07 (s, 6H, CH3, 5.4), 2.04 (s, 3H, 

CH3, 5.2), 2.00 (s, 3H, CH3, 5.2), 1.98 (s, 6H, CH3, new product) 1.96 (s, 6H, CH3, 5.4), 1.63 

(s, 4H, CCH2, THF).  

Experimental Details: [K(DME)]2[tmtaa] (10.9 mg, 0.018 mmol ) was dissolved in py-d5 

(0.75 mL), which yielded a deep red solution. The mixture was transferred to an NMR tube 

equipped with J-Young valve, removed from the glovebox, and a 1H NMR spectrum was 

recorded. The sample was then brought back into the glovebox and a yellow-green solution of 

[UO2Cl2(THF)3](10.1 mg, 0.018 mmol) in py-d5 (0.5 mL) was added. This addition resulted in 

a color change to dark brown. The tube was then quickly removed from the glovebox, and 1H 

NMR spectra were recorded at 1, 5, 10, and 15 min.  Compounds 5.2, 5.3, 5.4, and tmtaaH2 

are present in a 4:8:6:8 relative ratio, respectively, in the 15 min spectrum. 
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Figure A5.7. 13C{1H} NMR spectrum of a mixture of 5.2, 5.3, and 5.4 (in a 1:4:2 ratio) in 

C6D6.  
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Figure A5.8. 1H NMR spectrum (in C6D6) of an aliquot of the reaction of a mixture of 5.2, 5.3, 

and 5.4 (in a 3:9:1 ratio) with KC8. & indicates resonances assignable to [K(DME)]2[tmtaa], $ 

indicates resonances assignable to tmtaaH2, % indicates resonances assignable to unidentified 

products, and * indicates presence of DME.  

Experimental Details: To a stirring orange solution of a mixture of 5.2, 5.3, and 5.4 in a 3:9:1 

ratio (9.3 mg, 0.027 mmol) in DME (1 mL) was added a slurry of KC8 (19.6 mg, 0.144 mmol, 

5 equiv) in DME (2 mL). This addition resulted in an immediate color change to dark brown. 

The slurry was stirred for 48 h at room temperature, whereupon the resulting red-brown 

solution was filtered through a Celite column supported on glass wool (0.5 cm × 2 cm) to yield 

a deep red filtrate. A 1H NMR spectrum of an aliquot of this solution was then recorded, which 

revealed presence of [K(DME)]2[tmtaa] and tmtaaH2 in an 8:1 ratio, respectively. 1H NMR 

(C6D6, 25 °C, 400 MHz): δ 13.12 (s, 2H, NH, tmtaaH2), 6.95 (m, 4H, aryl CH, 

[K(DME)]2[tmtaa]), 6.93 (m, 4H, aryl CH, [K(DME)]2[tmtaa]), 6.87 (m, 4H, aryl CH, 

tmtaaH2), 4.70 (s, 2H, γ-CH, tmtaaH2), 4.48 (s, 2H, γ-CH, [K(DME)]2[tmtaa]), 3.32 (s, 4H, 

OCH2, DME), 3.12 (s, 6H, OCH3, DME), 2.17(s, 12H, CH3, [K(DME)]2[tmtaa]), 1.88 (s, 12H, 
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CH3, tmtaaH2). One aryl resonance is not observed for tmtaaH2 due to overlap with those of 

[K(DME)]2[tmtaa]. The volume of the filtrate was reduced in vacuo (1 mL), and the solution 

was subsequently stored at -25 °C for 72 h, which resulted in deposition of red-brown crystals 

of [K(DME)]2[tmtaa] (4.2 mg, 26% yield).  
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Figure A5.9. 1H NMR spectrum of compounds 5.2, 5.3, and 5.4 (1:2:30 relative ratio) in C6D6 

after heating at 50 °C for 24 h. ^ indicates resonances assignable to 5.2, + indicates resonances 

assignable to 5.3, # indicates resonances assignable to 5.4, and asterisks indicate the presence 

of THF.  Experimental Details: A mixture of compounds 5.2, 5.3, and 5.4 (21.2 mg) was 

dissolved in C6D6 (1 mL) to yield a deep orange solution. The solution was transferred to an 

NMR tube equipped with a J-Yound valve, removed from the glovebox, and a 1H NMR 

spectrum was recorded.  This spectrum revealed the presence of 5.2, 5.3, and 5.4, in a 1:4:2 

ratio, respectively. The sample was then heated at 50 °C for 24 h and its 1H NMR spectrum 

was recorded again, which revealed the presence of 5.2, 5.3, and 5.4 in a 1:2:30 ratio, 

respectively. 
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5.6.2 X-ray Photoelectron Spectroscopy 

Table A5.1. X-ray Photoelectron Spectroscopy Data   

Assignment Eb (eV) 

O KLL 972.8 

U 4d3/2 781.3 

U 4d5/2 739.3 

O 1s 531.8 

N 1s 399.8 

U 4f5/2 392.6 

U 4f7/2 381.8 

K 2p 293.8 

C 1s 285.3 

Cl 2s 269.3 

Cl 2p 199.8 

U 5d3/2 105.3 

U 5d5/2 97.3 

U 6p1/2 31.8 

U 6p3/2 16.3 
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5.6.3 IR Spectra 

Figure A5.10. IR spectrum of 5.1 (as KBr pellet). 
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Figure A5.11. IR spectrum of a mixture of 5.2 and 5.3 in a 10:1 ratio (as KBr pellet). 
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Figure A5.12. IR spectrum of a mixture of 5.3 and 5.4 in a 1:7 ratio (as KBr pellet). 
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6.1 Introduction 

The chemical behavior of the actinyl ions, AnO2
2+ (An = U, Np, Pu, Am), has considerable 

practical importance. For example, it may be possible to co-extract uranium, neptunium, 

plutonium, and actinium during the processing of spent nuclear fuel.1-3  This co-extraction 

would be accomplished by converting these actinides into their actinyl ions, which all have 

similar solvent extraction chemistry.  Likewise, efforts are underway to design ligand systems 

that capture uranyl directly from sea water.4-6 However, implementing these processes will 

require an improved understanding of actinyl reactivity to be successful, especially with 

respect to actinyl redox and oxo functionalization chemistry.  Similarly, understanding the 

chemistry and bonding of the actinyl ions is crucial for developing models of actinyl speciation 

and transport at legacy waste sites.7 

The best studied member of this class, uranyl (UO2
2+), exhibits appreciable kinetic and 

thermodynamic stability.8-9  For example, Ephritikhine and co-workers attempted the 

protonation of uranyl oxo (Oyl) ligands by treatment of UO3 with anhydrous triflic acid at 110 

°C.10  However, this reaction only generated uranyl triflate, UO2(OTf)2, which proved resistant 

to further protonation. In contrast, attempts to functionalize uranyl using other electrophiles 

have proven more successful.  For example, Arnold and co-workers reported the “reductive 

silylation” of [UVIO2(THF)(H2L)] (L = polypyrrolic macrocycle) by reaction with KN(SiMe3)2 

and FeI2, which results in formation of the U(V) silyloxide, [UVO(OSiMe3)(THF)(Fe2I2L)] 

(Scheme 6.1).11  Since this seminal example, several other research groups have reported 

examples of “reductive silylation”.11-27 Other electrophiles can also functionalize the uranyl 

oxo ligands, such as (Bpin)2, 
iBu2AlH, [Cp2TiCl]2, [Sm{N(SiMe3)2}2], but these reagents tend 

to be either strong electrophiles or strong reductants.13, 28-29  There are also examples of oxo 
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functionalization that convert UO2
2+ to U(IV), either directly or through a U(V) intermediate.19, 

23, 29-32 

Scheme 6.1. Reductive silylation of uranyl11 

 

Formally, “reductive silylation” requires the silylation of one uranyl oxo ligand and 

reduction of the U6+ ion to U5+.11, 25, 33  A variety of silicon reagents can be used to effect this 

transformation.  The most effective appear to be strong electrophiles, such as R3SiOTf and 

R3SiX (X = Cl, I), which can directly silylate even electron-poor uranyl fragments, such as 

those in cationic complexes.12, 19, 21, 23, 31-32  In contrast, the use of weaker SiR3 electrophiles, 

such as N(SiMe3)3, HN(SiMe3)2, or PhCH2SiMe3, requires the pre-activation of the uranyl 

fragment (Scheme 6.1).  In the case of the Arnold example, this pre-activation is accomplished 

by the use the supramolecular Pacman macrocycle, which features a second metal binding site 

in close proximity to a uranyl oxo ligand.11, 14, 24-25, 34-35  When this second site is occupied, the 

uranyl fragment is polarized sufficiently that its usual thermodynamic and kinetic stability is 

lost. Alternatively, the silylating agent itself can be activated by co-addition of Lewis acids, 

such as B(C6F5)3.
26-27  

There has been recent progress in exploring the coordination of macrocyclic ligands to the 

uranyl ion, in an effort to effect Oyl-U-Oyl bending.36-39 Examples include HN4 (
HN4 = 2,11-

diaza[3,3](2,6) pyridinophane), MeN4 (MeN4 = N,N’-dimethyl-2,11-diaza[3,3](2,6) 
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pyridinophane) and tmtaaH2 (tmtaaH2 = dibenzotetramethyltetraaza[14]annulene) (see chapter 

5 for detailed discussion). The ligands investigated often feature ring sizes of less than 16 

atoms, and are thus too small accommodate the uranyl fragment within their binding pockets.  

As a result, ligand coordination results in a “side-on”-type binding mode that perturbs the 

normally linear uranyl ion. Building on this work, I turned my attention to the silsequioxane 

ligand, Cy7Si7O9(OH)3 (Cy = cyclohexyl), which by virtue of its tripodal framework should 

not be able to ligate all three silyloxide arms to the equatorial plane of a single uranyl ion 

without any perturbation.  Silsequioxanes were initially developed as models for silica 

surfaces, and have been widely used in mechanistic studies aimed at exploring the speciation 

of metal ions immobilized on silica.40-42 They also display structural similarities with β-

tridymite and β-crystobalite, as well as industrially important zeolites.43  For example, Feher 

and Walzer reported the synthesis of the first vanadium silsesquioxanes, [(Cy7Si7O12)VO] and 

[(Cy7Si7O12)VO]2, which were used as models for monodisperse silica-supported vanadium 

catalysts.42 Similarly, Edelmann et al. reported the synthesis of a novel Ce(IV) silsesquioxane, 

[Ce(Cy8Si8O13)2(py)3],
44 a molecular analogue for silica-supported Ce(IV) oxidation catalysts.  

More recently, Edelmann and co-workers reported the synthesis of the first actinide 

silsesquioxane, [U(Cy7Si7O12)2], a rare example of a non-uranyl U(VI) complex.  This species 

was made by reaction of UCl4 with Cy7Si7O9(OH)3 in a mixture of THF and NEt3.
45 To my 

knowledge, however, ligation of silsesquioxanes to the uranyl ion has not been explored. In 

this chapter, I describe the conversion of this ion into a U(VI) tris(silyloxide) upon coordination 

to Cy7Si7O9(OH)3, and present a detailed mechanistic proposal of the transformation. 

Ultimately, the results provide proof-of-concept that mineral surface mimics can be used to 
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manipulate and functionalize the actinyl ions, suggesting a new avenue for actinyl synthetic 

chemistry. 

6.2 Results and Discussion  

6.2.1 Synthesis and Characterization of [K3(THF)][(UO2)3(Cy7Si7O12)3(Et2O)2(THF)] 

(6.1) and [K(2,2,2-cryptand)]2[K2UO2(Cy7Si7O12)2] (6.2) 

Addition of [K3(DME)2][Cy7Si7O12] to 1 equiv of [UO2Cl2(THF)3] in THF affords 

[K3(THF)][(UO2)3(Cy7Si7O12)3(Et2O)2(THF)] (6.1) as pale green plates in 30% yield after 

work-up (eq 6.1). Complex 6.1 crystallizes in the monoclinic space group P21, as the THF 

solvate 6.1·THF (Figure 6.1). Its solid state molecular structure exhibits a trimeric 

{UO2(Cy7Si7O12)},3 cluster bridged by three potassium cations, wherein each uranyl unit is 

ligated by three silyloxide arms and an Et2O or THF solvent molecule; i.e. all three uranium 

centers exhibit a distorted octahedral geometry. Curiously, the binding pocket of the tripodal 

silsesquioxane is occupied by the potassium cations, instead of the uranium centers. Each 

potassium cation is also involved in dative interactions with two Oyl ligands (range: 2.57(2) - 

2.83(3) Å). Indeed, the potassium capped U-Oyl distances in 6.1 (1.80(2) - 1.92(2) Å) are 

somewhat longer than the terminal U-Oyl distances (1.66(2) - 1.73(2) Å). In addition, all uranyl 

fragments in 6.1 feature a linear O-U-O angle (174.3(12) - 178.2(13)°). Finally, the U-

O(silsesquioxane) distances in 6.1 (2.11(3) - 2.28(2) Å) are comparable to those reported for 

[U(Cy7Si7O12)2] (2.085(2) - 2.268(2) Å).45 



287 

 

 

Figure 6.1. Solid-state molecular structure of 6.1·THF shown with 50% probability ellipsoids. 

All hydrogen atoms and cyclohexyl groups (except the carbons directly attached to Si) have 

been omitted for clarity. Selected bond lengths (Å) and angles (°): U1-O1 = 1.78(2), U1-O2 = 
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1.65(2), U2-O3 = 1.70(2), U2-O4 = 1.83(2), U3-O5 = 1.69(2), U3-O6 = 1.92(2), K1-O4 = 

2.70(3), K1-O2 = 2.82(3), K2-O6 = 2.71(2), K2-O4 = 2.72(3), K3-O6 = 2.59(3), K3-O2 = 

2.85(3), O1-U1-O2 = 178.4(13), O3-U2-O4 = 173.7(13), O5-U3 -O6 = 178.7(11). 

To circumvent the oligomerization observed for 6.1 and induce a κ3 binding mode of the 

tripodal silsesquioxane, 2,2,2-cryptand was introduced during the synthesis of 6.1. Thus, 

addition of 1 equiv of 2,2,2-cryptand to a 1:1 mixture of [UO2Cl2(THF)3] and 

[K3(DME)2][Cy7Si7O12] in THF, followed by work-up, results in isolation of a few colorless 

crystals which were identified as [K(2,2,2-cryptand)]2[K2UO2(Cy7Si7O12)2] (6.2) by X-ray 

crystallography (eq 6.2). Complex 6.2 crystallizes in the monoclinic space group P21/n as the 

Et2O solvate 6.2·2Et2O (Figure 6.2). Its solid state molecular structure reveals an octahedral 

uranyl fragment that is ligated by two {Cy7Si7O12}
3-

 ligands that each bind the uranium through 

only two silyloxide arms. This partial coordination likely reflects the relative flexibility of the 

silsesquioxane backbone. The structure of 6.2 also features two [K(2,2,2-cryptand)]+ moieties, 

as well as two interstitial potassium cations that are each supported by dative interactions with 

an Oyl ligand, three silyloxide arms and two cryptand oxygen atoms. The U-Oyl (1.778(7) Å), 

U-O(silsesquioxane) (2.292(7) and 2.269(8) Å) and K-O (2.754(8) - 3.203(10) Å) distances in 

6.2 are all comparable to those in 6.1. 
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Figure 6.2. Solid-state molecular structure of 6.2·2Et2O shown with 50% probability 

ellipsoids. All hydrogen atoms and cyclohexyl groups and two [K(2,2,2-cryptand)] counterions 

have been omitted for clarity. Selected bond lengths (Å) and angles (°): U1-O1 = 1.800(7), U1-

O2 = 2.257(7), U1-O3 = 2.244(7), K1-O1 = 2.751(8), K1-O2 = 3.067(8), K1-O3 = 2.873(7), 

K1-O13 = 2.570(8), O1-U1-O1_i = 180.0. 

Given the unexpected 1:2 metal to ligand ratio observed for 6.2, I sought an alternative route 

to induce κ3 coordination of silsesquioxane to uranyl. I hypothesized that the presence of Lewis 

acidic alkali cations likely promotes the oligomerization and unwanted reaction stoichiometry 

observed for 6.1 and 6.2. Hence, I modified my synthetic protocol from salt metathesis to 

protonolysis as outlined below.   

6.2.2 Synthesis and Characterization of [U(OSiMe3)3(Cy7Si7O12)] (6.3) and 

[(UO2)3(Cy7Si7O12)2(Et2O)(MeCN)2] (6.4) 

Addition of Cy7Si7O9(OH)3 to 1 equiv of [UO2(N(SiMe3)2)2(THF)2] in THF results in rapid 

formation of an orange solution, concomitant with the deposition of a small amount of fine 

yellow precipitate. Work-up of this solution affords [U(OSiMe3)3(Cy7Si7O12)] (6.3) as orange 
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plates in 24% isolated yield (based on uranium) (eq 6.3).  Complex 6.3 is highly soluble in 

pentane, toluene, Et2O and THF, but is insoluble in acetonitrile. It is also soluble, and stable, 

in both pyridine and dichloromethane at room temperature. Its 1H NMR spectrum in C6D6 

features a sharp resonance at 0.46 ppm attributable to the OSiMe3 methyl groups. The spectrum 

also exhibits several broad resonances, ranging from 1.02 to 2.23 ppm, which correspond to 

the cyclohexyl CH and CH2 protons. Additionally, the 13C{1H} NMR spectrum of 6.3 in C6D6 

exhibits a sharp resonance at 3.79 ppm that is assignable to the OSiMe3 methyl groups. There 

are also three resonances at 26.53, 24.01, and 23.93 ppm that are assignable to the three 

different HC-Si environments, as well as eight resonances between 27.31 and 28.23 ppm that 

are assignable to the cyclohexyl CH2 environments. The more distinctive 29Si{1H} NMR 

spectrum features three resonances at -73.18, -69.06, and -68.12 ppm, in a 3:3:1 ratio, which 

are assignable to the three anticipated 29Si environments of the silsesquioxane ligand in C3v 

symmetry. In addition, there is a sharp resonance at 20.93 ppm assignable to the three 

equivalent OSiMe3 
29Si environments. 
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Complex 6.3 crystallizes in the monoclinic space group P2/c as the pentane solvate, 

6.3·0.5C5H12 (Figure 6.3). Its solid-state molecular structure reveals an octahedral uranium 

center ligated by a tripodal {Cy7Si7O12}
3- ligand that coordinates via a κ3 binding mode, along 

with three oxo-derived OSiMe3 co-ligands. The SiMe3 groups are evidently derived from the 

liberated HN(SiMe3)2. The average U-O(silsesquioxane) bond length is 2.056 Å (range = 

2.047(6) - 2.066(6) Å), which is comparable to those reported for the only other known 

uranium silsesquioxane, namely, [U(Cy7Si7O12)2] (2.085(2) - 2.268(2) Å).45  The average U-

O(OSiMe3) bond length in 6.3 is 2.044 Å.  This distance is much longer than those observed 

in the uranyl ion (1.78 Å), and slightly longer than the U(V)-OSiMe3 bond distances reported 

for [UO(OSiMe3)(THF)(Fe2I2L)]11 and [U(OSiMe3)2I2(
Aracnac)] (Aracnac = 

ArNC(Ph)CHC(Ph)O, Ar = 3,5-tBu2C6H3)
46 (1.993(4) and av. 1.911 Å, respectively). This 

lengthening may be a consequence of the strong σ-donor ability of the silsesquioxane ligand. 

However, this distance is very similar to those reported for the closely related octahedral U(VI) 

alkoxides, [U(OtBu)6] (av. U-O = 2.039 Å)47 and [U(ONp)6] (av. U-O = 2.002 Å; Np = 

CH2CMe3).
48 Finally, the U-O-SiMe3 bond angles (145.2(4) - 149.8(4)°) are within the range 

reported for [U{Ph2Si(OSiPh2O)2}2{(Ph2SiO)2O}] (136.17 – 169.64°),49 and comparable to 

the U-O-C bond angles in U(OCH3)6 (av. 153.7°)50 and U(ONp)6 (145(2) and 147(3)°).48 



292 

 

Figure 6.3. Solid-state molecular structure of 6.3·0.5C5H12 shown with 50% probability 

ellipsoids. All hydrogen atoms and cyclohexyl groups (except the carbons directly attached to 

Si) have been omitted for clarity. Selected bond lengths (Å) and angles (°): U1-O1 = 2.041(7), 

U1-O2 = 2.064(7), U1-O3 = 2.027(6), U1-O4 = 2.047(6), U1-O5 = 2.066(6), U1-O6 = 

2.055(7), Si1-O1 = 1.676(7), Si2-O2 = 1.638(7), Si3-O3 = 1.666(7), U1-O1-Si1 = 147.7(4), 

U1-O2-Si2 = 149.8(4), U1-O3-Si3 = 145.2(4).  

Curiously, reaction of [UO2(N(SiMe3)2)2(THF)2] with 1 equiv of Cy7Si7O9(OH)3 in neat 

hexanes only results in the formation of 6.3 as a minor product (Figure A6.21).  The major 

product of this reaction, which can be isolated by crystallization from Et2O/MeCN, is instead 

the trimetallic cluster, [(UO2)3(Cy7Si7O12)2(Et2O)(MeCN)2] (6.4).  This complex can be made 

rationally by addition of 0.67 equiv of Cy7Si7O9(OH)3 to [UO2(N(SiMe3)2)2(THF)2] in hexanes 

(eq 6.4). Under these conditions, the number of acidic H+ and basic [NR2]
- equivalents are 

balanced, and no acidic protons should remain attached to the silsesquioxane ligand. When the 
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reaction is performed in this fashion, 6.4 can be isolated as yellow rods in 42% isolated yield. 

Interestingly, I found that slow addition of a hexanes suspension of Cy7Si7O9(OH)3 to a 

solution of the uranyl bis(silyl)amide starting material in hexanes was critical to minimize 

formation of 6.3. Utilization of the Et2O/MeCN solvent combination for recrystallization of 

6.4 was also important for the isolation of pure samples. Perhaps more importantly, the 

different reaction outcomes highlight the important roles that solvent and protons play in the 

silylation reaction required to form 6.3 (see below for more discussion).   

Complex 6.4 is highly soluble in pentane, Et2O, and THF, but is insoluble in acetonitrile. 

Its 1H NMR spectrum in THF-d8 features a series of broad and indistinct resonances that are 

attributable to the cyclohexyl CH and CH2 environments. The spectrum also exhibits a sharp 

resonance at 1.94 ppm, and resonances at 1.11 and 3.37 ppm, that are assignable to the 

coordinated MeCN and Et2O molecules, respectively. Its 29Si NMR spectrum exhibits seven 

resonances, which is less than the 14 expected on the basis of its solid state molecular structure, 

suggesting that the solution phase structure of 6.4 is highly fluxional. 

 

Complex 6.4 crystallizes in the monoclinic space group P21/c as the Et2O and MeCN solvate 

6.4ꞏEt2Oꞏ3MeCN (Figure 6.4). Its solid state molecular structure reveals two [Cy7Si7O12]
3- 

ligands bridged by three [UO2]
2+ fragments, wherein two uranium centers are ligated by three 
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silyloxide arms and one uranium center is bound to two silyloxide arms. Two of the silyloxide 

arms are bridging, while the remaining four are terminal. There is also a uranium-silylether 

dative interaction with a bond length of 2.717(13) Å. Moreover, one of the [UO2]
2+ fragments 

is supported by one MeCN and one Et2O molecule, and another [UO2]
2+ fragment is supported 

by one MeCN molecule, resulting in two uranium centers with pentagonal bipyramidal 

geometry and one uranium center with octahedral geometry. The UO2
2+ fragments in 6.4 

exhibits metrical parameters typical of this ion, with short U-Oyl bond lengths (1.743(13) - 

1.826(13) Å) and linear O-U-O angles (172.4(5) - 174.1(5)°). The terminal U-

O(silsesquioxane) bond lengths (2.107(12) - 2.186(11) Å) are somewhat shorter than the 

bridging U-O(silsesquioxane) distances (2.279(12) - 2.415(12) Å), but similar to those reported 

for [U(Cy7Si7O12)2] (2.085(2) - 2.268(2) Å).45 Lastly, the structure of 6.4 features two end-on 

Oyl
U dative interactions that serve to stabilize the trinuclear core of the cluster. The U-O 

distances in these “cation-cation interactions” (2.475(11) and 2.444(12) Å) are much longer 

than the U-Oyl distances, but comparable to other bridging Oyl
U dative interactions reported 

for similar interactions.51-56  
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Figure 6.4. Solid-state molecular structures of 6.4ꞏEt2Oꞏ3MeCN, shown with 50% probability 

ellipsoids. All hydrogen atoms and cyclohexyl groups (except the carbons directly attached to 

Si) have been removed for clarity. Selected bond lengths (Å) and angles (°): U1-O5 = 

1.826(13), U1-O6 = 1.743(13), U2-O3 = 1.772(12), U2-O4 = 1.747(12), U3-O1 = 1.807(13), 

U3-O2 = 1.804(10), U1-O9 = 2.339(12), U1-O10 = 2.415(12), U1-O11 = 2.107(12), U2-O9 = 

2.373(13), U2-O12 = 2.186(11), U3-O7 = 2.142(13), U3-O8 = 2.176(13), U3-O10 = 2.279(12), 

U1-O2 = 2.475(11), U2-O5 = 2.444(12), U1-O27 = 2.717(13), U2-O31 = 2.439(19), U2-N4 = 

2.612(17), U3-N1 = 2.503(17), O5-U1-O6 = 173.2(5), O3-U2-O4 = 174.1(5), O1-U3-O2 = 

172.4(5). 

To better understand the formation of 6.3, I followed the reaction of 

[UO2(N(SiMe3)2)2(THF)2] with 1 equiv of Cy7Si7O9(OH)3 in THF-d8 by 29Si NMR 

spectroscopy. A 29Si{1H} NMR spectrum of this sample reveals four resonances at -73.47, -
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69.47, -68.57, and 20.91 ppm (Figure 6.5).  These peaks integrate in a 3:3:1:3 relative ratio and 

are assignable to the silsesquioxane and trimethylsilyl 29Si environments of 6.3. The 29Si{1H} 

NMR spectrum also features three resonances at -74.54, -69.31, and -68.48 ppm, which I have 

tentatively assigned to the U(VI) bis(silsesquioxane) complex, [U(Cy7Si7O12)2] (6.5) (see 

below for synthetic and spectroscopic details).45 Complexes 6.3 and 6.5 are found in a ca. 15:1 

ratio in this sample. In addition, there is a sharp resonance at 1.44 ppm that is attributable to 

the 29Si environment of HN(SiMe3)2. I also observe a minor resonance at -70.57 ppm 

assignable to the fully condensed octasilsesquioxane Cy8Si8O12,
57 as well as minor resonances 

at -59.01 and -56.36 ppm that likely correspond to silsesquioxane decomposition products. 

Indeed, silsesquioxanes are known undergo cage rearrangement via Si-O cleavage under 

certain conditions.58-61 Finally, I observe a very minor resonance at 7.05 ppm that is assignable 

to (Me3Si)2O, but I do not see a resonance assignable to Me3SiOH. I also do not observe any 

signals that could be assigned to the free ligand, Cy7Si7O9(OH)3. 
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Figure 6.5. In situ 29Si{1H} NMR spectrum (in THF-d8) of the reaction of 

[UO2(N(SiMe3)2)2(THF)2] and 1 equiv of Cy7Si7O9(OH)3. ^ indicates resonances assignable to 

6.3, # indicates resonances assignable to 6.5, $ indicates resonances assignable to HN(SiMe3)2, 

& indicates resonances assignable to Cy8Si8O12
11, ! indicates resonances assignable to 

(Me3Si)2O, and % indicates resonances assignable to unidentified ligand decomposition 

products.   

6.2.3 Independent Synthesis of [U(Cy7Si7O12)2] (6.5)  

To confirm the formation of 6.5 in the reaction of [UO2(N(SiMe3)2)2(THF)2] and 

Cy7Si7O9(OH)3, I sought to independently synthesize this material and investigate its NMR 

spectroscopic features; however, I was unable to prepare this complex using the reported 

literature procedure,45 which prompted the design a new synthetic route that is outlined below. 
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Thus, addition of a THF solution of [Li(THF)]2[U(OtBu)6]
47 to 2 equiv of Cy7Si7O9(OH)3 in 

THF, followed by storage at room temperature for 48 h resulted in deposition of 

[Li(THF)2]2[U(Cy7Si7O12)2] (6.6) as pale pink plates in 74% total yield (Scheme 6.2). Complex 

6.6 is insoluble in hexanes, Et2O, toluene, benzene, THF, MeCN, and DMSO at room 

temperature, which precluded its NMR spectroscopic characterization.  It does, however, 

exhibit modest solubility in hot THF, which permitted the growth of X-ray quality crystals by 

allowing a hot THF solution of 6.6 to cool slowly to room temperature.  

Scheme 6.2. Synthesis of complexes 6.5, 6.6, and 6.7 

 

Complex 6.6 crystallizes in the monoclinic space group P21/c as the THF solvate, 6.6ꞏ4THF 

(Figure 6.6). Its solid state molecular structure reveals a hexa-coordinate uranium center 

ligated by two {Cy7Si7O12}
3-

 fragments in an octahedral fashion. The structure of 6.6 also 

features two Li counterions each supported by dative interactions with two THF molecules and 

one siloxide arm of each {Cy7Si7O12}
3-

 fragment. The U-O(terminal) bond lengths (2.159(9) 

and 2.137(9) Å) are slightly shorter than the Li-capped U-O distances (2.302(9) - 2.330(9) Å), 

but considerably longer than those in 6.3 (2.047(6) - 2.066(6) Å), consistent with the lower 

uranium oxidation state in 6.6. Additionally, the Li-O distances (1.86(3) - 2.03(2) Å) are 
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comparable to those in the analogous Zr(IV) silsesquioxane, [Li(O=CMe2)]2[Zr(Cy7Si7O12)2] 

(1.895(8) – 2.066(9) Å).62 

 

Figure 6.6. Solid-state molecular structure of 6.6 shown with 50% probability ellipsoids. All 

hydrogen atoms and cyclohexyl groups have been omitted for clarity. Selected bond lengths 

(Å): U1-O1 = 2.302(9), U1-O2 = 2.330(9), U1-O3 = 2.315(9), U1-O4 = 2.308(9), U1-O5 = 

2.159(9), U1-O6 = 2.137(9), Li1-O1 = 1.95(3), Li1-O2 = 1.95(2), Li1-O25 = 1.90(3), Li-O26 

= 1.96(3), Li2-O3 = 2.03(2), Li2-O4 = 1.96(3), Li2-O27 = 1.86(3), Li2-O28 = 2.00(3). 

Treatment of 6.6 with 0.5 equiv of I2 in THF results in formation of a pale yellow solution, 

from which the uranium(V) silsesquioxane, [Li(THF)2][U(Cy7Si7O12)2] (6.7), can be isolated 

as a colorless microcrystalline solid in 89% yield after work-up (Scheme 6.2). Complex 6.7 is 

sparingly soluble in hexanes and Et2O, but readily soluble in THF and CH2Cl2. Its 1H NMR 
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spectrum in CD2Cl2 features a series of broad resonances from 0.60 to 1.87 ppm, attributable 

to overlapping CH and CH2 cyclohexyl protons, as well as two singlets at 1.94 and 3.89 ppm, 

assignable to the coordinated THF molecules. The 29Si{1H} NMR spectrum of 6.7 in CD2Cl2 

exhibits two singlets at -69.86 and -67.94 ppm in a 3:1 ratio that correspond to two of the three 

anticipated 29Si environments of the silsesquioxane fragment. The resonance assignable to the 

three 29Si environments nearest the uranium(V) center was not observed, likely due to 

paramagnetic broadening. Finally, the 7Li{1H} NMR spectrum of 6.7 in CD2Cl2 features a 

broad resonance at 1.52 ppm.  

 

Figure 6.7. Solid-state molecular structure of 6.7 shown with 50% probability ellipsoids. All 

hydrogen atoms and cyclohexyl groups have been omitted for clarity. Selected bond lengths 

(Å): U1-O1 = 2.231(6), U1-O2 = 2.198(7), U1-O3 = 2.119(6), U1-O4 = 2.079(7), U1-O5 = 

2.104(7), U1-O6 = 2.133(7), Li1-O1 = 1.988(17), Li1-O2 = 1.994(18), Li1-O25 = 1.955(17), 

Li-O26 = 1.933(18). 



301 

Crystals of 6.7 suitable for X-ray diffraction analysis were grown from a concentrated 

CH2Cl2 solution stored at -25 °C for 24 h. Complex 6.7 crystallizes in the triclinic space group 

P-1 as the CH2Cl2 solvate, 6.7ꞏ0.5CH2Cl2, and its solid state molecular structure is shown in 

Figure 6.7. In the solid state, 6.7 adopts a distorted octahedral geometry about the uranium 

center, and features a single Li cation with an identical binding mode to those in 6.6. The U-

O(terminal) distances (2.079(7) – 2.133(7) Å) are slightly shorter than those in 6.6 (2.159(9) 

and 2.137(9) Å), but within the range reported for [U(Cy7Si7O12)2] (2.085(2) - 2.268(2) Å). 

Lastly, the Li-O distances (1.933(18) – 1.994(18) Å) in 6.7 are similar to those observed for 

6.6 (1.86(3) - 2.03(2) Å) and [Li(O=CMe2)]2[Zr(Cy7Si7O12)2].
62 

To identify a suitable chemical oxidant for the 1e- oxidation of 6.7, I investigated its 

electrochemical properties by cyclic voltammetry. The cyclic voltammogram of 6.7 in THF, 

in the presence of 2 equiv of 12-crown-4, exhibits a U(V/VI) oxidation feature at 0.09 V (200 

mV/s scan rate, vs. Fc/Fc+) (Figure 6.8).  Note that addition of 12-crown-4 was necessary to 

obtain well-defined redox features in the CV traces.  This value is much more positive than 

those reported for the homoleptic [U(OtBu)6]
47 and [Li][U(N=CtBuPh)6]

63 complexes (-1.12 

and -1.52 V, respectively, vs. Fc/Fc+), which likely reflects the somewhat weaker - and π-

donating ability of the silsesquioxane ligand.  The highly anodic U(V/VI) couple also mandates 

that a relatively strong oxidant be used to effect the chemical oxidation of 6.7. 
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Figure 6.8. Partial cyclic voltammogram of the U(V/VI) oxidation event of 6.7 measured in 

CH2Cl2, in the presence of 2 equiv of 12-crown-4, with 0.1 M [NBu4][PF6] as the supporting 

electrolyte (vs. Fc/Fc+). 

Surprisingly, reaction of 6.7 with either I2 or AgOTf in THF or CH2Cl2 results in no reaction, 

despite their apparently favorable redox potentials.  In contrast, reaction of 6.7 with 1.3 equiv 

of the powerful 1e- oxidant [N(2,4-C6H3Br2)3][B(C6F5)4]
64 in CH2Cl2 results in an immediate 

color change, first to pale yellow and then to green (Scheme 6.2). Analysis of the crude reaction 

mixture by 29Si{1H} NMR spectroscopy reveals new resonances at -74.40, -69.04, and -68.17 

ppm in a 3:3:1 ratio, which I have assigned to [U(Cy7Si7O12)2] (6.5).  Importantly, these three 

resonances are nearly identical to those assigned to 6.5 in the in situ 29Si{1H} NMR spectrum 

of the reaction between [UO2(N(SiMe3)2)2(THF)2] and Cy7Si7O9(OH)3 (Figure 6.5).  
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Unfortunately, however, pure samples of 6.5 could not be isolated from the reaction mixture 

due to its similar solubility with the N(2,4-C6H3Br2)3 by-product.  Nonetheless, I was able to 

grow a few X-ray quality crystals of 6.5 from the reaction mixture (Figure 6.12), which 

provides further confirmation of its formation during the reaction. 

6.2.4 X-ray Photoelectron Spectroscopy 

To better understand the reaction stoichiometry, I characterized the yellow powder that was 

formed during the reaction of [UO2(N(SiMe3)2)2(THF)2] with 1 equiv of Cy7Si7O9(OH)3 in 

THF. This solid was insoluble in all aprotic solvents available, including pyridine, acetonitrile, 

and dichloromethane. An X-ray Photoelectron Spectrum (XPS) of this powder revealed 

presence of U, O, C, and Si in a 1:23:89:17 relative ratio (Figure A6.24), consistent with a 

U:silsesquioxane ratio of ca. 1:2. On the basis of this ratio and the isolated mass, the yellow 

powder was calculated to account for ~4% of the uranium present in the reaction mixture. 

Additionally, the insolubility of the material suggests that it is likely a uranium(VI) 

coordination polymer, i.e., [UOx{Cy7Si7O12}y]z. The high resolution XPS spectrum of this 

sample revealed two broad features at ca. 393 eV and 383 eV, attributable to U4f5/2 and U4f7/2 

binding energies, respectively.  These two features were fitted well using three components in 

a 3.3:2.8:1 ratio (Figure 6.9). Significantly, the values determined for the two major 

components (393.9 and 383.2 eV and 392.7 and 382.0 eV, respectively) are within the range 

of values reported for U(VI)-containing materials (e.g., UO3 features U4f5/2 and U4f7/2 binding 

energies of 393.1 and 382.4 eV),65 suggesting that the majority of the uranium in this solid is 

still in the 6+ oxidation state.  Finally, the minor component (391.3 and 380.6 eV) is 

comparable to those energies reported for U3O8 (392.6 and 381.9 eV),65 suggesting that some 

reduced uranium is also present in this sample.  
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Figure 6.9. High resolution X-ray photoelectron spectrum of the yellow powder isolated from 

the reaction between [UO2(N(SiMe3)2)2(THF)2] and Cy7Si7O9(OH)3. 

 

Table 6.1.  X-ray Photoelectron Spectroscopy (XPS) Data  

Component Assignment Eb (eV) 

A U 4f5/2 393.9 

 U 4f7/2 383.2 

B U 4f5/2 392.7 

 U 4f7/2 382.0 

C U 4f5/2 391.3 

 U 4f7/2 380.6 
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6.2.5 Mechanistic Considerations for the Formation of 6.3 

Given the available data, I hypothesize that the formation of 6.3 involves the initial reaction 

of Cy7Si7O9(OH)3 with [UO2(N(SiMe3)2)2(THF)2] to form the uranyl silsesquioxide complex, 

[{Cy7Si7O11(OH)}UO2], and 2 equiv of HN(SiMe3)2 (Scheme 6.3). [{Cy7Si7O11(OH)}UO2] 

then abstracts a [SiMe3]
+ cation from HN(SiMe3)2, forming [{Cy7Si7O12}UO(OSiMe3)] and 

H2NSiMe3.  The latter is known to be unstable, disproportionating to HN(SiMe3)2 and NH3.
66 

[{Cy7Si7O12}UO(OSiMe3)] subsequently undergoes oxo/silyloxy scrambling to form 6.3, 6.5, 

and a U(VI) oxo silsesquioxide oligomer, [UOx{Cy7Si7O12}y]z.  To account for the relatively 

low isolated yield of the oligomeric product, I speculate that only a fraction of this material is 

insoluble, and that the majority remains in solution. Indeed, I do observe a number of minor 

unidentified resonances in the in situ 29Si{1H} NMR spectrum (Figure 6.5), which I attribute 

to the soluble component of this material. 
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Scheme 6.3. Proposed mechanism of formation of 6.3 and 6.5. 

 

To validate my proposed mechanism and confirm the source of the SiMe3 group in 6.3 as 

HN(SiMe3)2 (and not [UO2(N(SiMe3)2)2(THF)2]), I monitored the reaction of 6.4 with 

Cy7Si7O9(OH)3 in THF-d8, in the presence of excess HN(SiMe3)2, by 29Si NMR spectroscopy 

(Figure 6.10). Addition of 5 equiv of HN(SiMe3)2 to a THF-d8 solution of 6.4, followed by 

addition of 1 equiv of Cy7Si7O9(OH)3, results in a rapid color change from yellow to orange, 

concomitant with deposition of a yellow precipitate. The 29Si NMR spectrum of the resulting 
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mixture is essentially identical to that observed for the reaction between 

[UO2(N(SiMe3)2)2(THF)2] and Cy7Si7O9(OH)3 (eq 6.3). Specifically, the spectrum reveals 

complete consumption of 6.4, and formation of 6.3 and 6.5 in an 8:1 ratio (Figure A6.19). I 

also observe minor resonances indicating formation of Cy8Si8O12 and (Me3Si)2O. To 

rationalize these observations, I suggest that addition of Cy7Si7O9(OH)3 to 6.4 results in 

formation of [{Cy7Si7O11(OH)}UO2], which subsequently undergoes silylation and silyloxy 

scrambling to form 6.3, 6.5, and [UOx{Cy7Si7O12}y]z.  Importantly, these data conclusively 

identify HN(SiMe3)2 as the silylating agent, consistent with the mechanism outlined in Scheme 

6.3.  However, these data also suggest that the silyloxy protons in Cy7Si7O9(OH)3 play an 

important role in the silylation reaction, as conversion to 6.3 does not fully occur until they are 

introduced.  To my knowledge, the ability of protons to mediate uranyl oxo silylation has not 

been previously recognized.33 Curiously, though, after addition of HN(SiMe3)2 to 6.4, but 

before addition of Cy7Si7O9(OH)3, I do see formation of minor amounts of 6.3 and 6.5 (in an 

approximately 1:3 ratio) in the reaction mixture, as revealed by the 29Si NMR spectrum (Figure 

A6.17). However, the majority of the mixture still consists primarily of unreacted 6.4. Thus, 

addition of HN(SiMe3)2 does result in some oxo silylation and ligand scrambling, and while I 

cannot fully explain this observation, given the intensity of the resonances assignable to 6.3 in 

this spectrum, almost no oxo silylation occurs until after the addition of Cy7Si7O9(OH)3, 

consistent with the mechanism outlined in Scheme 6.3.  Interestingly, in the reaction of 6.4 

with Cy7Si7O9(OH)3, in the presence of excess N(SiMe3)3, I observe no formation of 6.3, even 

after heating, although I do observe formation of 6.5. This result is rather surprising as it has 

been suggested that N(SiMe3)3 is a weaker base, and thus a better electrophile than 

HN(SiMe3)2.
67-70 Hence, the absence of 6.3 when utilizing N(SiMe3)3 suggests hydrogen 
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bonding may play a role in its formation (Scheme 6.4). Specifically, we hypothesize that 

hydrogen bonding between a coordinated alcohol and a hydrogen-bonded HN(SiMe3)2 can 

render the adjacent silyl group more susceptible to nucleophilic attack by the uranyl oxo ligand. 

Additionally, hydrogen bonding may stabilize the transition state of silyl transfer by anchoring 

the silyl group in close proximity to the uranyl oxo ligand. Presumably, some combination of 

these effects, which are absent in the case of N(SiMe3)3, could facilitate the oxo silylation to 

form 6.3.   

Scheme 6.4. Proposed role of hydrogen bonding in uranyl oxo silylation 
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Figure 6.10. In situ 29Si{1H} NMR spectrum (in THF-d8) of the reaction of 

[(UO2)3(Cy7Si7O12)2(MeCN)2(Et2O)] (6.4) with 5 equiv of HN(SiMe3)2 followed by 1 equiv of 

Cy7Si7O9(OH)3. ^ indicates resonances assignable to 6.3, @ indicates resonances assignable to 

6.4, # indicates resonances assignable to 6.5, & indicates resonances assignable to Cy8Si8O12, 

and % indicates resonances assignable to unidentified products. 
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Scheme 6.5. Reaction of 6.4 with HN(SiMe3)2 and Cy7Si7O9(OH)3. 

 

To further support my proposed mechanism, I note that oxo silylation is a well-established 

transformation.71-79  Moreover, HN(SiMe3)2 is well known to act as a [SiMe3]
+ source.80-88  

That said, un-activated uranyl is not known to undergo silylation with such a weakly 

electrophilic silyl source, suggesting that coordination of the tripodal silsesquioxane ligand to 

the uranyl ion is activating the uranyl ion toward oxo silylation.  This activation may be a 

consequence of some Oyl-U-Oyl bending upon ligation of the silsesquioxane, which increases 

the Oyl nucleophilicity.36-39  In this regard, reaction of the tripodal TREN ligand, 

[Li]3[N(CH2CH2NR)3] (R = SitBuMe2), with uranyl results in isolation of oxo-substitution 

product, [{UO(μ-ΝCΗ2CH2N(CH2CH2NR)2)}2]
-, which was hypothesized to form via a 

reactive cis-uranyl intermediate.89 In addition, I note that strongly basic alkoxide ligands are 

also known to increase Oyl nucleophilicity, which would render them more susceptible to both 

silylation and exchange.9, 52, 90-91 For example, Wilkerson and co-workers have shown that the 

reaction between K(ONp) and [UO2Cl2(THF)2]2 in THF affords the [U(ONp)6] and UO3 via 

scrambling of the oxo and neopentoxide ligands (Scheme 6.6).48 Similarly, Burns and co-

workers reported that reaction of UO2Cl2 with K(OtBu) resulted in formation [UO2][U(µ-O)(µ-
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OtBu)(OtBu)4]2 and UO3.
52 In these example, it was suggested that the strongly donating 

alkoxide ligands render the uranyl oxo ligands more nucleophilic, which initiates a cascade of 

dimerization and ligand exchange reactions that eventually liberates UO3 as a by-product.48, 52 

The comparably donating silesquioxide could promote oxo scrambling by a similar 

mechanism.  

Scheme 6.6. Previous Example of Uranyl Oxo Ligand Scrambling. Taken from Ref. 48. 

 

An alternative mechanism for oxo silylation might involve formation of a U(V) silyloxide 

intermediate via “reductive silylation”, which then undergoes disproportionation and extensive 

ligand scrambling to generate 6.3 and 6.5.  Although I cannot definitely rule out this possibility, 

I note that “reductive silylation” followed by disproportionation would generate 0.5 equiv of 

U(IV), and I see no evidence for the presence of U(IV) in the reaction mixture in the quantities 

required.  Moreover, past examples of “reductive silylation” required the use of strong 

electrophiles, such as R3SiX (X = Cl, I, OTf),19, 21, 23, 31-32, 46 utilized strong Lewis acids to 

activate the [O=U=O]2+ fragment,11, 24-25, 34-35 or required high temperatures,14 to achieve oxo 

silylation. In contrast, my system lacks these features. Thus, on balance, I do not believe that 

“reductive silylation” is operative in my case, and I instead prefer the non-reductive silylation 

mechanism described in Scheme 6.3. 

Finally, I note that the solvent-dependent formation of 6.3 is consistent with the previous 

silylation literature.92-96 For example, Nagy et al. reported that the silylation of cellulose with 
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HN(SiMe3)2 in the presence of a Me3SiCl catalyst proceeded smoothly in pyridine, DMSO, 

and DMF, while no reaction was observed in acetonitrile, nitromethane, or nitrobenzene.94 

Similarly, Zipse et al. reported that silylation of various primary and secondary alcohols with 

tBuMe2SiCl was slow in CHCl3 and CH2Cl2, but proceeded much faster in DMF.95  Thus, the 

increased yield of 6.3 in THF can likely be attributed to a solvent-assisted transfer of the 

[SiMe3]
+ electrophile.  

6.2.6 Isolation of [{UO2(THF)}{UO2(Et2O)}{UO2(µ3-O)(µ-

OtBu)(OtBu)(Et2O)}2{UO2(OtBu)2}2] (6.8)  

Interestingly, I found that oxo silylation of uranyl, when ligated by monodentate alkoxides, 

does not occur in the presence of a silyl source. Specifically, reaction of 

[UO2(N(SiMe3)2)2(THF)2] with 2 equiv of tBuOH in THF – in an effort to generate a mixture 

of [UO2(O
tBu)2(THF)2] and HN(SiMe3)2 that should be primed for oxo silylation – only results 

in isolation of Burns’ [UO2][U(µ-O)(µ-OtBu)(OtBu)4]2 complex52 and a new hexa-uranyl 

cluster [{UO2(THF)}{UO2(Et2O)}{UO2(µ3-O)(µ-OtBu)(OtBu)(Et2O)}2{UO2(O
tBu)2}2] (6.8) 

(Scheme 6.7). Unfortunately, I was unable to obtain pure samples of 6.8 in bulk for NMR 

spectroscopic characterization, which precluded analysis of its solution phase structure. 

However, I was able to confirm the connectivity of this cluster by single crystal X-ray 

crystallography, which I describe below.  
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Scheme 6.7. Synthesis of 6.8  

 

Complex 6.8 crystallizes in the tetragonal P42/n space group and its solid state molecular 

structure is shown in Figure 6.11. The structure of 6.8 reveals a cluster composed of one 

{UO2(THF)}, one {UO2(Et2O)}, two {UO2(µ3-O)(µ-OtBu)(OtBu)(Et2O)} and two 

{UO2(O
tBu)2} units that are linked together via two µ3-oxos, two bridging tert-butoxides, and 

six end-on Oyl-U cation-cation interactions. The uranyl fragments in {UO2(THF)} and 

{UO2(Et2O)} are each coordinated by two µ3-oxos and two neighboring Oyl ligands, in addition 

to the THF/Et2O solvent molecules, resulting in a pentagonal bipyramidal geometry around 

these uranium centers. In contrast, the uranyl centers in both {UO2(µ3-O)(µ-

OtBu)(OtBu)(Et2O)} units exhibit an octahedral geometry that is constructed by one terminal 

and one bridging tert-butoxide, a µ3-oxo ligand and an Et2O solvent molecule. Similarly, the 

uranyl fragments in both {UO2(O
tBu)2} units are bound to a neighboring Oyl oxo and a bridging 

tert-butoxide, in addition to the two terminal tert-butoxides, resulting in an octahedral 

geometry about the uranium centers. The U-Oyl bond distances in 6.8 (1.735(19) -1.884(18) 

Å) are similar to that in Burn’s [UO2][U(µ-O)(µ-OtBu)(OtBu)4]2 complex (1.753(6) Å).52 The 

terminal (2.054(17) -2.093(19) Å) and bridging (2.257(19) and 2.271(19) Å) U-O(tert-

butoxide) bond lengths are also comparable to those in [UO2][U(µ-O)(µ-OtBu)(OtBu)4]2 

(2.015(6) - 2.055(6), and 2.295(6) Å, respectively).52 However, the average U-(µ3-O) distance 
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in the {UO2(µ3-O)(µ-OtBu)(OtBu)(Et2O)} fragments (2.103 Å) is longer than the U-(µ-O) 

distance in [UO2][U(µ-O)(µ-OtBu)(OtBu)4] (1.923(6) Å),52 presumably due to the different 

bridging modes. The {UO2(THF)}-(µ3-O) (2.320(16) and 2.327(16) Å) and {UO2(Et2O)}-(µ3-

O) (2.307(15) and 2.332(18) Å) bond lengths are also slightly longer than the uranyl-(µ-O) 

distance in [UO2][U(µ-O)(µ-OtBu)(OtBu)4] (2.301(6) Å).52 Noteworthy, all uranyl fragments 

in 6.8 exhibit linear O-U-O angles (170.0(7) -177.3(9)°), suggesting the observed 

oligomerization does not significantly perturb the O-U-O bonding framework. Finally, the six 

cation-cation interactions in 6.8 (2.365(18) - 2.507(17) Å) are within the range of previously 

reported Oyl-U dative interactions.51-56  

 

Figure 6.11 Solid-state molecular structure of 6.8 shown with 50% probability ellipsoids. All 

hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) angles (°): U1-O1 = 
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1.864(16), U1-O2 = 1.852(16), U2-O3 = 1.75(2), U2-O4 = 1.771(18), U3-O5 = 1.884(18), U3-

O6 = 1.769(18), U4-O7 = 1.735(19), U4-O8 = 1.74(2), U5-O9 = 1.85(2), U5-O10 = 1.82(2), 

U6-O11 = 1.79(2), U6-O12 = 1.817(17), U1-O15 = 2.113(15), U2-O15 = 2.327(16), U4-O15 

= 2.307(15), U2-O17 = 2.320(16), U4-O17 = 2.332(18), U5-O17 = 2.093(16), U2-O12 = 

2.405(17), U2-O1 = 2.471(15), U3-O2 = 2.404(16), U4-O5 = 2.365(18), U4-O10 = 2.507(17), 

U6-O9 = 2.425(18), O1-U1-O2 = 170.0(7), O3-U2-O4 = 174.1(8), O5-U3-O6 = 174.2(9), O7-

U4-O8 = 177.3(9), O9-U5-O10 = 173.1(8), O11-U6-O12 = 175.0(9). 

I hypothesize that the formation of 6.8 proceeds via an oxo/alkoxide ligand exchange 

mechanism similar to that observed for [UO2][U(µ-O)(µ-OtBu)(OtBu)4]2.
52 An alternative 

reaction pathway might involve a heterolytic C-O cleavage in tert-butoxide followed by release 

of di-tert-butyl ether. Notably, the isolation of [UO2][U(µ-O)(µ-OtBu)(OtBu)4]2 and 6.8, rather 

than oxo silylation products, may be due to the absence of free acidic protons in the reaction 

mixture. Thus, future work will investigate the reaction of [UO2(N(SiMe3)2)2(THF)2] with 

excess tBuOH in THF to determine the possibility of simultaneous oxo silylation and 

oxo/alkoxide scrambling.  

6.3 Summary 

The U(VI) silyloxide complex, [U(OSiMe3)3(Cy7Si7O12)] (6.3), was formed upon 

protonolysis of [UO2(N(SiMe3)2)2(THF)2] with 1 equiv of the silesesquioxane, 

Cy7Si7O9(OH)3, in THF, via a cascade of oxo silylation and silyloxide scrambling steps. Its 

formation is likely driven by an increase in Oyl nucleophilicity promoted by the strongly basic 

character of the silsesquioxane ligand or by some degree of Oyl-U-Oyl bending caused by 

silsesquioxane binding. Importantly, to my knowledge, this transformation is the first example 

of uranyl activation via simultaneous oxo silylation and oxo scrambling. Also formed in the 
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reaction is the U(VI) bis(silsequioxane), [U(Cy7Si7O12)2] (6.5).  Its presence was confirmed by 

a 29Si{1H} NMR spectroscopic analysis of an independently synthesized sample, and 

comparison with the 29Si{1H} NMR spectrum of the in situ reaction mixture. While some 

uncertainty remains with respect to the exact reaction mechanism, I believe that “reductive 

silylation” of uranyl is not occurring in this transformation, as I have not isolated any U(IV)- 

or U(V)-containing complexes from the reaction mixture in the required quantities. Overall, 

given the structural similarities between silsesquioxanes and amorphous silica surfaces, my 

results highlight the utility of mineral surface mimics for the activation of actinyl ions, 

potentially paving way for the development of novel separation techniques for the reprocessing 

of nuclear fuel. 
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6.5 Experimental  

6.5.1 General Procedures. All reactions and subsequent manipulations were performed under 

anaerobic and anhydrous conditions in the glovebox or on the Schlenk line, under an 

atmosphere of dinitrogen. Hexanes, diethyl ether (Et2O), and tetrahydrofuran (THF) were dried 

by passage over activated molecular sieves using a Vacuum Atmospheres solvent purification 

system. Pentane and CH2Cl2 were dried and degassed on an MBraun solvent purification 

system, and stored over activated 3Å molecular sieves for 24 h prior to use. Acetonitrile 

(MeCN) was dried over activated 3Å molecular sieves for 72 h, and then degassed by bubbling 
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dry N2 into the solvent for 30 min, before being cannula transferred into a new vessel and again 

dried over 3Å molecular sieves for 24 h prior to use. C6D6, CD2Cl2, and THF-d8 were dried 

over activated 3Å molecular sieves for 24 h prior to use. [UO2(N(SiMe3)2)2(THF)2],
97 

[Li(THF)]2[U(OtBu)6],
47 and [N(2,4-C6H3Br2)3][B(C6F5)4]

98 were prepared according to the 

reported literature procedures. All other reagents were purchased from commercial suppliers 

and used as received.  

1H, 13C{1H}, 7Li{1H} and 29Si{1H} NMR spectra were recorded on an Agilent Technologies 

400 MHz 400-MR DD2 spectrometer or a Bruker AVANCE NEO 500 MHz NMR 

spectrometer equipped with a Prodigy coldprobe. 1H and 13C{1H} NMR spectra were 

referenced to external SiMe4 using residual protio solvent resonances as internal standards. 

7Li{1H} and 29Si{1H} NMR spectra were referenced indirectly with the 1H chemical shift of 

SiMe4 at 0 ppm, according to IUPAC standard.99-100 IR spectra were recorded on a Nicolet 

6700 FT-IR spectrometer. Elemental analyses were performed by the Microanalytical 

Laboratory at University of California (Berkeley, CA).  

Cyclic Voltammetry Measurements. CV experiments were performed with a CH 

Instruments 600c Potentiostat, and the data were processed using CHI software (version 6.29). 

All experiments were performed in a glove box using a 20 mL glass vial as the cell. The 

working electrode was glassy carbon (3 mm diameter), the counter electrode was a platinum 

wire, and the reference electrode was a silver wire electroplated with silver chloride. Solutions 

employed for CV studies were typically 1 mM in analyte and 0.1 M in [NBu4][PF6]. All 

potentials are reported versus the [Cp2Fe]0/+ couple. 
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X-ray Photoelectron Spectroscopy. XPS data were recorded using a Thermo Fisher Escalab 

Xi+ spectrometer equipped with a monochromated Al-k alpha source (1486 eV). Survey and 

high-resolution scans were recorded at 100 eV and 20 eV pass energies, respectively. A low-

energy electron flood was used for charge neutralization, and peak positions were calibrated 

against the aliphatic C1s peak (285.0 eV). 

6.5.2 Synthesis of [K3(THF)][(UO2)3(Cy7Si7O12)3(Et2O)2(THF)] (6.1): To a yellow-green 

solution of [UO2Cl2(THF)3] (19.1 mg, 0.034 mmol) in THF (1 mL) was added a white slurry 

of [K3(DME)2][ Cy7Si7O12] (42.1mg, 0.033 mmol) in THF (1 mL). This addition resulted in 

an immediate color change to pale green, concomitant with formation of a fine white 

precipitate. The mixture was allowed to stir for 30 min at room temperature, whereupon the 

solvent was removed in vacuo to yield a pale green residue. The residue was extracted into 

Et2O (1 mL) and filtered through a Celite column supported on glass wool (0.5 cm × 2 cm) to 

yield a pale green filtrate and a plug of white solid on the Celite. The filtrate was then 

transferred to a 4 mL vial, which was subsequently placed inside a 20 mL scintillation vial. 

Hexanes (1 mL) was added to the outer vial. Storage of the two-vial system at -25 °C for 4 d 

resulted in deposition of pale green plates, which were isolated by decanting off the supernatant 

(14.1 mg, 30 % yield). 

6.5.3 Synthesis of [K(2,2,2-cryptand)]2[K2UO2(Cy7Si7O12)2] (6.2): To a yellow-green 

solution of [UO2Cl2(THF)3] (30.1 mg, 0.054 mmol) in THF (0.5 mL) was added a white slurry 

of [K3(DME)2][ Cy7Si7O12] (70.2mg, 0.055 mmol) in THF (1 mL). This addition resulted in 

an immediate color change to pale green, concomitant with formation of a fine white 

precipitate. The mixture was allowed to stir for 30 min at room temperature, whereupon a 

colorless solution of 2,2,2-cryptand (62.0 mg, 0.165 mol) in THF (0.5 mL) was added. No 
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obvious color change was observed. The resulting mixture was stirred for 15 min at room 

temperature, whereupon the solvent was removed in vacuo to yield a pale green residue. The 

residue was triturated with pentane (2 × 1 ml) to yield a pale green solid, which was extracted 

into Et2O (2 mL) and filtered through a Celite column supported on glass wool (0.5 cm × 2 

cm). The resulting pale green filtrate was transferred to a 4 mL vial, which was subsequently 

placed inside a 20 mL scintillation vial. Hexanes (1 mL) was added to the outer vial. Storage 

of the two-vial system at -25 °C for 3 d resulted in deposition of few colorless plates of 6.2, 

which were isolated by decanting off the supernatant. 

6.5.4 Synthesis of [U(OSiMe3)3(Cy7Si7O12)] (6.3): To a stirring orange solution of 

[UO2(N(SiMe3)2)2(THF)2] (126.7 mg, 0.172 mmol) in THF (1 mL) was added dropwise a 

colorless solution of Cy7Si7O9(OH)3 (168.0 mg, 0.173 mmol) in THF (1 mL). This addition 

resulted in an immediate color change to bright orange, concomitant with the deposition of a 

small amount of a fine yellow precipitate. The reaction mixture was stirred for 15 min at room 

temperature, whereupon the volatiles were removed in vacuo and the resulting tacky solid was 

triturated with pentane (1 mL) to yield an orange powder. The powder was extracted into 2:1 

Et2O/MeCN (2 mL) and filtered through a Celite column supported on glass wool (0.5 cm × 2 

cm) to yield an orange filtrate and a plug of yellow solid on the Celite. Storage of the filtrate 

at -25 °C for 24 h resulted in deposition of orange plates which were isolated by decanting off 

the supernatant (60.1 mg, 24 % yield). X-ray quality crystals of 6.3 were obtained from a 

concentrated pentane solution stored at -25 °C for 24 h. Anal. Calcd for C51H104O15Si10U: C, 

41.49; H, 7.10. Found: C, 41.50; H, 7.06. 1H NMR (C6D6, 25 °C, 400 MHz): δ 0.46 (s, 27H, 

Si-CH3), 1.02 – 1.19 (m, 7H, overlapping Si-CH), 1.21– 1.44 (br m, 20H, overlapping CH2), 

1.56 – 1.82 (br m, 30H, overlapping CH2), 1.92 (m, 6H, overlapping CH2), 2.13 (m, 8H, 
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overlapping CH2), 2.23 (m, 6H, overlapping CH2). 
13C{1H} NMR (C6D6, 25 °C, 100 MHz): δ 

3.79 (OSi-CH3), 23.93 (Si-CH), 24.01 (Si-CH), 26.53 (Si-CH), 27.31 (CH2), 27.37 (CH2), 

27.40 (CH2), 27.54 (CH2), 27.79 (CH2), 27.85 (CH2), 27.91 (CH2), 28.23 (CH2). 
29Si{1H} 

NMR (C6D6, 25 °C, 79 MHz): δ -73.18 (3Si, Si-CH), -69.06 (3Si, Si-CH), -68.12 (1Si, Si-CH), 

20.93 (3Si, OSi-CH3). IR (KBr pellet, cm-1): 2922 (vs), 2850 (vs), 2667 (vw), 1448 (m, 

cyclohexyl H-C-H “scissor”), 1385 (vw), 1356 (vw), 1252 (m), 1248 (m), 1198 (m), 1122 (sh 

s, Si-O-Si stretch), 1078 (s, Si-O-Si stretch), 1026 (m), 997 (w), 847 (vs, Si-C stretch), 800 

(m), 750 (w), 694 (vw), 640 (vw), 513 (s), 467 (m). 

6.5.5 Synthesis of [(UO2)3(Cy7Si7O12)2(MeCN)2(Et2O)] (6.4): To a cold (-25 °C) stirring 

orange solution of [UO2(N(SiMe3)2)2(THF)2] (169.3 mg, 0.230 mmol) in hexanes (3 mL) was 

added dropwise a cold (-25 °C) slurry of Cy7Si7O9(OH)3 (150.0 mg, 0.154 mmol) in hexanes 

(3 mL) over a course of 15 min. This addition resulted in an immediate color change to dark 

brown, and then gradually to bright yellow. The resulting slurry was stirred for 15 min at room 

temperature, whereupon the volatiles were removed in vacuo to yield a yellow powder. The 

powder was extracted into Et2O (2 mL) and filtered through a Celite column supported on glass 

wool (0.5 cm × 2 cm) to yield a yellow filtrate. The filtrate was then transferred to a 4 mL vial, 

which was subsequently placed inside a 20 mL scintillation vial. Acetonitrile (1 mL) was added 

to the outer vial. Storage of the two-vial system at -25 °C for 48 h resulted in deposition of 

yellow plates which were isolated by decanting off the supernatant (94.3 mg, 42 % yield). 

Anal. Calcd for C92H170N2O31Si14U3: C, 38.00; H, 5.89; N, 0.96. Found: C, 38.39; H, 6.18; N, 

0.88. 1H NMR (THF-d8, 25 °C, 500 MHz): δ 0.60 – 1.07 (br m, 20H, overlapping Si-CH and 

CH2), 1.11 (t, 6H, OCH2CH3), 1.14 – 1.56 (br m, 68H, overlapping CH2), 1.57 – 1.93 (br m, 

66H, overlapping CH2), 1.94 (s, 6H, CH3CN), 3.37 (q, 4H, OCH2). 
29Si{1H} NMR (THF-d8, 
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25 °C, 99 MHz): δ -72.07 (br), -70.27, -70.15, -69.24, -68.11, -67.81, -67.55 (br). IR (KBr 

pellet, cm-1): 2920 (s), 2848 (s), 2665 (vw), 1618 (vw), 1448 (s, cyclohexyl H-C-H “scissor”), 

1389 (vw), 1356 (vw), 1327 (vw), 1269 (m), 1196 (m), 1147 (br m, Si-O-Si stretch), 1026 

(vw), 999 (vw), 978 (vw), 916 (sh w), 912 (sh w), 893 (w), 847 (s), 823 (m), 752 (m), 640 (w), 

588 (vw), 582 (w), 513 (vs), 467 (m), 445 (m), 418 (s). 

6.5.6 Synthesis of [Li(THF)2]2[U(Cy7Si7O12)2] (6.6): A pale blue solution of 

[Li(THF)]2[U(OtBu)6]
2 (260.1 mg, 0.312 mmol) in THF (4 mL) was layered onto a colorless 

solution of Cy7Si7O9(OH)3 (604.2 mg, 0.621 mmol) in THF (3 mL). The resulting mixture was 

allowed to stand undisturbed for 48 h at room temperature, which resulted in deposition of pale 

pink plates. The crystals were isolated by decanting off the supernatant and dried in vacuo 

(445.4 mg). Concentration of the supernatant, followed by storage at -25 °C for 48 h, afforded 

a second crop of crystals (total yield: 568.2 mg, 74%). X-ray quality crystals of 6.6 were grown 

from a hot THF solution that was allowed to slowly cool to room temperature overnight. Anal. 

Calcd for C100H186Li2O28Si14U: C, 48.39; H, 7.55; Found: C, 47.97; H, 7.34. IR (KBr pellet, 

cm-1): 2920 (vs), 2848 (vs), 2665 (vw), 1618 (vw), 1460 (sh w), 1446 (vs, cyclohexyl H-C-H 

“scissor”), 1396 (w), 1346 (vw), 1300 (vw), 1282 (sh w), 1267 (m), 1196 (s, Si-O-Si stretch), 

1134 (s, Si-O-Si stretch), 1076 (br s, Si-O-Si stretch), 1039 (m), 1026 (m), 997 (m), 945 (s), 

922 (s), 893 (vs), 849 (s), 823 (m), 744 (w), 739 (m), 677 (br vw), 638 (w), 615 (vw), 567 

(vw), 536 (m), 515 (s), 471 (m), 411 (m).  

6.5.7 Synthesis of [Li(THF)2][U(Cy7Si7O12)2] (6.7): To a stirring pink slurry of 6.6 (568.2. 

mg, 0.229 mmol) in THF (4 mL) was added an orange-brown solution of I2 (29.1.2 mg, 0.115 

mmol) in THF (2 mL). The resulting orange-brown mixture was allowed to stir for 1 h at room 

temperature, which resulted in dissolution of 6.6 and a color change to pale yellow, 



322 

concomitant with deposition of a pale yellow solid. The volume of the mixture was reduced to 

~4 mL in vacuo, and the resulting solution was warmed until all the yellow solid dissolved. 

The resulting pale yellow solution was layered with Et2O (4 mL) and stored at -25 °C for 24 

h, which resulted in deposition a pale yellow microcrystalline solid (476.3 mg, 89% yield). X-

ray quality crystals of 6.7 were obtained from a concentrated CH2Cl2 solution stored at -25 °C 

for 24 h. Anal. Calcd for C92H170LiO26Si14U: C, 47.41; H, 7.35. Found: C, 47.41; H, 7.21 1H 

NMR (CD2Cl2, 25 °C, 400 MHz): δ 0.60 – 1.12 (br m, 46H, overlapping Si-CH and CH2), 1.13 

– 1.50 (br m, 54H, overlapping CH2), 1.51 – 1.87 (br m, 54H, overlapping CH2), 1.94 (br m, 

8H, OCH2CH2), 3.89 (br m, 8H, OCH2CH2). 
13C{1H} NMR (CD2Cl2, 25 °C, 100 MHz): 24.66 

(OCH2CH2), 26.18 (Si-CH), 27.25 (Si-CH), 27.39 (Si-CH), 27.48 (CH2), 27.55 (CH2), 28.21 

(CH2), 28.74 (CH2), 69.65 (OCH2CH2).
 7Li{1H} NMR (CD2Cl2, 25 °C, 155 MHz): 1.52 (br s, 

1Li). 29Si{1H} NMR (CD2Cl2, 25 °C, 79 MHz): δ -69.86 (3Si), -67.94 (1Si). A resonance 

assignable to the three Si nuclei in the environment nearest to the U(V) center was not 

observed, likely due to paramagnetic broadening. IR (KBr pellet, cm-1): 2922 (vs), 2848 (vs), 

2665 (vw), 1637 (w), 1460 (sh w), 1446 (m, cyclohexyl H-C-H “scissor”), 1356 (vw), 1346 

(vw), 1267 (m), 1196 (m), 1130 (s, Si-O-Si stretch), 1080 (s, Si-O-Si stretch), 1038 (w), 1026 

(w), 997 (w), 922 (vs), 895 (vs), 849 (m), 825 (w), 756 (sh w), 741 (w), 640 (vw), 534 (vw), 

513 (w), 471 (w), 411 (w).  

6.5.8 Synthesis of [U(Cy7Si7O12)2] (6.5): To a stirring colorless solution of 6.7 (27.6 mg, 0.012 

mmol) in CH2Cl2 (1 mL) was added a deep green solution of [N(2,4-C6H3Br2)3][B(C6F5)4]
3 

(22.1 mg, 0.016 mmol, 1.3 equiv) in CH2Cl2 (1 mL). This addition resulted in an immediate 

color change, first to pale yellow and then to green. The resulting mixture was stirred for 5 min 

at room temperature, whereupon the volatiles were removed in vacuo to yield a mixture of 
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yellow and green solids. The residue was extracted into hexanes (2 × 2 mL) and filtered through 

a Celite column supported on glass wool (0.5 cm × 2 cm) to yield a pale yellow filtrate and a 

plug of green solid on the Celite. The volatiles were removed from the filtrate in vacuo to give 

a pale yellow solid.  This solid was then dissolved in C6D6 (0.75 mL) and the 1H and 29Si{1H} 

NMR spectra were recorded.  X-ray quality crystals of 6.5 were obtained from slow 

evaporation of a concentrated pentane solution at room temperature. Unfortunately, pure 

samples of 6.5 could not be isolated due to its similar solubility with the N(2,4-C6H3Br2)3 by-

product. 1H NMR (C6D6, 25 °C, 400 MHz): δ 0.95 – 1.54 (m, 66H, overlapping Si-CH and 

CH2, 6.5), 1.55 – 1.88 (m, 54H, overlapping CH2, 6.5), 1.89 – 2.29 (m, 34H, overlapping CH2, 

6.5), 6.16 (d, JHH = 8 Hz, 3H, aryl CH, N(2,4-C6H3Br2)3), 6.96 (dd, JHH = 8, 3 Hz, 3H, aryl CH, 

N(2,4-C6H3Br2)3), 7.55 (d, JHH = 4 Hz, 3H, aryl CH, N(2,4-C6H3Br2)3). 
29Si{1H} NMR (C6D6, 

25 °C, 79 MHz): δ -74.40 (3Si), -69.04 (3Si), -68.17 (1Si). 

6.5.9 Synthesis of [{UO2(THF)}{UO2(Et2O)}{UO2(µ3-O)(µ-

OtBu)(OtBu)(Et2O)}2{UO2(OtBu)2}2] (6.8): To a stirring orange solution of 

[UO2(N(SiMe3)2)2(THF)2] (102.1 mg, 0.139 mmol) in THF (2 mL) was added a colorless 

solution of tBuOH (28 µL, 0.295 mmol, 2 equiv). This addition resulted in an immediate color 

change to red-orange. The mixture was allowed to stir for 15 min at room temperature, 

whereupon the volatiles were removed in vacuo to yield a dark orange solid. This solid was 

extracted into hexanes (2 × 2 mL) and filtered over a Celite column supported on glass wool 

to yield a red orange filtrate. An aliquot was taken from this filtrate and dried in vacuo. The 1H 

NMR spectra of the resulting residue was then recorded in C6D6. 
1H NMR (C6D6, 25 °C, 400 

MHz): δ 1.56 (s, 18H, CH3, µ-OtBu), 1.68 (br s, 36H, CH3), 1.96 (br s, 18H, CH3), 2.10 (s, 

18H, CH3). The filtrate was concentrated to 1 mL and stored at -25 °C for 24 hours, which 
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resulted in deposition of red crystals of [UO2][U(µ-O)(µ-OtBu)(OtBu)4]2. A light orange 

powder remained undissolved after the hexanes extraction. This solid was dissolved in Et2O (2 

mL) and filtered over a Celite column supported on glass wool to yield a light orange filtrate. 

An aliquot was taken from this filtrate and dried in vacuo. The 1H NMR spectra of the resulting 

residue was then recorded in C6D6. 
1H NMR (C6D6, 25 °C, 400 MHz): δ 1.24 – 2.35 (m, 72H, 

overlapping peaks for CH3). The filtrate was concentrated to 1 mL and stored at -25 °C for 24 

hours, which resulted in deposition of orange crystals of 6.8.  

6.5.10 X-ray Crystallography. Data for 6.1-6.8 were collected on a Bruker KAPPA APEX II 

diffractometer equipped with an APEX II CCD detector using a TRIUMPH monochromater 

with a Mo Kα X-ray source (α = 0.71073 Å). The crystals of 6.1-6.8 were mounted on a 

cryoloop under Paratone-N oil.  Data for 6.1-6.4 were collected at 100(2) K, while data for 6.5-

6.8 were collected at 110(2) K, using an Oxford nitrogen gas cryostream system. X-ray data 

for 6.3, 6.4 and 6.8 were collected utilizing frame exposures of 5, 20 and 20 s, respectively, 

while 6.1, 6.2, 6.5, 6.6 and 6.7 utilized frame exposures of 60 s. Data collection and cell 

parameter determination were conducted using the SMART program.101 Integration of the data 

frames and final cell parameter refinement were performed using SAINT software.102 

Absorption corrections of the data were carried out using the multi-scan method SADABS.103 

Subsequent calculations were carried out using SHELXTL.104 Structure determination was 

done using direct or Patterson methods and difference Fourier techniques. Unless stated 

otherwise, all hydrogen atom positions were idealized, and rode on the atom of attachment. 
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Structure solution, refinement, graphics, and creation of publication materials were performed 

using SHELXTL or OLEX2.104-105 

Complex 6.1 contains seven cyclohexyl groups that exhibit positional disorder, which was 

addressing by constraining the affected atoms with the SADI, EADP and DFIX commands. 

One of these cyclohexyl groups was also modelled with two orientations in a 50:50 ratio. 

Additionally, two coordinated Et2O molecules, a coordinated THF molecule and a THF solvate 

were constrained with the SADI and EADP commands. All cyclohexyl groups and solvent 

molecules were refined isotropically, and no hydrogen atoms were added to their carbon atoms. 

Complex 6.2 contains three cyclohexyl groups that exhibit positional disorder, which was 

addressing by constraining the affected atoms with the EADP command. No hydrogens atoms 

were added to all cyclohexyl groups in 6.2. Additionally, the Et2O solvates were refined 

isotropically. 

Complex 6.3 contains three cyclohexyl groups that exhibit positional disorder, which was 

resolved by modeling the affected atoms in two orientations in a 50:50 ratio using the PART 

command. Moreover, carbon atoms in the disordered cyclohexyl groups, and a disordered 

pentane solvate, were constrained with the SADI and EADP commands. Carbon atoms of the 

disordered pentane solvate were also refined isotropically. 

Complex 6.4 contains five cyclohexyl groups, as well as three MeCN solvates and one Et2O 

solvate that exhibit disorder. This disorder was addressed by constraining the affected atoms 

with the SADI, EADP, and DFIX commands. In addition, the carbon atoms of seven other 

cyclohexyl groups were constrained with the EADP command.  The MeCN and Et2O solvates 

were refined isotropically, and no hydrogen atoms were added to their carbon atoms. 
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Complex 6.5 contains five cyclohexyl groups in the asymmetric unit that exhibit disorder. 

This disorder was resolved by constraining the affected atoms with the SADI and EADP 

commands. In addition, two of the five disordered cyclohexyl groups were modelled in two 

orientations in a 50:50 ratio using the PART command. Finally, three cyclohexyl groups in the 

asymmetric unit were disordered over two symmetry related positions. No hydrogens atoms 

were added to these cyclohexyl groups.  

All cyclohexyl groups and THF molecules in complex 6.6 exhibit positional disorder, which 

was addressed by constraining the affected atoms with the SADI and EADP commands. 

Additionally, THF solvates were refined isotropically, and no hydrogen atoms were added to 

their carbon atoms. 

Complex 6.7 contains three cyclohexyl groups that exhibit positional disorder, which was 

resolved by modeling the affected atoms in two orientations in a 50:50 ratio using the PART 

and EADP commands. Additionally, the two coordinated THF molecules and three other 

cyclohexyl groups were constrained with the EADP command. The structure of 6.7 also 

contains a disordered CH2Cl2 solvate, which was modelled in two orientations in a 50:50 ratio 

using the SADI, DFIX, and EQIV commands. As in 6.6, the CH2Cl2 solvate in 6.7 was refined 

isotropically, and no hydrogen atoms were added to its carbon atom.  

All the tert-butyl groups, coordinated Et2O and THF solvent molecules in the structure of 

6.8 exhibited positional disorder, which was addressed by constraining the affected atoms with 

the SADI and EADP commands. Additionally, no hydrogen atoms were added to the three 

coordinated Et2O solvent molecules. 
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Table 6.2.  Crystallographic details for complexes 6.1 and 6.2. 

 6.1ꞏTHF 6.2ꞏ2Et2O 

Formula C146H275K3O47Si21U3 C128H246K4N4O40Si14U 

Crystal Habit, Color Plate, Colorless Plate, Colorless 

Crystal Size (mm) 0.2 × 0.1 × 0.05 0.2 × 0.1 × 0.05 

MW (g/mol) 4203.92 3268.96 

crystal system Monoclinic Monoclinic 

space group P21 P21/n 

a (Å) 15.635(4) 14.767(2) 

b (Å) 36.800(10) 24.865(3) 

c (Å) 17.842(5) 22.840(3) 

α (°) 90 90.00 

β (°) 106.661(4) 94.182(4) 

γ (°) 90 90.00 

V (Å3) 9835(4) 8364.1(19) 

Z 2 2 

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

λ (Å) 0.71073 0.71073 

GOF 0.797 0.972 

Density (calcd) (Mg/m3) 1.420 1.298 

Absorption coefficient 

(mm-1) 

2.724 1.240 

F000 4308 3452 

Total no Reflections 36116 37306 

Unique Reflections 19149 17166 

Final R indices* R1 = 0.0833 

wR2
 = 0.1785 

R1 = 0.0922 

wR2
 = 0.2256 

Largest Diff. peak and hole 

(e- A-3) 

1.292, -1.522 2.152, -0.857 

* For [I > 2(I)] 
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Table 6.3.  Crystallographic details for complexes 6.3-6.5. 

 6.3ꞏ0.5C5H12 6.4ꞏEt2Oꞏ3MeCN 6.5 

Formula C53.50H110O15Si10U C102H189N5O32Si14U3 C84H154O24Si14U 

Crystal Habit, Color Plate, Orange Rod, Yellow Plate, Yellow 

Crystal Size (mm) 0.2 × 0.1 × 0.05 0.25 × 0.15 × 0.1 0.2 × 0.15 × 0.1 

MW (g/mol) 1512.34 3104.92 2179.35 

crystal system Monoclinic Monoclinic Orthorhombic 

space group P2/c P21/c Cmca 

a (Å) 25.785(3) 19.266(4) 18.9919(14) 

b (Å) 13.9805(17) 31.423(6) 25.2308(18) 

c (Å) 20.860(3) 24.877(5) 21.8579(16) 

α (°) 90 90.00 90 

β (°) 106.277(3) 92.053(3) 90 

γ (°) 90 90.00 90 

V (Å3) 7218.2(16) 15051(5) 10473.9(13) 

Z 4 4 4 

T (K) 100(2) 100(2) 110(2) 

λ (Å) 0.71073 0.71073 0.71073 

GOF 1.020 1.009 1.047 

Density (calcd) (Mg/m3) 1.392 1.370 1.382 

Absorption coefficient 

(mm-1) 

2.470 3.393 1.775 

F000 3132 6256 4552 

Total no Reflections 33272 55747 24395 

Unique Reflections 15835 25090 5986 

Final R indices* R1 = 0.0785 

wR2
 = 0.1681 

R1 = 0.0943 

wR2
 = 0.2271 

R1 = 0.0714 

wR2
 = 0.1784 

Largest Diff. peak and 

hole (e- A-3) 

3.066, -2.405 3.010, -2.911 1.954, -1.456 

* For [I > 2(I)] 
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Table 6.4.  Crystallographic details for complexes 6.6-6.8. 

 6.6ꞏ4THF 6.7ꞏ0.5CH2Cl2 6.8 

Formula C116H218Li2O32Si14U C92.5H171ClLiO26Si14U C48H110O26U6 

Crystal Habit, Color Plate, Pink Plate, Colorless Plate, Orange 

Crystal Size (mm) 0.2 × 0.15 × 0.1  0.15 × 0.15 × 0.1 0.2 × 0.15 × 0.1 

MW (g/mol) 2770.06 2372.96 2531.53 

crystal system Monoclinic Triclinic Tetragonal 

space group P21/c P -1 P42/n 

a (Å) 18.8172(11) 14.417(4) 39.563(5) 

b (Å) 28.943(2) 15.026(4) 39.563(5) 

c (Å) 26.8419(16) 30.501(9) 10.4944(13) 

α (°) 90 78.946(4) 90 

β (°) 103.130(3) 77.534(3) 90 

γ (°) 90 64.451(3) 90 

V (Å3) 14236.5(16) 5784(3) 16426(5) 

Z 4 2 8 

T (K) 110(2) 110(2) 110(2) 

λ (Å) 0.71073 0.71073 0.71073 

GOF 1.021 0.991 1.076  

Density (calcd) (Mg/m3) 1.292 1.362 2.047  

Absorption coefficient 

(mm-1) 

1.325 1.637 11.848 

F000 5856 2484 9264 

Total no Reflections 57272 43951 36694 

Unique Reflections 24492 22790 16166 

Final R indices* R1 = 0.1171 

wR2
 = 0.2980 

R1 = 0.0826 

wR2
 = 0.2139 

R1 = 0.1076 

wR2
 = 0.1982 

Largest Diff. peak and hole 

(e- A-3) 

3.553, -0.982 3.905, -2.726 2.417, -2.638 

* For [I > 2(I)] 
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Figure 6.12. Solid-state molecular structure of 6.5 shown with 50% probability ellipsoids. All 

hydrogen atoms and cyclohexyl groups have been omitted for clarity. Selected bond lengths 

(Å) and angles (°): U1-O1 = 2.061(7), U1-O2 = 2.038(6), O1-U1-O2 = 89.6(2), O1-U1-O2_i 

= 90.4(2), O2-U1-O2_i = 91.0(4), O2-U1-O2_iii = 89.0(4).  
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6.6 Appendix 

6.6.1 NMR Spectra 

 

Figure A6.1. 1H NMR spectrum of 6.3 in C6D6. 
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Figure A6.2. 13C{1H} NMR spectrum of 6.3 in C6D6. 

  



333 

 

Figure A6.3. 29Si{1H} NMR spectrum of 6.3 in C6D6. * indicates resonances assignable to 

SiO2 present in the NMR tube. 
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Figure A6.4. 1H NMR spectrum of 6.4 in THF-d8. (*) indicates resonances assignable to 

MeCN, (~) indicates resonances assignable to THF, and (!) indicates resonances assignable to 

Et2O.  
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Figure A6.5. 29Si{1H} NMR spectrum of 6.4 in THF-d8.   
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Figure A6.6. 1H NMR spectrum of 6.7 in CD2Cl2. 
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Figure A6.7. 13C{1H} NMR spectrum of 6.7 in CD2Cl2. 
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Figure A6.8. 7Li{1H} NMR spectrum of 6.7 in CD2Cl2. 
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Figure A6.9. 29Si{1H} NMR spectrum of 6.7 in CD2Cl2. 
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Figure A6.10. 1H NMR spectrum (in C6D6) of a mixture of 6.5 and N(2,4-C6H3Br2)3. (!) 

indicates resonances assignable to N(2,4-C6H3Br2)3, * indicates resonances assignable to 

hexanes, @ indicates resonances assignable to CH2Cl2, & indicates resonances assignable to 

Et2O, ~ indicates resonances assignable to THF, and (?) indicates resonances assignable to 

unidentified products. 
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Figure A6.11. 29Si{1H} NMR spectrum (in C6D6) of a mixture of 6.5 and N(2,4-C6H3Br2)3. 
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Figure A6.12. In situ 1H NMR spectrum (in THF-d8) of the reaction of 

[UO2(N(SiMe3)2)2(THF)2] and 1 equiv of Cy7Si7O9(OH)3. ^ indicates resonances assignable to 

6.3, and $ indicates resonances assignable to HN(SiMe3)2.  

Experimental Details: Cy7Si7O9(OH)3 (119.1 mg, 0.122 mmol) was dissolved in THF-d8 

(0.75 mL) to yield a colorless solution. The solution was transferred to an NMR tube equipped 

with a J-Young valve and its 1H and 29Si{1H} NMR spectra were recorded. The tube was 

brought back into the glovebox, and an orange solution of [UO2(N(SiMe3)2)2(THF)2] (88.3 mg, 

0.120 mmol) in THF-d8 (0.5 mL) was added. This addition resulted in an immediate color 

change to bright orange, concomitant with deposition of a small amount of fine yellow 

precipitate. The sample was then brought out of the glovebox and its 1H and 29Si{1H} NMR 

spectra were recorded overnight. 1H NMR (THF-d8, 25 °C, 400 MHz): δ 0.04 (s, 18H, 

$ 

^ 
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HN(SiMe3)2), 0.28 (s, 27H, 6.3). 29Si{1H} NMR (THF-d8, 25 °C, 79 MHz): δ -74.54 (3Si, 6.5), 

-73.47 (3Si, 6.3), -70.57 (8Si, Cy8Si8O12), -69.47 (3Si, 6.3), -69.31 (3Si, 6.5), -68.57 (1Si, 6.3), 

-68.48 (1Si, 6.5), 1.44 (2Si, HN(SiMe3)2), 20.91 (3Si, OSiMe3, 6.3). The mixture was brought 

back into the glovebox, and was filtered through a pre-weighed 0.2 µm PTFE membrane to 

yield an orange filtrate. A yellow powder remained inside the membrane, which was washed 

with THF (4 × 1 mL) and weighed after standing at room temperature for 5 d (9.8 mg). An 

XPS spectrum of this solid was then collected, which revealed an approximately 1:2 uranium 

to silsesquioxane ratio (Figure A6.24). Using this ratio, along with the isolated mass, the 

yellow powder was calculated to account for ~4% of the uranium in the reaction mixture. The 

volatiles were removed from the filtrate in vacuo, and the resulting orange solid was extracted 

into 2:1 Et2O/MeCN (2 mL) and filtered through a Celite column supported on glass wool (0.5 

cm × 2 cm) to yield an orange filtrate. Storage of this solution at -25 °C for 24 h resulted in 

deposition of orange plates of 6.3, which were isolated by decanting off the supernatant (17.5 

mg, 10% yield). 
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Figure A6.13. Partial 29Si{1H} NMR spectrum (in THF-d8) of the reaction of 

[UO2(N(SiMe3)2)2(THF)2] and 1 equiv of Cy7Si7O9(OH)3. ^ indicates resonances assignable to 

6.3, # indicates resonances assignable to 6.5, and & indicates resonances assignable to 

Cy8Si8O12.  Experimental Details: See details for Figure A6.12. 
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Figure A6.14. In situ 1H NMR spectrum (in THF-d8) of the reaction of 

[(UO2)3(Cy7Si7O12)2(MeCN)2(Et2O)] (6.4) with 5 equiv of HN(SiMe3)2 followed by 1 equiv of 

Cy7Si7O9(OH)3. ^ indicates resonances assignable to 6.3, $ indicates resonances assignable to 

HN(SiMe3)2, and ! indicates resonances assignable to (Me3Si)2O.  

Experimental Details: Crystals of 6.4 (38.8 mg, 0.013 mmol) were dissolved in 0.75 mL of 

THF-d8 to yield a yellow solution. The solution was transferred to an NMR tube equipped with 

a J-Young valve and its 1H and 29Si{1H} NMR spectra were recorded. The tube was brought 

back into the glovebox, and a colorless solution of HN(SiMe3)2 (14 µL, 0.067 mmol, 5 equiv) 

was added. The resulting solution was allowed to stand at room temperature for 30 min, 

whereupon a small amount of yellow precipitate formed. 1H and 29Si{1H} NMR spectra of the 

resulting mixture were then recorded. 1H NMR (THF-d8, 25 °C, 500 MHz): δ 0.04 (s, 18H, 

6.4 

6.4 + 5 HN(SiMe3)2 

6.4 + 5 HN(SiMe3)2  

+ Cy7Si7O9(OH)3 

$ 
^ 

! 
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HN(SiMe3)2), 0.07 (s, 18H, (Me3Si)2O), 0.29 (s, 27H, 6.3). 29Si{1H} NMR (THF-d8, 25 °C, 99 

MHz): δ -74.54 (3Si, 6.5), -73.47 (3Si, 6.3), -72.12 (6.4), -70.98 (8Si, Cy8Si8O12), -70.17 (6.4), 

-69.46 (3Si, 6.3), -69.29 (overlapping peaks for 6.4 and 6.5), -68.56 (1Si, 6.3), -68.46 (1Si, 

6.5), -68.07 (6.4), -67.79 (6.4), 1.45 (2Si, HN(SiMe3)2), 7.06 (2Si, (Me3Si)2O), 20.93 (3Si, 

OSiMe3, 6.3).The sample was brought back into the glove box and Cy7Si7O9(OH)3 (13.8 mg, 

0.014 mmol, 1 equiv) was added as a solid. This addition resulted in an immediate color change 

to orange, concomitant with deposition of more fine yellow precipitate. The resulting mixture 

was allowed to stand at room temperature for 30 min, whereupon its 1H and 29Si{1H} NMR 

spectra were re-recorded. 1H NMR (THF-d8, 25 °C, 500 MHz): δ 0.04 (s, 18H, HN(SiMe3)2), 

0.07 (s, 18H, (Me3Si)2O), 0.29 (s, 27H, 6.3). 29Si{1H} NMR (THF-d8, 25 °C, 99 MHz): δ -

74.54 (3Si, 6.5), -73.47 (3Si, 6.3), -70.99 (8Si, Cy8Si8O12), -69.46 (3Si, 6.3), -69.30 (3Si, 6.5), 

-68.56 (1Si, 6.3), -68.46 (1Si, 6.5), 1.45 (2Si, HN(SiMe3)2), 7.06 (2Si, (Me3Si)2O), 20.93 (3Si, 

OSiMe3, 6.3).  
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Figure A6.15. In situ 1H NMR spectrum (in THF-d8) of a mixture of 

[(UO2)3(Cy7Si7O12)2(MeCN)2(Et2O)] (6.4) and 5 equiv of HN(SiMe3)2. ^ indicates resonances 

assignable to 6.3, $ indicates resonances assignable to HN(SiMe3)2, and ! indicates resonances 

assignable to (Me3Si)2O.  Experimental Details: See figure caption for Figure A6.14. 
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Figure A6.16. In situ 1H NMR spectrum (in THF-d8) of a mixture of 

[(UO2)3(Cy7Si7O12)2(MeCN)2(Et2O)] (6.4), 5 equiv of HN(SiMe3)2 and 1 equiv of 

Cy7Si7O9(OH)3. ^ indicates resonances assignable to 6.3, $ indicates resonances assignable to 

HN(SiMe3)2, and ! indicates resonances assignable to (Me3Si)2O.  Experimental Details: See 

figure caption for Figure A6.14. 
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Figure A6.17. In situ 29Si{1H} NMR spectrum (in THF-d8) of a mixture of 

[(UO2)3(Cy7Si7O12)2(MeCN)2(Et2O)] (6.4) and 5 equiv of HN(SiMe3). ^ indicates resonances 

assignable to 6.3, $ indicates resonances assignable to HN(SiMe3)2, and ! indicates resonances 

assignable to (Me3Si)2O.  Experimental Details: See figure caption for Figure A6.14. 
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Figure A6.18. Partial in situ 29Si{1H} NMR spectrum (in THF-d8) of a mixture of 

[(UO2)3(Cy7Si7O12)2(MeCN)2(Et2O)] (6.4) and 5 equiv of HN(SiMe3)2. ^ indicates resonances 

assignable to 6.3, @ indicates resonances assignable to 6.4, # indicates resonances assignable 

to 6.5, and & indicates resonances assignable to Cy8Si8O12.   Experimental Details: See figure 

caption for Figure A6.14. 
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Figure A6.19. In situ 29Si{1H} NMR spectrum (in THF-d8) of a mixture of 

[(UO2)3(Cy7Si7O12)2(MeCN)2(Et2O)] (6.4), 5 equiv of HN(SiMe3)2 and 1 equiv of 

Cy7Si7O9(OH)3. ^ indicates resonances assignable to 6.3, # indicates resonances assignable to 

6.5, $ indicates resonances assignable to HN(SiMe3)2, & indicates resonances assignable to 

Cy8Si8O12, ! indicates resonances assignable to (Me3Si)2O, % indicates resonances assignable 

to unidentified minor by-products.  Experimental Details: See figure caption for Figure 

A6.14. 
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Figure A6.20. In situ 29Si{1H} NMR spectrum (in THF-d8) of a mixture of 

[(UO2)3(Cy7Si7O12)2(MeCN)2(Et2O)] (6.4), 5 equiv of HN(SiMe3)2 and 1 equiv of 

Cy7Si7O9(OH)3. ^ indicates resonances assignable to 6.3, # indicates resonances assignable to 

6.5, & indicates resonances assignable to Cy8Si8O12,
 and % indicates resonances assignable to 

unidentified minor by-products.  Experimental Details: See figure caption for Figure A6.14. 
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Figure A6.21. 1H NMR spectrum (in C6D6) of an aliquot of the reaction between 

[UO2(N(SiMe3)2)2(THF)2] and 1 equiv of Cy7Si7O9(OH)3 in hexanes. ^ indicates resonances 

assignable to 6.3, and $ indicates resonances assignable to HN(SiMe3)2. Experimental 

Details: To a stirring orange solution of [UO2(N(SiMe3)2)2(THF)2] (30.2 mg, 0.041 mmol) in 

hexanes (1 mL) was added dropwise, very slowly, a slurry of Cy7Si7O9(OH)3 (40.1 mg, 0.041 

mmol) in hexanes (1 mL). This addition resulted in an immediate color change to dark brown, 

and then gradually to yellow-orange. The mixture was allowed to stir at room temperature for 

15 min, whereupon the solution was filtered through a Celite column supported on glass wool 

(0.5 cm × 2 cm) to yield a yellow-orange filtrate.  An aliquot of the reaction mixture was then 

dried in vacuo. The resulting yellow solid was dissolved in C6D6 (0.75 ml) and a 1H NMR 

spectrum was recorded.  

^ 

$ 
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Figure A6.22. 1H NMR spectrum (in C6D6) of an aliquot of the hexanes fraction obtained from 

the reaction between [UO2(N(SiMe3)2)2(THF)2] and 2 equiv of tBuOH in THF. ^ is assignable 

to [UO2][U(µ-O)(µ-OtBu)(OtBu)4]2. 
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Figure A6.23. 1H NMR spectrum (in C6D6) of an aliquot of the Et2O fraction obtained from 

the reaction between [UO2(N(SiMe3)2)2(THF)2] and 2 equiv of tBuOH in THF. 
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6.6.2 Cyclic Voltammetry of [Li(THF)2][U(Cy7Si7O12)2] (6.7) 

Table A6.1. Electrochemical parameters for [Li(THF)2][U(Cy7Si7O12)2] (6.7) in CH2Cl2, in 

the presence of 2 equiv of 12-crown-4 (vs. Fc/Fc+, [NBu4][PF6] as the supporting electrolyte). 

Oxidation  

Feature 

Scan Rate, V/s Ep,a, V Ep,c, V E1/2, V ∆Ep, V ip,a/ip,c 

 0.025 0.347 -0.219 0.064 0.566 1.47 

 0.050 0.424 -0.272 0.076 0.696 1.47 

 0.100 0.477 -0.302 0.088 0.779 1.57 

 0.200 0.535 -0.361 0.087 0.896 1.54 

 0.300 0.578 -0.407 0.086 0.985 1.77 

 0.500 0.637 -0.502 0.068 1.139 1.95 
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6.6.3 X-ray Photoelectron Spectroscopy 

 

Figure A6.24. X-ray photoelectron spectrum of the yellow powder isolated from the reaction 

between [UO2(N(SiMe3)2)2(THF)2] and Cy7Si7O9(OH)3.   
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Table A6.2.  X-ray Photoelectron Spectroscopy (XPS) Data  

Assignment Eb (eV) 

O KLL 979.2 

U 4d3/2 783.2 

U 4d5/2 740.6 

O 1s 532.0 

U 4f5/2 393.9 

U 4f7/2 383.2 

U 4f5/2 392.7 

U 4f7/2 382.0 

U 4f5/2 391.3 

U 4f7/2 380.6 

C 1s 284.6 

Si 2s 153.5 

Si 2p 102.4 
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6.6.4 IR Spectra 

 

Figure A6.25. IR spectrum of 6.3 (KBr pellet). 
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Figure A6.26. IR spectrum of 6.4 (KBr pellet). 
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Figure A6.27. IR spectrum of 6.6 (KBr pellet). 
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Figure A6.28. IR spectrum of 6.7 (KBr pellet). 
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